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Baltimore, MD, United States
Dengue virus (DENV) is a mosquito-borne virus with a significant human health

concern. With 390 million infections annually and 96 million showing clinical

symptoms, severe dengue can lead to life-threatening conditions like dengue

hemorrhagic fever (DHF) and dengue shock syndrome (DSS). The only FDA-

approved vaccine, Dengvaxia, has limitations due to antibody-dependent

enhancement (ADE), necessitating careful administration. The recent pre-

approval of TAK-003 by WHO in 2024 highlights ongoing efforts to improve

vaccine options. This review explores recent advancements in dengue vaccine

development, emphasizing potential utility of mRNA-based vaccines. By

examining current clinical trial data and innovations, we aim to identify

promising strategies to address the limitations of existing vaccines and

enhance global dengue prevention efforts.
KEYWORDS

dengue, ADE, mRNA vaccine, DENV vaccine, tropical disease, vaccine development
1 Introduction

Dengue virus, a mosquito-borne flavivirus, presents a serious global health challenge,

especially in tropical regions across South America, the Caribbean (including Puerto Rico),

the Western Pacific, Eastern Mediterranean, Africa, and the Americas (1). The World

Health Organization (WHO) estimates that around 390 million dengue infections occur

annually, with approximately 96 million cases showing clinical symptoms. While many

infections are asymptomatic, severe cases can be life-threatening. Dengue fever ranges from

mild flu-like symptoms to severe forms such as dengue hemorrhagic fever (DHF) and

dengue shock syndrome (DSS) (2). DHF is marked by increased vascular permeability,

leading to plasma leakage, bleeding, and low platelet counts; if untreated, it can progress to

DSS, characterized by severe hypotension and circulatory collapse requiring intensive

medical support. From 2000 to 2019, reported dengue cases rose tenfold, largely due to the

expanding reach of Aedes aegypti and Aedes albopictus mosquitoes, driven by climate

change. This environmental shift has introduced dengue to regions previously considered

dengue-free (3).
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Currently, the only FDA-approved dengue vaccine is Dengvaxia

(CYD-TDV), a live-attenuated, tetravalent vaccine developed by

Sanofi Pasteur in 2015 to protect against all four dengue virus

serotypes (DENV-1 to DENV-4) (4). Despite its significance,

Dengvaxia has limitations, notably the risk of antibody-dependent

enhancement (ADE). ADE occurs when non-neutralizing

antibodies from previous infection or vaccination facilitate viral

uptake and replication in subsequent infections, potentially

worsening symptoms. This risk is particularly concerning

for flavivirus-naïve individuals, especially young children, so

Dengvaxia is restricted to individuals with confirmed prior

dengue exposure (5). In May 2024, WHO prequalified a new

vaccine candidate, TAK-003, which avoids inducing ADE but has

shown a lower antibody response against DENV-3 compared to

other strains, underscoring the need for a comprehensive and safe

dengue vaccine (6). Furthermore, global vaccine coverage remains

limited, with only a small percentage of the population vaccinated,

primarily in endemic areas. This limitation highlights the urgent

need for vaccine strategies that can provide broad protection

without ADE risks.

Given the existence of four distinct DENV serotypes, a universal

DENV vaccine must elicit strong, balanced immunity against all

strains to prevent ADE. Recent research has made promising strides

towards this goal- the creation of a DENV envelope vaccine using

computationally optimized broadly reactive antigen (COBRA)

algorithms. This candidate elicited broadly neutralizing antibodies

against all four serotypes in both mice and rhesus macaques,

regardless of prior DENV exposure (7). Additionally, another

research on a tetravalent DENV virus-like particles (VLPs)

vaccine reported that high levels of neutralizing antibodies against

all four strains were induced in non-human primates with a one-

year immunity longevity and no observance of ADE (8).

Unfortunately, none of these candidates has moved to clinical

trials. Further evaluation of these vaccine constructs’ safety and

efficacy should be performed in clinical trials.

The success of mRNA technology in recent vaccines, notably

COVID-19 vaccines, offers a promising platform for dengue vaccine

development. mRNA vaccines are adaptable, cost-effective, and can

be produced rapidly. They work by instructing cells to produce a

harmless viral protein, which then stimulates the immune system to

generate specific antibodies. As non-infectious vaccines, mRNA

platforms provide a safe and potent immune response (9). This

review examines recent advancements in dengue vaccine

development, with a particular focus on mRNA vaccine

candidates. By analyzing current clinical trial data and recent

innovations, we aim to highlight promising strategies to overcome

the limitations of existing vaccines and enhance global dengue

prevention efforts.
2 Dengue epidemiology

The earliest documented dengue outbreak dates to 1779, with

cases reported in Jakarta, Indonesia, and Egypt (10). In recent

decades, dengue incidence has dramatically increased, putting
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nearly half the global population at risk. From 2000 to 2019,

reported dengue cases surged from 505,430 to 0ver 5.2 million,

with a corresponding rise in deaths from 960 to 4032 (11). Annual

dengue infections are estimated at around 390 million, with 67-136

million cases exhibiting clinical symptoms, particularly in tropical

and subtropical regions. In the United States, dengue fever

incidence has historically been low, with recent spikes occurring

between 2013 and 2016 (0.17-0.31 cases per 100,000) and peaking in

2019 (0.35 cases per 100,000). 94% of cases between 2010 and 2021

were travel related. Puerto Rico, however, has seen a higher

incidence, with an average of 200 cases per 100,000 between 1980

and 2015, and almost all cases were locally acquired (12). The

substantial increase in dengue infections is primarily attributed to

the expanded distribution of its vectors, particularly Aedes aegypti

and Aedes albopictus mosquitoes, driven by climate change. Rising

temperatures, increased rainfall, flooding, and humidity extend

mosquito breeding periods and reduce virus incubation times (13,

14). Additionally, social and environmental factors such as

population density increase, population mobility, and inadequate

water storage practices, are closely associated with dengue

transmission, particularly in rural areas (15). A longitudinal study

from 2007 to 2009 in Puerto Rico emphasized that water storage

containers and discarded tries play critical roles in mosquito

breeding, as most pupae were found in human-managed water

containers, storage vessels, plant pots, and leaking water

meters (16).
3 Clinically approved vaccines

3.1 Dengvaxia

Invented by Sanofi Pasteur, Dengvaxia (CYD-TDV) is a live-

attenuated, tetravalent vaccine administered as a three-dose regimen.

It was approved by the U.S. Food and Drug Administration (FDA) in

2019. Incorporating structural pre-membrane (prM) and envelope

(E) genes of the four DENV strains with non-structural genes of the

yellow fever 17D vaccine strain, Dengvaxia aims to provide

tetravalent immunity to all strains of DENV by targeting the prM

and E proteins (17). In individuals over 9 years old who had

previously been infected with dengue, the vaccine efficacy (VE)

achieved 91% (95%CI, 58-99%) and up to 93.2% efficacy against

severe disease. However, in dengue-naïve children under 9, VE is

around 45% (95%CI, -54-88%), limiting its suitability for this group

(18, 19). Therefore, Dengvaxia works as a “fill-in” vaccine with

patients’ prior exposure served as the initial prime. In a phase-II

clinical trial (NCT00880893), the safety of Dengvaxia was evaluated

in subjects aged 2 to 45 years in Singapore. Throughout the whole

study, there were only three (0.3%) recorded serious adverse events

(SAEs) in the vaccination group- acute leukemia of ambiguous

lineage, tuberculosis lymphadenitis, and tension headache- and

three cases of adverse events (AEs)- fever, rash, and cervical

spondylosis (20). On the other hand, due to concerns about ADE,

Dengvaxia is recommended only for individuals with prior

dengue exposure.
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3.2 TAK-003

TAK-003 (Takeda) is a live-attenuated, tetravalent vaccine,

comprising of four DENV strains with the attenuated DENV

serotype 2 strain (DENV-2) as the vaccine backbone and three

other recombinant strains, swapping the prM and E genes of

DENV-2 with DENV-1, DENV-3, or DENV-4 (Table 1) (21).

Previous phase I and II clinical trials for TAK-003 vaccine had

addressed its capability of eliciting tetravalent neutralizing antibody

responses and polyfunctional T-cell responses. In a Phase III trial

(NCT02747927), two doses administered to children aged 4 to 16

showed a vaccine efficacy (VE) of 66.2% (95% CI, 44.9-77.5) for

seronegative and 76.1% (95% CI, 68.5-81.9) for seropositive

recipients (22). Cumulatively, VE was 90.4% (95% CI, 82.6-94.7)

and 85.9% (95% CI, 31.9-97.1) against hospitalizations related to

dengue and DHF. After three years, VE declined to 54.3% (95% CI,

41.9-64.1) for virologically confirmed dengue (VCD) and 77.1%

(95% CI, 58.6-87.3) against hospitalized VCD in initially

seronegative participants. Efficacy remained stable in seropositive

groups, with VE at 65% (95% CI, 58.9-70.1) against VCD and 86%

(95% CI, 78.4-91.0) against hospitalized cases. In another phase III

trial evaluating safety of TAK-003 (NCT03771963), among 168

participants, there were only five participants experienced SAEs

with two subjects reporting moderate hepatic failure and severe

osteoarthritis and three reporting bradycardia, inguinal hernia, and

sepsis (21). However, no efficacy was observed against DENV-3 in

seronegative individuals, and VE against DENV-2 declined over

time, raising concerns about potential antibody-dependent

enhancement (ADE) in these cases.
4 Vaccines under evaluations in
clinical trials

4.1 TV003/TV005

The National Institute of Allergy and Infectious Disease

(NIAID) has spearheaded the development of a live-attenuated

tetravalent dengue vaccine over the past 15 years, aiming to provide

comprehensive protection against all four dengue virus serotypes

while minimizing the risk of ADE. The initial candidate, TV003,

utilized deletions of 30 and 31 nucleotides (D30 and D31) at the 3’
UTR of each serotype to create four monovalent strains-

rDEN1D30, rDEN2/4D30, and rDEN3D30/3D31 (23). To achieve

a more balanced infectivity, in the TV005 formulation, the doses of

rDENV2/4D30 were increased 10 fold (24). From previous phase I

trials (NCT01072786 and NCT01436422), comparing to TV003,

TV005 demonstrated a higher and more stable frequency of

seroconversion and stronger antibody response (Table 1). Both

candidates conferred sterilizing immunity against DENV infection

for at least 12 months with a booster dose at 6 months. Mild

dengue-related rash was the most common AE, occurring in 66%

(27/41) of TV003 recipients and 26%(37/144) of TV004 recipients,

with occasional reports of fever and arthralgia (25). Following a

second dose, antibody titers to all serotypes roughly doubled,
Frontiers in Immunology 038
confirming the establishment of sterilizing immunity. TV003/

TV005 are now undergoing Phase III trials (NCT02406729) in

dengue-endemic areas, led by Brazil’s Butantan Institute.
4.2 TDEN F17/F19

TDEN F17 vaccine is a tetravalent, live-attenuated vaccine that

targets all four dengue virus serotypes. Derived from a natural viral

isolate, it was attenuated through serial passages in primary dog

kidney (PDK) cells. To enhance neutralizing antibody responses,

the F17pre formulation adjusted attenuation levels by increasing

PDK cell passages for DENV1 and reducing them for DENV4 (26).

Clinical trial (NCT00350337) demonstrated that TDEN F17/

F17Pre/F19 induced robust humoral responses with tetravalent

response rates of 60%, 71.4%, and 66.7% after 2-dose

administration. In a phase-II trial conducted in Puerto Rico

(NCT00468858) achieved 100% seroconversion to tetravalent

immunity in primed subjects (27, 28). In a pilot study on TDEN

F17’s VE in children, a 52.6% seroconversion was achieved,

suggesting the vaccine might be safe and effective in children.

Administered in a two-dose regimen, TDEN F17 has been shown

to be safe across ages 12 months to 50 years, though 31% of F17pre

recipients exhibited viremia after the first dose, which was absent

after the second (29). A five-year Phase I/II study in Thai children

aged 6-7 (NCT00384670), followed by a third-dose booster trial one

year later (NCT01843621), demonstrated strong long-term

immunity: 100% seroconversion to DENV-1, -2, and -3 and

83.3% to DENV-4. No mortality or serious adverse events were

reported, indicating the safety of TDEN F17 (30).
4.3 DPIV

Invented at Walter Reed Army Institute of Research (WRAIR),

the tetravalent dengue purified inactivated vaccine (DPIV) is

administered with two-dose schedule 28 days apart. The DENV-2

S16803 strain was chosen as the initial vaccine prototype, which was

successfully propagated in Vero cells and tested safe and

immunogenic in mice and rhesus monkeys with a 100%

seroconversion after the second dose administration (31).

Adjuvanted with AS01E(3-O-desacylcinomnophsphoryl lipid A)

and AS03B(oil-in-water) by GlaxoSmithKline, the formalin-

inactivated viruses from DENV-1 Westpac 74, DENV-2 S16803,

DENV-3 CH53489, and DENV-4 TVP360 were incorporated into

the tetravalent formulation of DPIV. In a phase-I trial conducted in

Puerto Rico (NCT01702857), DPIV adjuvanted by AS01E/AS03B

elicited neutralizing antibody responses against all four DENV

serotypes in flavivirus-naïve adults, but the response wanned in 6

months after the second dose (32). In addition, the inactivated

nature of DPIV poses a potential limit on immune responses to

non-neutralizing epitopes on target envelope and capsid proteins.

Viral challenge studies in rhesus macaques revealed the vaccine

failed to control DENV infection and inadvertently led to antibody-

dependent enhancement of DENV infection with increased levels of

viremia, AST, IL-10, and IL-18 in challenged animals (33).
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TABLE 1 Current licensed or trialed dengue vaccines.

Manufacturer Efficacy Adverse events Dose
Schedule

Year

Sanofi Pasteur The general VEe against all
four serotypes was 65.6%

ADE response occurred in dengue
naïve individuals was the major

safety concern

3 2015

Takeda The cumulative VE against
DENV1-4 was 66.2%

The most common adverse events
were injection site pain

and headache

2 2006

NIAIDa, Butantan,
and Merck

Seroconversion ratef for TV003
was 74% and 97% for TV005

Headache, rash, fatigue, and
myalgia were the most common

observed adverse events

1 2003

l WRAIRb and GSKc Seroconversion rate against
DENV1-3 was 100% and
83.3% against DENV4

Arthralgia, fatigue, muscle aches,
and pain behind eyes were
observed in recipients

2 2017

WRAIR and GSK Tetravalent neutralizing
antibodies were induced

There were few cases of moderate
adverse events recorded during

the trial

2 2012

WRAIR and
U.S. NMRCd

Anti-DENV IFN-g T cells
response was stimulated

No severe adverse events
were observed

3 2018

Merck & Co. Seroconversion rate against all
four serotypes was 85.7%

Injection site pain was the most
common adverse event throughout

the trial

3 2018

dU.S. Naval Medical Research Center;
p to that of the placebo group;
eir blood post vaccination or infection. This rate is a common indicator of vaccine effectiveness in immunological research.
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Name Valency Formulation Evaluation

Dengvaxia Tetravalence Chimeric combination of YFV/
DENV1-4

Licensed

TAK-003 Tetravalence Chimeric viruses with DENV-2
PDK35 as the backbone

Pre-licensed on Ma
2024 by WHO

TV003/TV005 Tetravalence Genetic attenuated viruses Phase-III
clinical trial

TDEN F17/F19 Tetravalence Virus combination attenuated by
PDK cells

Phase II clinical tria

DPIV Tetravalence Purified inactivated DENV1-4 with
aluminum adjuvants

Phase I clinical tria

TVDV Tetravalence DNA vaccine encoding prM and E
proteins of DENV1-4 and adjuvanted

with VAXFECTIN

Phase I clinical tria

V180 Tetravalence Recombinant prM and E proteins of
DENV1-4 combined with

multiple adjuvants

Phase I clinical tria

aNational Institute of Allergy and Infectious Diseases; bWalter Reed Army Institute of Research; cGlaxoSmithKline
eVE refers to vaccine efficacy, which is measured by comparing the number of disease cases in the vaccinated grou
fSeroconversion rate is the percentage of individuals who develop detectable specific antibodies to a pathogen in th
y
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4.4 TVDV

The U.S. Army Medical Research and Material Command

developed the tetravalent DNA vaccine (TBDV) against dengue,

using a VAXFECTIN-adjuvanted VR1012 plasmid encoding the

prM and E proteins from each DENV serotype. TBDV combines

equal amounts of four monovalent plasmids derived from distinct

strains: DENV1 (West Pacific 74), a modified DENV2 strain, and

low-passage Philippine strains for DENV3 and DENV4 (34). In

New Zealand white rabbits, TBDV induced seroconversion across

all four serotypes. A Phase I clinical trial (NCT01502358) with 40

flavivirus-naïve participants demonstrated TBDV’s safety and its

ability to elicit IFN-g-producing T-cell responses without causing

dengue-related rash or serious adverse events (SAEs) (34). The most

common adverse events were mild, including fatigue (17/40),

headache (18/40), and muscle aches (19/40). While neutralizing

antibodies were not detected, T-cell responses were observed, with

an average response rate of 66.3% across groups receiving either

low-dose TBDV, low-dose TVDV adjuvanted with Vaxfectin, or

high-dose TVDV adjuvanted with Vaxfection (34).
4.5 V180

Merck & Co. developed V180, a recombinant tetravalent

dengue vaccine targeting DENV envelope and prM glycoproteins,

administered in a three-dose regimen. In a Phase I randomized,

placebo-controlled, double-blind study (NCT01477580), neither

unadjuvanted nor aluminum-adjuvanted V180 formulations

induced a strong immune response. However, six formulations

with the ISCOMATRIX adjuvant achieved robust immunogenicity

(GMT > 150) with seroconversion rates exceeding 85.7% for all

DENV serotypes. Memory B cell responses for all serotypes were

also observed in high-dose V180-ISCOMATRIX recipients, though

increased adverse events, such as injection site pain and swelling,

were noted (35). A subsequent Phase I trial (NCT02450838)

evaluated V180, plain or adjuvanted with Alhydrogel, as booster
Frontiers in Immunology 0510
in adults previously vaccinated with a live-attenuated tetravalent

dengue vaccine. While V180 was well-tolerated and enhanced

serum neutralization titers, it did not meet the predefined booster

criteria (GMT > 150) for a positive immune response (36).
5 mRNA DENV vaccines

The remarkable success of COVID-19 mRNA vaccines has

highlighted the potential for mRNA-based dengue (DENV)

vaccines (Table 2). Unlike viral vectored vaccines, which carry

risks of reversion to virulence and require complex culturing

processes, mRNA vaccines are non-infectious and do not carry

nucleic acids that can integrate into the host genome, eliminating

the risks of mutagenesis and oncogenesis. Comparing to inactivated

and protein subunit vaccines that usually require adjuvants to

enhance immune responses, mRNA vaccines inherently stimulate

both cellular and humoral immunity through antigen expression

within host cells, as seen with COVID mRNA vaccines (37).

Furthermore, comparing to other novel platforms, like VLPs

vaccines that mimic the structure of viruses and rely on complex

bioprocessing, mRNA vaccines’ cell-free manufacturing nature

accelerates the production process and makes them highly

scalable (9). Their modular and flexible designs not only allow for

precise targeting of antigens but also ensure the adaptability to new

serotypes, making them a versatile platform for global vaccine

development (38).

In 2019, Claude Roth and colleagues conducted a preclinical

study in transgenic HLA Class-I (HLA-A0201, -A2402, B3501)

mice to evaluate a modified mRNA vaccine against DENV-1

strain KDH0026A (Figure 1A) (39). This vaccine encoded

immunodominant non-structural (NS) epitopes from NS3, NS4B,

and NS5, designed to enhance CD4+ and CD8+ T-cell responses

(40, 41). Encapsulated in lipid nanoparticles (LNPs) for delivery,

the vaccine induced strong CD8+ T-cell responses, with 26%

of CD8+ T-cells producing IFN-g and TNF-a against HLA-

B3501 peptide p49. The design intentionally avoided inducing
TABLE 2 Summary of mRNA DENV vaccine candidates.

Name Target
Serotype(s)

Development
Stage

Preliminary effect Safety Data Year

Modified
mRNA Vaccine

DENV-1 (NS3,
NS4B, NS5) c

Preclinical
(Mouse Model)

Strong CD8+ T-cell responses
were elicited

Vaccine design reduced the risk of
ADE f by avoiding inducing Nab g

2019

mRNA-LNP
a Vaccine

DENV-2 (prME,
E80, NS1) d

Preclinical
(Mouse Model)

Sterilizing immunity was induced in
immunocompetent mice; reduced
spleen viral load was also observed

Heterologous ADE was observed
with E80-mRNA vaccinated mice

2020

DENV1 prM/E b

mRNA-
LNP Vaccine

DENV-1 (prM, E) Preclinical
(Mouse Model)

Robust humoral and cellular responses
were elicited; vaccinated

immunocompromised mice were
protected from lethal DENV challenge

No morbidity and mortality cases
were observed among those

vaccinated mice

2021

Multi-target
mRNA-

LNP Vaccine

All four serotypes
(NS1, E-DIII) e

Preclinical
(Mouse Model)

Neutralizing antibody against all four
serotypes was elicited along with

strong T-cell responses

ADE potential was minimized with
only 5% of cell enhancement

detected h

2022
aLipid nanoparticle; bPre-membrane protein/Envelope protein; cModified mRNA vaccine encoded DENV-1’s non-structural epitopes from NS3, NS4B, and NS5; dmRNA-LNP vaccine targeted
structural proteins- prM/E and E80- and one non-structural protein, NS-1; eMulti-target mRNA-LNP vaccine encoded NS-1 protein and envelope domain III to target all four serotypes;
fAntibody enhancement effect; gNeutralizing antibody; hEnhancement effect was measured by antibody-dependent analysis of DENV1-4 infection in K562 cells.
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neutralizing antibodies to minimize the risk of antibody-dependent

enhancement (ADE) (39). However, the study did not explore

responses to other DENV serotypes or test vaccine efficacy in a

challenge model.

In 2020, another modified mRNA-LNP vaccine against DENV-2

strain 16681 was tested in mice (by Mengling Zhang et al), targeting

two structural proteins, prME and E80, and one non-structural

protein (NS1) (Figure 1B). Immunization generated high levels of

DENV-2-specific IgG and strong T-cell responses, achieving

sterilizing immunity against DENV-2 in immunocompetent

BALB/c mice. E80-mRNA induced high titers of neutralizing

antibodies (average PRNT50 titer of 13,000), while NS1-mRNA

elicited a significant antibody response (PRNT50 titer of 12,000)

and reduced viral loads in the spleen. However, NS1-mRNA alone

did not induce neutralizing antibodies, limiting its utility as a

primary vaccine component (42). Although E80-mRNA showed

promise, it also induced high levels of heterologous ADE and

cross-reactive immune responses, constraining its application.

In the following year, another similar mRNA-LNP vaccine

against serotype 1, the DENV1 prM/E mRNA-LNP vaccine, was

developed (by Clayton J. Wollner et al) (Figure 1C), targeting

DENV-1 (strain 16007) with prM and E proteins with T7

promoter sequences and 5’/3’ URTs based on a ZIKV mRNA

platform (43, 44). A two-dose regimen generated robust humoral

and cellular responses, with antibody titers reaching 120,000 and

neutralizing antibody titers of 420 measured by FRNT. This vaccine

protected immunocompromised AG129 mice from lethal DENV-1

challenge without morbidity or mortality, indicating its potential

effectiveness in immunocompromised populations (45). After

vaccination, there was no morbidity or mortality signs shown

among these mice, demonstrating a successful protection.

Although it effectively elicited CD4+ and CD8+ T cell responses

against DENV-1, it did not generate cross-reactive responses to

other DENV serotypes.
Frontiers in Immunology 0611
Previous DENV mRNA vaccines only targeted one serotype;

fortunately, in 2022, a multi-target mRNA-LNP vaccine formulation

was designed and tested in mice (by Lihong He et al.) (Figure 1D)

(46). The multivalent vaccines encoded NS1 and envelope domain

III (E-DIII) to target all four DENV serotypes. The DENV-a

candidate combined DENV-1 and DENV-2 antigens, while

DENV-b combined DENV-3 and DENV-4. The efficacy of

DENV-a, DENV-b, and DENV-ab was tested separately in mice.

DENV-a elicited E-DIII specific IgG against DENV1 with an average

antibody titer of 15,264 with a 20 mg dose. DENV-b immunized mice

generated an E-DIII mean titer of 4608 in the 20 mg group. For NS-1,
both DENV-a and DENV-b induced slightly higher titers than those

of E-DIII, with mean titers of 61,440 and 32,768 (46). DENV-ab, a

combination of DENV-a and DENV-b, produced the highest levels

of neutralizing antibodies across all serotypes, and induced strong T-

cell responses with high IFN-g production. Additionally, ADE assays

indicated minimal ADE potential (<5% of cells), underscoring the

vaccine’s safety profile (46). The success of DENV-ab in mice

suggests it as a promising candidate for further evaluation in larger

animal models prior to clinical trials.

Comparing to traditional vaccine platforms, mRNA vaccines can

mitigate ADE risks either through mutating fusion loop epitope of

the E protein or by eliciting serotype-specific neutralizing antibodies.

Previous research on DENV E protein has revealed three distinct

domains, and domain II containing with an internal fusion loop was

found to participate in membrane fusion and dimerization (47). By

single point mutations of three fusion loop residues, tryptophan at

position 101, leucine at position 107, and phenylalanine at position

108, the binding activity of cross-reactive anti-E antibodies, which

were responsible for ADE, was greatly reduced (48). In addition,

DENV1 prM/E mRNA-LNP vaccine did not induce cross-reactive

antibodies that elicit heterotypic enhancement. In a focus reduction

neutralization test (FRNT), DENV1 mRNA-vaccinated mice did not

elicit neutralizing antibody against DENV2, and only a mild
FIGURE 1

Schematic illustrations of mRNA DENV vaccine designs. (A) The major component of DENV1-NS modified mRNA vaccine is non-structural (NS)
protein from DENV1 strain, and is enriched in NS4B, NS3, and NS5. (B) DENV2 modified mRNA-LNP vaccines incorporate a sequence of human IgE
as a signal peptide to prompt alignments translocation. (C) The major component of this vaccine are sequences of pre-membrane(prM) and
envelope (E) proteins extracted from DENV-1 genome. (D) The design incorporated tissue-type plasminogen activator (tPA) as the signal peptide,
transmembrane and cytoplasmic domain of vesicular stomatitis virus G (VSV-G), and FLAG tag to aid the identification of target protein expression.
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enhancement, around 1.2-fold, at 1/100 serum dilution was

discovered (43). mRNA platform allows rapid development of

vaccines, however global implementation of mRNA vaccines in

dengue-endemic areas remains challenging. Vaccine stability is one

of the greatest impediments, as mRNA formulations require ultra-

cold storage, which is difficult to maintain in tropical climates with

limited health infrastructures (49). Therefore, future efforts to

advance LNP technology and thermostable mRNA formulations

are essential to overcome this barrier.

Future research on DENV mRNA vaccines should focus on

developing tetravalent vaccines that safely elicit both cellular and

humoral immunity against all four serotypes. In addition to

improving current LNPs formulation, lumazine synthase (LuS),

can also be incorporated into future development of DENV

mRNA vaccines (50). LuS oligomers, displaying as an efficient

platform for antigen presentation, have already been successfully

employed in other vaccine studies against infectious diseases, such as

HIV, influenza, and rotavirus. When utilized as a scaffold, LuS was

able to display spike glycoprotein from SARS-CoV-2 with decent

yield and antigenicity in mice (51). Multimerization nature of LuS

contributes to assembling antigens in a highly ordered fashion and

promoting the activation of B cells receptors; thereby, potent and

long-lasting immune responses in the germinal centers will be

generated (52). When utilized as a protein cage, LuS carrying

ovalbumin peptides OT-1 and OT-2 efficiently delivered and

successfully stimulated Dendritic Cells (DCs) to produce OT-1

specific CD8+ T cells and OT-2 specific CD4+ T cells in mice (53).

Immunity longevity of mRNA DENV vaccines is another aspect

should be focused on. Though currently there is no published results

on protection longevity, according to previous studies on SARS-

CoV2 mRNA vaccine’s durability, it could infer that immunity

provided by DENV mRNA vaccines might also last around one

year (54). Moreover, further clinical studies and targeted research,

which tailor dosing regimens, should be conducted to achieve

consistent immunity in diverse populations, including children

under five, the elderly, and immunodeficient people. The success of

the DENV-1 prM/E mRNA-LNP vaccine in immunocompetent

mice builds a promising foundation on the potential optimization

of mRNA vaccines for immunocompromised population who has

heightened risk of serve dengue. To further enhance efficacy, future

strategies could include modifying LNP formulations to improve

delivery, ensuring a controlled and sustained release of the mRNA

payload. Additionally, incorporating adjuvants such as CpG

oligonucleotides (55) or TLR7/8 (56) agonists may help boost

innate and adaptive immune responses. Leveraging advanced

antigen designs, such as self-assembling nanoparticles, could also

ensure safety and efficacy in vulnerable populations. By addressing all

aspects mentioned above, we will be one step closer to the successful

deployment of mRNA vaccines in dengue-prevalent areas.
6 Conclusion

Currently, Dengvaxia is the onlyWHO-approved dengue vaccine,

with global administration. However, in May 2024, WHO
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prequalified TAK-003, increasing global access to dengue

vaccination. Among advanced candidates, TV003/TV005 has

shown the strongest immune response in flavivirus-naïve recipients,

with TV005 inducing fewer side effects like vaccine-related rash than

TV003. TV003/TV005 provide 1-2 years of protection with a single

dose, while Dengvaxia and TAK-003 offer protection for at least 6 and

4.5 years, respectively (57). Across all candidates, fewer than 1% of

participants experienced serious adverse events, with rash as the most

common side effect. Antibody-dependent enhancement (ADE)

remains a concern, particularly for Dengvaxia, which poses an

increased risk of severe dengue in seronegative individuals due to

ADE. To reduce this risk, Dengvaxia is limited to those with prior

dengue infection, confirmed by serology (58). Other vaccines show a

lower ADE risk based on current trial data.

mRNA dengue vaccines offer significant advantages, including

rapid development, scalability, and precise immune targeting

Unlike live-attenuated vaccines, mRNA vaccines can be developed

quickly without growing pathogens. mRNA vaccines can be

engineered to encode antigens for all four dengue serotypes,

ensuring balanced immune responses. Early preclinical trials

indicate that mRNA vaccines effectively stimulate neutralizing

antibodies and T-cell responses. Multi-target mRNA-LNP

vaccines, targeting all four serotypes, show particular promise and

may be advanced to clinical trials following safety and

immunogenicity evaluations in non-human primates, such as

rhesus macaques, cynomolgus macaques, or common marmosets

(42). Once the candidate showed safety utilization in NHPs and was

able to elicit strong immune responses, it could be advanced to

clinical trials and eventually be brought to the market.

Future efforts in dengue vaccine development should focus on

boosting efficacy and safety. Broadening immune responses could

involve adding adjuvants like aluminum-based MF59 or AS01 to

enhance Th2 responses in live-attenuated vaccines (59). Another

promising approach involves specialized designs, such as self-

assembling nanoparticles that mimic virus structure, enhancing

antigen presentation and immune response. Nanoparticles can

present multiple dengue antigens, while VLPs and multiepitope

designs allow antigen presentation in a native conformation,

increasing immune responses without viral replication risk (60–

62). For mRNA vaccines, future work could refine lipid

nanoparticle (LNP) formulations and nucleotide modifications,

alongside novel antigen presentation platforms to optimize

immune efficacy. Refining dosing regimens for diverse age groups,

particularly under 4 and over 60 years old, will also be essential for

broadening coverage and achieving herd immunity in dengue-

endemic regions. It is pivotal to broaden the protection scope to

achieve the goal of herd immunity in dengue-endemic areas.

In addition to scientific innovations, future directions in dengue

vaccine development should also prioritize strategies for global

accessibility. Overcoming logistical and economic barriers will

require collaborative efforts, especially the international

partnerships between local governments, non-governmental

organizations (NGOs), and private industry to fund research,

streamline regulatory approval, and subsidize vaccine costs in

resource-limited settings. The success of TV003 highlights the
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potential of collaborative efforts in advancing dengue vaccine

development. TV003 was developed by NIH but produced in

partnership with a local company, Butantan Institute, in Brazil

(63). This partnership not only facilitated the local production of

TV003 but also underscored the importance of leveraging regional

expertise to enhance vaccine accessibility and affordability in

endemic areas. Such collaborations serve as a valuable model for

advancing mRNA dengue vaccines, which could similarly benefit

from partnerships with regional manufacturers to ensure scalability

and cost-effectiveness. Innovative approaches like combining

vaccination programs with mosquito control initiatives, such as

Wolbachia-infected mosquito releases (64) or sterile insect

techniques (65), could significantly enhance disease control

efforts. To deepen understanding of dengue pathogenesis and

vaccine-induced immunity, experimental methodologies like

metabolomics and proteomics could identify biomarkers for

vaccine efficacy, immune correlates of protection, and

mechanisms of antibody-dependent enhancement. These insights

would guide the optimization of vaccine designs and dosing

regimens, ensuring more effective and accessible solutions for

global dengue control.
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Evaluation of safety,
immunogenicity, and efficacy of
inactivated reverse-genetics-
based H5N8 highly pathogenic
avian influenza virus vaccine with
various adjuvants via parenteral
and mucosal routes in chickens
Kairat Tabynov1,2,3, Aidana Kuanyshbek1,4, Leila Yelchibayeva1,
Kuantay Zharmambet1, Zauresh Zhumadilova2, Gleb Fomin2,
Nikolai Petrovsky5, Olaitan C. Shekoni6,
Gourapura J. Renukaradhya6 and Kaissar Tabynov1,2,3*

1International Center for Vaccinology, Kazakh National Agrarian Research University,
Almaty, Kazakhstan, 2Central Reference Laboratory, M. Aikimbayev National Scientific Center for
Especially Dangerous Infections, Almaty, Kazakhstan, 3T&TvaX LLC, Almaty, Kazakhstan, 4National
Collection of Deposited Strains, Almaty Branch of National Reference Veterinary Center,
Almaty, Kazakhstan, 5Vaxine Pty Ltd, Adelaide, SA, Australia, 6Center for Food Animal Health,
Department of Animal Sciences, College of Food Agricultural and Environmental Sciences, The Ohio
State University (OSU), Wooster, OH, United States
Background: Highly pathogenic H5Nx avian influenza (HPAI) poses a significant

threat to poultry health globally, necessitating the development of effective

vaccination strategies.

Methods: This study assessed the immunogenicity and efficacy of a reverse-

genetics-derived, Differentiating Infected from Vaccinated Animals (DIVA)-

compatible inactivated H5N8 vaccine based on the IDCDC-RG71A strain. The

vaccine was formulated with different adjuvants, including Montanide ISA 78 VG,

ISA 71 R VG, GEL P PR, and mannose-conjugated chitosan nanoparticles, and

administered via either the subcutaneous (SC) or intranasal (IN) route. To evaluate

safety, the vaccine was tested in specific antibody negative (SAN) chickens,

showing no adverse effects. Immunogenicity was assessed by measuring

hemagglutination inhibition (HI) antibody titers, antigen-specific IgA and IgY

levels, and CD4+ and CD8+ T cell proliferation. Vaccine efficacy was

determined through a challenge study using a field isolate of H5N1.

Results: This showed that a single SC dose of vaccine containing ISA 78 VG or ISA

71 R VG provided the best efficacy against infection, with high survival rates,

control of abnormally high temperature incidence, reduced virus shedding, and

reduced lung and liver lesions. The ISA 78 VG-adjuvanted SC vaccine induced the

highest HI titers and CD4+ T cell proliferation, while ISA 71 R VG and GEL P PR

elicited the strongest IgY responses. In contrast, IN formulations induced IgA in

the lungs and trachea however, even after two doses, failed to generate high HI
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titers and provided poor, if any, protection against infection. This highlights the

superior efficacy of the SC over the IN route of vaccination for reducing H5N1

viral shedding.

Conclusion: These results underscore the importance of both the adjuvants and

delivery route to maximize HPAI vaccine efficacy. This presented system could

thereby be used to develop potent and DIVA-compatible vaccines to enhance

biosecurity and disease management in regions affected by endemic HPAI.
KEYWORDS

avian influenza, vaccine, H5N8, reverse genetics; efficacy, adjuvants, nanoparticles
1 Introduction

Outbreaks of novel H5N1, H5N6, and H5N8 highly pathogenic

avian influenza (HPAI) viruses of the A/Goose/Guangdong/1/96

(Gs/GD) lineage have been extensively spreading across Asia,

Europe, Africa, and North America (1–4). These epidemics pose a

serious global threat to the poultry industry, ecosystems, and

endangered wild bird species and represent a zoonotic risk to

human health (5).

Beginning in late 2020, there have been ongoing reports of

outbreaks of the HPAI H5N1 virus (clade 2.3.4.4b) worldwide,

affecting both wild birds and, on several occasions, domestic

poultry. During this period, significant genetic evolution and

reassortment have occurred, leading to the emergence of multiple

variants (6). Since the fall of 2020, Kazakhstan (KZ) has experienced

a series of large outbreaks of HPAI poultry outbreaks among

domestic birds that turned out to be the H5N8 subtype of HPAI

clade 2.3.4.4b virus (7, 8). The first reported outbreaks occurred in

populated areas along the KZ–Russian border. By the end of 2023,

outbreaks had been reported in 11 regions of KZ. The Veterinary

Service of Kazakhstan made efforts to slow down the spread of the

disease through strict quarantines in the affected settlements,

imposed export restrictions on poultry and poultry products, and

organized prompt vaccination of poultry (9). The recent outbreak of

HPAI in KZ (around Lake Karakol near the Caspian Sea coast in

Mangistau Oblast) in wild birds was registered between December

28, 2023, and January 9, 2024, wherein 228 mute swans died (2),

and a total of 1,132 swans were reported dead until January 25, 2024

(10). During the HPAI outbreak, our research group isolated and

characterized a genetically distinct strain of avian influenza virus, A/

mute swan/Mangystau/1-S24R-2/2024 (1-S24R-2), subtype H5N1

(clade 2.3.4.4b), from the lung of a deceased mute swan. The highly

pathogenic nature of this strain was confirmed based on the

presence of the PLREKRRRRKRGLF polybasic cleavage site in the

hemagglutinin (HA) gene (2).

Vaccination remains a cornerstone in controlling the spread of

HPAI viruses, with the choice of adjuvant and delivery route

playing a critical role in determining vaccine efficacy. Adjuvants
0216
enhance vaccine protection by optimizing antigen presentation and

recognition and prolonging immune memory. Commonly used

adjuvants in birds include oil-based emulsions, aqueous

formulations, and nanoparticles, each tailored to specific

parenteral or mucosal delivery routes. For example, mineral oil-

based adjuvants like Montanide ISA 71 R VG and ISA 78 VG elicit

strong humoral and cellular responses, while aqueous-based

adjuvants such as Montanide GEL P PR are optimized for ease of

administration and reduced reactogenicity (11). Recent advances,

including mannose-conjugated chitosan nanoparticles (mCS-NPs),

provide targeted mucosal delivery and enhance antigen uptake by

dendritic cells, potentially improving adaptive immunity (12).

Vaccination is used to control the spread of H5Nx HPAI virus

in bird populations in the Republic of Kazakhstan (KZ). According

to the national strategy for control of HPAI in KZ beginning 2019,

vaccination of parent stock of birds in poultry farms and in

households located within a 20-km zone from the hotspot farms

as well as poultry in farms located in areas close to migration of wild

birds and high-risk areas was carried out (13). Similar vaccination

strategies have been adopted in other countries heavily affected by

H5Nx HPAI outbreaks. For instance, China has implemented

widespread vaccination programs to control HPAI in domestic

poultry, which has significantly reduced virus circulation. Egypt,

Mexico, and Vietnam have also utilized targeted vaccination

campaigns to manage endemic HPAI outbreaks in high-risk

regions (14). These strategies emphasize the importance of

vaccination as a global tool to mitigate the economic and

ecological impact of HPAI in poultry industries and to reduce the

zoonotic risk to humans.

Despite the ongoing mass immunization of flocks against HPAI

in KZ poultry farms, cases of mortality and reduced productivity of

poultry from HPAI vaccine breakthrough infections still continue

to occur (personal communication with veterinarians of poultry

farms). The effectiveness of poultry vaccines is influenced by many

factors, including the match between the vaccine strain and the

antigenic variations in the circulating virus strains (15). According

to our analysis (2), the genetic similarity in the nucleotide sequence

of the hemagglutinin (HA) gene of vaccine strains widely used in
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commercial HPAI vaccines in Eurasian Economic Union (EEU)

countries and the circulating KZ strain 1-S24R-2 of HPAI virus

(clade 2.3.4.4b) is only 90%–92%. However, HPAI vaccine efficacy

is not only associated with HA similarity between the vaccine and

the virus strain but also depends on any adjuvant used, antigen

dose, and immunization route (16).

Previous studies have demonstrated that reverse-genetics-based

H5N8 vaccines offer a promising approach for combating HPAI

viruses due to their ability to incorporate precise genetic

modifications for improved safety and immunogenicity. A study

by Gao et al. (2022) highlighted the robust immune responses

elicited by an inactivated reverse-genetics-based H5N8 vaccine

derived from the A/Astrakhan/3212/2020 strain. This vaccine,

formulated with squalene-based adjuvant, induced strong

humoral immunity and cross-reactivity across multiple H5 clades

in animal models, emphasizing the critical role of adjuvant selection

(17). Similarly, the rgH5N2 vaccine provided broad protection in

avian H5Nx models. Studies, including those by Panickan et al.

(2022), have shown that rgH5N2, either alone or combined with

HA stalk antigens, elicits strong hemagglutination inhibiting (HI)

activity and neutralizing antibody responses against H5N1, H5N8,

and H9N2, reduces viral shedding, and provides protection against

lethal H5N1 and H5N8 challenges. However, HA stalk antigens

alone proved inadequate against H5N1 and H5N8, highlighting the

critical need for strategic antigen selection and optimized vaccine

design for broader protection (18). Despite these advances,

challenges remain in optimizing the efficacy of these vaccines

against evolving clade 2.3.4.4b viruses and ensuring compatibility

with diverse immunization strategies. For this study, we assessed a

panel of veterinary adjuvants supplied by Seppic. This included

Montanide ISA 71 R VG, a water-in-mineral-oil adjuvant based on

a mannide-oleate-based surfactant system that can be used at

flexible ratios in the vaccine, Montanide ISA 78 VG, a water-in-

oil emulsion specifically designed for use in chickens, and

Montanide GEL P PR, based on a dispersion of highly stable gel

particles of sodium polyacrylate in water that induces a depot effect

with slow release due to polymer adsorption properties. In addition,

we tested an in-house mannose-conjugated chitosan nanoparticle

(mCS-NP) adjuvant as previously described (12).

Our aim in this study was to develop and evaluate different

HPAI vaccine formulations using a WHO candidate vaccine virus,

IDCDC-RG71A (H5N8; clade 2.3.4.4b; reverse genetics derived

reassortant) (19), with a range of injectable and mucosal

adjuvants. The safety, immunogenicity, and efficacy of candidate

HPAI vaccines (clade 2.3.4.4b) administered via parenteral and

mucosal routes were compared to a commercial vaccine available in

the EEU countries. The intranasal (IN) route of inoculation was

chosen to evaluate its potential to induce localized immunity in the

upper respiratory tract, particularly in the nasal and airway mucosa,

which are primary sites of avian influenza virus entry and

replication. The vaccines were assessed for their ability to protect

specific antibody negative (SAN) chickens against H5N1 infection.

The study results will facilitate the development of improved

vaccines effective against current HPAI threats in KZ, thereby
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assisting to mitigate the impact of HPAI outbreaks on poultry

industries, wildlife, and public health.
2 Materials and methods

2.1 Facility and biosafety statement

All experiments involving the infectious HPAI virus were

conducted in biosafety level 3 (BSL-3) and animal biosafety level

3 (ABSL-3) facilities within the Central Reference Laboratory (CRL)

at the M. Aikimbayev National Scientific Center for Especially

Dangerous Infections (NSCEDI) under the Ministry of Health of

the Republic of Kazakhstan (MoH RK). These facilities are

accredited according to ISO 35001:2019, which outlines biorisk

management for laboratories and other related organizations. The

facility’s security is maintained through procedures approved by the

NSCEDI institutional biosafety officers. All aspects of the facilities,

including procedures, training records, safety drills, and inventory

logs, undergo regular inspections and continuous oversight by the

institutional biosafety officers, who work closely with the facility

managers. Experienced personnel worked indoors in pairs

(following the two-person rule). Staff wore powered air-purifying

respirators (PAPRs) that filtered the air when they worked with

HPAI in the lab and birds. Researchers were decontaminated before

leaving the facility and then showered upon exiting the facility. The

research program, including procedures, occupational health plans,

security, and facilities, is subject to an annual review by an official

from the MoH RK (20). At the conclusion of the experiments, all

waste and infected animal carcasses were autoclaved and

incinerated to ensure the elimination of biohazards.
2.2 Ethics statement

All animal experiments were conducted in full compliance with

the ARRIVE guidelines, adhering strictly to the UK Animals

(Scientific Procedures) Act of 1986 and associated guidelines as

well as the EU Directive 2010/63/EU. The sex of the animals was

indicated, and any influence or association of sex on the study’s

results was appropriately analyzed and reported. The protocol was

approved by the Institutional Animal Care and Use Committee

(IACUC) of the NSCEDI (Protocol No. 17, dated November 1,

2022). The birds were kept in specialized cages (three pullets/m²) in

a facility with 35%–45% humidity at 22°C –23°C, with air exchange

occurring at least 16 times per hour. They were housed on deep

bedding with drinkers, which were monitored and changed

frequently, and feed was provided ad libitum. All birds were kept

separately in groups (i.e., one group per room) in the ABSL-3

laboratory of the CRL. The birds received daily veterinary

supervision, conditions were maintained to ensure a normal state

of health, opportunities were provided to meet their physiological

and behavioral needs, and factors that could cause stress and

distress were rapidly eliminated. Following the challenge with
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HPAI infection, all surviving pullets were euthanized by

administering sodium pentobarbital (5 g/mL). Humane endpoint

criteria for birds after infection comprised of greater than or equal

to 35% body weight loss or inability to remain upright.
2.3 Viruses, cells, and birds

The influenza virus strain A/mute swan/Mangystau/1-S24R-2/

2024 (H5N1; clade 2.3.4.4b; 1-S24R-2; GISAID accession number:

EPI_ISL_18898050; GenBank accession numbers: PP267962,

PP267963, PP267964, PP267965, PP267966, PP267967,

PP267968, and PP267969) was isolated in 10-day-old SAN

embryonated chicken eggs (ECEs) from the lung of a dead mute

swan found in Lake Karakol (Kazakhstan) during a HPAI outbreak

in 2024 (2).

The influenza virus IDCDC-RG71A (H5N8; clade 2.3.4.4b;

RG71A; Lot A2021JUL06) is a reverse-genetics-derived

reassortant (19). The RG71A virus is composed of six gene

segments (PB2, PB1, PA, NP, M, and NS) that encode A/Puerto

Rico/8/1934 (H1N1) proteins. The HA gene segment and

neuraminidase (NA) gene segment of RG71A were derived from

A/Astrakhan/3212/2020 (H5N8; GenBank HA: OM403993;

GenBank NA: OM403994) with HA protein modified to contain

a protease cleavage site characteristic of low pathogenic AI viruses.

RG71A influenza virus was generated under a quality system using

qualified Vero cells per WHO guidance and excluded from the

select agent list by the United States Department of Agriculture on

August 12, 2021 to enable use under USDA APHIS BSL-2 permit

for candidate vaccine virus. The virus RG71A was kindly provided

by the Centers for Disease Control and Prevention (CDC, USA) as

part of the WHO’s Pandemic Influenza Preparedness Framework.
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The 50% egg infective dose (EID50) of the virus was measured, and

aliquots of allantoic fluid were stored at −80°C until use.

Madin-Darby Canine Kidney (MDCK) cells (ATCC® CCL-

34™, NBL-2) were grown in Dulbecco’s modified Eagle’s medium

(DMEM; Gibco, UK) supplemented with heat-inactivated 10% fetal

bovine serum (FBS; Gibco, UK) and antibiotics (100 units/mL

penicillin and 100 mg/mL streptomycin; Gibco, UK) at 37°C in a

5%-CO2 incubator. MDCK cells in 96-well tissue culture plates were

used to measure viral titers in tracheal and cloacal swab samples

after challenge infection using the Reed and Mench method (21)

expressed in log10 TCID50/0.2 mL.

Four-week-old SAN White Leghorn pullets (G. gallus

domesticus) purchased from a commercial poultry farm in

Almaty, Kazakhstan, were used in this experiment. The pullets

had not been vaccinated in the poultry farm and were subjected to

serological testing upon arrival at the ABSL-3 facility using the

hemagglutination inhibition (HI) assay with 1% chicken red blood

cells (RBCs). All pullets tested seronegative for H5 AIV.
2.4 Preparation of experimental
vaccine formulations

The candidate vaccine strain RG71A was inoculated containing

104 EID50 of virus in 0.1 mL into the allantoic cavity of 10-day-old

SAN embryonated chicken eggs (ECEs) and incubated at 34°C. The

allantoic fluids were harvested at 48 h post-infection and clarified by

centrifugation at 1,800 × g for 30 min at 4°C, and the titer was

determined using EID50 and hemagglutination (HA) assays. The

clarified allantoiс fluid of RG71A virus was inactivated with 0.1%

formaldehyde (Sigma, Germany) for 30 h at 37°C, and

neutralization of formaldehyde was carried out with sodium
TABLE 1 Vaccine formulations and routes of administration.

Group Description of the adjuvant/
vaccine/controls

Antigen HAU in
HA assay

Adjuvant to antigen
ratio, wt.%

Method
of administration

1 Montanide ISA 78 VG + antigen* 128 70:30 SC

2 Montanide ISA 71 R VG + antigen* 128 70:30 SC

3 Montanide GEL P PR + antigen* 128 10:90 SC

4 Commercial vaccine VOLVAC® B.E.S.T AI+ND (oil-based
adjuvant + antigen**)

256 70:30 SC

5 PBS + antigen* 128 70:30*** SC

6 Mannose-conjugated chitosan nanoparticles + antigen* 128 N/A IN

7 Montanide GEL P PR + antigen* 128 10:90 IN

8 PBS + antigen* 128 10:90*** IN

9 PBS alone – – SC, IN
HA, hemagglutination; HAU, hemagglutination units; IN, intranasal; SC, subcutaneous; PBS, phosphate-buffered saline; N/A, not applicable.
*Candidate vaccine strain IDCDC-RG71A (H5N8) inactivated with 0.1% formaldehyde.
**Recombinant baculovirus recH5 encoding HA of the A/dk/China/E319-2/2003 (H5N1) strain of HPAI virus belonging to clade 2.3.2 (Genbank accession AY518362.1).
***PBS to antigen ratio.
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bisulfite (NaHSO3) at a final concentration of 0.4%. Complete

inactivation of the candidate vaccine virus was confirmed by

inoculating the virus into the allantoic fluid of 10-day-old ECEs,

followed by the hemagglutination (HA) assay using 1% chicken red

blood cells (RBCs). We used HA units to measure the functional

activity of the hemagglutinin (HA) protein rather than the HAmass

in micrograms (μg). This approach reflects the functional capacity

of the HA antigen and is used for standardization of influenza

vaccine doses. The inactivated candidate vaccine strain “antigen”

was mixed with Montanide ISA 71 R VG, Montanide ISA 78 VG,

and Montanide GEL P PR (Seppic, France) for parenteral

administration, and for mucosal IN delivery, mannose-conjugated

chitosan nanoparticles (mCS-NPs) and Montanide GEL P PR

adjuvants were used according to the vaccine preparation

protocols from the manufacturer (Table 1). Commercial vaccine

VOLVAC®B.E.S.T AI+ND (Table 1; Group 4) produced by

Boehringer Ingelheim Vetmedica, S.A. DEC.V (Guadalajara,

Mexico), registered in the State Register of Veterinary Drugs and

Feed Additives of the Ministry of Agriculture of the Republic of

Kazakhstan, was used for comparison. The commercial vaccine

contained at least 256 HA units (HAU) of recH5 recombinant

antigen (strain A/duck/China/E319-2/03, subtype H5N1, clade

2.3.2) and 128 HA units of NDV antigen (strain LaSota) per dose

(0.5 mL), obtained in ECEs. Both viral antigens (AI+ND) were

produced as an oil-based adjuvant vaccine (70:30 by weight).

The detailed information on preparing the vaccine formulations

is given in Table 1.

2.4.1 Vaccine formulations with Montanide ISA 78
VG or Montanide ISA 71 R VG adjuvants

To prepare the experimental vaccine formulations (groups 1

and 2), adjuvants Montanide ISA 78 VG and Montanide ISA 71 R

VG (Seppic, France) and vaccine candidate virus antigen (aqueous

phase; 128 HAU) were mixed in a 70:30 ratio by wt.% by stirring at

4,000 rpm using an IKA Ultra Turrax® Tube Drive Basic high shear

stirrer (Ref. 3646000; IKA, Germany) with a DT-20 rotor–stator

insert tube (Ref. 3703100; IKA, Germany) working with a volume of

2–15 mL. The adjuvant was placed in the DT-20 rotor–stator tube,

and the aqueous phase was carefully added to the same tube without

stirring, ensuring that the emulsion temperature was below 20°C

before initiating the mixing process. Preemulsification step: The

tube was connected to the docking station, and the mixing speed

was set to 1,100 rpm (speed level “3”). The mixing process was then

carried out for 2 min. Emulsification step: The stirring speed was set

to 4,000 rpm (speed level “9”), and the mixing process was carried

out for 10 min. The prepared formulations are poured into sterile

10-mL vials, sealed, and stored at 4°C until testing.

2.4.2 Vaccine formulation with Montanide GEL P
PR adjuvant

To prepare the experimental vaccine formulation (groups 3 and 7),

the Montanide GEL P PR adjuvant and the candidate vaccine antigen

(aqueous phase; 128 HAU) were mixed in a ratio of 10:90 by wt.% by

stirring at 200 rpm using the Stegler HS-Pro DT magnetic stirrer
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(Stegler, China) for 5–10 min at RT. The prepared formulation is

poured into 10-mL sterile vials, sealed, and stored at 4°C until testing.

2.4.3 Antigen and negative control
After confirming complete inactivation, antigen, 128 HAU/dose

in PBS, was diluted in ratios of 70:30 (group 5) and 10:90 (group 8).

PBS alone (group 9) was used as a negative control.

2.4.4 Vaccine formulation with mannose-
conjugated chitosan nanoparticles

The vaccine antigen (128HAU) andmannose-conjugated chitosan

nanoparticles (mCS NPs) formulation (group 6) was prepared by using

a standard ionic gelation method as described previously (22). The

mCS NPs morphology, antigen loading efficiency, and size distribution

were determined using appropriate methods. The vaccine formulation

was lyophilized and stored at −20°C until use. Resuspension of the

mCS NP-vaccine was carried out with PBS to the desired volume. All

vaccine formulations were kept sterile and contained <2 EU/

dose endotoxin.
2.5 Safety, immunogenicity, and efficacy of
experimental HPAI (clade 2.3.4.4b)
vaccines administered via parenteral and
mucosal routes in a single and double
immunization regimen in chickens

Ninety White Leghorn pullets, negative for specific antibodies

(SAN), were used to assess the safety, immunogenicity, and efficacy

of the experimental HPAI (clade 2.3.4.4b) vaccines administered via

parenteral or mucosal routes in a single and double immunization

regimen in chickens according to the study design (Table 2).

The pullets at the age of 4 weeks were divided into nine

experimental groups by randomization with 10 White Leghorns

in each group on single (groups 1–5) and double (groups 6–8)

immunization regimens. In groups 1–3, experimental vaccine

formulations containing ISA-78, ISA-71-R, and GEL-P adjuvants

were administered subcutaneously; in group 4, a commercial-oil-

adjuvanted recH5 vaccine was administered subcutaneously for

comparison; in groups 6 and 7, the vaccine with mCS-NPs and

GEL-P adjuvant was administered intranasally; in groups 5 and 8,

the vaccine without adjuvant was administered subcutaneously and

intranasally, respectively; and in group 9 (negative control), PBS

was administered instead of the vaccine, both subcutaneously and

intranasally simultaneously.

2.5.1 Sample collection
Blood samples were collected from the wing vein for antibody

analysis at 7, 14, 21, and 28 days post-vaccination in the vaccinated

and control groups. After blood clotting, the samples were

centrifuged at 5,000 × g for 10 min at 4°C to collect serum, which

was stored in aliquots at −80°C until tested. The tracheal and cloacal

swab samples were collected at 2, 4, and 6 days post-challenge in all

groups (Table 2). The swab samples were resuspended in 1 mL of
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DMEM (Gibco, UK) supplemented with 2,000 mg/mL

streptomycin and 2,000 IU/mL penicillin. The suspensions were

centrifuged at 3,000 × g for 10 min, and 0.2 mL of the supernatants

from the tracheal or cloacal swabs was used to inoculate the

MDCK cells.

2.5.2 Safety
The chickens were examined daily for 35 days for clinical

symptoms (activity, appetite, and respiratory and digestive status)

and the presence or absence of other abnormalities. All chickens

were weighed weekly to monitor their growth dynamics.

2.5.3 Immunogenicity
The immunogenicity of the experimental vaccine in chickens was

determined by indirect enzyme-linked immunosorbent assay (iELISA)

to measure influenza-specific immunoglobulin Y (IgY) and

immunoglobulin A (IgA) antibody levels and by hemagglutination

inhibition (HI) assay. Peripheral blood mononuclear cells (PBMCs)

were used for the analysis of CD4 + and CD8 +T cell proliferation.
Frontiers in Immunology 0620
Detection of anti-H5 influenza IgY or IgA antibodies was

performed by iELISA using Jet Biofil plates (#FEP-101-896;

Guangzhou, China) precoated overnight at 2°C–8°C with

inactivated candidate vaccine strain RG71A (128 HAU) diluted

1:10 in a commercial coating buffer (#B288159, BioLegend). The

coated plates were blocked using an ELISA Assay Diluent (#421203,

BioLegend) at 200 mL per well and incubated under constant shaking

(300–330 rpm on a PST-60HL thermal shaker, Biosan) for 1 h at RT.

Sera from vaccinated and non-vaccinated chickens were individually

titrated (IgY only) twofold from dilutions 1:500–1:2,048,000, and

100-mL samples were added from each dilution to the wells and

incubated under constant shaking (300–330 rpm) for 1.5–2 h at RT.

After washing (×4), secondary goat anti-chicken IgY H&L (HRP;

1:50,000, #ab6877, Abcam, MA, USA) or goat anti-chicken IgA H&L

(HRP; 1:10,000, #ab112817, Abcam, MA, USA) antibodies were

added, and the plates were incubated (1 h at RT with shaking).

After additional washing (×4), the plates were incubated with

streptavidin–HRP conjugate [1:10,000 final dilution for IgY or

1:20,000 final dilution for IgA (Pierce #21130)] for 30 min at RT
TABLE 2 Study design of safety, immunogenicity, and efficacy of the experimental HPAI (clade 2.3.4.4b) vaccines via parenteral and mucosal routes in
a single and double immunization regimen in chickens.

Vaccine
Antigen:
RG-H5N8
Adjuvant:
ISA-78

Vaccine
Antigen:
RG-H5N8
Adjuvant:
ISA-71-R

Vaccine
Antigen:
RG-H5N8
Adjuvant:
GEL-P

Vaccine
Antigen:
recH5
Adjuvant:
Oil-based

Vaccine
Antigen:
RG-H5N8
Adjuvant:
None

Nanovaccine
Antigen:
RG-H5N8
Adjuvant:
mCS-NPs*

Vaccine
Antigen:
RG-H5N8
Adjuvant:
GEL-P*

Vaccine
Antigen:
RG-H5N8
Adjuvant:
None

Negative
control:
PBS
alone

Group 1 Group 2 Group 3 Group 4 Group 5 Group 6* Group 7* Group 8* Group 9

Volume of vaccine or negative control administered

0.5 mL 0.5 mL 0.5 mL 0.5 mL 0.5 mL 0.5 mL 0.5 mL 0.5 mL 0.5 mL

Single or double immunization schedule

SC SC SC SC SC IN* IN* IN* SC and IN**

Number of pullets per group (Leghorn)

N = 10 N = 10 N = 10 N = 10 N = 10 N = 10 N = 10 N = 10 N = 10

A 35-day clinical follow-up with weekly weight monitoring

N = 10 N = 10 N = 10 N = 10 N = 10 N = 10 N = 10 N = 10 N = 10

Blood tests for IgY, IgA, and anti-hemagglutinin antibodies 0, 7, 14, 21, and 28 days after vaccination (immunogenicity)

N = 10 N = 10 N = 10 N = 10 N = 10 N = 10 N = 10 N = 10 N = 10

Intranasal challenge of pullets with virulent strain A/mute swan/Mangystau/1-S24R-2/2024 (H5N1; clade 2.3.4.4b) at 35 days after
vaccination and 10 days of clinical observation with daily body temperature monitoring

N = 5 N = 5 N = 5 N = 5 N = 5 N = 5 N = 5 N = 5 N = 5

Collection of tracheal and cloacal swabs on days 2, 4, and 6 after challenge

N = 5 N = 5 N = 5 N = 5 N = 5 N = 5 N = 5 N = 5 N = 5

Euthanasia and collection of respiratory, intestinal, lymphoreticular, and nervous system tissues for histologic studies 10 days
after challenge

N = 5 N = 5 N = 5 N = 5 N = 5 N = 5 N = 5 N = 5 N = 5
PBS, phosphate-buffered saline; SC, subcutaneous; IN, intranasal; RG-H5N8, reverse genetics, candidate vaccine strain IDCDC-RG71A (H5N8) inactivated with 0.1% formaldehyde; mCS-NPs,
mannose-conjugated chitosan nanoparticles; ISA-78 VG, Montanide ISA 78 VG; ISA-71-R, Montanide ISA 71 R VG; GEL-P, Montanide GEL P PR; recH5, recombinant baculovirus recH5
encoding HA of the A/dk/China/E319-2/2003 (H5N1) strain of HPAI virus belonging to clade 2.3.2 (Genbank accession AY518362.1); IgY, Immunoglobulin Y.
*Vaccine was administered in a double regimen intranasally with an interval of 14 days.
**Administration of PBS via two routes (SC and IN) at the same time.
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with shaking. Finally, the plates were washed (five times) and added

with a ready-to-use TMB substrate (#N301, Thermo Fisher Scientific,

100 mL per well). The color reaction was stopped by adding a stop

solution (#B308260, BioLegend, 100 mL per well), and the optical

density (OD) was measured (measuring wavelength 450 nm,

reference wavelength 630 nm) on a ChroMate 4300 analyzer

(Awareness Technology, Inc.). The cutoff value for determining

seropositivity was the average OD value of the negative sample +

three times the standard deviation (23).

The HI assay was performed using the following standard

protocol (24). Briefly, cholera filtrate was used as a receptor-

destroying enzyme (RDE) according to the WHO protocol (25) to

remove innate inhibitors from the serum that could interfere with the

assay. The serum was then heated to 56°C for 30 min to remove

nonspecific hemagglutination inhibition factors and to inactivate the

cholera filtrate. The RDE-treated serum samples (25 μL) were diluted

twofold with PBS (25 μL) in 96-well V-bottom plates and incubated

with 4 HA units (HAU) of the candidate vaccine strain RG71A for 30

min at RT. Then, 50 μL of a 1% suspension of RBCs was added to

each well and incubated at RT for 30 min for the readout. The HI titer

was expressed as the reciprocal (log2 titers) of the highest serum

dilution that completely inhibited hemagglutination. Serum HI titers

equal to or >1:16 (>4 log2) were considered positive, while sera with

titers in between 1:10 and 1:16 (3.3 to 4 log2) or with undetectable

antibodies were considered negative. The limit of detection was at

dilution 1:5 (2.3 log2), and samples with undetectable titers were

assigned a dilution value of 1:5 (2.3 log2) for statistical purposes.

PBMCs were isolated from chicken blood. Approximately 3 mL

of peripheral blood was collected from the subclavian vein of each

bird following a sterile procedure and immediately transferred to

tubes containing EDTA. The leukothrombocytic layer (750 μL) was

separated by centrifugation at 1,800 rpm for 40 min. Subsequently,

750 μL of Histopaque R-1077 was placed into a 2-mL

microcentrifuge tube, and 750 μL of the leukothrombocytic layer

was gently layered on top of it. Centrifugation was performed for 30

min at 1,800 rpm at RT. Mononuclear cells were aspirated from the

opaque surface of the top layer. The cells were washed three times

with sterile PBS and then once with RPMI 1640 medium by

centrifugation at 1,000 rpm for 10 min. The cells were

resuspended in 1 mL of RPMI 1640 and counted using an

automated cell counter (Countess II FL; Thermo Fisher Scientific

Inc.). The PBMCs were used for lymphocyte proliferation assay

study. The CellTrace™ Violet Cell Proliferation Kit for flow

cytometry (Thermo Fisher Scientific) was used according to the

manufacturer's instructions. Labeled lymphocytes were cultured for

5 days at 37 °C in 5% CO2, both in the presence of the vaccine

antigen at a HA titer of 1:128 and in its absence. Flow cytometry

analysis of PBMCs from post-immunized chickens was performed

using monoclonal antibodies (MAbs) against chicken CD8 alpha

(CT-8), PECyanine5 (#MA528727, Invitrogen, USA), and CD4

(CT-4), fluorescein isothiocyanate (FITC; #MA528685,

Invitrogen, USA). Briefly, 100 mL of PBMCs (105–106 cells) in

PBS was mixed with 5 mL of MAbs (0.5 mg/mL) in separate tubes,

each with an isotype control for individual birds. The cells were

gently mixed and incubated at 37°C for 1 h. The tubes were then
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washed three times with a washing/blocking buffer containing PBS,

1% bovine serum albumin (BSA), and 0.1% sodium azide (SA) and

centrifuged at 4,000 rpm for 5 min. The cells were then

resuspended, fixed with 0.5% paraformaldehyde (PFA) for 30 min

at RT, and analyzed on an Attune™ NxT Flow Cytometer (Thermo

Fisher Scientific, USA) using Attune NxT Software (Thermo Fisher

Scientific, USA). Analysis of lymphocyte proliferation was

performed as previously described by us (26) in the FCS/SSC dot-

plot lymphocyte isolate. CD4+ and CD8+ T-cell frequency was

calculated as the difference (D) between antigen-stimulated and

unstimulated samples from the total number of live proliferating

lymphocytes and expressed as a percentage.

2.5.4 Efficacy
To test the efficacy of the vaccine formulations at 35 days after

immunization, five chickens from each group were transferred to the

ABSL-3 facility and challenged with a dose of 106 EID50 (embryonic

infectious dose 50%) of the A/mute swan/Mangystau/1-S24R-2/2024

(H5N1) strain of HPAI in a volume of 500 μL by the intranasal route.

Virus back-titration was performed in ECEs immediately following

inoculation, confirming that birds received 106 EID50. The birds were

then monitored daily for 10 days for clinical signs and mortality with

daily weighing and body temperature measurement. We considered

rectal temperatures greater than or equal to 42.3°C as abnormally

high temperatures based on this threshold for potential disease

severity (27). The efficacy (protection) of the vaccine was calculated

according to the following equation (6):

Protection (% )  =  
Number of survivors

Total number of challenged birds
  

� 100

Tracheal and cloacal swabs were collected from each bird on days

2, 4, and 6 after challenge to measure the level of viral shedding across

the different groups by calculating the tissue culture infectious dose

50% (TCID50) per 1 mL of swab sample in 96-well plates of MDCK

cells. After incubation at 37°C for 120 h, the plates were observed

daily for the presence of cytopathic effect (CPE) by means of an

inverted optical microscope. Then, the cell supernatants were

harvested and transferred to V-bottom 96-well plates. The presence

of the virus was detected using a hemagglutination assay (16). The

endpoint titers were calculated according to the Reed and Muench

method (21) based on six replicates for titration. Virus titers are

expressed as log10 TCID50/mL.

2.5.5 Histological analysis
Dead and euthanized chickens after the challenge were

necropsied, and tissues from the respiratory (lung, trachea),

digestive (liver, pancreas), intestinal (large and small intestine),

lymphoreticular (spleen and bursa of Fabricius), and nervous system

(brain) were collected for histological studies. Necropsy and

histopathological studies were evaluated as previously described (23,

28) using the following five-level histological scale: 0 (no changes; 0%),

1 (mild inflammation; <25%), 2 (moderate inflammation; 26%–50%),

3 (pronounced inflammation; 51%–75%), and 4 (severe inflammation;
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76%–100%) (29). Briefly, the chicken tissues were fixed in 10%

buffered formaldehyde, washed in water, and treated with four

portions of 100% isopropyl alcohol and two portions of xylene.

Subsequently, the tissues were soaked in four portions of paraffin to

create paraffin blocks, which were then used to prepare 5-μm sections

using a microprocessor-controlled microtome (MZP-01, KB

Technom, Russia). The tissue sections were deparaffinized in two

portions of xylene and three portions of ethyl alcohol with decreasing

concentrations (96%, 80%, and 70%) and stained with hematoxylin

(BioVitrum, Russia) and eosin (DiaPath, Italy). Following clarification

in ascending ethyl alcohol concentrations (70%, 80%, and 96%) and

two portions of xylene, the sections were covered with coverslips using

Bio Mount synthetic medium (Bio Optica, Italy). The slides were

observed under an Mshot microscope (model MF52-N, China), and

photographs were taken at ×100 and ×400 magnification using an

Mshot MS23 camera with the Mshot Image Analysis System program.

Also, using this program, a measuring scale of 100 and 500 μm was

placed on the photographs. A standardized scale was used for

calibration, and all measurements were made in micrometers.
2.6 Statistical analysis

GraphPad Prism 9.0.0 (GraphPad Software, San Diego, CA,

USA) was used for preparing graphs and for the statistical analysis

of the experimental data. Differences in hematological parameters,

antibody titers, viral load in swabs, and tissues between animal

groups were assessed using Tukey’s multiple comparisons test or

Dunnett’s multiple comparisons tests or Holm–Šıd́ák’s multiple
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comparisons test. The detection limit of the infectivity titer was 0.7

log10 TCID50/mL. The detection limit of IgY titers was 1:500 (9.0

log2). The limit of detection of HI titers was at dilution 1:5 (2.3 log2),

and samples with undetectable titers were assigned a dilution value

of 1:5 (2.3 log2) for statistical purposes. For all comparisons, P <0.05

was considered a significant difference.
3 Results

3.1 Experimental vaccine preparation,
safety, and potency

The candidate vaccine strain IDCDC-RG71A (H5N8; clade

2.3.4.4b) was propagated in embryonated chicken eggs, and the

virus was harvested from allantoic fluids after 48 h. The fluid

containing 128 HAU/50 mL was inactivated using 0.1%

formaldehyde, with complete inactivation confirmed by the

absence of viral growth in ECEs after three consecutive passages.

Various vaccine formulations were prepared using different

adjuvants: (1) ISA-78 and ISA-71-R mixed with the antigen at a

70:30 ratio, (2) GEL-P mixed at a 10:90 ratio, (3) mCS-NPs

prepared using ionic gelation, lyophilized, and stored at −20°C,

and (4) controls that included PBS alone and PBS with antigen at

70:30 and 10:90 ratios.

The safety of the experimental vaccines was evaluated by

administering them to SAN chickens and monitoring for any

adverse reactions over a 5-week period prior to challenge. The

chickens were examined daily for 35 days for clinical signs
FIGURE 1

Detection of anti-hemagglutinin antibodies in chickens vaccinated with experimental and commercial recH5-SC vaccines by HI assay. Serum HI
titers equal to or >4 log2 were considered positive (horizontal red dotted line), while sera with titers in between 3.3 and 4 log2 or with undetectable
antibodies were considered negative. The limit of detection (LoD) was at dilution 2.3 log2 (horizontal dotted line). #, second intranasal vaccination
for groups GEL-P-IN and mCS-NPs-IN. Data are mean ± SD titer of 10 chickens in each group. Statistical differences between groups were assessed
using Tukey’s and Dunnett’s multiple comparisons tests. For all comparisons, P < 0.05 was considered a significant difference. *P = 0.0354; **P =
0.0010, and 0.0075; ***P = 0.0002; ****P < 0.0001.
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including activity, appetite, and respiratory and digestive status as

well as the presence or absence of abnormalities. All chickens were

weighed weekly to monitor their growth dynamics (Supplementary

Table S1). All vaccinated chickens, including those in groups ISA-78-

SC, ISA-71-R-SC, GEL-P-SC, mCS-NPs-IN, and GEL-P-IN, showed

no local or systemic reactions to the vaccine, with the vaccine

formulations all being well tolerated (data not shown) in a similar

manner to the commercial vaccine recH5-SC. In conclusion, the

experimental vaccines all demonstrated effective inactivation, safety,

and tolerance in SAN chickens, validating their potential as vaccine

candidates for further evaluation.
3.2 Immunogenicity of the experimental
and commercial vaccines in chickens

The immunogenicity of the experimental and commercial

vaccines in chickens was assessed by measuring HI antibody

levels at 7, 14, 21, and 28 days post-immunization (Figure 1). By

day 7, HI antibody responses were detected in groups ISA-78-SC

and recH5-SC with seropositivity rates of 20% and 10%,

respectively. By day 14, HI seropositivity reached 100% in ISA-

78-SC, 90% in GEL-P-SC, 80% in ISA-71-R-SC, and 30% in mCS-

NPs-IN. At day 21, seropositivity remained at 100% in group ISA-

78-SC, while groups ISA-71-R-SC, GEL-P-SC, mCS-NPs-IN,

recH5-SC, GEL-P-IN, and antigen-SC exhibited rates of 90%,

80%, 70%, 30%, 10%, and 10%, respectively. By day 28, group

ISA-78-SC maintained 100% seropositivity, with groups GEL-P-SC,

ISA-71-R-SC, recH5-SC, mCS-NPs-IN, and antigen-SC showing

90%, 90%, 80%, 20%, and 20% seropositivity, respectively.
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On days 14, 21, and 28 post-vaccination, HI antibodies in groups

ISA-78-SC, GEL-P-SC, and ISA-71-R-SC were significantly higher (P

< 0.0001) compared to those in antigen-SC. In group mCS-NPs-IN,

the HI antibody levels were significantly elevated (P = 0.0010)

compared to the antigen-IN group only at 21 days post-

vaccination. Group ISA-78-SC exhibited significantly higher HI

antibody levels on days 21 and 28 post-vaccination compared to

groups GEL-P-SC (P = 0.0002; P < 0.0001), ISA-71-R-SC (P = 0.0075;

P < 0.0001), and recH5-SC (P < 0.0001). At day 14 post-vaccination, a

similarly significant difference was observed only with groups ISA-

71-R-SC (P = 0.0354) and recH5-SC (P < 0.0001).

Overall, the adjuvanted SC formulations GEL-P-SC and ISA-

71-R-SC showed robust HI responses and were not significantly

different among each other. However, the ISA-78-SC group

demonstrated superior immunogenicity, achieving 100%

seropositivity and significantly higher antibody levels compared

to other SC groups. These findings suggest that ISA-78-SC

formulation is more effective in inducing a strong and sustained

immune response.

The immunogenicity of both experimental and commercial

vaccines in chickens was evaluated by measuring the levels of

serum immunoglobulin Y (IgY) 28 days after immunization

(Figure 2). IgY is the primary serum antibody in birds,

functioning similarly to mammalian IgG, and serves as a key

marker of vaccine-induced immunity in avian models. Groups

ISA-71-RS-C and Gel-P-SC showed the highest anti-influenza IgY

levels, followed by group ISA-78-SC, which had intermediate levels

and not significantly different to the commercial recH5-SC vaccine,

and interestingly it was significantly lower (P = 0.0274) compared to

ISA-71-R-SC. While most chickens that received antigen alone via
FIGURE 2

Detection of IgY antibodies in chickens vaccinated with experimental and commercial vaccines by iELISA. IgY is the primary immunoglobulin in birds,
reptiles, and amphibians, functionally equivalent to mammalian IgG. It plays a critical role in humoral immune response by neutralizing pathogens
and providing immunity. The limit of detection (LoD) was at titer 9.0 log2 (horizontal dotted line). #—A second intranasal immunization was
administered to groups GEL-P-IN and mCS-NPs-IN at 14 days after prime vaccination. Data are mean ± SD titer of 10 chickens in each group.
Statistical differences between groups were assessed using Tukey’s multiple comparisons test. For all comparisons, P < 0.05 was considered a
significant difference. *P = 0.0274; **P = 0.0015; ***P = 0.0008.
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SC route did not induce any IgY response, most of those that

received antigen alone via IN route made serum IgY responses

equivalent to the high and intermediate IgY responses of SC groups

Gel-P-SC and ISA-78-SC, respectively. No significant difference in

IgY was observed when comparing the mCS-NPs-IN and GEL-P-

IN groups with the antigen-IN group.

Immunogenicity was further assessed using iELISA by

measuring influenza-binding IgA levels in lung and trachea on
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day 28 post-vaccination (Figure 3). Influenza-specific IgA in the

lung and trachea was only detected in the IN groups (antigen-IN,

and mCS-NPs-IN, and GEL-P-IN), with high influenza-binding

IgA levels only seen in group GEL-P-IN.

We assessed antigen-stimulated CD4+ and CD8+ T cell

proliferation in PBMCs from chickens vaccinated with both

experimental and commercial vaccines on day 28 post-vaccination

(Figure 4). Only in group ISA-78-SC were the levels of CD4+ T cell
FIGURE 4

Antigen-stimulated CD4+ and CD8 + T cell proliferation in PBMCs from chickens vaccinated with experimental and commercial vaccines.
#A second intranasal immunization was administered to groups GEL-P-IN and mCS-NPs-IN at 14 days after prime vaccination. CD4+ and CD8+ T
cell proliferation was calculated as the difference (D) in the number of proliferating lymphocytes between stimulated vs. non-stimulated cells. Data
are mean ± SD titer of five chickens in each group. Statistical differences between groups were assessed using the Tukey’s multiple comparisons
test. For all comparisons, P < 0.05 was considered a significant difference. *P = 0.0420; ***P = 0.0001 and P = 0.0003.
FIGURE 3

Detection of IgA antibodies in chickens vaccinated with experimental and commercial vaccine formulations by iELISA. The limit of detection (LoD)
was 1.5 at an optical density (OD) with a wavelength of 450 nm (horizontal dotted line). #A second intranasal immunization was administered to
groups GEL-P-IN and mCS-NPs-IN at 14 days after prime vaccination. Data are presented as mean ± SD titers from 10 chickens in each group.
Statistical differences between groups were assessed using Šıd́ák’s multiple-comparison test. For all comparisons, P < 0.05 was considered a
significant difference. *P = 0.0144; **P = 0.0019; ****P < 0.0001.
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proliferation significantly higher (P = 0.0001) compared to the SC

antigen alone group. In addition, group ISA-78-SC showed

significantly higher CD4+ T cell proliferation compared to groups

ISA-71-RS-SC (P = 0.0420) and Gel-P-SC (P = 0.0003). There were

no significant differences in CD8+ T cell proliferation levels between

groups. Overall, ISA-78-SC exhibited the highest CD4+ T

cell response.
3.3 Efficacy of the experimental and
commercial vaccines in chickens

To assess the efficacy of vaccine formulations, chickens at 35

days post-immunization were transferred to our ABSL-3 facility

and challenged with 106 EID50 of the A/mute swan/Mangystau/1-

S24R-2/2024 (H5N1) strain of HPAI via the IN route. The birds

were monitored for 10 days for clinical signs (rectal temperature)
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and mortality, and efficacy was calculated based on survival rates

(Supplementary Table S2; Figure 5).

High efficacy group (100% protection): The SC immunization

groups, ISA-78-SC, ISA-71-R-SC, GEL-P-SC, and recH5-SC all

demonstrated 100% protection. Moderate efficacy group (40%

protection): The mCS-NPs-IN group exhibited 40% protection,

consistent with the overall poor systemic immunogenicity

responses in all of the IN groups despite receiving two vaccine

doses. Low efficacy group (20% protection): The antigen alone SC

group administered subcutaneously showed 20% protection,

indicating that the SC route of vaccination provided better

protection than the IN route. No efficacy group (0% protection):

The IN groups GEL-P-IN and antigen-IN showed no protection, with

all birds dying after the challenge. As expected, the control group,

which received PBS via both subcutaneous and intranasal routes,

exhibited 0% protection, with all birds dying after the challenge.

The body temperature of the chickens was recorded daily for 10

days following the H5N1 challenge (Supplementary Table S3;

Figure 6). High efficacy group: Groups ISA-78-SC, ISA-71-R-SC,

GEL-P-SC, and recH5-SC had high temperature incidences, ranging

from 0% (ISA-78-SC, ISA-71-R-SC, and recH5-SC) to 20% (GEL-P-

SC). Despite some abnormally high temperature occurrences, all of

these groups achieved 100% protection, showing that these vaccines

prevented mortality even when some chickens still exhibited a high

temperature in response to the infection.

Moderate and low efficacy groups: The moderate efficacy group

(40% protection) and the low efficacy group (20% protection) both

exhibited an abnormally high temperature incidence of 60%. This

suggests that, while the mCS-NPs-IN formulation provides some

immune response, it may not be potent enough to offer substantial

protection, and the antigen-SC formulation appears relatively

ineffective. In both cases, the observed febrile reactions may
FIGURE 6

Daily body temperatures (°C) of chickens post-challenge. The horizontal dotted line indicates an abnormally high temperature (≥42.3°C) for
White Leghorns.
FIGURE 5

Kaplan–Meier survival curve of vaccinated and control chickens.
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indicate poor immunogenicity or an insufficiently balanced

immune response, failing to provide robust protection while still

inducing temperature elevations in some individuals.

No efficacy group: Groups control-PBS and GEL-P-IN provided

no protection and had the highest abnormally high temperature

incidence (100%), whereas group antigen-IN also showed an

abnormally high temperature incidence (60%).

This categorization highlights the relationship between

protective efficacy and an abnormally high temperature incidence,
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with higher protection groups generally showing a lower

abnormally high temperature incidence, while groups with

minimal to no protection have higher temperature rates. This

suggests that optimal adjuvant and delivery strategies are key to

achieving high protection and low adverse reactions.

To investigate the capability of different vaccine formulations to

control viral shedding after challenge with the A/mute swan/

Mangystau/1-S24R-2/2024 (H5N1) strain, virus shedding in cloacal

(Figure 7A) and tracheal (Figure 7B) swabs was measured at days 2, 4,
FIGURE 7

Viral shedding of the immunized chickens at 2, 4, and 6 days post-challenge. (A) Cloacal swabs and (B) tracheal swabs. The immunized chickens
with experimental and commercial vaccine formulations were subjected to a challenge with 106 EID50 of the A/mute swan/Mangystau/1-S24R-2/
2024 (H5N1) strain of HPAI via the intranasal route. The limit of detection (LoD) was at titer 0.7 log10 TCID50 (horizontal dotted line). X, dead
chickens. In graphs A and B, in the antigen-SC group at 4 days post-challenge, the X sign was omitted because one bird in this group remained alive
until 10 days post-infection. Data are mean ± SD titer of five chickens in each group. Statistical differences between groups were assessed using
Tukey’s multiple comparisons test. For all comparisons, P < 0.05 was considered a significant difference. *P = 0.0142; ****P < 0.0001. A second
intranasal immunization was administered to groups GEL-P-IN and mCS-NPs-IN at 14 days after prime vaccination.
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and 6 post-infection. Adjuvanted SC groups ISA-78-SC, ISA-71-R-

SC, GEL-P-SC, and recH5-SC demonstrated undetectable viral titers

in cloacal and tracheal swabs on days 2, 4, and 6 post-challenge,

indicating effective protection against viral shedding. In contrast,

groups antigen-IN, mCS-NPs-IN, and GEL-P-IN, which received IN

vaccines, as well as groups control-PBS and antigen-SC, exhibited

viral titers in both cloacal and tracheal swabs on day 2 post-challenge.

In the GEL-P-IN group, compared with the antigen-IN group, the

viral titer in the trachea was lower on day 2 post-challenge; however,

it remained detectable up to day 4 following the infection. This shows

that SC vaccines were more effective in reducing viral replication and

shedding compared to IN vaccines.
3.4 Histological analysis

The ability of the vaccines to prevent lung and liver tissue lesions

caused by H5N1 virus infection was evaluated by a histological

analysis of dead and euthanized chickens. It is worth noting that

histological examination revealed no pathological changes in the

trachea, pancreas, large and small intestine, spleen, bursa of Fabricius,

or brain of the challenged chickens (data not shown).

Control infected birds showed notable pathological changes

near the parabronchi, including necrosis of the atrial epithelium,

transudate accumulation in the parabronchial cavity, erythrostasis

within vessels, and low-grade lymphocytic infiltration (Figure 8),

indicating localized tissue damage and inflammatory responses

associated with infection. The histopathological analysis of liver

specimens of control infected birds also revealed significant

changes, including enlargement of sinusoidal spaces, focal

necrosis in the parenchyma, particularly in the periportal region

and near the centrilobular vein, as well as areas of hemorrhage and

erythrostasis within vessels (Figure 9).

SC vaccines, particularly ISA-78-SC, GEL-P-SC, ISA-71-R-SC,

and the commercial vaccine rec-H5-SC, reduced the pathology caused

by H5N1 infection (Figure 10A) as evidenced by significantly lower

lesion scores (P < 0.0001) compared to the group that received

antigen alone SC, which displayed the highest lesion scores after the

SC and IN PBS control groups. In the IN groups, including GEL-P-IN

and mCS-NPs-IN, the lesion scores were not significantly different

from those of the group that received antigen alone via the IN route.

For liver lesions, only the SC groups ISA-78-SC and ISA-71-R-

SC showed effective protection (P < 0.0001) (Figure 10B). IN

administration of GEL-P-IN or mCS-NPs-IN provided no

protection against liver lesions.

This confirmed that the SC route of administration was superior

to IN for preventing lung and liver damage following H5N1

infection, with ISA-78-SC and ISA-71-R-SC formulations

showing the greatest protection.
4 Discussion

H5Nx HPAI is a devastating infection of poultry in Asian,

European, North African, and Central and Northern American
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countries. An increasing number of HPAI outbreaks and the

establishment of endemicity in many countries have resulted in

an increased use of vaccination as a tool in control programs (30).

According to the World Organisation for Animal Health (WOAH),

more than 30 countries have resorted to vaccination against HPAI

since 2005, including Mexico, China, Guatemala, Honduras, El

Salvador, Egypt, and European Union (31). Among the various

techniques for vaccine strain development, reverse genetics is the

most extensively utilized for creating non-pathogenic DIVA

(differentiation of infected from vaccinated animals) marker

vaccines (32, 33).

The present study was aimed at evaluating different adjuvants

(oil-based, aqueous, and nanoparticles) and delivery routes

(parenteral and mucosal) for a reverse-genetics-based vaccine

based on IDCDC-RG71A (H5N8; clade 2.3.4.4b), developed as

part of the WHO’s Pandemic Influenza Preparedness Framework

(19). The selection of the IDCDC-RG71A (H5N8) strain for vaccine

development is supported by its high genetic homology in the HA

gene with the circulating H5N1 field virus in KZ (clade 2.3.4.4b),

sharing 97% identity, as reported in our previous studies (2). This

high level of HA gene similarity ensures that the HA of the vaccine

strain closely resembles the circulating virus, thereby conferring the

high chance of protection against local H5N1 strains. Additionally,

the inclusion of a neuraminidase (NA) gene from a different

subtype than the target H5N1 field virus confers DIVA

compatibility to the H5N8 vaccine. This design allows for the

serological differentiation of H5N8-vaccinated birds from those

naturally infected with H5N1 by using N1-based serological

assays (30), which is in line with the heterologous NA DIVA

strategy (32).

These study results confirm the successful inactivation, safety,

and tolerability of the formaldehyde-inactivated H5N8 vaccine in

SAN chickens. The absence of adverse effects alongside consistent

growth metrics underscores the tolerability and safety of the tested

adjuvant formulations, which were comparable to the commercial

recH5-SC (VOLVAC® B.E.S.T AI+ND) vaccine (33). Notably, the

experimental adjuvanted vaccine formulations induced much

higher HI activity than the commercial recH5-SC vaccine which

induced very little HI activity, highlighting the importance of the

adjuvants that we used to maximize vaccine immunogenicity. This

result is consistent with the findings reported by Kandeil et al.

(2018) showing low HI titers induced by commercial HPAI

vaccines (34).

The study demonstrated that the single-dose SC H5N8

formulations, particularly those containing Montanide mineral oil

adjuvants (ISA-78, ISA-71-R) or aqueous adjuvant (GEL-P-SC),

provided the most robust protection against H5N1 infection and

clinical disease, alongside the commercial oil-based recH5-SC

vaccine, while also significantly reducing virus shedding via the

respiratory and digestive tracts by day 2 post-challenge compared to

the antigen-SC group (antigen administered subcutaneously

without adjuvant). These findings align with data from

Kuruppuarachchi et al. (2022) (35), which showed that an oil-

adjuvanted inactivated H5N6 vaccine completely protected the

chickens from the lethal infection with homologous H5N6 and
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FIGURE 8

Histological analysis of lung tissue. Control-PBS (×100): transudate (yellow arrow) and mass accumulation of erythrocytes (red arrow) in the
parabronchus cavity; antigen-SC (×100): transudate in parabronchus cavity (yellow arrow), erythrostasis in vessels; ISA-78-SC (×100): edematous
fluid in the lumen of parabronchi (yellow arrows) and lymphocytic infiltrate in the atrial wall [blue arrow; ISA-71-R-SC (×100)]: parabronchial
structure; GEL-P-SC (×100): structure of parabronchi; recH5-SC (x100): structure of parabronchi; antigen-IN (×100): transudate in parabronchus
cavity (yellow arrow), erythrostasis in vessels; mCS-NPs-IN (×100): transudate (yellow arrow) and erythrocyte accumulation (red arrow) in the
parabronchus cavity, as well as lymphocytic infiltrate in the walls of atria (blue arrow); GEL-P-IN (×100): necrosis of atria (green arrow), lymphocytic
infiltration (blue arrow), and transudate in the parabronchus cavity (yellow arrow); control-PBS (×400): atria filled with transudate and erythrocytes,
necrosis of atrial wall epithelium; antigen-SC (×400): atria filled with transudate and necrosis of atrial wall epithelium. ISA-78-SC (×400): transudate
in atrial cavities and necrotized atrial walls; ISA-71-R-SC (×400): weak necrosis of atria epithelium (green arrow); GEL-P-SC (×400): structure of the
atria; recH5-SC (×400): structure of the atria; antigen-IN (×400): atria filled with transudate and necrosis of atrial wall epithelium; mCS-NPs-IN
(×400): atria filled with transudate and erythrocytes, necrosis of atrial wall epithelium; GEL-P-IN (×400): massive necrosis of atria; hematoxylin–
eosin staining.
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FIGURE 9

Histological analysis of liver tissue. Control-PBS (×100): severe foci of periportal necrosis (red arrows) and parenchyma hepatocyte necrosis (yellow
arrow); antigen-SC (×100): severe periportal necrosis; ISA-78-SC (×100): diffuse hemorrhage and foci of necrosis with lymphocytic infiltration near
the portal tract (red arrows); ISA-71-R-SC (×100): focal moderate foci of periportal necrosis (red arrow) and diffuse hemorrhages in the parenchyma;
GEL-P-SC (×100): foci of centrilobular and periportal necrosis (red arrows); recH5-SC (×100): focal hemorrhage in the parenchyma (purple arrow)
and periportal necrosis (red arrow) of hepatocytes; antigen-IN (×100): foci of periportal necrosis; mCS-NPs-IN (×100): strongly marked focus of
periportal necrosis (red arrow) and diffuse hemorrhages in the parenchyma; GEL-P-IN (×100): hepatocyte necrosis in the parenchyma (yellow
arrow), periportal and centrilobular foci of necrosis (red arrows), and vessels filled with lymphocytes and macrophages (blue arrow); control-PBS
(×400): severe foci of periportal hepatocyte necrosis; antigen-SC (×400): severe foci of necrosis at the bile duct; ISA-78-SC (×400): mild
centrilobular necrosis of hepatocytes with lymphoid cells (red arrow). GEL-P-SC (×400): foci of marked centrilobular necrosis (red arrows) and
erythrostasis (blue arrow) in the vessel. GEL-P-IN (×400): hepatocyte necrosis and lymphocytes in sinusoidal spaces. ISA-71-R-SC (×400): focal
moderate foci of periportal necrosis (red arrow) and diffuse hemorrhages in the parenchyma; recH5-SC (×400): moderate periportal necrosis of
hepatocytes (red arrow) and erythrostasis in the vessel (blue arrow). Antigen-IN (×400): a pronounced focus of periportal necrosis; mCS-NPs-IN
(×400): strongly marked focus of necrosis at the bile duct; hematoxylin–eosin staining.
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heterologous H5N1 HPAI viruses. In their study, no viral shedding

was observed from either the trachea or cloaca on day 3 post-

challenge with the H5N6 vaccine, whereas our H5N8 vaccine

achieved similar results by day 2 post-challenge. The histological

analysis further confirmed the effectiveness of SC-adjuvanted

vaccine formulations, especially those with ISA-78 and ISA-71-R,

in protecting chickens from lung and liver lesions caused by H5N1

infection, whereas all of the IN H5N8 vaccine formulations (mCS-

NPs-IN and GEL-P-IN) provided minimal protection even after

two doses.

The ISA-71-R SC formulation achieved the highest serum anti-

influenza IgY levels, whereas only the IN groups, particularly GEL-
Frontiers in Immunology 1630
P-IN, induced anti-influenza IgA production in the lung and

trachea. While a positive correlation was observed between serum

influenza-binding IgY, HI activity, and protection, the mucosal IgA

responses showed no correlation with protection. It is generally

suggested that IgA antibody subtype is the primary isotype induced

at the mucosal surfaces and could be involved in protecting animals

from infections by influenza viruses (36). In studies by Hwang et al.

(2011) (37), it was shown that in chickens immunized with a single

dose of an oil-adjuvanted inactivated H5N1 vaccine, IgG was

predominantly induced over IgA in the sera, with the authors

suggesting that IgG plays the most important role in protecting

the immunized chickens against the lethal H5N1 infections.
FIGURE 10

Histopathological scoring of lung and liver lesions in H5N1-infected chickens. (A) Lung lesion scores. (B) Liver lesion scores. The histological scale used
was as follows: 0 (no changes; 0%), 1 (mild inflammation; <25%), 2 (moderate inflammation; 26%–50%), 3 (pronounced inflammation; 51%–75%), and 4
(severe inflammation; 76%–100%). Data are mean ± SD titer of five chickens in each group. Statistical differences between groups were assessed using
Holm–Šıd́ák’s multiple comparisons test. For all comparisons, P < 0.05 was considered a significant difference. *P = 0.0233; ****P < 0.0001. A second
intranasal immunization was administered to groups GEL-P-IN and mCS-NPs-IN at 14 days after prime vaccination.
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There were no significant differences in CD8+ T cell responses

between any groups. CD4+ T cell responses showed high variability

and were only significantly increased in group ISA-78-SC compared

to the SC antigen alone group, showing a correlation with

protection in this group only. These results partially confirm

other reports (38) showing that the major correlate of H5N1

protection in animals is systemic HI activity and Th1-cytokine-

secreting CD4+ T cells.

These findings underscore the importance of adjuvants and SC

delivery to maximize HPAI vaccine efficacy.

The limitations of this study include several factors that may affect

the generalizability and robustness of the findings. One primary

limitation is the challenge model itself, as only a single H5N1 strain

was used for the post-vaccination challenge, which may not fully

represent the broad diversity of H5 avian influenza strains. This

approach may limit the generalizability of the findings to other

clades. The DIVA capability of this vaccine may be limited in

regions with extensive H5Nx circulation, as cross-reactive antibodies

could reduce assay specificity. Further validation is needed to ensure

effectiveness in diverse settings. Furthermore,antigen-specific cytokine

production, such as IFN-gamma, was not assessed in this study. The

absence of an IFN-gamma ELISPOT assay limits the understanding of

the functional T-cell responses elicited by the vaccines. Future studies

will incorporate this assay to provide a more comprehensive

evaluation of T-cell activation and its role in protective immunity.

An additional limitation is the lackof IgG assessment, which could

further clarify the protective mechanisms of our vaccine. While IgY is

the primary immunoglobulin in birds, future studies will evaluate IgG

responses to enhance our understanding of immunity against HPAI

virus. Another limitation involves the reliance on IN delivery in

certain groups, which showed lower efficacy compared to SC routes.

This outcome suggests a need for optimization in adjuvant selection

and administration routes for mucosal vaccines to enhance immune

responses. Additionally, the study was conducted with SAN chickens,

which may exhibit different immune responses than poultry

populations with prior exposures to low pathogenic avian influenza

viruses. This factor should be considered when interpreting the real-

world applicability of the vaccine efficacy results. The study also

employed relatively small group sizes, potentially impacting the

statistical power and robustness of the findings. Furthermore, the

study was not repeated, necessitating independent replication to

confirm the efficacy and consistency of the results. Another

limitation is thelack of assessment for the durability of protection, as

the study focused on short-term outcomes post-vaccination. This

leaves open questions about the long-term immunity provided by the

vaccine formulations. Although safety and immunogenicity were

rigorously assessed over a 35-day period, longer-term studies are

warranted to evaluate sustained immunity and potential impacts on

poultry production metrics. An additional limitation is the lack of

mucosal immune response evaluation in IN vaccination groups, which

restricts understanding of localized immunity. This experiment will be

repeated in future studies with nasal secretion sampling to assess
Frontiers in Immunology 1731
mucosal antibody responses. Finally, apart from HI activity, the study

did not measure functional antibodies, such as neutralizing antibodies

(MN) or neuraminidase inhibition (NI) activity. These assays are

crucial to assess the quality of immune responses and understand the

protective mechanisms of the vaccines. Future studies will incorporate

MN and NI assays to comprehensively evaluate the functional

antibody responses elicited by the vaccine formulations. These

limitations together highlight the need for future studies with larger

sample sizes, repeat trials, and extended observation periods to assess

the durability of protection,which would provide a more

comprehensive understanding of vaccine efficacy.

In conclusion, this study demonstrates the promise of H5N8

strain IDCDC-RG71A, developed using reverse genetics, to protect

against H5N1 infection in poultry. When combined with ISA-78 or

ISA-71-R mineral oil adjuvants, these SC vaccines demonstrated

robust efficacy with high survival rates and control of clinical signs

(abnormally high temperature), reduced the virus shedding, and

prevented the lung and liver lesions caused by HPAI H5N1. These

results underscore the importance of adjuvants and SC delivery to

maximize avian influenza vaccine efficacy and offer valuable

insights for the development of potent, DIVA-compatible

vaccines that could significantly enhance biosecurity and disease

management in regions affected by endemic HPAI.
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Background: In March 2020, the rapid spread of SARS-CoV-2 prompted global

vaccination campaigns to mitigate COVID-19 disease severity and mortality. The

2-dose BNT162b2-mRNA vaccine effectively reduced infection and mortality

rates, however, waning vaccine effectiveness necessitated the introduction of a

third vaccine dose or booster.

Aim: To assess the magnitude and longevity of booster-induced immunity, we

conducted a longitudinal study of SARS-CoV-2 specific cellular and humoral

immune responses among Qatar’s vulnerable craft and manual worker

community. We also investigated the impact of prior naturally acquired

immunity on booster vaccination efficacy.

Methods: Seventy healthy participants were enrolled in the study, of whom half

had prior SARS-CoV-2 infection. Blood samples were collected before and after

booster vaccination to evaluate immune responses through SARS-CoV-2

spec ific EL ISpot s , I gG EL ISA , neu t ra l i za t ion assays , and flow

cytometric immunophenotyping.

Results: T cell analysis revealed increased Th1 cytokine responses, marked by

enhanced IFN-g release, in recently infected participants, which was further
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enhanced by booster vaccination for up to 6-months. Furthermore, booster

vaccination stimulated cytotoxic responses in infection-naïve participants,

characterized by granzyme B production. Both natural SARS-CoV-2 infection

and booster vaccination induced robust and durable SARS-CoV-2 specific

humoral immune responses, with high neutralizing antibody levels. Prior

natural infection was also linked to an increased number of class-switched B

cells prior to booster vaccination.

Conclusions: These findings underscore the importance of booster vaccination

in enhancing anti-viral immunity across both infection-naïve and previously

infected individuals, enhancing distinct arms of the anti-viral immune response

and prolonging naturally acquired immunity.
KEYWORDS

SARS-CoV-2, BNT162b2, booster, immune response, immunological memory
Introduction

The emergence of severe acute respiratory syndrome coronavirus

2 (SARS-CoV-2) in 2019 led to a global pandemic. SARS-CoV-2,

believed to have originated from bats in Wuhan, China, rapidly

spread to humans through zoonotic and human-to-human

transmission (1). The virus causes Coronavirus Disease 19

(COVID-19), a highly infectious disease with a range of clinical

manifestations from asymptomatic infections to severe respiratory

failures. Among infected individuals, 10-15% required

hospitalization, with 15-20% of those needing intensive care (2, 3).

Similar to other coronaviruses, SARS-CoV-2 is a single-stranded,

positive-sense RNA that encodes structural proteins that are essential

for viral entry, replication and assembly including the spike (S),

envelope (E), membrane (M) and nucleocapsid (N) proteins (4). The

spike protein in particular plays a critical role in the virus’

pathogenesis by binding the angiotensin-converting enzyme 2

(ACE2) receptor on host cells, facilitating viral entry (5). Mutations

in the spike protein can greatly impact virus transmissibility, as

observed with the Alpha, Delta and Omicron variants of concern

(VOCs) (6). As SARS-CoV-2 evolved, distinct genetic variants

emerged, displaying altered transmission rates, disease severity and

ability to escape immunosurveillance. Moreover, the duration of

infectiousness evolved, with individuals infected with Omicron

exhibiting an earlier onset of infectiousness compared to those

infected with the Delta variant, accelerating viral transmission (7).

To reduce the global health burden of COVID-19, public health

measures and global vaccination campaigns were rapidly

implemented. The World Health Organization (WHO) approved

21 vaccines, including vaccines based on inactivated viruses,

protein, recombinant adenovirus, DNA, and messenger RNA

(mRNA) (8). Among all vaccines, the Pfizer/BioNTech

(BNT162b2) and Moderna (mRNA-1273) mRNA vaccines were

widely administered. While a single dose provided only limited
0235
protection (9–11), a two-dose regimen significantly improved

vaccine effectiveness (VE), with Pfizer achieving > 90%

effectiveness shortly after the second dose and Moderna over 80%

(12–16). Nevertheless, a meta-analysis of 18 studies revealed a

decline in pooled VE from 83% at one month post-vaccination to

22% at five months, with a sharp drop after 100 days following two-

dose vaccination with BNT162b2 (Pfizer-BioNTech), mRNA-1273

(Moderna) and Ad26.COV2.S (Janssen) (17, 18). A large study of

10.6M individuals further demonstrated a decline in BNT162b2 VE

from 94.5% at two months after the first dose to 66.6% at seven

months, while mRNA-1273 VE declined from 95.9% to 80.3% over

the same timespan (18). It has been postulated that the waning

protection of the two-dose vaccination regimen may be attributable

to both a decline in immunity and the emergence of VOCs. For

instance, in a period during which the Alpha VOC was the most

prevalent the two-dose VE reached 85.7% for BNT162b2 and 93.7%

for mRNA-1273, whereas in a period dominated by the Delta VOC

the BNT162b2 and mRNA-1273 VE values declined to 63.5% and

75.6% (19). Notably, one study investigating the effect of pre-

vaccination natural immunity on two-dose BNT162b2 and

mRNA-1273 VE reported that vaccine-mediated protection

declines independently of prior natural infection (20). Without

bias correction, they found a pooled VE of 91.3% at 14 days post

second-dose which declined to 50.8% at 7 months post vaccination.

Similarly, bias-corrected VE at 7 months post-vaccination reached

53.2%. In line with declining vaccine effectiveness, two doses of the

BNT162b2 vaccine were shown to elicit humoral and adaptive

immune responses for up to five months after the first dose (21).

Analysis of six healthy, adult vaccine recipients showed an early

increase in anti-spike antibody responses after the first dose (day

20), followed by a second increase after the second dose (day 34)

and subsequent decline at 150 days. Anti S1-specific T cell responses

mirrored this pattern, with the second dose enhancing T cell

responses in all six recipients, four of whom exhibited detectable
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responses up to five months after the first dose. Thus, the waning of

vaccine-induced immunity and emergence of VOCs prompted the

need for booster vaccination to restore protection. In Qatar,

BNT162b2 VE sharply dropped to below 40% at 181-270 days

following the second dose, whereas administration of a third dose or

booster increased VE to approximately 80% (22). Similarly, three-

dose BNT162b2 and mRNA-1273 VE values at 4-11 months post

second dose were comparable to two-dose VE values at 1 to 2

months post second dose in a predominantly white, non-Hispanic

population (23). Notably, anti-spike antibody levels have been

found to peak at 90 days after the first mRNA vaccine dose

(BNT162b2, mRNA-1273), drop by day 180, and increase 2.5-fold

compared to day 90 following vaccination with the third dose before

gradually declining from day 251 to day 535 (24). Overall,

administering a third dose of either BNT162b2 or mRNA-1273

enhanced antibody level persistence with a slower decline compared

to two-dose regimens. Booster vaccination with BNT162b2 also

enhanced antibody avidity, with higher levels at 6 months post-

third dose compared to mRNA-1273 (25).

In this study, we examined the effects of a third dose of the

BNT162b2 vaccine on cellular and humoral immune responses in

craft and manual workers (CMWs) in Qatar. Previous studies

highlighted that this community, comprising approximately 80%

of Qatar’s population, experiences higher infection rates due to

overcrowded living and working conditions and educational

barriers (26–28). Given their higher vulnerability, we sought to

investigate how a third vaccine dose impacts immune responses in

this population and whether prior natural Sars-CoV-2 infection

influences vaccine-induced immunity. Using diverse approaches,

we observed that administering a third dose of the BNT162b2

vaccine effectively induced both cellular and humoral immune

responses in our CMW population, while also enhancing pre-

existing immunity in previously infected participants.
Materials and methods

Study population

A total of 70 healthy adults from the CMW community in Qatar

were included in the study. All participants were enrolled in our study

when they presented at the Communicable Disease Center, Qatar

between May 25, 2022 and July 4, 2022 for their third BNT162b2

vaccine dose as part of the national vaccination program. We only

included individuals who received two prior doses of the BNT162b2

mRNA vaccine, as verified through Qatar’s centralized electronic

medical system. Demographic data and information on prior PCR-

confirmed Sars-CoV-2 infection (Feb 1, 2020 onwards) were also

extracted from the centralized electronic medical records (Table 1).

As part of the Qatar national testing framework, all suspected Sars-

CoV-2 infections were tested by PCR and automatically updated in

the electronic medical records. None of the individuals tested positive

for SARS-CoV-2 infection within 4 weeks prior to the scheduled

booster dose, were immunocompromised due to underlying disease

or medical treatment, or were pregnant.
Frontiers in Immunology 0336
Sample collection and processing

Peripheral blood was collected in 10ml EDTA blood tubes at

three timepoints; at the time of the third dose (timepoint 1), 3-

months after the third dose (timepoint 2) and 6-months post third

dose (timepoint 3). Serum was collected after centrifugation at 3000

rpm for 10 minutes and stored at -80°C. Peripheral blood

mononuclear cells (PBMCs) were isolated from freshly collected

blood samples using SepMate™ density gradient centrifugation

(85460; Stem Cell Technologies) according to the manufacturer’s

guidelines. Next, isolated PBMCs were resuspended in freezing

media (50% FBS, 40% serum-free Roswell Park Memorial Institute

1640 medium (RPMI), 10% Dimethyl sulfoxide) and stored in

liquid nitrogen until further use.
TABLE 1 Study cohort demographics.

n (%)

Age

18-49 64 (91)

50+ 6 (9)

sex

female 6 (9)

male 64 (91)

race

Asian 65 (93)

White 4 (6)

African 1 (1)

nationality

Bangladesh 9 (13)

Egypt 2 (3)

India 48 (69)

Lebanon 1 (1)

Nigeria 1 (1)

Pakistan 1 (1)

Philippines 3 (4)

Sri Lanka 4 (6)

United Kingdom 1 (1)

co-morbidities

diabetes mellitus 1 (1)

high blood pressure 3 (4)

prior SARS-CoV-2 infection

infection-naïve 35 (50)

earlier infection 18 (26)

recent infection 17 (24)
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Enzyme-linked immunosorbent spot

We used two distinct ELISpot assays to quantify the number of

immune cells that secrete either IFN-g (3420-4AST-P1-1; Mabtech,

Nacka Strand, Sweden) or granzyme B (3486n-4APW-P1-1;

Mabtech, Nacka Strand, Sweden) in response to a pool of SARS-

CoV-2 peptides. Immune cell reactivity was measured against 166

peptides derived from the S1 domain of the spike protein (amino

acids 13-685, divided into two peptide pools S1 and S2) and 47

synthetic peptides, covering the spike, nucleoprotein, membrane

protein, ORF3a and ORF7a (SNMO peptide pool). ELISpot assays

were conducted according to the manufacturer’s guidelines using

2.5x10e5 PBMCs/well in duplicate with a final concentration of 2 ug/

ml of each peptide. In addition, wells with PBMCs alone

(unstimulated) were used as negative control, and PBMCs treated

with an anti-human anti-CD3 antibody (mAb CD3-2, #3420-4HST-

10, Mabtech, Nacka Strand, Sweden) overnight served as positive

control. After 48 hours of incubation with the peptides at 37°C,

PBMCs were removed, the plates were washed, and spots were

developed. For each individual, the number of spot forming units

(SFUs) obtained for the negative controls were subtracted from the

sample values at the respective timepoints. To enable detection of

secreted IFN-g, plates were incubated with 7-B6-1-biotin detection

antibody for 2 hours, followed by 1 hour incubation with

Streptavidin-HRP and addition of TMB substrate. Detection of

granzyme B SFUs was obtained using the MT8610-biotin detection

antibody, Streptavidin-ALP and BCIP/NBT-Plus substrate according

to the manufacturer’s instructions. In addition to the IFN-g and

granzyme B ELISpot assays, we also performed an IgG ELISpot assay

to enumerate B cells that are secreting human IgG in response to the

Sars-CoV-2 receptor binding domain (RBD) (3850-4HPW-R1-1;

Mabtech, Nacka Strand, Sweden). Moreover, to gain insight into

the magnitude and longevity of the humoral SARS-CoV-2 immune

response of vaccinated individuals, PBMCs were pre-stimulated with

R848 (1 mg/ml) and recombinant human IL-2 (10 ng/ml) for 3 days

to promote the differentiation of memory B cells into antibody-

secreting cells, enabling their quantification through measurement of

IgG secretion. Next, pre-stimulated and unstimulated cells were

seeded in duplicate at 2.5x10e5 cells/well in the ELISpot plate

which was pre-coated with anti-human IgG monoclonal antibodies.

After 48 hours at 37°C, RBD-specific IgG spots were detected using a

WASP-tagged RBD protein, followed by anti-WASP-HRP and TMB

substrate. Finally, for each ELISpot assay the number of SFUs were

determined using the AID iSpot ELISpot reader (Autoimmun

Diagnostika GmbH, Strasburg, Germany). Representative images

are depicted in Supplementary Figure S1-S3.
SARS-CoV-2 IgG/IgM enzyme-linked
immunosorbent assay

In addition to the IgG ELISpot assay, secretion of SARS-CoV-2

specific IgG/IgM antibodies was determined using an in-house

developed ELISA. In short, 96-well plates (Nunc, Maxisorp) were

coated overnight at 4°C with 1mg/ml SARS-Cov-2 spike protein or
Frontiers in Immunology 0437
Nucleoprotein in 0.2M NaHCO3 (pH 9.6). Plates were washed three

times with PBST (0.05% Tween-20) and blocked for 1 hour at room

temperature using PBST-2.25% gelatin. Next, diluted serum

samples (1:800) were added to washed plates for 2 hours (room

temperature, 100 rpm), followed by incubation with either goat

anti-human IgG-HRP or goat anti-human IgM-HRP for 1 hour at

room temperature. Finally, TMB substrate was added for 20min,

and absorbance values were measured at 450nm using the

EnVision® Multilabel Plate Reader (PerkinElmer).
SARS-CoV-2 neutralizing antibody assay

To assess the presence of SARS-CoV-2 antibodies with

neutralizing abilities, we utilized an in-house neutralization

antibody (NAb) assay. Briefly, recombinant hACE2 protein (1mg/
ml in 0.2 M NaHCO3, pH 9.6) was coated on 96-well ELISA plates

(Maxisorp, Nunc) at 4°C overnight. Plates were washed three times

with PBST (0.05% Tween-20) and blocked with 2.25% gelatin in

PBST for 1 hour at room temperature. Serum samples were diluted

(1:10) and preincubated with 100 ng/ml RBDmFc (Genscript) in

blocking buffer for 1 hour at room temperature, after which they

were added to the pre-coated ELISA plate for 1 hour. In parallel,

anti-SARS nanobody NbS72-Biv (500 ng/ml) was preincubated

with RBDmFc (Genscript) to serve as neutralization control.

Next, wells were incubated with goat anti-mouse Fc-HRP

(1:10,000) for 1 hour, followed by TMB substrate for 20min.

Absorbance values were measured at 450nm using the EnVision®

Multilabel Plate Reader (PerkinElmer).
Immune cell phenotyping by
flow cytometry

We characterized the presence of T and B cell subpopulations

using DuraClone IM T cells (Beckman Coulter; #B53328) and

DuraClone IM B cell tubes (#B53318, Beckman Coulter)

respectively. A total of 3.0x10e5 PBMCs were resuspended in

stain buffer (#554656, BD Pharmingen™) and added to the

DuraClone tubes, which were vortexed for 5 seconds and

incubated for 15 min in the dark at room temperature. Next, the

cells were washed in DPBS (#14190-144, Gibco) and resuspended in

PBS prior to analysis on the LSRFortessaTM X-20 flow cytometer

(BD Biosciences) using FACS Diva Software (BD Biosciences). For

each sample, 30,000 events were recorded, and further analysis was

performed using FlowJo™ Software (BD Biosciences, version 10.8).

Representative gating strategies are provided in Supplementary

Figure S4 and Supplementary Figure S5.
Statistical analysis

Statistical analyses were performed using GraphPad PRISM

V9.5.1 (GraphPad Software, CA, USA). Data normality was

assessed by Shapiro-Wilk test and differences between groups
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were analyzed using the unpaired t-test or one-way ANOVA test

with Tukey correction. A p value ≤ 0.05 was considered significant.
Results

Natural infection and booster vaccination
differentially stimulate SARS-Cov-2 specific
cellular immune responses

A total of 70 participants were enrolled in the study. For 45

study participants (group 1), we collected blood samples at all three

timepoints; immediately prior to the third vaccine dose (Day-0,

D0), three months post-booster (Month-3, M3) and six months

post-booster (Month-6, M6). Among these 45 participants, 27 had a

documented SARS-CoV-2 infection before their booster dose, as

verified through their electronic medical records, while 18 had no

prior PCR-confirmed infection (Figure 1). These blood samples

were used to assess cellular and humoral immune responses

through ELISpot and flow cytometry analyses. In addition to the

45 participants, we included 25 participants from whom less than

three blood samples were obtained (group 2) to evaluate anti-SARS-

CoV-2 specific antibody levels, including the level of antibodies

with neutralizing activity (Figure 1).

Previously infected participants exhibited increased anti-spike T

cell responses (S1 and S2 peptide pools) at three- and six-months

post-booster (M3, M6) compared to infection-naïve participants, as
Frontiers in Immunology 0538
measured by IFN-g secretion of peripheral blood lymphocytes

following incubation with SARS-CoV-2 peptides (Figure 2A).

This is likely the combined result of an, albeit non-significant,

elevated baseline (D0) response and the boosting effect from the

third vaccine dose. No significant differences in anti-SNMO IFN-g
responses were observed in relation to previous infection or booster

vaccination. Next, we stratified the previously infected participants

based on the timing of infection: earlier infection (infection before

second dose), and recent infection (infection between second and

third dose). Upon stratification, we observed higher pre-booster

anti-spike IFN-g responses (D0 - S1 and S2) in individuals with a

recent infection as compared to infection-naïve individuals or those

with earlier infections (Figure 2B). However, booster vaccination

did not significantly increase anti-spike responses within each

participant group (infection-naïve, earlier infection, recent

infection). In addition to elevated pre-booster anti-spike

responses, recently infected participants exhibited higher baseline

IFN-g responses against the SNMO peptide pool, although these

responses declined post-booster to similar levels as observed in

infection-naïve and earlier infected participants. This suggests that

more recent infections induce stronger anti-spike and anti-SNMO

T cell responses, which naturally taper off with time and are not

further enhanced or sustained by booster vaccination.

To assess the effect of booster vaccination and pre-booster Sars-

CoV-2 infection on cytotoxic cellular responses, we measured

granzyme B release by peripheral blood lymphocytes in response

to SARS-CoV-2 peptide pools. Pre-booster (D0), no significant
FIGURE 1

Study design diagram. Flowchart depicting the study cohort, blood sample collection and assays performed. A total of 70 participants were enrolled
in the study, of whom 45 participants had blood samples collected at three timepoints (group 1), while the remaining 25 participants had fewer than
3 blood samples available (constituting group 2 together with participants from group 1). PCR-confirmed Sars-CoV-2 infection status was extracted
from electronic medical records, and previously infected participants were subdivided into two groups based on the time of infection; earlier
infection and recent infection. D0, Day 0; M3, 3-month post-booster; M6, 6-months post-booster.
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differences in the number of granzyme B-producing cells were

observed between infection-naïve and previously infected

participants (Figure 3A, B). Following booster vaccination, we

found a borderline significant (p=0.06) increase in anti-spike

granzyme B responses, in particular anti-S1, in infection-naïve

participants (S1 – M3 versus M6) (Figure 3A). Furthermore,

booster vaccination enhanced late anti-SNMO responses in

previously infected participants (SNMO – M6 versus D0 and

M3). No differences were found when previously infected

participants were stratified by the time of infection, except for a

3-months post-booster significant increase in SNMO-responses in

earlier infected participants compared to infection-naïve

participants (SNMO – M3) (Figure 3B). These findings suggest

that natural SARS-CoV-2 infection primarily primes memory Th1
Frontiers in Immunology 0639
cytokine responses, characterized by IFN-g release, whereas booster
vaccination induces granzyme B-mediated cytotoxic responses,

which primarily involve CD8+ T cell and NK cell activity,

particularly in infection-naïve participants.
Natural infection induces robust SARS-
CoV-2 specific humoral responses with
neutralizing abilities, which can be
enhanced by booster vaccination

Based on our observations that SARS-CoV-2 natural infection

and booster vaccination likely prime different components of the

antiviral cellular immune response – specifically Th1 cytokine and
FIGURE 2

Natural exposure to SARS-CoV-2 enhances IFN-g cellular immune responses. (A) Quantification of anti-spike and anti-SNMO specific IFN-g
responses in infection-naïve and previously infected participants before and after booster vaccination, as determined by IFN-g ELISpot analysis.
Representative ELISpot image for anti-S1 responses in infection-naïve and previously infected participants, with CD3-activated PBLs and
unstimulated PBLs (-CTRL PBLs) as positive and negative control respectively. (B) Quantification of anti-spike and anti-SNMO specific IFN-g
responses in infection-naïve and previously infected participants, stratified by the time of infection. Scatter dot plots represent mean with standard
error of mean (± SEM). Statistical analysis performed using unpaired Student’s t-test or one-way ANOVA with Tukey correction. *p ≤ 0.05. D0, Day
0; M3, 3-month post-booster; M6, 6-months post-booster; PBLs, peripheral blood lymphocytes; Act PBLs, activated PBLs.
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granzyme B-mediated cytotoxic responses - we next investigated

their impact on SARS-CoV-2 specific humoral immune responses.

Prior to booster vaccination, previously infected participants

displayed a higher number of IgG-secreting memory B cells

(Figure 4A), particularly those with recent infections (Figure 4B).

Furthermore, booster vaccination induced a transient increase in

IgG-positive memory B cells in infection-naïve participants, with a

peak at 3-months before declining at 6-months, while in

participants with earlier infections the number of IgG-positive

memory B cells peaked at 6-months (Figure 4A, B). This suggests

that previously infected participants display a robust and durable

humoral memory response which can be activated upon antigen re-

exposure, while booster vaccination can further enhance B cell

responses. To confirm these findings, we developed an ELISA to

detect IgGs against the full-length spike protein. In accordance with

our IgG ELISpot results, previously infected individuals, particularly

those with recent infections, exhibited higher baseline IgG-secreting

memory B cell responses (Figure 4C, D). Furthermore, we

confirmed that booster vaccination enhanced those responses

across all participants, including infection-naïve participants.
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Looking at anti-nucleocapsid IgG levels specifically, we observed a

post-booster steady increase in previously infected participants,

particularly those with recent infections (Figure 5A, B), further

indicating that both natural infection and booster vaccination

contribute to memory B cell responses. To further assess the

functional abilities of these humoral responses, we used an in-

house neutralization assay that demonstrated a post-booster

increase in neutralizing antibody activity in infection-naïve and

previously infected participants, particularly in recently infected

participants, underscoring the role of booster vaccination in

enhancing functional memory B cell responses (Figure 5C-D).
Phenotyping analysis of cellular and
humoral immune responses

Given the presence of a cytotoxic cellular and neutralizing

humoral immune response in participants with previous natural

infection and following booster vaccination, we further investigated

the immune cell phenotypes that may contribute to this
FIGURE 3

SARS-CoV-2 specific cytotoxic immune responses are enhanced by booster vaccination in the absence of prior natural infection. (A) Quantification
of anti-spike and anti-SNMO specific granzyme B responses in infection-naïve and previously infected participants pre- and post-booster
vaccination, as determined by granzyme B ELISpot analysis. (B) Quantification of anti-spike and anti-SNMO specific granzyme B responses in
infection-naïve and previously infected participants, stratified by the time of infection. Scatter dot plots represent mean with standard error of mean
(± SEM). Statistical analysis performed using unpaired Student’s t-test or one-way ANOVA with Tukey correction. *p ≤ 0.05, **p ≤ 0.01. D0, Day 0;
M3, 3-month post-booster; M6, 6-months post-booster.
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immunological memory. We did not observe any differences in

CD8+ T cell phenotypes that may complement the increased

cytotoxic activity following natural infection and booster

vaccination (Figure 6A). In line with our observations

demonstrating the presence of an enhanced Th1 cytokine

response in previously infected participants, we observed a

decrease in the number of naïve CD4+ T cells (TN) following

booster vaccination of recently infected participants (Figure 6B). In

addition, they exhibited a trend (p=0.08) towards a higher number

of CD4+ effector memory cells (TEM) at baseline compared to

those with earlier infections. Of note, we did not find any significant

changes in the number of CD4+ or CD8+ T cells expressing PD-1,

suggesting that neither CD4+ nor CD8+ T cells exhibited an

exhausted phenotype through PD-1/PD-L1 signaling (Figure 6C).

Moreover, we observed a higher pre-booster number of class-

switched B cells in recently infected individuals, which was

sustained for up to 6 months post-booster (Figure 6D),

underscoring the impact of natural infection in the development
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of a robust and durable memory B cell response which can be re-

activated in response to booster vaccination.
Discussion

In March 2020, the WHO declared COVID-19 a pandemic,

making it the first pandemic caused by a coronavirus. Given its high

infection and mortality rate, global efforts focused on limiting the

spread of the SARS-CoV-2 virus through implementation of

nation-wide vaccination campaigns. According to data from Our

World in Data (updated August 14th, 2024), 64.8% of the global

population (approximately 5.18 billion people) has completed the

initial COVID-19 vaccination protocol, which consists out of two

doses for most vaccines (29). Following the success of the initial

vaccine approaches, vaccine effectiveness waned over time, raising

the question whether a booster dose could mitigate the decline in

protection. Worldwide, 54% of individuals who completed the
FIGURE 4

Effect of prior natural infection and booster vaccination on anti-SARS-CoV-2 RBD and spike IgG levels. (A) Quantification of anti-RBD IgG producing
memory B cells in infection-naïve and previously infected participants before and after booster vaccination, as determined by anti-RBD IgG ELISpot
analysis. (B) Quantification of anti-RBD IgG producing memory B cells in infection-naïve and previously infected participants, stratified by the time of
infection. (C) Quantification of anti-spike IgG levels in infection-naive and previously infected participants, as determined by in-house ELISA of pre-
and post-booster samples. (D) Quantification of anti-spike IgG levels in infection-naive and previously infected participants, stratified by time of
infection. Scatter dot plots represent mean with standard error of mean (± SEM). Statistical analysis performed using unpaired Student’s t-test or
one-way ANOVA with Tukey correction. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. D0, Day 0; M3, 3-month post-booster; M6, 6-months
post-booster.
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initial vaccination protocol (approximately 2.82 billion people) also

received a booster dose (29). Here, we present a comprehensive

longitudinal analysis of cellular and humoral immune responses

against SARS-CoV-2 pre- and post-booster vaccination and provide

insights into the role of prior natural infection in establishing

immunological memory (Figure 7).

In our study, we demonstrate that previously infected

participants exhibit robust humoral immune responses,

characterized by higher pre-booster anti-spike antibody levels,

including those of neutralizing antibodies. Those responses were

further enhanced by booster vaccination. In addition, the recently

infected participants showed an increased number of class-switched

B cells before receiving the third vaccine dose, indicative of a

durable B cell memory response. In infection-naïve participants,

booster vaccination resulted in a sustained increase in the number

of anti-spike neutralizing antibodies, reaching levels comparable to

those observed in previously infected individuals. These findings are

in line with a Danish study that reported prolonged anti-spike

antibody persistence following vaccination with a third vaccine dose

of BNT162b2 or mRNA-1273 (24). Furthermore, although

previously infected participants showed a stronger baseline anti-

spike humoral response than infection-naïve participants, we found

similar responses following the booster vaccination, corroborating
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the previous study by Andrejko et al. that reported comparable

vaccine effectiveness at 7-months post-vaccination, regardless of

pre-vaccination naturally acquired immunity (20).

To further characterize the anti-viral immune response, we

assessed any changes in the cellular immune response and found

that different arms of the cellular immune response were

preferentially induced by either naturally acquired or vaccination-

induced immunity. Recent exposure to SARS-CoV-2 primarily

induced a durable Th1 cytokine response with increased IFN-g
production, and a non-significant trend towards an increased

number of CD4+ T effector memory cells. In contrast, booster

vaccination more readily induced granzyme-B mediated cytotoxic

immune responses, predominantly involving both T and NK cell

activity, in infection-naïve participants for up to 6-months post-

booster. We did not find any increase in the number of PD-1

positive CD4+ or CD8+ T cells, suggesting a lack of PD-1 mediated

T cell exhaustion up to 6-months following the third vaccine dose.

This raises the question whether cellular immune responses could

be sustained for more than 6-months post-booster. Future studies

should further assess the magnitude, longevity and exhaustion

status of immunological memory beyond 6-months post-booster.

Moreover, it would be of interest to study additional immune

checkpoint markers and specific exhaustion markers (TOX, TCF1
FIGURE 5

Booster vaccination increases the presence of SARS-CoV-2 neutralizing antibodies. (A) Anti-nucleocapsid IgG levels in infection-naïve and previously
infected participants pre- and post-booster vaccination, as determined by in-house ELISA. (B) Anti-nucleocapsid IgG production in infection-naïve
and infected participants, stratified by the time of infection. (C) Quantification of SARS-CoV-2 IgG with neutralizing ability in infection-naïve and
previously infected participants pre- and post-booster vaccination, as determined by in-house neutralization assay. (D) Analysis of SARS-CoV-2
neutralizing IgG antibodies in infection-naïve and infected participants, stratified by the time of infection. Scatter dot plots represent mean with
standard error of mean (± SEM). Statistical analysis performed using unpaired Student’s t-test or one-way ANOVA with Tukey correction. *p ≤ 0.05,
**p ≤ 0.01. D0, Day 0; M3, 3-month post-booster; M6, 6-months post-booster.
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and CXCL13) across CD4+ and CD8+ T cell subpopulations

including T effector memory cells and tissue-resident memory T

cells. Collectively, our findings indicate that prior natural SARS-

CoV-2 infection and booster vaccination both stimulate the

humoral immune response while activating different aspects of

the cellular immune response, and that these responses can

persist for at least 6-months after receiving the third vaccine dose

of BNT162b2.
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In conclusion, we demonstrate that booster vaccination plays a

critical role in enhancing the anti-viral humoral and cellular

immune responses regardless of infection history, likely providing

broader protection in the population. However, it remains to be

determined whether booster-induced immune responses and/or

naturally acquired immunity confer protection against emerging

Sars-CoV-2 variants. A recent epidemiological study identified two

distinct protection patterns against reinfection based on VOC
FIGURE 6

SARS-CoV-2 infection activates the anti-viral immune response by promoting CD4+ T effector memory and inducing class-switched B cell
responses. (A) Flow cytometry analysis of CD8+ T cell phenotypes. (B) Flow cytometry analysis of CD4+ T cell phenotypes. (C) Flow cytometry
analysis of PD1 expression on CD4+ and CD8+ T cells. (D) Flow cytometry analysis of B cell phenotypes. Scatter dot plots represent mean with
standard error of mean (± SEM). Statistical analysis performed using unpaired Student’s t-test or one-way ANOVA with Tukey correction. *p ≤ 0.05.
TN, naïve; TCM, central memory; TEM, effector memory; TE, effector T cells. D0, Day 0; M3, 3-month post-booster; M6, 6-months post-booster.
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dominance. While pre-Omicron infections provided strong and

durable protection against reinfection, infections during the time

when Omicron was dominant more effectively prevented

reinfection within the first 3 to 6 months post-infection (30).

These recent findings highlight the importance of continuous

monitoring of Sars-CoV-2 viral spread and evolution to better

inform vaccination strategies.
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The CEPI-Centralized Laboratory Network (CLN) has significantly contributed to

the development of several approved SARS-CoV-2 vaccines by conducting over

70,000 clinical samples for testing from various vaccine developers. A centralized

data management system was developed to track, review, store and share

immunological clinical results generated from sample testing. The data system

ensures the completeness and accuracy of submitted results and checks the set

criteria in controls for each assay. Each testing facility within the network submits

their results to a secure storage system using report forms with embedded data

quality checks. Upon submission, a statistical program runs additional checks to

identify errors in completeness and uniqueness. Any discrepancies or errors are

shared with the testing facility to rectify. Reports are further reviewed by CEPI-

CLN experts before releasing to the vaccine developer. Study results are then

consolidated into an internal relational database management system, enabling

CEPI to analyze the data through an interactive dashboard that visualizes control

trends and sample results across all studies. This analysis facilitates the

harmonization of immunological data and helps to inform CEPI ’s

programmatic and strategic decision making. Given the success of this

approach with SARS-CoV-2 vaccines, the system will be adopted for new

pathogens and assay types currently under development at CEPI-CLN.
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Background

As of May 2024, the CEPI-Centralized Laboratory Network

(CLN) has significantly contributed to the development of several

approved SARS-CoV-2 vaccines by conducting over 120,000 assay

runs (over 70,000 clinical samples) for testing from various vaccine

developers worldwide (1–4). In summary six SARS-CoV-2

immunological assays have been developed, validated or qualified,

and transferred to the network using the same materials,

key reagents, and protocols: three binding assays (S-, RBD, and

N-ELISA), a microneutralization assay (MNA), a pseudotyped

virus-based neutralization assay (PNA), and an IFN-g T-cell

ELISpot assay. Inter-lab studies using replicate assays, as well as

revalidation in receiving facilities, have shown that results are

highly reproducible, allowing for direct comparison of

different vaccines throughout the network (2). Reliability of

clinical sample testing is assured through the implementation

of an internal centralized system designed to store sensitive

and proprietary data and perform data quality checks on

the immunological clinical results, ensuring the integrity

and consistency of data collected. Additionally, the system

enables trend analysis of reference standards and controls,

generated by the Medicines and Healthcare Products Regulatory

Agency (MHRA, formerly NIBSC), allowing CEPI-CLN to

harmonize results across laboratories and to identify any potential

issues or anomalies in the data that indicate of loss of consistency

between facilities. This centralized system plays a crucial role

in maintaining the quality and integrity of clinical sample

testing processes.
Data pipeline

The automated process by which submitted clinical data is

checked for consistency, consolidated, cleaned, and stored in a

database to enable analysis, is called the data pipeline (Figure 1). All

steps in the data pipeline were developed by CEPI-CLN and for

internal use only. The data pipeline is managed by Apache Airflow

(5), an open-source platform that initiates and tracks each

dependent step. Further, isolated and encrypted environments on

both Amazon Web Services (AWS) and Heroku are used to house

Apache Airflow and the database, respectively. Compliance with

international data privacy laws (General Data Protection

Regulation [GDPR]) (6) and ISO 27001 is achieved through

multiple technical and organizational measures that have been

deployed throughout the data pipeline including: pseudonymized

specimen identifiers, regulated and restricted data access to all

software and database storage systems through the principle of

least privilege, weekly database and systems backups, and the use of

isolated and encrypted cloud environments. The data pipeline was

first built within a testing space to ensure a valid and secure pipeline

before moving to a production space where regular audits and

vulnerability assessments are conducted.
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Step 1: Submission of report forms

Testing facilities within the network have quality management

systems in place, employing quality control procedures throughout

the analytical process. From sample receipt through to reporting,

facilities are responsible for assuring the integrity of the results

they generate.

Assay results are entered into a standardized report form at each

facility. All facilities participate in virtual training sessions to review

consistent data entry protocols. Each report may contain all or a

subset of sample testing results for each clinical study with only

information relevant for immunologic testing including sample and

participant unique identifiers, study time point, data of collection,

plate control identifier, and assay result. Additional information

collected during the course of a clinical trial, such as participant-

level demographic variables, is not shared with the facilities. The

report form contains data validation rules, drop down menus,

formulas, and conditional formatting (Table 1) as a first step in

ensuring the completeness and consistency of results. For example,

cells change color if any information related to a test sample or plate

control is missing. This allows facility staff and reviewers to scan the

report to identify missing critical data before submission.

Additionally, to complement facility quality control procedures,

warnings appear when plate control values fall outside of pre-

defined acceptance ranges, signaling samples that need to be

retested. The report form is locked, and password protected so

that the facility staff cannot accidentally change the embedded

functionality. Within each facility, all report forms are approved

by a quality control manager or designated expert before being

uploaded onto a central encrypted file storage system that is

compliant with GDPR (6).
Step 2: Detection of submitted report
forms

Following data submission, sample and control immunological

results enter CEPI’s automated data pipeline, where each subsequent

step is initiated by Apache Airflow (5). The file storage system is

automatically checked every hour to detect if new report forms have

been submitted. Once a new report form is detected, a python

program downloads the file to a temporary directory, triggering a

series of automated data quality checks, as described in Step 3.
Step 3: Data quality checks for report
forms

A statistical program designed in Stata is run to ensure each

report form retains embedded functionality and calculations, is

complete, and passes a series of other quality checks, such as that

dates are valid and that plate control acceptance criteria, based on

the reagent lot, is calculated correctly (Table 1). Results of these
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checks are saved in a spreadsheet that is uploaded to the central file

storage system. An email is sent to relevant CEPI-CLN staff

informing them of the result of these checks. The CEPI-CLN

team reviews the spreadsheet, identifying and communicating any

data quality errors to the facility if needed. Subsequently, the facility

may submit a revised report form, which supersedes the previous

version, thereby avoiding duplicates in the central file storage

system. Report forms approved by CEPI are shared with vaccine

developers through the central file storage system. Interpretation of
Frontiers in Immunology 0348
clinical testing results and their relevance to efficacy of the vaccine

are the responsibility of the vaccine developer.
Step 4: Loading data into the database

All rows from the submitted report form with complete sample

and plate control data are bulk inserted into a single relational

PostgreSQL database. The database is located in a dedicated and
FIGURE 1

Design of the data pipeline from report submission to visualization. Image shows the different steps of the data pipeline including labs submitting
report forms (Step 1), detection of report forms in the centralized storage repository (Step 2), automated data quality checks on the report forms
(Step 3), loading (Step 4) and further cleaning of the data in the database (Step 5) and finally visualizations in dashboards (Step 6).
TABLE 1 Data quality checks conducted throughout the data pipeline.

Step Data Quality Check Method

Data Collection (Report Form) – Step 1 For key variables (lab name, report status, study ID) only
selected list possible

Excel dropdown menu

Consistent dates across reports and labs Data format requirement in excel

Non-missing data on key variables
Color conditioning so that cells with missing data
turn orange

Plate control acceptance criteria calculated correctly according
to reagent lot

Excel formula to calculate if controls fall between
acceptance criteria, based on lot number

Report-Level Data Quality Checks (Stata
Program) – Step 3

For key variables (lab name, report status, study ID) only
selected list possible

Program checks for selected known list for
each variable

Consistent dates across reports and labs Program checks for correct format

Non-missing data on key variables Program checks all required fields are filled in

Unique laboratory specimen IDs and client sample IDs
Program checks for duplicate values by ID and assay
date in one report

Consistent time points
Program checks for consistent time point within a
report (Day v Month)

All accepted sample results come from accepted plates
Program checks that each sample aligns with a run,
plate, and assay date from an accepted plate control

Plate control acceptance criteria calculated correctly according
to reagent lot

Program re-calculates formula to ensure users have no
user error

Study -Level Data Quality Checks (Database)
– Step 5

Unique laboratory specimen IDs and client sample IDs
Program checks for duplicate values by ID and assay
date across all reports within a study

Consistent time points
Program checks for consistent time point across all
reports within a study (Day v Month)
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isolated environment designed for storing sensitive data.

PostgresSQL is inherently ACID compliant. Specifically, the

psycopg2 package (7, 8) handles Atomicity and Isolation by

managing transactions using connection objects, commits, and

rollbacks. Consistency is maintained by enforcing unique

constraints across all tables in the database. Durability is achieved

through a combination of postgres’ internal Write-Ahead Logging

(9) and hourly backup snapshots managed by Heroku (10).
Frontiers in Immunology 0449
Data is first moved to staging tables which contain all pre-

processed data. This provides a historical snapshot of the clinical

trial data across each batch. Data are loaded into separate tables for

clinical sample results, plate control results, and data quality check

summaries. Key identifiers aremaintained across all tables and include

facility name, assay type, report name, study ID and load date. To

maintain idempotency, records matching the bulk insert load date are

removed before each insert, ensuring no unexpected duplication.
FIGURE 2

Tableau dashboard with with assay results and control trends. (A) shows example clinical trials results on a dashboard connected to CEPI-CLN
database. (B) shows example control results which can be used to track trends by facility and across time to ensure consistency and identify any
possible quality issues.
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Step 5: Study-level data quality checks and
data cleaning

A second round of data quality checks are performed within the

database across all reports submitted for each study, to ensure all

key indicators (sample identifiers, assay type, facility name, study

ID, dates) are complete and properly recorded and time points are

consistent and valid (Table 1). Discrepant results are again reviewed

by the CEPI team and, if needed, the facility resubmits revised

reports to correct issues. The quality checks are run automatically as

each new report is submitted, but it may take weeks until all samples

are tested and for final data quality checks to be performed. In the

final production tables, version control for revised report forms is

maintained through tracking the submission time of each report

form and upsert queries ensure that only unique data are inserted.

Various data cleaning processes are performed including calculating

international standard unit conversions and aligning study visit

time point variables across studies (e.g. ‘day1’ and ‘D01’ cleaned to

‘Day 1’). Materialized views are created from the final production

tables that aggregate, combine, or reshape data as needed for

the visualizations.
Step 6: Data visualization

Using an encrypted connection to the materialized views in the

database, an interactive dashboard of data visualizations enables

CEPI to continually analyze and monitor submitted results. The

dashboard visualizes aspects such as 1) the number and status of

reports that have been submitted to support scheduling and

inventory control, 2) trends in immunological results by assay

and study (Figure 2A), and 3) plate control trends by assay, lot,

and lab over time (Figure 2B). As of May 2024, over 300 reports

have been uploaded and quality checked since the start of the data

pipeline in 2022. Importantly, control results are used to track

trends by facility and across time to ensure consistency and identify

any possible quality issues.
Discussion

The CEPI-CLN currently includes 18 facilities across the world.

This network relies on a series of processes to ensure the

consistency, completeness, and reliability of vaccine test sample

results across all facilities. These processes include standardized and

harmonized assay procedures, regular proficiency testing after the

post-technology transfer, data quality checks, and ongoing

communication and collaboration among the network. By

implementing these rigorous processes, the CEPI-CLN aims to

maintain high standards of quality assurance and control,

ultimately contributing to the development of safe and effective

vaccines against emerging infectious diseases. The data quality

checks and ongoing analysis provide additional confidence in the

data, which is both shared with vaccine developers and used to

inform CEPI’s programmatic and strategic decisions. Using the
Frontiers in Immunology 0550
resulting data and visualizations, CEPI can facilitate rapid

evaluation and dissemination of the most effective vaccine

candidates. Additionally, CEPI can also obtain a better

understanding of aspects such as the correlation and duration of

protection across multiple SARS-CoV-2 vaccine clinical trials, as

well as identifying which vaccine platforms require support towards

licensure. Given the success of this approach with COVID-19

vaccines, the system is currently being adopted for new pathogens

and assay types currently under development at CEPI-CLN (11).

The database may also start to leverage machine learning or

Artificial Intelligence (AI) tools to supplement quality control

systems. Since 2023, CEPI has made significant investments and

partnered with several private companies and recognized academic

institutions to incorporate AI-driven tools in various areas to

support CEPI’s 100 Days Mission: to quickly make safe and

effective vaccines against any viral pandemic threat. Additionally,

we plan to incorporate study-level demographic information in the

database to support high-level analyses related to vaccine response

in different populations. In summary, these processes not only

maintain high-quality standards but also strengthen global

preparedness, reinforcing CEPI’s commitment to equitable access

to vaccines against rare pathogens.
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Isolation of human monoclonal
antibodies from 4CMenB
vaccinees reveals PorB and LOS
as the main OMV components
inducing cross-strain protection
Giacomo Vezzani1,2†, Viola Viviani1, Martina Audagnotto1,
Alessandro Rossi1, Paolo Cinelli 1, Nicola Pacchiani1,
Chiara Limongi1, Laura Santini1, Fabiola Giusti 1, Sara Tomei1,
Giulia Torricelli 1, Elisa Faenzi1, Chiara Sammicheli 1,
Simona Tavarini1, Adriana Efron3, Alessia Biolchi1, Oretta Finco1,
Isabel Delany1* and Elisabetta Frigimelica1*

1GSK Vaccines, Siena, Italy, 2Department of Pharmacy and Biotechnology (FABIT), University of
Bologna, Bologna, Italy, 3Departamento de Bacteriologı́a, Instituto Nacional de Enfermedades
Infecciosas-ANLIS “Dr. Carlos G. Malbrán”, Buenos Aires, Argentina
Introduction: The 4CMenB vaccine licensed against serogroup B Neisseria

meningitidis (MenB) contains three recombinant proteins and Outer Membrane

Vesicles (OMV) from a New Zealand epidemic strain. The protective response

mediated on differentmeningococcal strains has been historically ascribed to

one of the four main vaccine antigens fHbp, NHBA, NadA, and PorA nominated as

the immunodominant antigen of the OMV component. It is however accepted

that the extensive cross-protection observed after vaccination may be attributed

to other proteins in the OMV. Here we interrogate the B cell responses elicited in

humans to the OMV component after 4CMenB vaccination to elucidate the

contribution of additional OMV antigens to meningococcal cross-protection.

Methods: Following the isolation of plasmablasts from vaccinees, the OMV-

specific humanmonoclonal antibodies (HumAbs) were recombinantly expressed

and characterized for their binding and functional activity on a panel of MenB

strains. Their target specificity was assessed through a tailor-made protein array

and Western blot.

Results: We found that 18 HumAbs showing bactericidal activity were PorB-

specific, 1 was LOS-specific and 4 functional HumAbs remain with unknown

targets. We identified three functional classes within the PorB HumAbs, through

binding and in silico docking experiments, likely to be elicited from distinct

epitopes on PorB and highlighting this antigen as a multi-epitope immunogenic

OMV component responsible for distinct cross-protection across multiple MenB

strains. Interestingly three of the PorB HumAbs and the LOS-specific HumAb

showed bactericidal activity also against gonococcus.
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Discussion: We identified PorB and LOS as antigens on the OMV that may be

implicated in the real-world observations of moderate protection against

gonorrhea infection after OMV-based vaccinations.
KEYWORDS

4CMenB, outer membrane vesicles, PorB, lipooligosaccharides (LOS), cross-strain
protection, human monoclonal antibodies
Introduction

Over the last three decades, several outer membrane vesicle

(OMV)-based vaccines have been used to control infection from

outbreaks of Neisseria meningitidis serogroup B (MenB) causing

meningococcal disease in Cuba (1), Norway (2), Chile (3), and New

Zealand (4). Furthermore, one of the two broadly cross-protective

MenB vaccines, currently licensed for all age groups, is the 4-

component multivalent 4CMenB vaccine comprising detergent

extracted OMV from the New Zealand 98/254 epidemic strain

and three recombinant proteins (fHbp, NadA and NHBA),

identified with the reverse vaccinology approach (5). The main

OMV antigen contributing to protection has been historically

recognized to be the Porin A (PorA), which is one of the most

abundant proteins in the OMV (6) however non-PorA antigens are

thought to contribute to the full extent of cross protection. Clinical

studies have shown added value of inclusion of the OMV

component with the three recombinant antigens in 4CMenB

vaccine formulations for broad protection across MenB strains

(7–9). Moreover, studies performed in infants showed that

4CMenB was able to induce immunogenicity and bactericidal

activity against strains bearing heterologous PorA, suggesting that

additional, non-PorA, antigens in the OMV could generate

functional antibodies (8).

Due to the diversity of disease-causing isolates, the

Meningococcal Antigen Typing System (MATS) was developed in

an attempt to predict which strains would be covered by the

multicomponent vaccine-induced responses. MATS combines

conventional genotyping of PorA with a specialized sandwich

ELISA that measures the levels of expression of fHbp, NadA, and

NHBA proteins in a given meningococcal isolate and their

immunological cross reactivity with the corresponding vaccine

antigen (10). The effectiveness of 4CMenB vaccine measured after

widespread implementation revealed that vaccine efficacy of

4CMenB in infants, measured as bactericidal activity elicited in

infant sera, was usually higher than the strain coverage rates

predicted using MATS (11, 12). Several non-exclusive

explanations have been proposed to support the observed

protection (1): synergy among antibodies targeting the multiple

components included in the vaccine; (2) an intrinsic adjuvating

effect of OMV and its components; or (3) the role of non-PorA

antigens within the OMV component which act as additional
0253
protective antigens (13). Preclinical evidence on the importance

of other OMV components in eliciting protective immune

responses came from the work of Matthias and co-workers, which

showed that OMV derived from bacteria depleted of PorA still

conferred cross-strain protection in immunized mice and rabbits

(14). Furthermore, after the MenZB immunization program in New

Zealand, a vaccine that consists solely of the OMV component of

4CMenB, effectiveness against non-strain specific group B

demonstrated protection beyond the PorA subtype (15). Finally, a

recent publication from Viviani and collaborators identified OpcA

and PorB as antigens involved in the broad cross-protection

induced by the 4CMenB vaccine in mice and humans (16).

Besides the coverage of different MenB strains, 4CMenB elicits

immune responses effective against non-B meningococcal

serogroups that can be mainly attributed to antibodies targeting

one or more antigens acting alone or synergistically (17–19). In

particular, the potential coverage of 4CMenB on meningococcal

serogroups A (20), C, W, X (21) and Y has been evaluated by testing

a large number of clinical isolates from different countries in human

serum bactericidal assay (hSBA). In addition, real world data

suggest an effective role of 4CMenB vaccination in the prevention

of infections from MenW strains (22–25).

Interestingly, a moderate effectiveness against gonorrhea

infection has been reported recently in a number of observational

retrospective studies after vaccination with OMV-containing

meningococcal vaccines (26–33). Meningococcus and gonococcus,

although etiological agents of very different human diseases, share

greater than 85% of sequence conservation in their genomes (34)

and it has been shown that OMV-induced antibodies recognized

gonococcal proteins (35, 36) and human 4CmenB vaccinees have

antibodies that recognize both gonococcal proteins and LOS

(37, 38).

Overall, in the last decade the protective role played by different

antigens contained in the OMV component of 4CMenB vaccine has

been demonstrated, but their exact identity and contribution still

need to be fully understood and characterized. Interrogating

vaccine-induced B cell responses in humans is a powerful

approach to identify protective antigens and epitopes included in

a vaccine formulation. The approach, named Reverse Vaccinology

2.0, is based on the isolation of the variable regions of heavy (VH)

and light (VL) chain genes of vaccine-specific immunoglobulins

and on their recombinant expression and functional
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characterization (39, 40). This approach has been previously

applied to isolate and characterize human monoclonal antibodies

(HumAbs) elicited by the three recombinant proteins of 4CMenB in

adult subjects after vaccination (5). Very recently the isolation of

gonococcal -specific HumAbs from memory B cells from 4CMenB

vaccinees has been reported (Troisi, Fabbrini et al., 2023, bioRxiv,

https://www.biorxiv.org/content/10.1101/2023.12.07.570438v1).

Here we selected vaccinees that after 4CMenB immunization are

highly responsive to the OMV component and recovered the Ig

sequences from single sorted B cells, to clone HumAbs from

vaccine-responsive plasmablast mononucleate cells (PBs). By

characterizing the OMV-specific HumAbs, we determined the

antibody targets and hence immunogenic antigens contained in

the OMV preparation. We characterized their bactericidal killing

against a panel of meningococcal strains as well as their cross-

functionality on N.gonorrhoeae.
Methods

Ethics statement

Human samples obtained from adults immunization in a Phase

I clinical study conducted in Krakow, Poland and sponsored by

Novartis Vaccine, now part of the GSK group of Companies, using

two doses of multicomponent serogroup B meningococcal vaccine

4CMenB formulations. In this study vaccinated subjects were

immunized with formulations with 2 different doses of OMV

component: rMenB + 25 µg OMV, and rMenB + 6.25 µg OMV.

The Clinical trial protocol was approved by the Bioethics

Committee of the District Medical Doctors’ Chamber in Krakow

(authorization number: 87/KBL/OIL/2010; approval date:

September 15th 2010) and the study was conducted in accordance

with the Declaration of Helsinki. Written informed consent was

obtained from each of the subjects.
Elispot assay

Plasmablasts were collected from subjects 1 week after the

second immunization and were tested for specificity and quantity

using a standard ELISpot protocol. Ninety-six well ELISpot plates

(Millipore MultiScreenHTS HA Filter Plate) were coated with 100

µL/well of phosphate-buffered saline (PBS), OMV (5 µg/mL) or 2.5

µg/mL goat anti-human IgG +5 µg/mL goat anti-human IgM (BD

Pharmingen). Coated plates were incubated at 4°C overnight and

then washed 3 times with 200 ml per well of sterile PBS. Wells were

blocked with 200 ul of PBS containing 1% dried skimmed milk for 2

h at room temperature prior to the addition of cells, which were

diluted in complete medium (RPMI, Invitrogen 12633012,

supplemented with 5% FBS, HyClone, Cytiva SH30070.01HI).

Suspensions of 4 − 8 × 106 thawed PBMC were seeded in

duplicate wells and serially diluted 2-fold in a final volume of 100

µl/well and plates were incubated at 37°C, 5% CO2 for 2 h before

stopping the assay by extensive washing with PBS 0.05% - Tween 20
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(Sigma–Aldrich). Secondary antibodies anti human IgG FITC

(Jackson ImmunoResearch 609-095-213), and anti-human IgM

biotinylated (BD Biosciences 314504) were then added for

detection in 100 µl/well of PBS containing 4% bovine serum

albumin and incubated ON at 4°C. After the incubation, plates

were washed and further incubated for 40 min with 100 µl/well of

PBS - 0.05% Tween20 containing horseradish peroxidase (HRP)-

conjugated streptavidin (MERCK GERPN1231) and an alkaline

phosphatase (AP)-conjugated mouse anti-FITC antibody (Roche

11426338910). Spots of antibody secreting cells were revealed by

adding in the dark the HRP substrate AEC kit (Vectro Laboratories

SK4200) for 40 min and, after extensive washings with deionized

water, the AP substrate kit III for 40 min (Vector Laboratories

SK5300). Antigen-specific and total IgG and IgM Ab-secreting cells

were enumerated using the CTL immunospot S5 UV analyzer (CTL

Europe, Bonn, Germany).
Flow cytometry sorting of human B cells

Plasmablasts (PBs) were isolated from human peripheral blood

cells. PB cells were stained with anti-human CD27-PE (BD

Biosciences, 340425), CD38-Cy7 (BD Biosciences 335825), CD19-

V421 (BD Biosciences 562440), CD20-FITC (BD Biosciences

345792) and IgD-A700 (BD Biosciences 561302) for 30’ at 4°C.

After washing with 1% FBS in PBS, cells have been centrifuged and

resuspended in PBS/EDTA 2.5 mM. PB subset has been identified as

CD19+CD20dmIgD-CD27++CD38++ and single-cell sorted using a

FACS sorter (BD Biosciences, FACSAria III Cell Sorter) into 96w

plates containing lysis buffer (RNAse OUT, Invitrogen 10777019;

BSA, AMBION AM2616 1 mg/ml in DEPC water, AMBION

AM9915G) and immediately frozen for storage at -80° until use.
Cloning of variable region genes and
HumAb recombinant expression

Heavy and light chain variable (VH and VL, respectively) region

genes of single plasmablasts isolated from peripheral blood were

retrotranscribed with gene-specific primers and amplified

separately by 2 nested PCR reaction, performed with a mix of

primers designed to amplify the highest number of V families

(Supplementary Table 1), and then ligated by Polymerase

Incomplete Primer Extension (PIPE) into mammalian expression

plasmids (pcDNA 3.1, Thermofisher V79020) containing the leader

sequence for secretion and the constant region fragment of IgG1

heavy or k-light chain, respectively. The plasmid carries, within the

coding sequence of the human IgG1 constant region of heavy chain,

the hexabody mutations E345R/E430G or E345R/E430G/S440Y to

enhance functionality of obtained mAbs (41). For transient

expression of mAbs, two separate linear Transcriptionally Active

PCR (TAP) products were generated for each paired VH-VL

ligation product. TAP fragments were amplified from the plasmid

ligation reactions of the variable regions with primers annealing on

the plasmid and included the HCMV promoter, the full antibody
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sequence and the plasmid poly-adenylation signal (protocol

adapted from (42)). The paired TAP products were then used for

co-transfection and transient expression in Expi293F cells

(Thermofisher A14527), using Expifectamine (Thermofisher

A14525) according to manufacturers’ instructions.
HumAb purification from culture
supernatants

The sequences corresponding to VH and VL of desired human

monoclonal antibodies were obtained by Sanger and Illumina

sequencing of the TAP products, codon-optimized for

mammalian expression and synthetized either by GeneArt

(Thermofisher) or Twist and cloned into expression vectors

containing the human IgG1 hexabody, Igk or Igl constant

regions. Transient recombinant expression of antibodies was

achieved by co-transfecting paired heavy and light chain

expression plasmids into suspension cultures of Expi293F cells

according to manufacturer’s protocol. Supernatants were collected

6 days after transfection. Culture supernatants were recovered after

centrifugation at 900×g for 10 min and filtered through a 0.22 µm

pore size filter (Millipore P1313), and recombinant antibodies were

purified by affinity chromatography with Protein G (GE Healthcare

17061802) according to the manufacturer’s instructions. Antibodies

were eluted with 0.1 M glycine (pH 2.1), neutralized in 1 M Tris (pH

8.0) and then the buffer was exchanged to PBS. Purified antibodies

were quantified by absorbance at 280 nm and their purity was

assessed by SDS-page electrophoresis and ProBlue safe staining

(Giotto Biotech, G00PB005).
Luminex binding screening of HumAbs in
culture supernatants

For IgG quantification and binding specificity of the raw

supernatants from TAP-transfected Expi293 cells, a Luminex

assay was developed. The vaccine components fHBP-GNA2091,

GNA1030-NHBA, and NadA recombinant antigens, and OMV

from NZ98/254 (43), and the recombinantly expressed PorA (16)

and Protein A were individually coupled to 6 distinct luminex beads

(MC12XXX; MagPlex) according to the manufacturers ’

instructions. Coated beads were incubated for 1 hour with 5 µl of

raw supernatant diluted (1:2) in PBS with 0.05% Tween 20 (Sigma-

Aldrich 28320) and 1% bovine serum albumin (BSA, A3294

Merck). After washing in PBS with 0.05% Tween 20, the beads

were incubated for 45 min with R-Phycoerythrin-AffiniPure F(ab’)2

Fragment Goat Anti-Human IgG, Fcg Fragment Specific (109-116-

098 Jackson Immunoresearch) and signals were acquired with

BioPlex200 (BIO-RAD) (Subjects 1 and 2) or with BioPlex 3D

suspension array system (BIO-RAD) (Subject 3). All fluorescence

intensities were subtracted of background signals, represented by

the signal of the beads incubated with a transfection supernatant of

an unrelated mAb or a supernatant of non-transfected cells. A
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standard curve with human IgG was made to extrapolate the mAbs

concentration in the supernatants with a dynamic range between 1

ng/ml and 50 ng/ml. All signals were analyzed with Bio-Plex

manager software (BIO-RAD). Supernatants with estimated IgG

concentration ranging between 10 and 20 ng/µl and with an

antigen-specific MFI greater than 5000, or with estimated IgG

concentration greater than 20 ng/µl and an antigen-specific MFI

greater than 10000, were deemed positive for that antigen. All

supernatants analyzed with BioPlex 3D instrument showing

antigen-specific MFI greater than 1000 were deemed positive for

that antigen. With both instruments, in case of MFI < 1000,

supernatants were deemed positive if relative concentration was

<10 ng/µl (Supplementary Table 2).
Bacterial strains and growth conditions

The meningococcal and gonococcal strains used in this study

are listed in Supplementary Tables 3 and 4 respectively. Bacteria

were routinely grown overnight at 37°C on plates containing GC

media with CO2 for meningococcus strains, or on plates containing

GC with 1% IsoVitaleX (BD Biosciences, 11798163) for gonococcal

strains. Unless differently stated, the liquid growth conditions were

the following: meningococcal bacteria were grown in Mueller-

Hinton Broth (MHB) containing 0.25% (w/v) glucose until early

log phase (OD600 of ~ 0.25). N.gonorrhoeae (Ng) strain FA1090

bacteria were grown at 37 °C in GC liquid medium supplemented

with 1% IsoVitaleX and 1 µg/mL of CMP-NANA (Cytidine-5′-
MonoPhospho-N-Acetyl NeurAminic acid sodium salt, Merck

C8271) until mid-exponential phase.
OMV production and purification

N.meningitidis and N.gonorrhoeae strains were plated on GC

agar plates or GC +1% IsoVitaleX, respectively. Plates were

incubated overnight at 37°C in 5% CO2. The following day, N.

gonorrhoeae colonies were inoculated in 5 ml of GC + 1%

IsoVitaleX + lactate and the growth was maintained for 28 h in

24 deep-well plate at 37°C with shaking at 350 rpm. N.meningitidis

colonies were instead inoculated in 10 ml of Mueller-Hinton Broth

at a starting optical density at 600 nm (OD600) of ∼0.05 and grown

until OD600 of ∼1.0-1.5 at 37°C. Then 10 ml were transferred in 50

ml of prewarmed slightly modified MCDMI medium and incubated

at 37°C in 5% CO2. OD600 was constantly monitored, and the

growth was stopped when OD600 remained stable for 1.5 hours.

Bacteria cultures were clarified by centrifugation for 60 min at

4000xg and the supernatants were subjected to high-speed

centrifugation at 119000xg for 2 h at 4°C (Beckman Coulter

Optima Ultracentrifuge). The pellets containing the OMV were

washed with phosphate buffer saline (PBS), ultracentrifuged again

as above and finally resuspended in PBS. OMV total protein content

was quantified through the Lowry assay (DC Protein Assay,

BioRad) following manufacturer’s instructions.
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Protein array design, generation, validation
and hybridization

All the HumAbs produced and purified were tested for antigen

identification on protein microarrays previously generated (16).

In particular, the recombinant protein microarray encompassed

12 recombinant proteins spotted at 0.5 mg/ml in 40% glycerol

along with the three recombinant meningococcal antigens of the

4CMenB vaccine (NHBA-GNA1030; GNA2091-fHbp and NadA

at 0.5 mg/ml in 40% glycerol) while the vesicles protein chip

contained 26 recombinant E.coli Generalized Modules for

Membrane Antigens (GMMA) expressing meningococcal

antigens and two GMMA empty (16) (Supplementary

Figure 3A) . The species-spec ific N.mening i t id i s and

N.gonorrhoeae OMV array were printed with 18 different

meningococcal (at 1.0 mg/ml or 0.5 mg/ml in 20% glycerol) and

23 gonococcal OMV (at 0.25 mg/ml in 20% glycerol). Controls

consisted of 8 serial two-fold dilutions of human IgG (from

0.5 mg/ml to 0.004 mg/ml in 40% glycerol), unrelated proteins

expressed and purified from E. coli following the same expression

and purification protocol but originating from pathogens other

than MenB (0.5 mg/ml in 40% glycerol), and PBS + 40% glycerol

spots. Each sample was spotted randomly in replicates per array

onto ultra-thin nitrocellulose coated glass slides (FAST slides;

Maine Manufacturing Z721158). Printing was performed with the

ink-jet spotter Marathon Argus (Arrayjet) (200 pl each spot) in a

cabinet with controlled temperature and humidity (18 °C and 50–

55%, respectively). To ensure efficient and reproducible protein

immobilization a preliminary array validation was carried out.

Preliminary experiments with mAbs showed that a range of 0.5-1

µg/ml corresponded to the best signal to noise ratio. For mAbs

hybridization experiments, nonspecific binding was minimized by

preincubating the slides with a blocking solution (BlockIt, ArrayIt

BKT) for 1 hour. Purified mAbs were then diluted in Block-It

buffer and overlaid for 1 h at room temperature prior to

undergoing two washes with Tween 0.1% in PBS (TPBS).

AlexaFluor 647-conjugated anti-human IgG secondary antibody

(Jackson Immunoresearch, 115-605-174) diluted 1:800 was

incubated for another hour, before proceeding with slide

scanning. Fluorescence images were obtained using InnoScan

710 AL (Innopsys) and the images were generated with Mapix

software at 10 mm/pixel resolution. ImaGene 9.0 software

(Biodiscovery Inc.) was used to calculate spot fluorescence

intensities while the microarray data analysis step was carried

out with an in-house developed R script. For each protein the

Mean Fluorescence Intensity (MFI) of replicates was obtained

after the subtraction of local background values surrounding each

spot. MFI greater than 5000, corresponding to the MFI of control

protein spots after detection with fluorescent-labelled antibodies,

plus ten times the standard deviation, were considered positive.

MFI scores were ranked in four categories (1): high reactivity;

MFI ≥ 30000; (2) medium reactivity; 15000 ≤MFI < 30000; (3) low

reactivity; 5000 ≤MFI < 15000; (4) no reactivity; MFI < 5000.
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Bactericidal activity assay

The bactericidal activity of the HumAbs against N.meningitidis

strains was evaluated in a bactericidal assay with rabbit complement

as previously reported (5). Briefly, meningococcal bacteria were

grown in MHB containing 0.25% (w/v) glucose until early log phase

(OD600 of ~ 0.25) and diluted in Dulbecco’s Phosphate Buffered

Saline (DPBS) containing 0.25% glucose and 0.1% BSA to the

working dilution of 105 CFU/ml and incubated with serial two-

fold dilutions of test monoclonal antibodies starting from either raw

supernatants from TAP transfections diluted 1:4, or purified

HumAbs at a concentration of 125 µg/ml with the addition of

25% baby rabbit complement (Cedarlane CL3441-R). Bactericidal

activity of mAbs against Ng strain FA1090 was assessed with a

similar approach. Bacteria were grown at 37 °C in GC liquid

medium supplemented with 1% IsoVitaleX and 1 µg/mL of CMP-

NANA until mid-exponential phase. Then bacteria were diluted in

Dulbecco’s Phosphate-Buffered Saline (DPBS, Sigma) containing

0.1% glucose and 1% BSA, to the working dilution of 1x103 CFU/ml

and incubated for 1h at 37°C with serial two-fold dilutions of test

monoclonal antibodies and exogenous human complement,

obtained from volunteer donors under informed consent, at 10%

final concentration. After the incubation, 100 µl of GCmedium plus

0.5% of Bacto Agar was added to the reaction mixture and

incubated overnight at 37C° with 5% CO2. The day after, the

plate well images were automatically acquired with a high

throughput image analysis system and the Colony Forming Units

(CFUs) were automatically counted for each well by an internally

customized colony counting software. Bactericidal titers were

defined as the monoclonal antibody concentration giving 50%

decrease in CFU number compared to the reaction mixture, in

the absence of antibodies.
LOS and protein immunostaining

To analyze LOS, meningococcal strains were grown in the same

conditions utilized to perform bactericidal assay experiments. Once

OD600 of ~0.25 was reached, 30 ml of culture were centrifuged at

2500xg for 15 minutes, washed with sterile-filtered PBS, and

pelleted again. Bacterial pellets were boiled for 10 minutes at 100°

C in reducing conditions (1x 1,4-dithioreitol, Sigma Aldrich

15508013) and equil ibrated in LDS sample buffer 1x

(ThermoFisher J61894) and 10 µl were loaded into 4-12% Bis

Tris gel that was run at 120 V for 90 minutes. To analyze the

proteins, the same preparation and running procedures were

applied to 10 µg of each protein of interest loaded in the wells.

Proteins and polysaccharides were transferred on a nitrocellulose

membrane with iBlot (Invitrogen IB23001) and membranes, after

1h saturation in PBS - 10% BSA, were incubated overnight at 4°C

with the antibodies for which the target was to assess. After 3 washes

with PBS - 0.5% Tween20 (PBST) membranes were incubated with

anti-human HRP conjugated polyclonal antibody (Invitrogen
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A18817) for 1 hour at room temperature, washed three times with

PBST and incubated for 5 minutes with Super signal west pico

PLUS (ThermoFisher 34579). Chemiluminescent signals were

acquired by ChemiDoc instrument (BIORAD) with auto

optimal option.
Electron microscopy immunogold
experiments

Meningococcal strains were grown in the same conditions

utilized to perform bactericidal assay experiments. Once OD600 of

~0.25 was reached, 5 ml of culture were centrifuged at 2500xg for 15

minutes, washed with sterile-filtered PBS, and centrifuged again.

Pelleted bacteria were then resuspended in 4% paraformaldehyde

for 5 minutes at room temperature for fixation. The fixation buffer

was then removed, and bacteria resuspended in PBS to a final OD600

of 1. Five µl of bacteria suspension were adsorbed to 300-mesh

nickel grids, blocked in PBS containing 1% bovine serum albumin

(BSA) and incubated with HumAbs at a concentration of 0.5 µg/ml

in PBS, for 1 h. Grids were washed several times and incubated with

12-nm gold-labeled anti-human secondary antibody diluted 1:40 in

PBS for 1 h. After several washes with distilled water the grids were

air dried and analyzed using a TEM FEI Tecnai G2 spirit

microscope operating at 120kV. The micrographs were acquired

using a Tvips TemCam-F216.
FACS staining

Bacteria were pelleted at 2500xg for 15 minutes, washed and

resuspended in an equal amount of sterile-filtered PBS. 50 µl of

bacterial suspension were incubated for 1h at RT with 50 µl of each

HumAb at a final concentration of 10 µg/ml. Bacteria were pelleted

at 4000xg for 5 minutes, washed 2 times and resuspended in 100 µl

of anti-Human IgG-FITC conjugated antibody (Invitrogen, cat.

31529) at the final concentration of 10 µg/ml diluted in PBS - 1%

BSA - 0.5% Tween20. After 30 minutes incubation at room

temperature, bacteria were washed twice, and fluorescent intensity

was acquired by CANTOII Flow cytometer (Becton Dickinson).

Signals were analyzed by FlowJo software (BD Biosciences),

considering as positive bacteria with fluorescence intensity higher

than the negative control, i.e. bacteria incubated only with

secondary anti-Human IgG-FITC conjugated antibody.
Functional data clustering

The mAbs clustering, based on functional data, was performed

using ad-hoc code developed in Python (v3.9.12) by using the

AgglomerativeClustering function from the Scikit-learn (v0.24.1)

package (https://scikit-learn.org/). To express a global measure of

similarity for the functional activity of the 18 tested anti-PorB
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mAbs, binding and killing activity data were combined. Since the

two data sources presented very different scales, they were pre-

processed separately to transform data in the same range. MFI

values from binding activity were scaled by computing the

logarithm (base 10) and then normalized in the range by the

Min-Max normalization. To describe the bactericidal activity, we

started from the last detected value of positivity from the serial two-

fold dilutions of the assay. We applied a logarithmic scale, with base

2, to get the number of dilution steps and, again, we normalized data

in the range by the Min-Max scaling. The two datasets (binding and

killing activity) were then merged to create a unique set of

normalized features for each mAb. The distance matrix was

computed by the Euclidean distance and the threshold for the

hierarchical clustering was set to fall in the largest interval where the

number of clusters remains constant when varying the

threshold itself.
Sequence analysis and clustering

Sequence level properties of acquired HumAbs were analyzed

after alignment against human Ig germlines downloaded from

IMGT (https://www.imgt.org/) germline database (v202038-1). A

first alignment of nucleotide sequences was performed by NCBI

IgBLAST (v1.17.1) suite (44) to get V(D)J gene labeling and CDRs/

FWRs regions annotation, together with the corresponding

aminoacidic sequence translat ion. ANARCI (https : / /

opig.stats.ox.ac.uk/webapps/newsabdab/sabpred/anarci/) was used

to annotate equivalent antibody residue positions enabling the

comparison of conserved amino acid residues in the hyper-

variable CDRs loops following the canonical IMGT numbering

scheme (45). Obtained annotations were used to cluster mAbs

sequences in clonotypes having identical V-J genes and maximum

1 aa mismatch over 12 residues in CDR3 (46). We grouped

sequences based on the heavy chain only, this one being usually

assumed to contribute more to the epitope binding. All the data

processing and clustering was performed in Python (v3.9.12) with

the Scikit-learn (v0.24.1) package (https://doi.org/10.48550/

arXiv.1201.0490). The Plotly (v5.9.0) package (https://plotly.com/)

was used for visualization, while the clonotype network was realized

with the NetworkX (v.2.6.3) package (https://networkx.org/).
Computational structure modeling and
docking experiments

PorB forms trimer on the bacterial surface as well as in the

available X-ray structure (PDB: 3VZT). The whole trimeric

organization was used in the docking set up but only the monomer

unit was considered as binding partner. Similarly, only the variable

domain of the antibody was docked. The New Zealand 98/254 MenB

PorB 3D structure was modeled with AlphaFold2 multimer protocol

showing an RMSD of 2.68 Å compared to the experimental structure
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publicly available (PDB: 3VZT) and highlighting the conformational

variability of the loop regions. The HumAbs were modeled with

DeepAb (47) by applying the default protocol.

We docked the 18 selected mAbs to the modeled trimeric PorB

with version 2.4 of the HADDOCK software (48). The binding site

on PorB was defined as the solvent-exposed loop regions with

respect to the embedded transmembrane part. The paratope region

of the selected mAbs was identified with Paragraph (49) and defined

in HADDOCK as “active” while the epitope regions on PorB as

“passive”, meaning the paratope region needed to make contact

with at least one of the PorB residues and there was no penalty if it

didn’t contact them all, allowing the HumAb to freely explore the

binding loops. All three docking iterations (namely it0, it1, and

water) were performed generating 1000, 400, and 200 poses

respectively using the default values and scoring function.

Clustering was performed based on backbone RMSD with a

distance cutoff of 5 Å on the latest 200 generated poses. Finally,

the lowest score was used to select the “best cluster” as the most

antigen/antibody interaction representative.
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Results

Isolation of plasmablasts from blood of
4CMenB vaccinees identifies 100 OMV-
specific HumAbs

To interrogate the human B cell responses to the OMV

component of 4CMenB, we screened Peripheral Blood

Mononuclear Cells (PBMCs) from multiple subjects after

vaccination with 4CMenB formulations for OMV-specific

Plasmablasts (PBs). PBMCs from 56 adult subjects immunized

with the 4CMenB vaccine formulations were collected 1 week

after the last vaccine dose. The percentage of OMV-specific PBs

in the total population of PBMCs from each subject was measured

by ELISpot analysis. We observed some heterogeneity in the

frequency of OMV-specific PBs among the different subjects,

which ranged from more than 20% in a few subjects to less than

5% in half of the individuals (Supplementary Figure S1). We

selected three subjects (Sbj 1-3) among those with the highest
FIGURE 1

Exploitation of the human antibody repertoire induced by 4CMenB vaccination to elucidate the contribution of OMV component to cross-
protection. Plasmablasts (PBs) isolated from blood of selected subjects 1 week after the last immunization were single cell sorted (1), retrotranscribed
and IgG variable region of Heavy (VH) and Light (VL) chains were amplified and cloned into IgG1 expression plasmids. Minimal gene fragments to
allow recombinant mAbs expression (transcriptionally active PCR amplicons, TAP) were amplified and used to co-transfect mammalian cell line
Expi293 for small scale expression in 96w plates (2). Raw supernatants were tested in Luminex assay for IgG quantification and binding specificity of
the expressed HumAbs (3). 100 OMV-specific HumAbs were sequenced and unique HumAbs were expressed at larger scale and 58 purified HumAbs
were then tested on protein microarray and Western blot for target identification (4). HumAbs were further characterized and assessed for
functionality with different approaches (5). Created in BioRender. Cinelli, P. (2025) https://BioRender.com/vbcb0d5.
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frequency of OMV-specific PBs for which adequate PMBCs were

recovered for the following analyses. Interestingly, Sbj1 and Sbj3

were immunized with the complete formulation of 4CMenB vaccine

(rMenB + 25 µg OMV), while Sbj2 received the formulation

containing ¼ of the OMV dose (rMenB + 6.25 µg OMV).

For the identification of 4CMenB-specific PBs and OMV-

specific HumAbs we used the approach depicted in Figure 1. PBs

were stained and sorted by flow cytometry, from PBMCs of each of

the three subjects, as positive for CD27, CD38 and CD19 markers

and negative for CD20 and IgD receptor and were isolated as

single cells. The variable regions of paired heavy and light chains

(VH and VL, respectively) were amplified from single PBs and

ligated into linearized plasmids containing the constant chain of a

human IgG1 and the constant chain of human Igk, respectively.

The IgG1 constant chain included an Fc modification (E345R/

E430G or E345R/E430G/S440Y, Hexabody) to enhance

complement activation capability of mAbs (41) to increase the

possibility of identifying functional HumAbs in our screening. In

a second step, ligation products of paired VH/VL were further

amplified to produce Transcriptionally Active PCR (TAP)

fragments which were then used to transiently transfect the

mammalian cell line Expi293 for small-scale expression of the
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recombinant HumAbs. Raw supernatants containing secreted

antibodies were tested in two different Luminex binding assays:

a mono-plex assay with Protein A beads, to quantify the total IgG

content, and a multiplex assay with beads coated with fHbp,

NHBA, NadA vaccine antigens, the OMV component and the

PorA recombinant protein, to evaluate HumAb specificity for the

different 4CMenB components. A total of 1024 PBs were sorted

and their corresponding recombinant HumAbs were expressed

with a success rate of 98%, as revealed by a concentration of IgG >

1 ng/ml measured in the supernatant of 1004 transfected cells.

Among the 1004 IgG-positive supernatants screened, a total of

168, corresponding approximately to 16%, were positive for one of

the 4CMenB components as determined by the multiplex

4CMenB component Luminex assay. The distribution of the

overall and subject-related HumAb antigen specificity is

depicted in Figure 2. Overall, 100 out of the 168 HumAbs

(representing approximately 60% of 4CMenB-specific

antibodies) resulted positive for OMV (Figure 2, green) and,

quite surprisingly, only 11 of these recognized the recombinant

PorA protein, commonly considered as the immunodominant

antigen in the OMV (Figure 2, dashed green). The specificity of

the remaining HumAbs was distributed among the recombinant
FIGURE 2

Luminex analysis of binding specificity of TAP-expressed recombinant HumAbs derived from PBs isolated from three subjects immunized with
4CMenB. Representation of specificity distribution of recombinant HumAbs for the 4 main antigen components as well as PorA (NadA, NHBA-
GNA1030, GNA2091-fHbp, OMV, and recombinant PorA_P1.7 2.4), highlighted with different colors. Luminex beads were conjugated with each
component (GNA2091-fHBP, blue; NHBA-GNA1030, grey; NadA; red, and OMV from NZ98/254, green; and the recombinantly expressed PorA,
hashed green). Doughnut pies represent distribution and absolute numbers for each subject (N reported in the center of doughnut pies represents
the total number of 4CMenB-specific mAbs identified for the subject). Pie chart represents the overall distribution and absolute numbers of the 168
4CMenB-specific HumAbs identified.
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antigens present in 4CMenB, with a slight prevalence for anti-

NadA mAbs (Figure 2, orange), in line with previous findings (5).

The entire set of OMV-positive supernatants, including those

specific for PorA, was tested for functionality in a bactericidal assay,

which measures the ability of the HumAbs to engage the

complement on the surface of the bacterium resulting in bacterial

lysis. The bactericidal assay was performed with two different

meningococcal strains: NZ98/254, the isolate from which the

OMV of 4CMenB are produced and which is the reference strain

for the vaccine PorA protein (P1.7 - 2.4), and the strain M07576,

mismatched for the PorA antigen (P1.22-2.14) and selected because

of its high susceptibility to the OMV-mediated killing from human

sera (16). These two strains were used to discriminate the PorA

contribution to bacterial killing. Out of 100 raw supernatants tested,

29 showed bactericidal activity at a dilution ≥ 2 on the selected

strains, including 6 of the 11 PorA-positive HumAb supernatants

and 23 of the 89 OMV-specific supernatants (Supplementary Figure

S2). In general, all the PorA-specific HumAbs with killing ability

(Sbj1_mAb1, Sbj1_mAb23, Sbj1_mAb30, Sbj2_mAb9,

Sbj2_mAb29 and Sbj3_mAb3) exhibited higher bactericidal

activity towards NZ98/254 than M07576. The other non-

bactericidal 5 supernatants were estimated at Luminex to have

low levels of expressed IgG (Supplementary Table 2). On the

contrary, all the other functional OMV-specific supernatants

surprisingly showed no or low activity against the NZ98/254

strain, with the exception of Sbj1_mAb16, and higher bactericidal

activity towards the M07576 strain, in line with the observation that

these HumAbs recognize a non-PorA meningococcal antigen. We

considered of lower interest HumAbs with high concentration in

the supernatant (>10 ng/mL), low signal in the Luminex binding

assay (<1000 MFI) and no bactericidal activity as raw supernatant.

Based on this assumption, we prioritized a subset of 66 HumAbs for

large-scale expression and purification, based on their positive

activity in the bactericidal assay in supernatants and/or their

relative binding signal on the vaccine OMV in the Luminex assay.
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Specificity of 4CMenB-induced HumAbs
revealed that PorB is a highly immunogenic
OMV antigen able to induce bactericidal
activity

To further investigate the specificity and functionality of the

selected HumAbs, we cloned codon optimized gene fragments into

expression vectors and attempted their production at larger scale.

We successfully obtained 58 HumAbs in the recombinant form,

including two out of the eight PorA-specific HumAbs. The

specificity of the purified HumAbs was determined using a

protein microarray previously described (16), encompassing

approximately 30 of the most abundant proteins found in OMV

vaccine lots. All the purified HumAbs were tested at a normalized

concentration and results are summarized in Figure 3A and

Supplementary Figure 3. A total of 26 out of the 58 HumAbs

tested were able to recognize at least one antigen present on the

protein microarray. In particular, the most recognized antigen was

PorB, for which 18 antibodies resulted specific. The 2 HumAbs

previously defined as anti-PorA were confirmed by microarray

analysis able to recognize the PorA antigen either as recombinant

or when expressed in GMMA. Finally, the antigens RmpM

(NEIS1783), BamE (NEIS0196), PilW (NEIS1264), ComL

(NEIS0653) and the hypothetical protein NEIS1065 were

recognized by one single HumAb each, namely Sbj3_mAb16,

Sbj3_mAb9, Sbj1_mAb22, Sbj3_mAb6 and Sbj3_mAb4

respectively (Figure 3A, Supplementary Figure 3). Interestingly,

12 HumAbs reacted positively only with the NZ98/254 OMV

suggesting that the target antigen was not represented in the

protein microarray, preventing its identification. Surprisingly, 22

of the tested HumAbs, almost 1/3, did not react with any specific

antigen nor with the NZ98/254 OMV on the array, conflicting with

the Luminex results (Supplementary Figure 2). We hypothesized,

given the higher sensitivity of Luminex technique with respect to

the protein array, that these 20 HumAbs might have a target with
FIGURE 3

Identification of HumAbs cognate target by protein microarray and Western blot. (A) Representation of the targets identified by protein microarray
and western blot analysis for 38 of the 58 tested HumAbs. Each bar represents the number of antibodies reactive for the specific antigen reported in
the horizontal axis (numbers reported in (A) are derived from data described in Supplementary Figure S3). (B) Western blot analysis of the only LOS-
specific identified HumAb, Sbj1_mAb24. The analysis has been performed on extracts from NZ98/254 nOMV and 4CMenB OMV, numbers on the left
report the molecular weight of the Novex sharp pre-stained protein standard (M) represented in the first lane of the gel.
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very low abundance in the OMV bacterial membrane and we did

not investigate them any further.

When multiple positive signals were obtained for the same

HumAb according to protein microarray screening, the specific

target was confirmed by Western blot analysis performed with

specific recombinant proteins, vaccine OMV (detergent extracted)

and/or OMV naturally released in culture supernatants during

bacteria growth and hereafter called nOMV (native outer

membrane vesicles) (Supplementary Figure 3B). Interestingly,

when the Sbj1_mAb24 was probed by Western blot it reacted

with two low molecular weight bands in both OMV preparations

(Figure 3B). This profile was compatible with the recognition of the

meningococcal lipooligosaccharide (LOS), that normally run in

SDS-page with apparent molecular weight between 3.5 and 10

kDa. In line with this, the bands were clearly visible in the nOMV

preparation and barely detectable in the OMV sample, in which the

LOS is largely lost due to the detergent extraction of

the preparation.

In conclusion, the protein microarray and Western blot

screening were instrumental in discovering the targets of 26

HumAbs identifying highly immunogenic antigens of the OMV

able to trigger potentially protective immune responses.
PorB- and LOS-specific mAbs show
bactericidal activity against a panel of
MenB strains

In order to investigate the functional activity of 36 cloned

recombinant antibodies, including the 12 OMV+ mAbs with

unknown targets and the 24 mAbs with known non-PorA targets,

a panel of 18 different meningococcal strains were selected

(Supplementary Table 3). The 18 MenB strains have been

previously shown to be susceptible to killing mediated by sera

from 4CMenB vaccinees but the bactericidal activity was largely not

expected to be mediated by the major antigenic vaccine components

(fHbp, NHBA, NadA and PorA) as these strains are largely

mismatched in the strain panel. In particular, 7 of the 18 strains

(namely M07 0241084, M07576, M09929, M08389, M14569,

M12898, and LNP24651) had previously shown susceptibility in

SBA to sera from infants vaccinated with 4CMenB formulation but

not with the rMenB formulation (fHbp, NHBA, and NadA only)

and were recently reported to be suitable OMV-indicator strains

(16). They include the PorB reference strains M07576 and M09929.

Five strains from Argentina that were MATS negative but showed

susceptibility to 4CMenB infant sera were included (50). In

addition, NZ98/254 as PorA indicator strain and M13520 and

M07463, M13547, M08129 and M18717 were included as they

resulted susceptible in the serum bactericidal assay performed with

sera from 4CMenB vaccinated subjects.

In order to test the reactivity of the 36 HumAbs to surface

antigens across the entire panel of meningococcal isolates, we

generated a multi-strain OMV microarray from the panel for

high throughput simultaneous binding analysis with low amount

of HumAb. Native OMV (nOMV) were purified from supernatants
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after bacterial growth and, following quality assessment, nOMV

were spotted onto nitrocellulose-coated glass slides along with the

NZ98/254 OMV component from 4CMenB as positive control. All

the HumAbs were then tested for binding on this multi-strain

microarray and their reactivity was assessed as mean fluorescence

intensity (MFI) values on each OMV sample. Hybridization results

are summarized in the heatmap of Figure 4A where almost all the

tested mAbs showed a signal higher than the cut-off on at least one

of the 18 nOMVs spotted on the array, exhibiting strain-specific

binding profiles. Around 50% of HumAbs were highly cross-

reactive, showing binding on most of the tested strains, even if

with different intensities. Only the PilW- and ComL-specific mAb

did not react with any OMV on the array.

Based on the results of the OMV array, the 36 mAbs with

positive signals were tested for functionality in a bactericidal assay

in presence of a rabbit complement source on the strains for which

they showed recognition (Figure 4B). Six of the 12 mAbs with

unidentified target showed no bactericidal activity on any of the

tested strains, while the remaining 6 were able to kill at least 3

strains. The highest bactericidal activity across the panel of strains

was observed with Sbj1_mAb16, exhibiting cross-killing on all of

the 17 tested strains. The 5 HumAbs with known protein target (i.e.

PilW, RmpM, BamE, ComL, and NEIS1065) did not show any

bactericidal activity on the tested strains, while the LOS-specific

HumAb Sbj1_mAb24 was able to mediate bactericidal killing on

four of the five Argentinian strains tested. Interestingly, our analysis

revealed that all the anti-PorB mAbs were able to kill at least one of

the MenB strains tested, with the majority of HumAbs (12 out of

18) being cross-functional on more than 3 strains. Hierarchical

clustering of the PorB-specific mAbs based on their binding and

killing features revealed three major groups, as shown in Figure 4.

Cluster 1, constituted by a single HumAb (Sbj2_mAb13) was able to

kill all the MenB strains recognized on the OMV array. Cluster 2

included 6 HumAbs from Sbj1 and 1 HumAb from Sbj2, and while

these mAbs recognized the majority of the strains on the OMV

array they were able to kill only a subgroup of them which included

most of the Argentinian strains tested. Cluster 3, composed of 10

HumAbs from subjects 2 and 3, whose mAbs were able to recognize

a reduced number of strains on the array and to kill mainly the PorB

reference strains M07576 and M09929. Overall, we observed that

PorB HumAbs with similar cross-binding and cross-killing

behaviors isolated from different subjects could be grouped by

these features.

From this analysis, the correlation between OMV binding and

the bactericidal activity on the corresponding strain of our HumAbs

existed only for cluster 1 mAb, Sbj2_mAb13. The strains M07576

and M09929, that are considered reference strains for PorB-

mediated killing were indeed recognized and killed by almost all

the PorB-specific mAbs tested (except for Sbj3_mAb5, that did not

show functional activity on M09929). However, we identified

strains that were recognized by almost all HumAbs on the OMV

array (such as M14569, M07 241084 and LNP24651) but were only

killed by one HumAb in bactericidal assay. On the other hand, we

identified some highly cross reactive mAbs (such as the mAbs in

Cluster 2 and the Sbj3_mAb14 in Cluster 3) that were able to kill
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only a subset of the recognized strains. This lack of consistency

between binding to the OMV and killing of the corresponding

strain for the PorB-specific mAbs could be ascribed to a low

accessibility or density of the mAbs to PorB on the bacterial

surface, suggesting that PorB per se might be accessible on the

bacterial surface but in an epitope-dependent manner.
Characterization of PorB-specific mAbs
binding on meningococcal strains

To further characterize the accessibility of the PorB protein on

the bacterial surface of different meningococcal strains, we selected

a subset of 13 PorB-specific mAbs, representative of the different

behaviors observed, and analyzed 5 strains with different

susceptibility to PorB-mediated killing by FACS surface staining

experiments. Bacteria were collected in early exponential phase and

incubated with the monoclonal antibodies. The binding of the

mAbs to the different strains was then revealed using

fluorescently labelled secondary antibodies. Secondary antibody

alone, as well as an unrelated mAbs, were used as negative

controls. As shown in Figure 5A, FACS experiments revealed not
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only that the accessibility of PorB is different among different

strains, as we might expect, but also that the bacterial population

in the same preparation is not homogeneous for the accessibility of

this antigen. The strain M09929 was recently shown to be sensitive

to PorB-dependent killing and, in line with this finding, all the

mAbs but one (Sbj3_mAb5, not bactericidal on this strain) were

able to bind the surface of this strain. On the contrary, the NZ98/

254 strain, that shared an identical PorB (variant 3.42), was negative

for the majority of the tested mAbs, in line with the already

described low accessibility of PorB on this strain (16). The only

HumAb tested able to bind more than 50% of the bacterial

population for this strain was Sbj2_mAb13 (cluster 1), that

resulted also the only one bactericidal on this strain. Interestingly,

another 4 weakly FACS-positive mAbs on NZ98/254 were able to

recognize less than 50% of bacteria after staining. The LNP24651

strain, that carried a different PorB variant (PorB 3.63) and was a

strain resistant to PorB-mediated bactericidal killing with the mAbs

identified in this study, was also poorly recognized by the HumAbs

except for Sbj2_mAb13 (Cluster 1) which kills this strain. As for the

strains M12898 (bearing a similar PorB3.63 to LNP24651), and

M18711 (bearing a different PorB3 variant) the binding pattern

observed in FACS with the panel of mAbs was more heterogeneous:
FIGURE 4

Binding and functional characterization of HumAbs on a panel of nOMV purified from 18 MenB strains. (A) Heatmap representing the reactivity
(Mean Fluorescence Intensity, MFI) of the 36 purified HumAbs (12 OMV-specific with unknown target, 18 PorB-specific and 6 mAbs directed against
OMV subdominant antigens) against native OMVs purified from the supernatant of 18 selected MenB strains. White boxes represent values below
cut-off of positivity (MFI < 5000). (B) Heatmap representing the EC50 of each HumAb against the tested strain. White boxes indicate absence of
bactericidal activity at the highest mAb concentration tested (30µg/ml) while light grey boxes indicate that mAbs were not tested on the
relative strain.
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we observed the three representative binding patterns, 1) mAbs able

to bind the entire bacterial population (*), 2) mAbs able to bind only

a sub-population of bacteria, around 50% or less (**), and 3) mAbs

that were largely negative (***) (Figure 5A). Figure 5B shows the

MFI per count FACS scan for 3 mAbs with representative binding

patterns on the strain M18711, highlighting the diverse FACS-

positive subpopulation patterns. This different binding behavior of

HumAbs was confirmed by immunoelectron microscopy (IEM)

analysis (Figure 5C), in which we clearly see a mixed population of

gold-particle coated or negative bacteria for the weakly FACS

positive mAb with intermediate binding around 50% or less (**).

This is indicative of a bi-phasic behavior in which bacterial

subpopulations within the same strain exhibit binding or no-

binding and interestingly this bi-phasic behavior is measured only

for the cluster 2 and cluster 3 mAbs, and not for cluster 1 which

binds highly and kills all strains tested. We interpret this biphasic

behavior of the PorB mAbs to suggest that the accessibility of PorB

epitopes on the surface of different meningococcal strains could be

masked by other membrane components that seem subjected to

phase variation.
VH4 and VH3 gene families dominate the
PorB-specific mAbs repertoires

We analyzed the PorB mAbs of the three clusters identified by

functional data clustering in terms of gene usage and sequence

heterogeneity (Supplementary Table 5). To shed light on their
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sequence characteristics, we performed multiple sequence

alignments of CDR3 regions (Figure 6A) and clonotype analysis

of mutations and the variety of V-J genes pairing were sufficient to

segregate the sequences into multiple clonotypes (Figure 6B). The

10 mAbs in cluster 3 showed high diversity both in terms of CDR3H

aminoacidic sequence length and identity (Figure 6A) as well as

diversity in VH gene usage (Figure 6B) since sequences are spread

across VH1, VH3 and VH4 gene families. Three mAbs shared the

same VH1-69 gene, one mAb used a different VH1 family gene

(VH1-18) while the rest of members mainly used different VH3

family genes and one of VH4 family (VH4-30-4). Conversely,

cluster 2 mAbs showed highly polarized VH usage and were all

rearranged with the VH4-34 germline, often pairing with same light

chain V gene (VL1-51) (Supplementary Table 5). Furthermore

cluster 2 exhibit high CDR3H sequence similarity (Figure 6A).

This may be related back to the origin of the monoclonals, with 6

out of the 7 sequences coming from the same donor Sbj1 and being

identified by clonotype analysis as one large clonal family within the

VH4-34 germline (Figure 6B).
In silico docking of PorB-specific HumAbs
on NZ98/254 PorB model reveals different
loops preferentially bound by the 3
clusters

To better understand the possible implications, in terms of

physico-chemical and structural properties, of the observed
FIGURE 5

Accessibility of HumAbs epitopes on different MenB strains: (A) FACS analysis of 13 PorB-specific HumAbs binding to the surface of 5 MenB strains.
On the X axis are reported the 5 different MenB strains and the PorB variant expressed. On the Y axis is reported, for each strain, the percentage of
bacteria showing a fluorescence intensity superior to the secondary mAb alone when incubated with the different strains. Full circle represents the
only HumAb belonging to Cluster 1 (Sbj2_mAb13). (B) Histograms showing the binding profile of 3 representative HumAbs on the MenB strain
M18711 and identified by asterisks in panel A: the upper panel (*) shows the binding profile of a HumAb binding the surface of the whole bacterial
population (Sbj2_mAb4); the central panel (**) shows the binding profile of a HumAb able to bind the surface of almost 50% of the bacterial
population with good intensity, while the remaining 50% of the population is almost completely negative (Sbj3_mAb5); the lower panel (***) shows
the binding profile of a HumAb not binding the selected strain (Sbj1_mAb19). (C) Immunogold analysis of the binding profile of 3 representative
HumAbs on the MenB strain M18711: the upper panels shows the binding profile of a HumAb binding the surface of the whole bacterial population;
the central panel shows the binding profile of a HumAb able to bind the surface of almost 50% of the bacterial population with good intensity, while
the remaining 50% of the population is almost completely negative; the lower panel shows the binding profile of a HumAb not binding the selected
strain. Two representative images are reported for each HumAb, black bar represents 100nm.
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mutations, we decided to further investigate them through

computational structure modeling and docking experiments.

Given the results described before, we were interested in better

defining the epitopes recognized by the diverse clusters of mAbs on

PorB. With this aim, the 18 PorB-specific mAbs were further

analyzed with an in-silico docking approach to the immunogen

PorB protein of the NZ98/254 strain. The foundation for each

docking analysis requires the molecular structures and as diverse

PorB allele structures have been solved and characterized as

trimeric (51–53), we employed AlphaFold2 Multimer to

computationally predict a trimeric conformation of the NZ98/254

PorB allele. As shown in Figure 7A, the resulting model is a trimeric

complex with 6 out of 8 loops located in the outward facing portion

while loop2 and loop3 remain inside the ß-barrel, with the first

located at the interface between the monomers. A total of eight

regions were identified as potential binding sites, defined by the
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following aminoacidic positions: 39-46 (loop1), 81-95 (loop2), 113-

143 (loop3), 164-176 (loop4), 197-210 (loop5), 234-249 (loop6),

270-284 (loop7) and 309-319 (loop8) (Figure 7A). For the structural

prediction of the paratope region from each of the HumAb

sequences, DeepAb, an AI algorithm specific for antibody

modeling that provides a highly confident estimation of the

CDR3 region, was used while the paratope region was predicted

with Paragraph (54) on the generated models. Each of the 18 PorB

mAbs paratope structures were docked to the modeled trimeric

PorB with multiple iterations of the HADDOCK software, and the

docking interface for each HumAb/PorB pair was identified as the

functional cluster giving rise to the lowest energy pose and therefore

the most representative antigen/antibody interaction. Figures 7B–D

shows the docking analysis with individual histograms for the highest

relative number of poses (Y axis) on each aminoacidic position

of PorB (X axis) for the each HumAb from cluster 1 (Figure 7B),
FIGURE 6

Sequence analysis of PorB-specific HumAbs: (A) Heavy and Light chain CDRs sequence alignment of PorB-specific HumAbs. Sequences are grouped
according to the 3 identified functional clusters of the HumAbs and vertically ordered, inside the same cluster, according to length and similarity of
the Heavy chain CDR3 (CDR3H). Different colors within each box differentiate CDRs with at least one mutation at residue level. Gap positions (-) are
inserted according to ANARCI alignment at cluster level following IMGT numbering scheme. (B) Clonotypes network of HumAbs identified in this
study in a 2D map representing Heavy chain sequences properties. HumAbs, each represented by an individual symbol, are closer in the map if they
share the V family, V gene and J gene, as well as if they have similar CDR3 sequence. Symbols connected by a solid black line are assigned to the
same clonotype. Groups of mAbs using the same Heavy chain V gene family are surrounded by a dashed circle reporting the corresponding family
label. Orange, lilac and green color of each symbol indicates the functional cluster of the PorB-specific mAbs while blue identifies the LOS-specific
mAb and grey identifies mAbs with other specificity. The shape indicates the subject from which each mAb has been isolated while the red edge
line identifies mAbs resulted bactericidal against Gonococcus FA1090 strain.
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cluster 2 (Figure 7C), and cluster 3 (Figure 7D), highlighting the loops

with which they interact and the likely epitopes for each. The

Sbj2_mAb13 HumAb (cluster 1) showed a preferential binding on

the NZ98/254 PorB loop5 (Figure 7B) and the epitope is highlighted

in Figure 7E (left panel). Binding profile analysis conducted on the

best docking pose frommAbs from cluster 2, composed of mAbs that

showed high sequence similarity for both heavy and light chain CDRs

(Figure 6A), revealed a preferential interaction with the PorB loop7,

that was bound by all HumAbs mostly as single loop (5/7 tested
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mAbs) or in combination with PorB loop3 (2/7 tested mAbs)

(Figures 7C, E, central panel). The third cluster (Cluster 3) includes

HumAbs exhibiting high sequence heterogeneity for both heavy and

light chain CDRs (Figure 6A), and, not surprisingly, in silico docking

revealed a mixed PorB binding profile (Figure 7D): the most

representative group of mAbs (5/10) interacted with PorB loop8

alone or in combination with loop7; another group of mAbs (4/10)

that interact with PorB loop7 alone or in interaction with loop6; and

one that interacts with loop6 only. While the docking highlights
FIGURE 7

Representation of AF model of trimeric PorB NZ98/254 and in silico binding profile analysis of anti PorB HumAbs: (A) AF2 multimer model of PorB
forming a trimer. The whole model is represented in white cartoon and surface while the 8 loops facing outwards the OM are highlighted with
different colors on all the three monomers (left) or only on one monomer (right) to highlight the trimeric assembly of PorB. Loops are colored as
follows: loop1 in light green, loop2 in medium purple, loop3 in brown, loop4 in orange, loop5 in green, loop6 in dark slate gray, loop7 in light blue
and loop8 in dark blue. Binding profile analysis conducted on the best docking pose of each HumAb (reported below in the histogram) for each of
the PorB HumAbs functional clusters: (B) cluster 1, (C) cluster 2, and (D) cluster 3. Histograms represent the relative number of poses (Y axis) for the
individual HumAbs on each aminoacidic position (X axis), color bars highlight the interacting loop. (E) Structural models with the loops preferentially
interacting with each HumAb cluster highlighted (loop5 for cluster 1 on the left, loop7 for cluster 2 in the middle and loop 8 for cluster 3 on
the right).
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heterogeneity of the epitopes from this cluster, in line with the

heterogeneity of the functional responses observed, the most

representative epitope from this cluster, loop 8, is highlighted in

Figure 7E (right panel).
PorB and LOS HumAbs are able to bind
multiple gonococcal strains and are
bactericidal against Neisseriae gonorrhoeae
FA1090 strain

Our results suggest that HumAbs elicited by 4CMenB against

PorB and LOS may enhance the breadth of coverage of this vaccine

on meningococcal strains. To investigate whether HumAbs

identified in our study against these antigens may be involved in

the cross-protection against Gonococcus induced by 4CMenB

vaccination in humans, we investigated binding and functional

activity of the HumAbs against gonococcal strains. An OMV

array printed with native OMVs purified from 23 different

gonococcal strains, representative of both laboratory and

circulating strains, was used to screen gonococcal surface antigen

binding of a subset of 13 PorB-specific mAbs belonging to all the 3

clusters, together with the only LOS-specific mAb identified in this

study. Five PorB mAbs belonging to clusters 1 and 2, and the LOS-

specific HumAb, were able to recognize OMV derived from the

selected N.gonorrhoeae strains (Figure 8A, red heatmap), with

different binding profiles. Interestingly, cluster 1 did not show
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binding to OMV from the PorB1A strains in the panel (SK92-

679, WHO-N and BG11), while some cluster 2 mAbs bound both

PorB1B and PorB1A, and cluster 3 did not bind gonococcus OMV

at all. We tested the ability of the 6 mAbs to kill the gonococcal

strain FA1090 through a bactericidal assay performed with human

serum as complement source. Three PorB-specific mAbs (from

cluster 2) and the LOS-specific mAb showed bactericidal activity on

FA1090 (Figure 8A, green heatmap), suggesting that PorB and LOS

antibodies may cross-bind and kill gonococcal strains with cross-

recognized epitopes adequately presented on their surface.
Identification of the LOS epitope bound by
the 4CMenB-elicited by the Sbj1_mAb24
cross-functional mAb

LOS from meningococcus and gonococcus share partial

similarity (55, 56) and consist of a lipid An anchor connected by

a heptose (Hep) and KDO containing inner core to the outer

oligosaccharide extensions. The biosynthesis of LOS in Neisseria

spp is under the control of phase variable lgt genes (57) and can be

synthesized with diverse oligosaccharide structures, depending on

the complement of LOS biosynthetic genes expressed in each single

bacterium (Figure 8B). While the g-chain is constant, the lgtG

phase-variable (PV) gene controls the b-chain glycan extension

from the Hep2 core heptose and the PV lgtA, lgtC and lgtD genes

control a-chain glycan extensions from the Hep1 core heptose and
FIGURE 8

Characterization of HumAbs on N.gonorrhoeae: (A) Binding and functionality of PorB- and LOS-specific mAbs on gonococcus: red heatmap on the
left represents the reactivity (MFI) of the 14 HumAbs (13 PorB specific and 1 mAb directed against LOS) against OMV from the 23 selected
gonococcal strains. White boxes represent values below cut-off of positivity (MFI < 5000). Green heatmap on the right shows the EC50 of each mAb
against FA1090 gonococcal strain. White boxes represent EC50 higher than the cut-off of 150 µg/ml, while light grey boxes indicate mAbs not
tested in SBA. (B) Schematic representation of gonococcal LOS structures, with the 3 chains boxed with different colors and the relevant lgt genes
involved in its biosynthesis reported in the respective attachment sites. The alternative a-chain, through activity of the lgtC gene, is highlighted by
dotted line and nominated the 3Hex structure. (C) Binding profile of LOS-specific mAb Sbj1_mAb24 on a panel of 8 different gonococcal mutant
strains on the MS11 genetic background, each one exposing largely a single LOS structures reported in the legend. (D) Identification of the putative
epitope recognized by the LOS-specific mAb Sbj1_mAb24 based on the Western blot results. Created in BioRender. Cinelli, P. (2025) https://
BioRender.com/9k43x2j.
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depending on which lgt genes are expressed may be of variable

length or consist of an alternate a-chain structure. As a result of PV

lgt genes LOS structures expressed by Neisserial strains may vary

considerably. In order to define the putative LOS epitope recognized

by the specific Sbj1_mAb24 antibody, we performed Western blot

analysis on 8 different MS11 gonococcal strains genetically

engineered to express only one LOS structure (58). In each MS11

mutant strain, the phase variable lgt loci (lgtA, C, D and G) were

genetically fixed either ‘ON’ or ‘OFF’ in different combinations

giving rise to 8 possible glycan structures characterized by different

number of hexose (Hex) sugars in the a-chain (2Hex, 3Hex, 4Hex

and 5Hex), with or without the b-chain (b+ or b-, respectively) as
represented in Figure 8B. Western blot analysis showed that the

Sbj1_mAb24 HumAb was able to recognize LOS structures

characterized by 4 or 5 hexoses in the a-chain (4Hex and 5Hex),

regardless of the presence of the b-chain, while it did not cross-react
with the shorter 2Hex and 3Hex structures (Figure 8C). This

binding profile was consistent with the LOS structure present on

the 4CMenB OMV component as the NZ98/254 MenB strain

expresses mainly L1 and L3,7,9 LOS, the latter of which consists

of the extended a-chain (7). We conclude that the specific epitope

recognized by the Sbj1_mAb24 HumAb is likely contained in the

extended a-chain mAb between the 2Hex and 4Hex structures and

consisting of the GlcNAc–Gal sugar moiety, as highlighted

in Figure 8D.
Discussion

Real world evidence from different countries have demonstrated

that OMV-based vaccines can provide broader than expected

protection against meningococcal disease (27) and moderate

protection against gonorrhoeae (59). To assess the breadth of

coverage of the OMV-based MenB vaccines, the immunogenicity

profile of different OMV formulations have been analyzed and

many OMV components other than PorA have been previously

identified as immunogenic (16, 60, 61). Recent studies have focused

on identifying the contribution of the OMV component of 4CMenB

to the full extent of protection against different N.meningitidis

strains (13, 16) as well as cross-reacting proteins in gonococcal

strains (38). In this study, we isolated 36 OMV-specific HumAbs

from sorted plasmablasts of three 4CMenB vaccinees in order to

identify the target OMV antigens of antibodies that may be

responsible for cross protection in humans. The dissection of

their target specificity allowed us to identify, in addition to PorA,

seven OMV immunogenic antigens, and among those already

known - PorB, RmpM, BamE and LOS - we identified the novel

immunogenic antigens NEIS1065, PilW and ComL proteins.

Interestingly, while the target antigens of one third of the mAbs

remain still unidentified, half of the characterized antibodies

resulted specific to the Porin B, confirming that this antigen

elicits strong responses in humans, unsurprisingly as it is the

most abundant OMV antigen estimated around 40% of the total

protein, as opposed to 25-30% measured for PorA of the OMV
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protein content (62). All 18 PorB HumAbs were bactericidal for at

least one MenB strain in our OMV-indicator strain panel and, in

addition, a single LOS HumAb was also identified as bactericidal.

Therefore, through B cell cloning of HumAbs from plasmablasts

collected 1 week after 4CMenB vaccination we identified PorB and

LOS as antigens in the OMV that elicit functional bactericidal

responses and likely contribute to cross protection across MenB

strains. The identification of PorB as a bactericidal antigen of the

OMV is in agreement with recent work by Viviani and co-authors,

where both PorB and OpcA were identified as antigens eliciting

responses contributing to the 4CMenB cross-coverage in humans,

while NspA was able to mediate bactericidal killing in immunized

mice. We did not however identify any HumAb specific for OpcA

or NspA. The identification of 6 bactericidal HumAbs with

unknown targets suggests that there may be other minor antigens

contributing to 4CMenB protective responses in humans and in

particular the highly cross-reactive Sbj1_mAb16 HumAb appears

very interesting as it targets a common antigen across diverse MenB

strains. However, we cannot exclude that these mAbs may recognize

conformational epitopes that are not faithfully maintained in

recombinantly produced proteins of the microarray or Western

blot and these will be the focus of future studies.

The lack of functionality of the RmpM, BamE, NEIS1065, PilW

or ComL specific mAbs, despite complement activation mutations

included in the Fc portion of the recombinant antibodies, suggests

that, although these OMV antigens are immunogenic in humans,

their expression levels on bacterial surface may be insufficient to

trigger, at least alone, the complement cascade leading to

bacteriolysis. However, these antigens may contribute to

cooperativity or synergy occurring in polyclonal responses

following 4CMenB vaccination (13). We know indeed that the

combination of multiple HumAbs, targeting the distinct fHbp and

NHBA antigens, while not bactericidal alone, act synergistically in

the killing when combined (5, 63).

Through hierarchical clustering of binding and functional

behavior and in silico docking experiments of the 18 PorB

HumAbs, we show that PorB in the OMV may have multiple

immunodominant epitopes driving distinct antibody features. In

silico docking analysis of the binding profile of each mAb suggested

loop5, loop7 and loop8 on PorB as the prevalent targets of mAbs

belonging to cluster 1, 2 and 3, respectively. Only the unique

HumAb belonging to cluster 1 (Sbj2_mAb13) showed bactericidal

activity for each of the strains to which it bound suggesting that its

predicted epitope, loop5, is highly accessible on the bacterial surface

of these strains. Conversely, FACS and EM data showed that the

accessibility of epitopes bound by HumAbs belonging to clusters 2

and 3 was variable among different strains, even bearing the same

allele of PorB, but also within the same bacterial population. These

PorB HumAbs demonstrated biphasic behavior, either binding or

not binding to distinct subpopulations within each strain, and as

PorB itself is not phase variable the data suggest that loop7 and

loop8 accessibility may be masked by another membrane

component subject to phase-variation. This different accessibility

of PorB on distinct strains has been reported previously (16, 64) and
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the lack of epitope exposure has been hypothesized to be a shielding

effect of the carbohydrate chains of LOS possibly combined with

short extra-cellular loops in the PorB protein. Our data demonstrate

that the shielding is phase variable and as such may be dependent

on phase variable nature of LOS or indeed decorations such as

phosphoethanolamine which is also known to be under phase

variation (65). Importantly, different loops showed different

accessibility in our experiments and the unique HumAb

Sbj2_mAb13 from cluster 1 does not appear to exhibit this

behavior, suggesting that not all epitopes of PorB may be

susceptible to phase variable masking.

Interestingly, all the PorB-specific HumAbs belonging to cluster

2 and two of those belonging to cluster 3 were able to recognize and

kill the Argentinian strains tested in this study, together with the

LOS-specific mAb, suggesting that multiple non-PorA components

of the OMV of 4CMenB contribute together to the cross-coverage

of the vaccine on these strains. These strains belong to the ST-865

complex, which was reported by Efron and co-authors as

susceptible to 4CMenB-induced killing despite the lack of

coverage predicted by MATS (50). The MATS assay predicts the

potential coverage of a strain based on the presence and sero-

conservation of the 4 main vaccine antigens expressed in the strain

and here we revealed that PorB and LOS responses elicited by the

OMVmay be responsible for the 4CMenB coverage of these strains.

Real world evidence showed that protection conferred by 4CMenB

is broader than what is predicted by current typing methods for

circulating strains (11, 12) and has the potential to provide some

protection beyond MenB disease (19) and cross-protecting

responses to OMV antigens such as PorB and LOS may be

responsible for some of this.

Multiple post-implementation surveillance studies revealed a

decline in gonorrhea rates in subjects immunized with OMV-based

meningococcal vaccines, such as 4CMenB and MeNZB, possibly

due to cross-protection induced by similar components on the

surface of meningococci and gonococci (19, 27, 30–33). Preclinical

studies showed that antibodies induced by the OMV-based vaccine

recognized gonococcal surface antigens (37) and 4CMenB

immunization of mice accelerated clearance of the infection after

gonococcal challenge (38). Our results show that despite only

moderate homology (67% identity) between PorB3 of the OMV

and gonococcus PorB1B, anti-PorB mAbs belonging to Cluster 2,

together with the LOS-specific HumAb, could recognize several

laboratory and circulating gonococcal strains (both PorB1A and

PorB1B) and effect bactericidal activity against FA1090 gonococcus

strain. While the serum bactericidal antibody assay is the “gold

standard” for measuring serologic protection against Neisseria

meningitidis (66), there is no such correlate of protection for

gonococcus. However, the cross functional activity of these

4CMenB HumAbs suggests that these antigens could be

implicated in the cross protection observed after vaccination with

4CMenB or indeed MeNZB against gonococcal infections.

Complement-mediated killing has been implicated as important

for protection against gonococcus, and the 2C7 mAb to LOS is

bactericidal in vitro and has been shown to be protective in mouse
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models (67). The cross functional PorB HumAbs that result

bactericidal against gonococcus were all members of a VH4-34

clonal family in cluster 2, all elicited from Sbj1. In a parallel study

isolating OMV-specific HumAbs from memory B cells from

4CMenB vaccinees and selecting specifically for gonococcal-

specific HumAbs, intriguingly the same 2 antigens PorB and LOS

have been identified as the target antigens and all of the functional

PorB HumAbs were from the VH4-34 germline (Troisi, Fabbrini

et al., 2023, bioRxiv, https://www.biorxiv.org/content/10.1101/

2023.12.07.570438v1). Therefore, despite interrogating a distinct

B cell set (memory B cells as opposed to plasmablasts) from

different subjects and using a distinct screening pipeline

(gonococcal-specific mAbs instead of meningococcal-specific)

both studies converged on similar results. Interestingly the LOS

mAbs isolated from both studies appear to recognize distinct

epitopes on the a-chain extended from the Hep1 core, which is

within the L3,7,9 LOS immunotype expressed on the

meningococcal 4CMenB OMV component. Both LOS and PorB

antigens contribute to the ability of gonococci to resist

complement-mediated killing through complement negative

regulator engagement in gonococcus (68) and therefore targeting

immune evasion mechanisms may be an important strategy in cross

protection of 4CMenB and future gonococcal interventions.

The LOS HumAb isolated here with cross-functional bactericidal

activity binds an epitope consisting of the third and fourth sugars on

the a-chain extended from the Hep1 core. Interestingly, this epitope

is distinct from the epitope recognized by the bactericidal and

protective 2C7 mAb (69), which was isolated from hybridomas

after immunization of mice with gonococcus. This epitope has

been reported to be commonly present on gonococcus during

human infection (8). 2C7 recognizes an epitope engaging the first 2

sugars of both the a-chain and b-chain (58). This suggests that the

4CMenB OMV may elicit cross-functional LOS antibodies and may

be distinct from those that are induced by the gonococcus, that can

cross react with gonococcal strains expressing similar LOS structures.

Furthermore, we show here that the PorB HumAbs responses are

multiple and predicted to have been elicited from multiple distinct

epitopes, however only the polarized VH4-34 response in individuals

leads to cross reactivity with gonococcus. There are some evidence

from the literature that anti-LOS and anti-PorB responses in humans

may be protective against gonococcus. In a study of human

experimental gonococcal infection, male volunteers who mounted

an anti-LOS response after gonococcal challenge were relatively

resistant to re-infection with the homologous strain supporting a

protective role for LOS antibodies (70). In a study in women with

recurring gonococcal infections, women subsequently infected with a

strain of the same PorB serotype were less likely to develop salpingitis,

suggesting that PorB responses may provide serotype-specific

protection against ascending gonococcal disease (71). Finally,

retrospective analysis on a failed vaccine human challenge trial

showed that the ratio of the concentration of PorB and LOS

antibodies to that of Rmp antibody (PorB-Ab + LOS-Ab/Rmp-Ab)

in the sera of the subjects was positively correlated with protection in

both vaccine and placebo recipients (72).
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In summary, this study along with others of its type are

revealing interesting results on antigens and epitopes elicited by

current vaccines such as 4CMenB, towards understanding the full

potential for OMV-based meningococcal vaccines to confer broad

protection against meningococcal disease and also against

N.gonorrhoeae infection. Given the lack of correlates of protection

against gonorrhea infection and slow progress in vaccine

candidates, these findings were both reminiscent of early studies

where anti PorB and LOS responses were investigated and

intriguing for future gonococcal vaccine design.
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Analysis of humoral and cellular
immune activation up to 21
months after heterologous
and homologous
COVID-19 vaccination
Davide Torre1†, Chiara Orlandi2,3†, Ilaria Conti1, Simone Barocci4,
Eugenio Carlotti5, Mauro Magnani1,3, Anna Casabianca2,3*†

and Giuseppe Stefanetti1,2*†

1Department of Biomolecular Sciences, University of Urbino Carlo Bo, Urbino, Italy, 2Department of
Biomolecular Sciences, Section of Biochemistry and Biotechnology, University of Urbino Carlo Bo,
Fano, Italy, 3Laboratorio Covid, University of Urbino Carlo Bo, Fano, Italy, 4Department of Clinical
Pathology, Azienda Sanitaria Territoriale (AST) di Pesaro-Urbino, Urbino, Italy, 5Department of
Prevention, Azienda Sanitaria Territoriale (AST) di Pesaro-Urbino, Urbino, Italy
To address the COVID-19 pandemic, diverse vaccination strategies, including

homologous and heterologous schedules, were employed to enhance immune

protection. This study evaluates the long-term humoral and cellular immune

responses in individuals vaccinated with homologous (ChAdOx1-S/ChAdOx1-S

[ChAd/ChAd]) and heterologous (ChAdOx1-S/BNT162b2 [ChAd/BNT])

schedules, followed by a third-dose mRNA booster (BNT162b2 [BNT] or

mRNA-1273). Anti-Spike IgG titers were measured at 9-, 12-, and 21-months

post-primary vaccination (corresponding to 3-, 6-, and 15-months post-

booster), while SARS-CoV-2-specific B- and T-cell responses were assessed at

21-months post-booster. Antibody titers declined by 12-months post-primary

vaccination, regardless of the third dose administered, and increased significantly

by 21-months, potentially due to a fourth dose (BNT or mRNA-1273) or natural

SARS-CoV-2 infection. The heterologous ChAd/BNT schedule elicited a stronger

and more durable immune response than the homologous ChAd/ChAd, as

evidenced by higher anti-Spike IgG titers, increased IgM-/IgG+ memory B-cell

activation, and enhanced cytotoxic CD8+ T-cell cytokine expression in infected

individuals. SARS-CoV-2 infection further boosted humoral and cellular

responses, with infected individuals showing higher anti-Spike IgG titers and

greater CD8+ T-cell activation compared to uninfected individuals. These

findings highlight the benefits of heterologous vaccination schedules and the

role of infection-driven immune activation, providing valuable insights for

optimizing vaccination strategies to improve long-term immunity against

SARS-CoV-2.
KEYWORDS

SARS-CoV-2, COVID-19, heterologous vaccine, anti-spike IgG response, T-cell
response, B-cell response, long-term immunity, hybrid immunity
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1 Introduction

The coronavirus disease 2019 [COVID-19] pandemic

fundamentally transformed both the vaccine development process

and global vaccination strategies to combat the rapid spread of

Severe Acute Respiratory Syndrome Coronavirus 2 [SARS-CoV-2]

and its associated mortality (1). Within less than a year, several

vaccine platforms—including mRNA-based vaccines (e.g., Pfizer-

BioNTech BNT162b2 [BNT] and Moderna [mRNA-1273]), viral

vector vaccines (e.g., Oxford-AstraZeneca ChAdOx1-S nCoV-19

[ChAd]), and protein subunit vaccines (e.g., Novavax Nuvavoxid

[NVX-CoV2373]) —were developed and received emergency use

authorization, an unprecedented achievement in medical science

(2). To address increasing public health concerns and supply chain

constraints, novel vaccination strategies were adopted, based on

current available vaccines. While many individuals received

homologous vaccination schedules—using the same vaccine for

both doses—others received heterologous schedules, combining

different vaccine platforms (3, 4). Notably, heterologous

vaccination has also been employed for booster doses,

demonstrating improved neutralizing antibody titers and

enhanced T-cell responses compared to homologous regimens

(5). Despite these promising outcomes, the effectiveness and

safety of different vaccine strategies continue to be closely

monitored in real-time to evaluate immune response durability

and identify adverse effects, such as vaccine-induced thrombosis

with thrombocytopenia [VITT], which briefly halted the use of

adenoviral vector vaccines like Janssen’s COVID-19 vaccine (6, 7).

Previously, we conducted both cross-sectional and longitudinal

analyses of humoral responses from a voluntary cohort in the northern

Marche region of Italy (8, 9). In these studies, antibody levels against

the SARS-CoV-2 spike [S] protein were compared among individuals

who received homologous adenoviral-vector (ChAd/ChAd) ormRNA-

based (BNT/BNT) vaccinations and those who received heterologous

ChAd/BNT vaccinations. At two months post-primary vaccination,

heterologous ChAd/BNT schedules elicited significantly higher anti-

spike IgG titers than either homologous schedule (8). Follow-up

analyses at four and six months confirmed the robustness of the

immune response induced by heterologous schedules, in terms of both

higher level and longer-lasting anti-S IgG response; despite a decline in

IgG titers over time, which eventually resulted in comparable antibody

levels between ChAd/BNT and BNT/BNT groups. Finally, focusing on

clinical variables such as sex, age, smoking and body mass index, we

observed that only the vaccine schedule influenced anti-S IgG titers at

all time points (9).

Building on this foundation, the current study shifts focus on

the impact of third dose (booster) mRNA vaccinations and long-

term immunity. Approximately six months after primary

immunization, participants received a booster dose (BNT or

mRNA-1273). This study evaluates the long-term humoral and

cellular responses following booster administration, measuring

anti-S IgG levels at 9-, 12-, and 21-months post-primary

vaccination (corresponding to 3-, 6-, and 15-months post-
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booster). Cellular immune responses, including T- and B-cell

activation, were assessed at 21-months post-primary vaccination

(15 months post-booster) to understand the role of vaccination

schedules and infection-driven immune activation. The study also

investigates the impact of natural SARS-CoV-2 infection on

immune system activation. These analyses aim to provide a

comprehensive understanding of how different vaccination

strategies shape both humoral and cellular immunity over an

extended period and contribute to the growing body of evidence

informing optimal COVID-19 vaccination strategies.
2 Materials and methods

2.1 Recruitment and study cohort
characteristics

The study participants (n = 203) were recruited among

personnel from the University of Urbino, Carlo Bo (Urbino (PU),

Italy), vaccinated against COVID-19 between December 2020 and

June 2021, and that subsequently received a third (booster) dose

administration (BNT162b2 or mRNA-1273) between October 2021

and January 2022. These individuals were a subset of a larger cohort

previously studied for their humoral response to COVID-19

vaccination (8, 9). Follow up evaluations were conducted at 3

months (n = 195), 6 months (n = 173) and 15 months (n = 99)

after booster immunization. These time points corresponded to

approximately 9, 12 and 21 months after the primary

immunizations (Table 1, Supplementary Table S1, Supplementary

Figure S1). Overall, 87 individuals completed assessments at all

three time points (9, 12 and 21 months after the primary

immunizations), 90 participants attended two time points, and 26

individuals provided samples at a single time point (Supplementary

Figure S2, Supplementary Table S2). In addition, a small subset of

the cohort (20/203), between August 2021 and January 2023, also

received a fourth vaccine dose, with differences observed based on

vaccination schedules (Supplementary Table S3). Serological

samples were obtained at each time point for humoral response

analysis (Table 1A), while cellular response analyses (antigen-

specific B- and T-cells) were conducted using samples collected at

21 months after the primary immunizations (Table 1B).

Additional subgrouping included participants with a confirmed

SARS-CoV-2 infection during the study period (Supplementary

Figure S3). Participants were classified as N+ (nucleocapsid-

positive) if they tested positive for SARS-CoV-2 nucleocapsid-

specific IgG and/or IgM antibodies, or N-(nucleocapsid-negative).

Infection rates increased significantly from 9 to 21 months, with

variations observed based both on vaccination schedules and

booster types, particularly at both 12 and 21 months, where the

group ChAd/BNT/mRNA-1273 showed the highest percentage of

infected individuals (63.6% and 83.3%, respect ive ly)

(Supplementary Figure S3, Supplementary Table S4). None of the

participants declared reinfection during the study period.
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TABLE 1 Demographic characteristics of participants in humoral and cellular analyses.

A. Subjects involved for humoral analysis

Vaccine schedule
9 months 12 months 21 months

Primary Booster

All

Total
Gender
Age
BMI

Male
Years, median (IQR)

Median (IQR)

n = 195
88/195 (45.1%)
55.0 (26.0-72.0)
24.1 (16.2-37.6)

n = 173
74/173 (42.8%)
55 (31-72)
24.1 (37.6-16.2)

n = 99
39/99 (39.4%)
56.0 (32.0-72.0)
24.2 (16.2-37.3)

mRNA-1273
Gender
Age
BMI

Male
Years, median (IQR)

Median (IQR)

n = 127 (65.1%)
59/127 (46.5%)
55.0 (26.0-71.0)
24.1 (16.2-37.6)

n = 116 (67.1%)
51/116 (44.0%)
55.0 (31.0-70.0)
24.0 (16.2-37.6)

n = 62 (62.6%)
26/62 (41.9%)
57.0 (32.0-69.0)
24.4 (16.2-37.3)

BNT
Gender
Age
BMI

Male
Years, median (IQR)

Median (IQR)

n = 68 (34.9%)
29/68 (42.6%)
53.0 (32.0-72.0)
24.2 (19.0-36.7)

n =57 (32.9%)
23/57 (40.4%)
54.0 (32.0-72.0)
24.4 (19.0-36.7)

n = 37 (37.4%)
13/37 (35.1%)
55.0 (32.0-72.0)
24.0 (19.0-36.7)

ChAd/ChAd

Total
Gender
Age
BMI

Male
Years, median (IQR)

Median (IQR)

n = 134 (68.7%)
88/134 (65.7%)
55.0 (30.0-72.0)
24.0 (16.2-37.6)

n = 124 (71.7%)
57/124 (46.0%)
55.0 (31.0-72.0)
24.1 (16.2-37.6)

n = 69 (69.7%)
29/69 (42.0%)
57.0 (32.0-72.0)
24.5 (16.2-37.3)

mRNA-1273
Gender
Age
BMI

Male
Years, median (IQR)

Median (IQR)

n = 111 (65.1%)
52/111 (46.8%)
56.0 (30.0-71.0)
24.0 (16.2-37.6)

n = 105 (67.1%)
48/105 (45.7%)
55.0 (31.0-70.0)
23.8 (16.2-37.6)

n = 56 (62.6%)
24/56 (42.9%)
57.0 (32.0-69.0)
24.4 (16.2-37.3)

BNT
Gender
Age
BMI

Male
Years, median (IQR)

Median (IQR)

n = 23 (34.9%)
9/23 (39.1%)
55.0 (32.0-72.0)
24.5 (19.5-36.2)

n = 19 (32.9%)
9/19 (47.4%)
55.0 (37.0-72.0)
25.1 (20.5-36.2)

n = 13 (37.4%)
5/13 (38.5%)
60.0 (36.0-72.0)
25.3 (19.5-36.2)

ChAd/BNT

Total
Gender
Age
BMI

Male
Years, median (IQR)

Median (IQR)

n = 61 (31.3%)
27/61 (44.3%)
53.0 (26.0-62.0)
24.3 (18.7-36.7)

n = 49 (28.3%)
17/49 (34.7%)
54.0 (32.0-61.0)
24.1 (18.7-36.7)

n = 30 (30.3%)
10/30 (33.3%)
54.5 (32.0-61.0)
23.4 (18.7-36.7)

mRNA-1273
Gender
Age
BMI

Male
Years, median (IQR)

Median (IQR)

n = 16 (65.1%)
7/16 (43.8%)
54.5 (26.0-61.0)
25.5 (18.7-35.6)

n = 11 (67.1%)
3/11 (27.3%)
55.0 (45.0-61.0)
25.4 (18.7-35.6)

n = 6 (62.6%)
2/6 (33.3%)
56.5 (45.0-61.0)
23.8 (18.7-33.5)

BNT
Gender
Age
BMI

Male
Years, median (IQR)

Median (IQR)

n = 45 (34.9%)
20/45 (44.4%)
52.0 (32.0-62.0)
24.0 (19.0-36.7)

n = 38 (32.9%)
14/38 (36.8%)
53.0 (32.0-60.0)
23.8 (19.0-36.7)

n = 24 (37.4%)
8/24 (33.3%)
53.5 (32.0-60.0)
23.4 (19.0-36.7)
F
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B. Subjects involved for cellular analysis

Vaccine schedule
B-cells T-cells

Primary Booster

All

Total

N. of individuals (% on total) n = 23 (23.2%) n =24 (24.2%)

Gender Male 10/23 (43.5%) 11/24 (45.8%)

Age
Years,

median (IQR)
55.0 (32.0-67.0) 54.5 (32.0-67.0)

BMI Median (IQR) 24.0 (18.1-30.2) 23.8 (18.1-30.2)

mRNA-1273

N. of individuals (% on total) n = 10 (10.1%) n = 11 (11.1%)

Gender Male 5/10 (50.0%) 6/11 (54.5%)

Age
Years,

median (IQR)
54.5 (32.0-67.0) 54.0 (32.0-67.0)

(Continued)
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TABLE 1 Continued

B. Subjects involved for cellular analysis

Vaccine schedule
B-cells T-cells

Primary Booster

BMI Median (IQR) 25.1 (18.1-30.2) 24.8 (18.1-30.2)

BNT

N. of individuals (% on total) n = 12 (12.1%) n = 12 (12.1%)

Gender Male 4/12 (33.3%) 4/12 (33.3%)

Age
Years,

median (IQR)
55.5 (36.0-66.6) 55.5 (36.0-66.6)

BMI Median (IQR) 23.6 (19.0-28.3) 23.6 (19.0-28.3)

ChAd/ChAd

Total

N. of individuals (% on total) n = 12 (12.1%) n = 12 (12.1%)

Gender Male 7/12 (58.3%) 7/12 (58.3%)

Age
Years,

median (IQR)
53.0 (32.0-67.0) 53.0 (32.0-67.0)

BMI Median (IQR) 24.3 (18.1-30.2) 24.3 (18.1-30.2)

mRNA-1273

N. of individuals (% on total) n = 7 (7.1%) n = 7 (7.1%)

Gender Male 4/7 (57.1%) 4/7 (57.1%)

Age
Years,

median (IQR)
52.0 (32.0-67.0) 52.0 (32.0-67.0)

BMI Median (IQR) 26.3 (18.1-30.2) 26.3 (18.1-30.2)

BNT

N. of individuals (% on total) n = 4 (4.0%) n = 4 (4.0%)

Gender Male 2/4 (50.0%) 2/4 (50.0%)

Age
Years,

median (IQR)
58.0 (36.0-66.0) 58.0 (36.0-66.0)

BMI Median (IQR) 22.3 (19.5-24.5) 22.3 (19.5-24.5)

ChAd/BNT

Total

N. of individuals (% on total) n = 11 (11.1%) n = 12 (12.1%)

Gender Male 3/11 (27.3%) 4/12 (33.3%)

Age
Years,

median (IQR)
55.0 (51.0-58.0) 55.0 (51.0-58.0)

BMI Median (IQR) 23.1 (18.7-28.3) 22.7 (18.7-28.3)

mRNA-1273

N. of individuals (% on total) n = 3 (3.0%) n = 4 (4.0%)

Gender Male 1/3 (33.3%) 2/4 (50.0%)

Age
Years,

median (IQR)
58.0 (55.0-58.0) 56.5 (52.0-58.0)

BMI Median (IQR) 20.2 (18.7-25.4) 21.2 (20.2-25.4)

BNT

N. of individuals (% on total) n = 8 (8.1%) n = 8 (8.1%)

Gender Male 2/8 (25.0%) 2/8 (25.0%)

Age
Years,

median (IQR)
54.5 (51.0-58.0) 54.5 (51.0-58.0)

BMI Median (IQR) 24.2 (19.0-28.3) 24.2 (19.0-28.3)
F
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ChAd/ChAd refers to the ChAdOx1 COVID-19 vaccine [ChAd] administered as both the first and second doses (primary immunization), while ChAd/BNT refers to ChAd as the first dose and
the BNT162b2 COVID-19 vaccine [BNT] as the second dose (primary immunization), IQR: interquartile range (25th-75th IQR within brackets).
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2.2 Blood collection and serum separation
and mononuclear cell isolation

Whole blood samples were collected at the Laboratory of

Clinical Pathology (with certified quality management UNI EN

ISO 9001:2015) of Urbino Hospital (AST Azienda Sanitaria

Territoriale Pesaro - Urbino) using serum separator tubes (SST)

with a gel barrier. The samples were allowed to clot at room

temperature for 30 minutes before being centrifuged at 1,500 × g

for 10 minutes. This procedure yielded clear serum, separated from

blood cells by the gel barrier. Serum was then aliquoted within a few

hours and stored at -80°C until further analysis. To avoid potential

alterations of immunological readouts, no heat treatment of serum

samples was performed.

For PBMC isolation, blood samples collected in EDTA

vacuettes were processed within 96 hours of collection. PBMCs

were separated using Lymphoprep™ density gradient medium.

following a standard density gradient centrifugation protocol. The

isolated PBMCs were cultured overnight at 37°C in humified

atmosphere containing 5% CO2 in Roswell Park Memorial

Institute 1640 [RPMI-1640] complete medium supplemented with

25 mMHEPES, 2 mM L-glutamine. 1% penicillin-streptomycin and

10% fetal bovine serum [FBS]. Alternatively, PBMCs were

cryopreserved at -80°C in FBS supplemented with 10% dimethyl

sulfoxide [DMSO] for subsequent analyses.
2.3 Determination of antibody levels

Serum samples were analyzed for SARS-CoV-2 IgG antibodies

us ing the “LIAISON® SARS-CoV-2 Tr imer icS IgG”

Chemiluminescent Immunoassay (CLIA) kit, as previously

described (8), at the Clinical Pathology Laboratory of the Urbino

Hospital (AST Azienda Sanitaria Territoriale Pesaro – Urbino).

Serum storage prior to testing was limited to less than 4 days to

maintain sample integrity. The assay has high sensitivity (98.7%)

and specificity (99.5%) for detecting anti-trimeric SARS-CoV-2

Spike protein IgG antibodies.

The method demonstrates a strong positive percent agreement

(95% CI: 97.8–100.0%) and a negative percent agreement of 96.9%

(95% CI: 92.9–98.7%) when compared with neutralizing IgG

antibodies. The quantification range is 4.81–2080 BAU/mL, with

a cut-off value of 33.8 BAU/mL for positivity. Results were

expressed in binding antibody units per milliliter (BAU/mL)

using a conversion factor of 2.6 (1 BAU/mL = 2.6 AU/mL) (10, 11).

For samples with IgG titers exceeding 2080 BAU/mL, the

LIAISON® TrimericS IgG Diluent Accessory was used for

dilution according to the manufacturer’s recommendations (1:20

or 1:5 dilution factor, as appropriate) before re-testing to ensure

accurate quantification. All the serum samples were assayed for the

nucleocapsid-specific IgM and/or IgG antibodies (COVID-19

ELISA IgM and COVID-19 ELISA IgG kits, Diatheva srl,

Cartoceto, PU, Italy), following the manufacturer’s instructions,

and were classified as N+-(nucleocapsid-positive) or N-
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(nucleocapsid-negative) based on the presence or absence of

SARS-CoV-2 nucleocapsid-specific IgG and/or IgM antibodies.
2.4 Activation marker and intracellular
cytokine assays

The analysis of SARS-CoV-2-specific T cell responses was

performed using the SARS-CoV-2 Prot_S T Cell Analysis Kit

(Miltenyi Biotec). Approximately 1 × 10⁶ thawed or freshly isolated

PBMCs were rested overnight at 37°C. Subsequently, the PBMCs were

cultured in 96-well plates for 6 hours in the presence of 15-mer peptides

with an 11-amino-acid overlap spanning the complete coding sequence

(amino acids 5–1273) of the SARS-CoV-2 spike (S) glycoprotein

(GenBank MN908947.3, Protein QHD43416.1), as provided in the

PepTivator® SARS-CoV-2 Prot_S Complete, premium grade (Miltenyi

Biotech). After 2 hours of stimulation, Brefeldin A was added at a final

concentration of 1 mg/mL to block cytokine secretion.

Following stimulation, cells were washed with phosphate buffer

supplemented with 2 mM EDTA and 0.5% bovine serum albumin

(BSA) [PEB buffer]. The cells were then fixed and permeabilized

before staining for 20 minutes with an antibody mix containing the

following markers: CD3-APC, CD4-Vio® Bright B515, CD8-

VioGreen™, IFN-g-PE, TNF-a-PE-Vio770, CD14-VioBlue®,

CD20-VioBlue®, and CD154-APC-Vio770, Viability 405/452

Fixable Dye was used to identify and exclude dead cells.

Sample acquisition was performed on a BD FACS Canto II flow

cytometer. The gating strategy to identify activation markers and

intracellular cytokine production in CD4⁺ and CD8⁺ T cell

populations was as follows: Lymphocyte gate > DEAD/CD14-/

CD20- > CD3+ > CD4+ or CD8+ > mean fluorescence intensity

[MFI]of TNF-a, IFN-g, or CD154, and percentage of positive cells

(Supplementary Figure S4A).
2.5 Quantification of SARS-CoV-2 specific
B-cells

The analysis of SARS-CoV-2-specific B-cells was performed

using the SARS-CoV-2 Spike B Cell Analysis Kit, anti-human

(Miltenyi Biotec). Approximately 5–10 × 10⁶ thawed PBMCs were

rested overnight at 37°C in complete RPMI-1640 medium.

Following incubation, PBMCs were washed in PEB buffer and

stained with an antibody cocktail containing the following

reagents: Recombinant SARS-CoV-2 Spike-Protein (HEK)-Biotin-

Streptavidin-PE, Recombinant SARS-CoV-2 Spike-Protein (HEK)-

Biotin-Streptavidin-PE-Vio® 770, CD19-APC-Vio® 770, CD27-

Vio Bright FITC. IgG-VioBlue® and IgM-APC. Live/dead cell

discrimination was performed using 7-AAD staining.

Samples were acquired on a BD FACS Canto II flow cytometer.

The gating strategy to identify SARS-CoV-2-specific memory B-

cells was as follows: Lymphocyte gate > Single cells > Live/Dead- >

CD19+ > CD27+ > IgG+/IgM- or IgG-/IgM+ > Spike-Protein-PE

+/PE-Vio® 770+ (Supplementary Figure S4B).
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2.6 Statistical analysis

To compare IgG levels between two independent vaccination

groups, the Mann-Whitney U test was employed. For comparisons

of IgG levels involving three or more vaccination groups, or for

repeated measures within the same group across different time

points, the Kruskal-Wallis test followed by Dunn’s multiple

comparisons post-test was applied.

The relationship between vaccination groups and clinical or

demographic variables was assessed using the chi-square test for

categorical variables and the Kruskal-Wallis test followed by Dunn’s

multiple comparisons post-test for continuous variables.

For the analysis of cellular responses, the Kruskal-Wallis test

followed by Dunn’s multiple comparisons post-test was used for

comparisons involving three or more groups. The Mann-Whitney

U test was used for comparisons between two independent groups.

A p-value of less than 0.05 was considered statistically significant.

All analyses and visualizations, including box-and-whisker plots, were

performed using GraphPad Prism software (version 8.4.2; GraphPad

Software, San Diego, CA, USA). The specific statistical test used for

each comparison is indicated in the legends.
3 Results

3.1 Longitudinal analysis of SARS-CoV-2
anti-trimeric Spike IgG levels at 9-, 12- and
21-months post-vaccination

A positive SARS-CoV-2 anti-trimeric Spike IgG antibody

response was observed across all vaccination groups throughout

the study period. The longitudinal analysis of antibody titers at 9,

12, and 21 months post-primary vaccination revealed significant

temporal variations, particularly when comparing homologous and

heterologous vaccination strategies. In the ChAd/ChAd/mRNA-

1273 group, a significant decrease in IgG titers was observed from

month 9 to 12 (p < 0.001), followed by a statistically significant

increase between months 12 and 21 (p < 0.01) (Table 2, Figure 1A).

In contrast, participants in the ChAd/ChAd/BNT, ChAd/BNT/

mRNA-1273 and ChAd/BNT/BNT groups showed a similar
Frontiers in Immunology 0677
pattern of antibody decline at month 12 followed by recovery at

month 21; however, these changes were not statistically significant.

Inter-group comparisons demonstrated that the heterologous

ChAd/BNT/mRNA-1273 prime-boost regimen elicited the highest

anti-Spike IgG levels at both 9 and 21 months post-primary

vaccination compared to homologous immunization schedules

(ChAd/ChAd/mRNA-1273 and ChAd/ChAd/BNT). Specifically,

median titers for the ChAd/BNT/mRNA-1273 group were 3070

BAU/mL at month 9, declined to 1148 BAU/mL at month 12 and

rebounded to 4647.5 BAU/mL by month 21. Similarly, the

heterologous ChAd/BNT/BNT group maintained comparable IgG

levels at months 9 and 12 (2020 BAU/mL and 2035 BAU/mL,

respectively) but displayed a marked increase at month 21 (3915

BAU/mL) that surpassed titers observed in the homologous groups

(~2400 BAU/mL). Notably, although not statistically significant (p

= 0.0521), the ChAd/BNT/mRNA-1273 group demonstrated higher

IgG levels compared to ChAd/ChAd/mRNA-1273 at the 21-month

time point (Table 2, Figure 1A).

These results demonstrate the enhanced and more sustained

humoral response elicited by heterologous vaccination

schedules. particularly ChAd/BNT/mRNA-1273, compared to

homologous regimens.
3.2 Impact of SARS-CoV-2 infection on
humoral immunity

To evaluate the impact of viral infection on humoral immunity,

anti-trimeric Spike IgG levels were compared between N+ and N−

participants within each vaccination group. Notably, N+ individuals

displayed significantly higher anti-Spike IgG titers compared to N−

individuals across all time points, consistent with an infection-

driven immune boost. For instance, within the ChAd/ChAd/

mRNA-1273 group, IgG levels significantly decreased in N−

individuals between 9 and 12 months (p < 0.0001) but increased

between 12 and 21 months (p < 0.001) post-primary vaccination,

likely due to the administration of a fourth vaccine dose in some

participants or late natural infections (Figure 1B, Table 3,

Supplementary Table S5). Similar trends were observed in the

ChAd/BNT/BNT group, where N+ individuals consistently
TABLE 2 SARS-CoV-2 anti-trimeric Spike IgG titers by vaccination schedule and time points.

IgG titer (BAU/mL) ChAd/ChAd/ mRNA-1273 ChAd/ChAd/ BNT ChAd/BNT/ mRNA-1273 ChAd/BNT/ BNT

9 months
Median (IQR)

n = 111 (56.9%)
2100

(39.3-41400)

n = 23 (11.8%)
1944

(395-13160)

n = 16 (8.2%)
3070

(711-17540)

n = 45 (23.1%)
2020

(605-40000)

12 months
Median (IQR)

n = 105 (60.7%)
1470

(39.2-17600)

n = 19 (11%)
1800

(102-7460)

n = 11 (6.3%)
1148

(670-10340)

n = 38 (22.0%)
2035

(237-20600)

21 months
Median (IQR)

n = 56 (56.6%)
2332.5

(333-15260)

n = 13 (13.1%)
2480

(117-12240)

n = 6 (6.1%)
4647.5

(1515-6050)

n = 24 (24.2%)
3915

(165-14500)
Median and interquartile range [IQR] of SARS-CoV-2 anti-trimeric Spike IgG levels (BAU/mL) at 9, 12 and 21 months post-primary vaccination among the groups of recruited vaccinated
subjects. Sample size (n) and relative percentages are reported for each group at each time point.
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exhibited higher IgG titers than N− individuals, particularly at 21

months (p < 0.05).

Intra-group analysis revealed a statistically significant difference (p <

0.0001) in anti-trimeric Spike IgG titers betweenN+ andN− individuals

immunized with ChAd/ChAd/mRNA-1273 at the 12-month time

point, with higher IgG titers observed in N+ subjects. Smaller but

statistically significant differences (p < 0.05) were also detected at i)

month 9 within the same group, ii) month 12 between N+ and N−

individuals in the ChAd/BNT/BNT group, and iii) month 21 for the

ChAd/BNT/mRNA-1273 group (Figure 1B). Non-significant trends in

IgG differences between N+ and N− individuals were observed in the

ChAd/BNT/BNT group at month 9 (p = 0.0731), ChAd/BNT/mRNA-

1273 at month 12 (p = 0.1242), ChAd/ChAd/BNT at month 21 (p =

0.1063), and ChAd/BNT/BNT at month 21 (p = 0.1025).
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When focusing on the magnitude of anti-trimeric Spike IgG

responses, higher median antibody levels were consistently

observed in N+ compared to N− individuals across both

homologous and heterologous vaccination schedules (ChAd/

ChAd/mRNA-1273, ChAd/BNT/mRNA-1273 and ChAd/BNT/

BNT) at all study time points, with one exception. At 21 months,

IgG levels in the ChAd/ChAd/mRNA-1273 group were comparable

between N+ and N− individuals (Supplementary Table S5). In

contrast, for the ChAd/ChAd/BNT group, anti-trimeric Spike IgG

median levels remained comparable between N+ and N− subjects at

9 and 12 months, but an increased response was evident in N+

subjects at 21 months. These findings suggest that while infection

significantly boosts antibody responses across all vaccination

groups, the magnitude and duration of this boost may vary
FIGURE 1

Inter-group comparison of SARS-CoV-2 anti-trimeric Spike protein IgG levels (BAU/mL) among the four vaccination groups at 9, 12 and 21 months
post-primary vaccination. (A) IgG levels across all vaccinated subjects. (B) Comparison of IgG titers between anti-Nucleocapsid-positive [N+] and
anti-Nucleocapsid-negative [N−] subjects within each vaccination group. Boxplots show the median and interquartile range [IQR], with whiskers
representing the lowest and highest values (Tukey-style). Outliers are displayed as individual points. Statistical comparisons were performed using
the Kruskal-Wallis test with Dunn’s post hoc multiple comparisons and the Mann-Whitney U test for pairwise comparisons. *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001. Results for the ChAd/BNT/mRNA-1273 N− group at 21 months are not shown due to the presence of only a single
subject, precluding meaningful statistical comparisons.
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depending on the specific vaccination regimen and time since

vaccination or infection.
3.3 Influence of fourth dose on humoral
immunity

To assess the potential impact of a fourth vaccine dose on

SARS-CoV-2 anti-trimeric Spike IgG titers, subjects were grouped

based on their vaccination schedule and infection status. Although

no statistical comparisons were performed due to the small number

of participants receiving a fourth dose, descriptive analysis was

provided. At 21 months, 20 individuals (20.2% of the cohort)

received a fourth vaccine dose with variations depending on their

vaccination schedule and infection status (Supplementary Table S3,

Table 3). Among participants in the ChAd/ChAd/mRNA-1273

group, 2.9% of infected [N+] individuals received BNT, while

8.8% received mRNA-1273. Conversely, 27.3% of uninfected [N−]

individuals in the same group received either BNT or mRNA-1273.

Similarly, in the ChAd/ChAd/BNT group, fourth-dose

administration was more frequent among uninfected subjects

(50% for BNT), whereas 44.4% of infected individuals received

BNT. In contrast, the ChAd/BNT/mRNA-1273 and ChAd/BNT/

BNT groups showed limited fourth-dose uptake, with mRNA-1273

administered exclusively in uninfected individuals of the ChAd/

BNT/mRNA-1273 group and BNT being the predominant choice in

ChAd/BNT/BNT recipients.
3.4 Impact of homologous and
heterologous priming on long-term anti-
trimeric Spike IgG responses

To evaluate the impact of primary vaccination schedules

(ChAd/ChAd vs ChAd/BNT) on long-term immune responses,
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we analyzed anti-trimeric Spike IgG levels at 9, 12, and 21

months post-primary vaccination. While this analysis focuses on

the priming effect of homologous versus heterologous schedules, it

is important to note that by month 21, participants had also

received additional doses (third and, in some cases, fourth). These

subsequent doses likely contributed to the observed recovery in IgG

levels, as discussed in earlier sections. However, isolating the impact

of the primary schedule provides valuable insights into the

foundational immune response. Longitudinal analysis of the anti-

trimeric Spike IgG response revealed a similar trend between

homologous and heterologous primary vaccination schedules,

characterized by a decline in antibody titers between months 9

and 12, followed by a recovery at month 21. In the homologous

ChAd/ChAd schedule, IgG titers decreased significantly between

months 9 and 12 (p < 0.001), from a median of 2050 BAU/mL (IQR:

39.3–41400) to 1495 BAU/mL (IQR: 39.2–17600), and then

increased significantly at month 21 (p < 0.01) to a median of

2420 BAU/mL (IQR: 117–15260) (Supplementary Figure S5A,

Supplementary Table S6). A similar, non-statistically significant

decline was observed in the heterologous ChAd/BNT schedule,

where IgG levels decreased from a median of 2280 BAU/mL (IQR:

605–40000) at month 9 to 1952 BAU/mL (IQR: 237–20600) at

month 12 (p = 0.0679). By month 21, IgG levels in the ChAd/BNT

group reached a median of 3920 BAU/mL (IQR: 165–14500),

significantly higher than those observed in the ChAd/ChAd group

(p < 0.01).
3.5 Longitudinal analysis of SARS-CoV-2
anti-Nucleocapsid at 9 12 and 21 months
post-vaccination between homologous
and heterologous schedule

Evaluation of IgM and IgG anti-Nucleocapsid (anti-N)

antibodies in subjects vaccinated with ChAd/ChAd (homologous)
TABLE 3 Distribution of subjects receiving BNT or mRNA-1273 as the fourth dose.

Vaccine Schedule Subjects

4th dose

BNT mRNA-1273
Total 4th dose

N+ N- N+ N-

ChAd/ChAd/mRNA-1273
N+ = 34
N- = 22
Tot = 56

1/34 (2.9%)
-

1/56 (1.8%)

-
3/22 (13.6%)
3/56 (5.4%)

3/34 (8.8%)
-

3/56 (5.4%)

-
3/22 (13.6%)
3/56 (5.4%)

N+ = 4/34 (11.8%)
N- = 6/22 (27.3%)
Tot = 10/56’(17.9%)

ChAd/ChAd/BNT
N+ = 9
N- = 4
Tot = 13

4/9 (44.4%)
-

4/13 (30.8%)

-
2/4 (50.0%)
2/13 (15.4%)

1/9 (11.1%)
-

1/13 (7.7%)

-
0/4 (0.0%)
0/13 (0.0%)

N+ = 5/9 (55.6%)
N- = 2/4 (50.0%)
Tot = 7/13 (53.8%)

ChAd/BNT/mRNA-1273
N+ = 5
N- = 1
Tot = 6

0/5 (0.0%)
-

0/6 (0.0%)

-
0/1 (0.0%)
0/6 (0.0%)

0/5 (0.0%)
-

0/6 (0.0%)

-
1/1 (100.0%)
1/6 (16.7%)

N+ = 0/5 (0.0%)
N- = 1/1 (100.0%)
Tot = 1/6 (16.7%)

ChAd/BNT/BNT
N+ = 16
N- = 8
n = 24

1/16 (6.3%)
-

1/24 (4.2%)

-
1/8 (12.5%)
1/24 (4.2%)

0/16 (0.0%)
-

0/24 (0.0%)

-
0/8 (0.0%)
0/24 (0.0%)

N+ = 1/16 (6.3%)
N- = 1/8 (12.5%)
Tot = 2/24 (8.3%)
Distribution of subjects receiving BNT or mRNA-1273 as the fourth dose at 21 months post-primary vaccination, stratified by vaccination schedule and infection status (N+ = infected, N− =
uninfected). Data are presented as the number of subjects over the total within each subgroup, with relative percentages provided in parentheses.
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and ChAd/BNT (heterologous) schedules revealed a comparable

increase in the percentage of SARS-CoV-2 positive individuals over

the study period. Specifically, positivity rates increased from 22.4%

to 62.3% in the ChAd/ChAd group and from 26.3% to 70.0% in the

ChAd/BNT group between months 9, 12, and 21 (Supplementary

Figure S6).

Longitudinal analysis of anti-trimeric Spike IgG titers among

infected [N+] and uninfected [N−] individuals within the ChAd/

ChAd and ChAd/BNT groups highlighted statistically significant

differences, particularly in N− participants (Supplementary Figure

S5B). In the ChAd/ChAd group, anti-trimeric Spike IgG titers in N

− individuals showed a significant decrease between months 9 and

12 (p < 0.0001), followed by a significant increase at month 21 (p <

0.01). In contrast. N− individuals in the ChAd/BNT group

exhibited a smaller, non-significant decrease in IgG titers between

months 9 and 12 (p = 0.0535).

Intra-group comparisons revealed significant differences in IgG

titers between N+ and N− individuals at months 9 and 12 for both

vaccination schedules. At month 12, the differences were more

pronounced in the ChAd/ChAd group (p < 0.0001) compared to the

ChAd/BNT group (p < 0.01). At month 9, smaller but significant

differences (p < 0.05) were observed between N+ and N−

individuals for both schedules. By month 21, N+ participants in

the ChAd/BNT group had significantly higher IgG titers compared

to N+ individuals in the ChAd/ChAd group (p < 0.01).

Focusing on IgG levels, the highest median titers across all time

points were consistently observed in N+ individuals vaccinated with

ChAd/BNT, with values of 6195 BAU/mL at month 9, 4220 BAU/

mL at month 12, and 3925 BAU/mL at month 21 (Supplementary

Figure S5B, Table 4). In contrast, N− individuals in both

vaccination groups had the lowest median antibody titers, ranging

from 1144 BAU/mL (ChAd/ChAd at month 12) to 3480 BAU/mL

(ChAd/BNT at month 21). Notably, at month 21, N− participants

in the ChAd/BNT group showed a median IgG titer (3480 BAU/

mL) comparable to that of N+ participants (3925 BAU/mL),

suggesting a robust recovery of antibody levels in this subgroup.
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3.6 Spike-specific memory B-cells
induction at 21 months post-vaccination

To investigate the cellular response induced by different

vaccination strategies, the percentages of Spike-specific memory

B-cells [MBCs] were analyzed in PBMCs collected 21 months post-

primary vaccination. Although not statistically significant,

participants who received heterologous vaccination schedules

(ChAd/BNT/mRNA-1273 and ChAd/BNT/BNT) displayed higher

percentages of IgM−/IgG+ MBCs compared to those vaccinated

with homologous schedules (ChAd/ChAd/mRNA-1273 and ChAd/

ChAd/BNT) (Figure 2A). Notably, the largest difference was

observed between ChAd/ChAd/mRNA-1273 and ChAd/BNT/

BNT (p = 0.1699). For IgM+/IgG− MBCs, a significant increase

(p < 0.05) was detected in ChAd/ChAd/BNT subjects compared to

ChAd/ChAd/mRNA-1273 participants (Figure 2B). A similar but

non-significant trend was observed when comparing ChAd/ChAd/

mRNA-1273 to ChAd/BNT/BNT (p = 0.1395) (Figure 2B). Overall,

IgM−/IgG+ MBCs were more prevalent than IgM+/IgG− MBCs

across all vaccination strategies. Despite the variability among

groups, heterologous vaccination schedules demonstrated a

tendency to elicit stronger memory B-cell responses compared to

homologous immunization.
3.7 Spike-specific memory B-cells
induction at 21 months following
homologous or heterologous primary
vaccination

Comparison of Spike-specific IgM−/IgG+ memory B-cells

[MBCs] responses between subjects receiving homologous

(ChAd/ChAd) and heterologous (ChAd/BNT) primary

vaccination schedules revealed a higher, though not statistically

significant response in the heterologous group (p = 0.1133)

(Figure 3A). In contrast, comparable levels of IgM+/IgG− MBCs
TABLE 4 SARS-CoV-2 anti-trimeric Spike IgG titers by primary vaccination schedule, time points and infection status.

ChAd/ChAd ChAd/BNT

N+ N- N+ N-

IgG titer
(BAU/mL)

9 months
Median (IQR)

n = 30 (15.4%)
3420

(579-25600)

n = 104 (53.3%)
2040

(39.3-41400)

n = 16 (8.2%)
6195

(725-40000)

n = 45 (23.1%)
1930

(605-22200)

12 months
Median (IQR)

n = 48 (27.9%)
2500

(123-17600)

n = 75 (43.6%)
1144

(39.2-10760)

n = 23 (13.4%)
4220

(237-10340)

n = 26 (15.1%)
1275

(287-20600)

21 months
Median (IQR)

n = 43 (43.4%)
2650

(333-12240)

n = 26 (26.3%)
2345

(117-15260)

n = 21 (21.2%)
3925

(1440-14500)

n = 9 (9.1%)
3480

(165-6050)
Median and interquartile range (IQR) of SARS-CoV-2 anti-trimeric Spike IgG levels in ChAd/ChAd and ChAd/BNT immunized subjects at 9, 12, and 21 months post-vaccination. stratified by
infection status (N+ = infected. N− = uninfected). Data are presented as median IgG titers (BAU/mL) with IQR (25th-75th) in parentheses, alongside the number and percentage of subjects within
each group.
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FIGURE 2

Inter-group comparison of the percentage of Spike-specific memory B-cells [MBCs] among four vaccinated groups at 21 months post-vaccination.
(A) Percentages of IgM−/IgG+ MBCs. (B) Percentages of IgM+/IgG− MBCs. Bars represent the mean with standard error of the mean [SEM]. The
number of subjects analyzed in each group is reported below the x-axis. Statistical significance was assessed using the Kruskal-Wallis test with
Dunn’s post hoc comparison and Mann-Whitney U-test (p < 0.05).
FIGURE 3

Inter-group comparison of the percentage of Spike-specific memory B-cells [MBCs] between subjects receiving homologous (ChAd/ChAd) and
heterologous (ChAd/BNT) primary vaccination schedules at 21 months post-vaccination. (A) Percentages of IgM−/IgG+ MBCs. (B) Percentages of
IgM+/IgG− MBCs. Bars represent the mean with standard error of the mean [SEM]. The number of subjects analyzed in each group is reported below
the x-axis. Statistical significance was assessed using the Mann-Whitney U-test. *p < 0.05.
Frontiers in Immunology frontiersin.org1081

https://doi.org/10.3389/fimmu.2025.1579163
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Torre et al. 10.3389/fimmu.2025.1579163
were observed between the two groups (Figure 3B). Notably, the

percentages of IgM−/IgG+ MBCs were consistently higher than

those of IgM+/IgG− MBCs across both vaccination strategies. The

mean values were 0.2% (ChAd/ChAd) and 0.5% (ChAd/BNT) for

IgM−/IgG+ MBCs, compared to 0.1% (ChAd/ChAd) and 0.09%

(ChAd/BNT) for IgM+/IgG− MBCs.

Further intra-group analysis at 21 months stratified by infection

status (N+ = infected, N− = uninfected) showed a trend toward

higher IgM−/IgG+ MBCs induction in infected [N+] subjects

compared to uninfected [N−] within the ChAd/BNT group,

though this difference did not reach statistical significance (p =

0.0563) (Supplementary Figure S7A). Moreover, within infected

participants, the ChAd/BNT group exhibited an increased IgM

−/IgG+ MBC response compared to the ChAd/ChAd group (p =

0.1212). Conversely, levels of IgM+/IgG−MBCs were similar across

infection statuses and vaccination strategies (Supplementary

Figure S7B).
3.8 Spike-specific T-cells induction at 21
months post-vaccination

Intracellular cytokine expression by T-cells isolated from

PBMCs of vaccinated subjects was evaluated at 21 months post-

immunization. Comparable levels of IFNg, TNFa, and CD154

expression by CD4+ T-cells, as well as IFNg and TNFa
expression by CD8+ T-cells, were observed across the four

vaccination groups: ChAd/ChAd/mRNA-1273, ChAd/ChAd/

BNT, ChAd/BNT/mRNA-1273 and ChAd/BNT/BNT

(Figures 4A, B). When subjects were grouped according to their

homologous or heterologous primary vaccination schedules, no

statistically significant differences were detected in the expression

of the same T-cell cytokines (i.e. IFNg, TNFa and CD154 for CD4+

T-cells and IFNg and TNFa for CD8+ T-cells) (Figures 5A, B).

Intra-group analysis based on infection status (N+ = infected; N− =

uninfected) within the ChAd/ChAd and ChAd/BNT groups

showed no significant differences in CD4+ T-cell cytokine

expression (IFNg, TNFa and CD154) between infected [N+] and

uninfected [N−] individuals (Supplementary Figure S8A). However,

a trend toward higher mean cytokine expression, particularly IFNg
and TNFa, was observed in infected individuals compared to

uninfected participants within the same vaccination group. For

CD8+ T-cells, a statistically significant difference in TNFa
expression was identified between infected [N+] and uninfected

[N−] subjects within the ChAd/BNT group (p < 0.05)

(Supplementary Figure S8B). Additionally, although not

statistically significant, higher TNFa expression was observed in

N+ heterologous primary vaccinated subjects compared to N+

homologous immunized individuals (p = 0.1717). Similarly,

increased IFNg expression in CD8+ T-cells was noted in N+

ChAd/BNT subjects compared to other groups, but this difference

did not reach statistical significance (p = 0.1490), (Supplementary

Figure S9). While the overall trend of activation across vaccination

groups were similar, MFI-based analysis highlighted differences in

cytokine expression intensity that were not evident when analyzing
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only the percentage of cytokine-positive cells. This discrepancy

likely reflects the increased expression level per cell, rather than an

increased frequency of positive cells, and suggests that MFI better

captures the magnitude of T-cell activation, particularly in the

context of previous infection (Figures 4C, D, 5C, D,

Supplementary Figure S8C, D). Polyfunctionality analysis of

cytokine-expressing T cells revealed no statistically significant

differences among the four vaccine groups (Supplementary Figure

S9), between homologous (ChAd/ChAd) and heterologous (ChAd/

BNT) primary regimens (Supplementary Figure S10), or between

infected and uninfected individuals within these groups

(Supplementary Figure S11). Overall, these results indicate

that both homologous and heterologous vaccination regimens

induced persistent T-cell responses, with a notable enhancement

of TNFa production in CD8+ T-cells among SARS-CoV-2

infected individuals who received a heterologous primary

vaccination schedule
4 Discussion

The COVID-19 pandemic has necessitated rapid vaccine

development and the implementation of diverse immunization

strategies, including homologous and heterologous schedules, as

well as additional booster doses (5, 12–15). Notwithstanding the

interest on the development of increasingly new SARS-CoV-2

vaccines able to adapt and respond to the emerging variants of

concerns, there remains limited research on the long-term

durability of immune responses induced by different vaccination

strategies (16–18).

Our previous studies focused on the evaluation of heterologous

and homologous COVID-19 vaccination up to six months after

primary immunization (8, 9). Analysis of the humoral response

highlighted a stronger anti-viral immune induction for the

heterologous ChAd/BNT vaccination compared to the homologous

ChAd/ChAd at 2-, 4- and 6-months after the primary immunization.

Additional studies have further highlighted the efficacy of

heterologous vaccination schedules. For example, highest titers of

SARS-CoV-2 anti-S IgG levels and increased T-cell responses were

reported in BNT/ChAd and ChAd/BNT vaccinated healthy adults

compared to the homologous ChAd/ChAd group (3). Similarly,

higher and longer-lasting anti-RBD antibody levels were observed

in heterologous ChAd/Coronavac vaccination schedules when

compared to homologous ChAd/ChAd regimens (19).

In this study, we extended the observation period to 21 months

post-primary vaccination, providing a long-term analysis of both

humoral and cellular immune responses following SARS-CoV-2

vaccination. We compared homologous (ChAd/ChAd) and

heterologous (ChAd/BNT) vaccination schedules in participants

who also received a third mRNA booster dose (BNT or mRNA-

1273). Moreover, due to the extended duration of this study,

participants were exposed to SARS-CoV-2 variants of concern

circulating during the study period, likely including Delta, which

was dominant at the start of the study, and Omicron which emerged

and became the prevailing variant by late 2021 and early 2022. Also,
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some participants were already SARS-CoV-2 positive at the first

time point (9 months after primary vaccination), suggesting earlier

encounters with the virus. This prior exposure may have included

other variants, such as Beta or Gamma, potentially influencing the

baseline immune responses and contributing to the observed

variability over time. It is also important to note that the vaccines

used in this study—Pfizer-BioNTech (BNT162b2), AstraZeneca

(ChAdOx1-S), and Moderna (mRNA-1273)—were all based on

the spike protein of the original Wuhan-Hu-1 strain, which may

further influence immune recognition and responses to emerging

variants (20). The longitudinal analysis of anti-S IgG titers revealed

a general trend across all groups: antibody levels peaked at 9 months

(three months post-booster), declined by 12 months and increased

again by 21 months. The elevated antiviral antibody concentration

observed at 9 months can be attributed to immune system

activation following the third dose of SARS-CoV-2 vaccine, as

samples were collected approximately three months post-booster

(21, 22). Booster vaccination is known to robustly enhance antibody

levels, peaking within the first 1–3 months after administration,
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before gradually declining over time due to the natural waning of

plasma cell activity (23, 24). Finally, the increase in anti-S IgG

observed at 21 months is likely a result of natural SARS-CoV-2

infections acting as immune boosters, alongside the administration

of a fourth vaccine dose at approximately month 16, which further

stimulated humoral immune responses (25, 26).

Our findings demonstrate that heterologous vaccination with

ChAd/BNT, followed by an mRNA booster, elicits a more robust

and sustained humoral response compared to homologous ChAd/

ChAd vaccination. This is evident in the higher anti-S IgG titers

observed in the heterologous groups, particularly at the 21-month

time point. These results align with previous studies that have

shown the benefits of heterologous prime-boost strategies for

COVID-19 and other infectious diseases (3, 27, 28). In contrast,

the homologous ChAd/ChAd/mRNA-1273 group was the only

group to show a significant increase in anti-S IgG levels between

months 9 and 12, followed by a significant decrease frommonths 12

to 21. These findings highlight a differential impact of homologous

and heterologous primary vaccination schedules on the durability
FIGURE 4

Inter-group comparison of the intracellular cytokine expression in CD4+ and CD8+ T-cells across four vaccination groups at 21 months post-
vaccination. (A) Mean fluorescence intensity [MFI] of IFNg, TNFa, and CD154 expression in CD4+ T-cells. (B) MFI of IFNg and TNFa expression in CD8
+ T-cells. (C) Percentage of CD4+ T cells expressing IFNg, TNFa, or CD154. (D) Percentage of CD8+ T cells expressing IFNg or TNFa. Bars represent
the mean with standard error of the mean [SEM]. Sample sizes for each group are reported below the x-axis. Statistical significance was assessed
using the Kruskal-Wallis test with Dunn’s post hoc multiple comparisons.
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and dynamics of the immune response, consistent with previous

observations (5).

Given the extended study period, we analyzed additional

variables that could influence anti-viral antibody production, such

as SARS-CoV-2 infection and the administration of a fourth vaccine

dose. When evaluating the percentage of SARS-CoV-2 infected [N

+] and uninfected [N−] individuals, we observed a general increase

in the number of infected participants from month 9 to month 21,

independently of the vaccination schedule., This trend indicates

that infection rates increased across all groups over time, with the

ChAd/BNT/mRNA-1273 group showing the highest percentages of

infected individuals at both 12 and 21 months. While this

observation may suggest differences in exposure or other external

factors, all vaccination schedules contributed to a sustained level of

immune protection over the study period.

When comparing anti-S IgG titers between N+ and N− subjects

within each vaccination group, notable differences emerged. At all-

time points, N+ individuals exhibited higher anti-S IgG levels

compared to N− individuals, likely due to a ‘booster effect’

induced by SARS-CoV-2 infection (29). In addition, we observed

significant differences within specific vaccination groups at later

time points. For instance, in the ChAd/ChAd/mRNA-1273 group, a

significant increase in anti-S IgG titers was seen in N− individuals

between months 12 and 21, likely driven by the fourth vaccine dose

administered at month 16 (approximately 30% of N− individuals in

this group received BNT or mRNA-1273 as a fourth dose).

Similarly. in the ChAd/ChAd/BNT group, the higher anti-S IgG
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titers observed in N+ individuals compared to N− participants at

month 21 may reflect a ‘double booster effect’ resulting from both

SARS-CoV-2 infection and the fourth vaccine dose. Notably,

around 50% of participants in this group—regardless of infection

status—received a fourth dose (BNT or mRNA-1273) at month 16.

A significant variability in anti-S IgG titers was observed over the

study period, particularly in the ChAd/ChAd/mRNA-1273 group.

Specifically: i) a significant decrease in antibody levels occurred

between months 9 and 12, followed by an increase between months

12 and 21; ii) at month 21, anti-S IgG titers in this group were lower

compared to those in the ChAd/BNT/BNT group; and iii) significant

differences between N+ and N− individuals were noted at months 9

and 12, but these differences were no longer observed at month 21.

Conversely, in the ChAd/BNT/BNT group, higher anti-S IgG titers

were observed for N+ subjects compared to N− subjects, but only at the

12-month time point.

To further clarify the impact of primary vaccination on the

immune response, we grouped participants based on homologous

(ChAd/ChAd) or heterologous (ChAd/BNT) regimens, increasing

the statistical power of the analysis. Significant fluctuations were

observed in the homologous schedule, with a marked decrease in

IgG levels from 9 to 12 months followed by a rebound at 21 months,

a pattern particularly evident in N− individuals and likely

influenced by the ChAd/ChAd/mRNA-1273 group. In contrast,

the heterologous schedule showed more stable IgG levels over time,

with consistently higher antibody titers compared to the

homologous group, especially at the later time points.
FIGURE 5

Inter-group comparison of the intracellular cytokine expression in CD4+ and CD8+ T-cells between homologous (ChAd/ChAd) and heterologous
(ChAd/BNT) primary vaccination schedules at 21 months post-vaccination. (A) Mean fluorescence intensity [MFI] of IFNg, TNFa and CD154
expression in CD4+ T-cells. (B) MFI of IFNg and TNFa expression in CD8+ T-cells. (C) Percentage of CD4+ T cells expressing IFNg, TNFa, or CD154.
(D) Percentage of CD8+ T cells expressing IFNg or TNFa. Bars represent the mean with standard error of the mean [SEM]. Sample sizes for each
group are reported below the x-axis. Statistical significance was assessed using the Mann-Whitney U test.
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Despite these variations, both the ChAd/ChAd and ChAd/BNT

schedules demonstrated comparable trends in infection rates over

time, as indicated by similar increases in the percentage of N+

subjects. While these findings suggest that the overall immunization

capacity of both schedules is similar in preventing SARS-CoV-2

infection, homologous vaccination may result in a lower production

of long-lived plasma cells compared to heterologous vaccination,

potentially explaining the observed differences in antibody

persistence (25, 30).

Finally, we further investigated the cellular immune response to

the different vaccination schedules in a subgroup of participants

equally distributed between N+ and N− individuals who had

received either homologous or heterologous primary vaccination.

At 21-month post-primary immunization, analysis of both B- and

T-cell populations revealed the persistence of anti-S specific

memory B cells [MBCs] and T-cells. This persistence extends

beyond the 6–8 months typically reported following COVID-19

vaccination or natural infection (31–33). Higher percentages of

anti-S specific IgM⁻/IgG⁺ MBCs were observed in participants who

received the heterologous primary ChAd/BNT vaccination schedule

compared to those who received the homologous ChAd/ChAd

schedule, in both two-dose and three-dose groups. Additionally,

an increased proportion of anti-viral IgM⁻/IgG⁺MBCs was detected

in SARS-CoV-2 infected [N+] individuals within both ChAd/ChAd

and ChAd/BNT groups, underscoring the ‘booster effect’ of natural

viral infection in reactivating the immune system (26). In contrast,

low and variable percentages of IgM⁺/IgG⁻ MBCs were observed

across the vaccinated groups. This is likely due to their early

emergence during the initial months following immunization,

followed by a gradual class-switching to IgM⁻/IgG⁺ MBCs over

the course of the study period (31). Regarding CD4⁺ and CD8⁺ T-
cell responses, comparable levels of anti-S specific cytokine

production were observed across the vaccinated groups, regardless

of the number of doses administered. However, higher mean

expression of IFN-g and TNF-a by CD8⁺ T-cells was particularly

evident in SARS-CoV-2 infected [N+] individuals within the ChAd/

BNT group compared to uninfected [N-] subjects. This finding

suggests a preferential cytotoxic activation of the immune system as

a consequence of natural SARS-CoV-2 infection (34) While this

study provides valuable insights into the long-term immune

responses following different COVID-19 vaccination strategies,

certain limitations should be acknowledged. The sample size,

while sufficient for the primary analyses, could be expanded in

future studies to enhance the statistical power, especially when

analyzing subgroups based on infection status (N+ and N-) or the

administration of a fourth vaccine dose. Additionally, the reliance

on anti-nucleocapsid antibody testing at specific time points to

determine infection status may have resulted in some

misclassification of individuals with prior asymptomatic

infections. Incorporating more frequent testing and exploring

other markers of infection could improve the accuracy of

infection status determination in future investigations.

Furthermore, the predominantly young to middle-aged adult
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cohort from a single region in Italy may not fully represent the

broader population. Therefore, caution should be exercised when

generalizing these findings to other age groups or geographical

locations. Despite these limitations, the study’s longitudinal design,

detailed immunological assessments, and inclusion of both

homologous and heterologous vaccination schedules provide

valuable data on the persistence and nature of immune responses

following COVID-19 vaccination and infection.
5 Conclusions

This study provides a comprehensive, real-world assessment of

long-term immune responses following homologous and

heterologous COVID-19 vaccination, analyzing data from an

Italian cohort up to 21 months post-primary immunization. Our

results demonstrate that both homologous (ChAd/ChAd) and

heterologous (ChAd/BNT) vaccination strategies, particularly

when followed by an mRNA booster, induce robust and

persistent humoral and cellular immunity, including anti-Spike

IgG, memory B cells, and T cells. Notably, the heterologous

ChAd/BNT regimen, boosted with an mRNA vaccine, elicited a

significantly stronger and more durable immune response

compared to the homologous ChAd/ChAd schedule, particularly

in terms of long-term antibody persistence and cellular immune

activation. Furthermore, we found that natural SARS-CoV-2

infection significantly enhanced both humoral and cellular

immune responses, acting as a natural booster and potentially

broadening protection. These findings underscore the

effectiveness of heterologous vaccination in achieving robust long-

term immunity and highlight the significant impact of hybrid

immunity. Future studies should focus on larger, more diverse

cohorts to further validate these findings and investigate the

durability of responses beyond 21 months. Moreover, further

research is needed to elucidate the optimal timing and frequency

of booster doses, particularly in the context of emerging variants

and varying infection histories. Such studies will be crucial to

inform future vaccine development and refine immunization

policies for achieving long-term population protection against

COVID-19.
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Kwakkel D, et al. Effectiveness of homologous/heterologous booster COVID-19
vaccination schedules against severe illness in general population and clinical
subgroups in three European countries. Vaccine. (2023) 41:7007–18. doi: 10.1016/
j.vaccine.2023.10.011

23. HaqMA, Roy AK, Ahmed R, Kuddusi RU, Sinha M, Hossain MS, et al. Antibody
longevity and waning following COVID-19 vaccination in a 1-year longitudinal cohort
in Bangladesh. Sci Rep. (2024) 14:11467. doi: 10.1038/s41598-024-61922-6

24. Terreri S, Piano Mortari E, Vinci MR, Russo C, Alteri C, Albano C, et al.
Persistent B cell memory after SARS-CoV-2 vaccination is functional during
Frontiers in Immunology 1687
breakthrough infections. Cell Host Microbe. (2022) 30:400–408.e4. doi: 10.1016/
j.chom.2022.01.003

25. Wietschel KA, Fechtner K, Antileo E, Abdurrahman G, Drechsler CA, Makuvise
MK, et al. Non-cross-reactive epitopes dominate the humoral immune response to
COVID-19 vaccination – kinetics of plasma antibodies, plasmablasts and memory B
cells. Front Immunol. (2024) 15:1382911. doi: 10.3389/fimmu.2024.1382911

26. Palm A-KE, Henry C. Remembrance of things past: long-term B cell memory
after infection and vaccination. Front Immunol. (2019) 10:1787. doi: 10.3389/
fimmu.2019.01787

27. Spencer AJ, McKay PF, Belij-Rammerstorfer S, Ulaszewska M, Bissett CD, Hu K,
et al. Heterologous vaccination regimens with self-amplifying RNA and adenoviral
COVID vaccines induce robust immune responses in mice. Nat Commun. (2021)
12:2893. doi: 10.1038/s41467-021-23173-1

28. Barros-Martins J, Hammerschmidt SI, Cossmann A, Odak I, Stankov MV,
Morillas Ramos G, et al. Immune responses against SARS-CoV-2 variants after
heterologous and homologous ChAdOx1 nCoV-19/BNT162b2 vaccination. Nat Med.
(2021) 27:1525–9. doi: 10.1038/s41591-021-01449-9

29. Murphy EA, Guzman-Cardozo C, Sukhu AC, Parks DJ, Prabhu M, Mohammed
I, et al. SARS-CoV-2 vaccination, booster, and infection in pregnant population
enhances passive immunity in neonates. Nat Commun. (2023) 14:4598. doi: 10.1038/
s41467-023-39989-y

30. Vogel E, Kocher K, Priller A, Cheng C-C, Steininger P, Liao B-H, et al. Dynamics
of humoral and cellular immune responses after homologous and heterologous SARS-
CoV-2 vaccination with ChAdOx1 nCoV-19 and BNT162b2. eBioMedicine. (2022)
85:104294. doi: 10.1016/j.ebiom.2022.104294

31. Cohen KW, Linderman SL, Moodie Z, Czartoski J, Lai L, Mantus G, et al.
Longitudinal analysis shows durable and broad immune memory after SARS-CoV-2
infection with persisting antibody responses and memory B and T cells. Cell Rep Med.
(2021) 2:100354. doi: 10.1016/j.xcrm.2021.100354

32. Ciabattini A, Pastore G, Fiorino F, Polvere J, Lucchesi S, Pettini E, et al. Evidence of
SARS-coV-2-specific memory B cells six months after vaccination with the BNT162b2
mRNA vaccine. Front Immunol. (2021) 12:740708. doi: 10.3389/fimmu.2021.740708

33. Winklmeier S, Eisenhut K, Taskin D, Rübsamen H, Gerhards R, Schneider C,
et al. Persistence of functional memory B cells recognizing SARS-CoV-2 variants
despite loss of specific IgG. iScience. (2022) 25:103659. doi: 10.1016/j.isci.2021.103659

34. Ganji A, Farahani I, Khansarinejad B, Ghazavi A, Mosayebi G. Increased
expression of CD8 marker on T-cells in COVID-19 patients. Blood Cells Molecules
Dis. (2020) 83:102437. doi: 10.1016/j.bcmd.2020.102437
frontiersin.org

https://doi.org/10.1056/NEJMoa2200674
https://doi.org/10.3390/vaccines12030315
https://doi.org/10.1038/s41467-023-39736-3
https://doi.org/10.1016/S2213-2600(23)00015-2
https://doi.org/10.1056/NEJMoa2117128
https://doi.org/10.1016/j.heliyon.2023.e23246
https://doi.org/10.1038/s41579-022-00841-7
https://doi.org/10.1038/s41541-024-00919-8
https://doi.org/10.1038/s41541-024-00919-8
https://doi.org/10.1016/j.vaccine.2023.10.011
https://doi.org/10.1016/j.vaccine.2023.10.011
https://doi.org/10.1038/s41598-024-61922-6
https://doi.org/10.1016/j.chom.2022.01.003
https://doi.org/10.1016/j.chom.2022.01.003
https://doi.org/10.3389/fimmu.2024.1382911
https://doi.org/10.3389/fimmu.2019.01787
https://doi.org/10.3389/fimmu.2019.01787
https://doi.org/10.1038/s41467-021-23173-1
https://doi.org/10.1038/s41591-021-01449-9
https://doi.org/10.1038/s41467-023-39989-y
https://doi.org/10.1038/s41467-023-39989-y
https://doi.org/10.1016/j.ebiom.2022.104294
https://doi.org/10.1016/j.xcrm.2021.100354
https://doi.org/10.3389/fimmu.2021.740708
https://doi.org/10.1016/j.isci.2021.103659
https://doi.org/10.1016/j.bcmd.2020.102437
https://doi.org/10.3389/fimmu.2025.1579163
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Frontiers in Immunology

OPEN ACCESS

EDITED BY

Sonia Jangra,
The Rockefeller University, United States

REVIEWED BY

Alex-Mikael Barkoff,
University of Turku, Finland
Aapo Knuutila,
University of Turku, Finland

*CORRESPONDENCE

Anita H. J. van den Biggelaar

anita@bionet.one

Wassana Wijagkanalan

wassana.w@bionet-asia.com

RECEIVED 31 January 2025
ACCEPTED 23 April 2025

PUBLISHED 22 May 2025

CITATION

Abu-Raya B, Del Giudice G,
van den Biggelaar AHJ, Tang Y, Bhat N,
Pham HT and Wijagkanalan W (2025)
Avidity of pertussis toxin antibodies
following vaccination with genetically
versus chemically detoxified pertussis
toxin-containing vaccines during pregnancy.
Front. Immunol. 16:1569151.
doi: 10.3389/fimmu.2025.1569151

COPYRIGHT

© 2025 Abu-Raya, Del Giudice,
van den Biggelaar, Tang, Bhat, Pham and
Wijagkanalan. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Original Research

PUBLISHED 22 May 2025

DOI 10.3389/fimmu.2025.1569151
Avidity of pertussis toxin
antibodies following
vaccination with genetically
versus chemically detoxified
pertussis toxin-containing
vaccines during pregnancy
Bahaa Abu-Raya1,2,3, Giuseppe Del Giudice4,
Anita H. J. van den Biggelaar4*, Yuxiao Tang5, Niranjan Bhat5,
Hong Thai Pham4 and Wassana Wijagkanalan4*
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the Nova Scotia Health Authority, Halifax, NS, Canada, 2Department of Pediatrics, Dalhousie
University, Halifax, NS, Canada, 3Department of Microbiology and Immunology, Dalhousie University,
Halifax, NS, Canada, 4BioNet-Asia, Bangkok, Thailand, 5Center for Vaccine Innovation and Access,
Seattle, WA, United States
Background: Both the quantity and quality of circulating anti-pertussis toxin

antibodies are important for protection against severe pertussis. We compared

the avidity of PT-IgG antibodies in pregnant women and their infants following

vaccination during pregnancy with pertussis vaccines containing genetically-

detoxified pertussis toxin (PTgen) or chemically-detoxified PT (PTchem).

Methods: We analyzed serum samples collected earlier from pregnant women

(at delivery) and their infants (at birth and 2 months of age) participating in a

clinical trial where pregnant women had been vaccinated during pregnancy with

recombinant acellular pertussis vaccine containing 1 µg PTgen (standalone,

ap1gen, [n=37], or combined to tetanus and diphtheria, Tdap1gen [n=34]), 2 µg

PTgen (Tdap2gen, n=35), or 5 µg PTgen (TdaP5gen, n=34), or acellular pertussis

vaccine containing 8 µg PTchem (Tdap8chem, n=35). Avidity was assessed by

adding increasing concentrations (0.25, 0.5, 1, 1.5, 2, and 3 M) of NH4SCN as a

bond-breaking agent and measuring PT-IgG levels by ELISA.

Findings: Compared with Tdap8chem, TdaP5gen vaccination was associated with

significantly higher total absolute avidity (p<0.001) and medium-high to very-

high avidity PT-IgG levels (p≤0.02) in mothers at delivery, infants at birth and

infants at 2 months of age. Avidity was comparable to Tdap8chem after

vaccination with the low-dose PTgen formulations (ap1gen, Tdap1gen or

Tdap2gen). There were no differences for vaccination during the 2nd or 3rd

trimester of pregnancy.
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Interpretation: Compared with chemically detoxified vaccines, vaccination

during pregnancy with recombinant genetically detoxified acellular pertussis

vaccine at lower PT concentration provides infants with at least similar or

higher quality PT-IgG antibodies. Consequently, recombinant pertussis

vaccines may offer comparable or better protection against pertussis.
KEYWORDS

pertussis, avidity, pertussis toxin, genetically inactivated, recombinant vaccine,
maternal immunization, vaccination during pregnancy
1 Introduction

Pertussis is a highly contagious human respiratory infection

caused by the bacterium Bordetella pertussis. Despite high

vaccination coverage, the incidence of pertussis has been

increasing globally with cyclic epidemics occurring every 2 to 5

years (1). In 2024, many countries reported the largest pertussis

outbreaks since decades (2–5). Pertussis is most severe in young

infants who are too young to be vaccinated (6, 7). Pertussis

vaccination during pregnancy is a safe and effective strategy to

protect vulnerable young infants from severe pertussis (8–11).

Pertussis toxin (PT) plays a fundamental role in the

pathogenesis of pertussis (12–14) and is a component of all

acellular pertussis vaccines (15–17). Especially in young infants,

anti-PT antibodies are an important mechanism of protection

against severe disease, which depends on both the quantity and

quality of the antibody response (18–21).

Pertussis toxin must be inactivated before it can be safely

administered to humans. In most acellular pertussis vaccines, PT

has been chemically detoxified; however, chemical treatment can

cause conformational changes that lead to dominant immunity

against nonprotective epitopes (22–26). Recombinant acellular

pertussis vaccines using DNA technologies introducing

substitutions in the S1 subunit of wild type PT to inactivate PT

were successfully developed and used in childhood immunization

programs (27, 28). Genetically detoxified PT (PTgen) retains an

antigenic conformation similar to native PT with preservation of

epitopes involved in toxin-neutralization (26, 27, 29). In recent

years several programs for the development of recombinant

acellular pertussis booster vaccines have been initiated (30–33).

Results from various clinical trials involving adolescents, adults, and

pregnant women and their infants, consistently show that

vaccination with PTgen elicits higher PT-IgG antibody titers

compared with chemically detoxified PT (PTchem) (30, 31, 34–37).

Avidity, which is a measure of the binding strength between an

epitope and an antibody’s binding site, is an important parameter of

the functionality of antibodies. Higher PT-IgG avidity may contribute

to a higher capacity to neutralize pertussis toxin and protect against
0289
severe disease (38, 39). PT-IgG avidity following vaccination with

chemically inactivated acellular pertussis vaccines has been studied in

different populations including in infants born to mothers who were

vaccinated during pregnancy (40–42), but to our knowledge has never

been studied for recombinant pertussis vaccines containing PTgen.

In this study we compared PT-IgG avidity in pregnant women

and their infants following vaccination during pregnancy (20–33

weeks gestation) with one of four different formulations of a

recombinant acellular pertussis vaccine containing variable

amounts of PTgen compared with chemically inactivated acellular

pertussis booster vaccine. A wide range of concentrations of

chaotropic (bond-breaking) agent was used to allow a

comprehensive analysis of PT-IgG avidity (43).
2 Materials and methods

2.1 Study design

As an exploratory objective of a phase 2 randomized controlled

trial of pertussis vaccination during pregnancy, the avidity of PT-

IgG antibodies was assessed in serum samples collected from a pre-

selected subset of participating maternal-infant pairs. The study

design, safety and immunogenicity outcomes have been reported

previously (Thai Clinical Trials Registry, TCTR20180725004) (36,

37). Briefly, a total of 400 healthy pregnant women (18–40 years

old) living in Bangkok, Thailand, were enrolled between February

and October 2019. Participating pregnant women were randomized

1:1:1:1:1 to receive during pregnancy (at 20–33 weeks gestation) one

dose of one of five study vaccines, including four recombinant

acellular pertussis vaccine formulations (see: Study vaccines).

Individual vaccination histories were not available, but assuming

participants followed the Thai national immunization program that

has had a 99% coverage for 3 childhood doses since 1996,

participants likely received 3 doses of whole cell pertussis

containing vaccine during childhood (44). Women who had

received diphtheria, tetanus or pertussis-containing vaccine(s)

within 1 year prior to enrolment were excluded.
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2.2 Study vaccines

Recombinant pertussis vaccines were produced by BioNet-Asia

(Thailand). PTgen was produced from a recombinant B. pertussis

strain containing a substitution of two amino acids (R9K and

E129G) at the enzymatic active site in sub-unit S1 in the PT

operon (29). Formulations included: ap1gen containing 1 µg PTgen

and 1 µg filamentous hemagglutinin (FHA); Tdap1gen containing

tetanus toxoid (7.5 Lf) and reduced-dose diphtheria toxoid (2 Lf)

(Td) combined with ap1gen; Tdap2gen (BoostagenRED
®) containing

2 µg PTgen and 5 µg FHA combined with Td; a licensed TdaP5gen
(Boostagen®) 5 µg PTgen and 5 µg FHA combined with Td. The

licensed Tdap8chem comparator (Boostrix™, GlaxoSmithKline)

contained 8 µg PTchem, 8 µg FHA and 2.5 mg pertactin combined

with 5 Lf tetanus toxoid and 2.5 Lf diphtheria toxoid.
2.3 Ethical consideration

The clinical study was conducted in compliance with the

International Council for Harmonisation of Technical

Requirements for Pharmaceuticals for Human Use (ICH) and

Good Clinical Practice (GCP), the Declaration of Helsinki, and

local ethical guidelines. Ethical approval was obtained from the

Institutional Review Boards of the Faculty of Medicine Siriraj

Hospital at Mahidol University, Faculty of Medicine at

Chulalongkorn University, Bangkok, Thailand and Western

Institutional Review Board (now known as WIRB-Copernicus

Group), Washington, USA. Written informed consent was

obtained from all pregnant women before recruitment, including

consent for follow-up of their newborns.
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2.4 Samples collection and processing

Venous blood samples were randomly selected as a

subpopulation of cohort samples obtained from pregnant women

at the time of delivery, and from their infants at the time of birth

(cord blood or from newborn within 72 hours after birth) and at 2

months of age. Avidity was assessed for a randomly selected subset

of mother-infant pairs: ap1gen, n=37, Tdap1gen, n=34, Tdap2gen,

n=35, TdaP5gen, n=34 (n=33 for infants at 2 months), and

Tdap8chem, n=35 (n=34 for infants at 2 months). Sera were stored

at ≤ -20 °C before being shipped on dry ice to the University of

British Columbia (Vancouver, British Columbia, Canada) for

avidity testing.
2.5 Measurement of total PT-IgG, PT-IgG
avidity, avidity indices and calculations

Avidity of PT-IgG antibodies was assessed by measuring PT-

specific IgG antibody binding in the presence of a range of

chaotrope concentrations (NH4SCN at 0.25 molar (M), 0.5M, 1M,

1.5M, 2M, 3M]) using a commercial ELISA kit (EURIMMUN)

coated with native highly purified Bordetella pertussis toxin, as

published previously (41, 43). Total PT-IgG was measured in PBS

(0M NH4SCN) in the same ELISA kit at the same time for avidity

assay. PT-IgG levels were calculated against the calibration serums

quantified based on the WHO International Standard Pertussis

Antiserum, human (1st IS NIBSC code 06/140) according to the

instruction. Different avidity indices for PT-IgG were calculated as

published previously (41, 43) and as described in 2.5.1, 2.5.2 and

2.5.3, and summarized in Table 1.
TABLE 1 Calculation of relative avidity index, fractional relative avidity index, total relative avidity index and quantification of fractional and absolute
avidity levels of anti-PT IgG.

Avidity indices NH4SCN concentration

3 M 2 M 1.5 M 1 M 0.5 M 0.25 M 0 M <0.25M **

PT-IgG levels (IU/mL) T3M T2M T1.5M T1M T0.5M T0.25M T0M N/A

Relative avidity index
(RAI)* (%)

RAI3M =
T3M/T0M*100

RAI2M =
T2M/T0M*100

RAI1.5M =
T1.5M/T0M *100

RAI1 =
T1M/T0M *100

RAI0.5 =
T0.5M/T0M *100

RAI0.25M =
T0.25M/T0M *100

N/A N/A

Fractional RAI (%) F RAI3M
= RAI3M

F RAI2M =
RAI2M-RAI3M

F RAI1.5M =
RAI1.5M-RAI2M

F RAI1M =
RAI1M-RAI1.5M

F RAI0.5M =
RAI0.5M-RAI1M

F RAI0.25M =
RAI0.25M-RAI0.5M

N/A F RAI<0.25M =
100% - RAI0.25M

Total RAI (AU) (F RAI3M*3) + (F RAI2M*2) + (F RAI1.5M*1.5) + (F RAI1M*1) + (F RAI0.5M*0.5) + (F RAI0.25M*0.25) + (F RAI<0.25M*0.125)

Fractional absolute
avidity levels (IU/mL)

F abs3M =
F RAI3M*T0M

F abs2M =
F RAI2M*T0M

F abs1.5M =
F RAI1.5M*T0M

F abs1M =
F RAI1M*T0M

F abs0.5M =
F RAI0.5M*T0M

F abs0.25M
= FRAI0.25M*T0M

N/A F abs <0.25M =
FRAI<0.25M*T0M

Total absolute avidity
levels (AAU/mL)

(F abs3M*3) + (F abs2M*2) + (F abs1.5M*1.5) + (F abs1M*1) + (F abs0.5M*0.5) + (F abs0.25M*0.25) + (F abs<0.25M*0.125)
PT, pertussis toxin; IgG, immunoglobulin G; M, molar; N/A, not applicable; IU/mL, international unit/ml; T, total; RAI, relative avidity index; F, fractional; AU, Avidity Unit; AAU/mL, Absolute
Avidity Unit/mL; abs, absolute.
*Samples treated with 0.25M, 0.5M, 1M, 1.5M, 2M, 3M concentrations of NH4SCN and with optic density values lower than LLOQ in ELISA were assigned an arbitrary RAI value of 15%, 12.5%,
10%, 7.5%, 5%, 2.5% for each NH4SCN concentrations, respectively. The fractional absolute levels of antibodies quantified at 0.25 M, 0.5 M, 1M, 1.5 M, 2M, and 3M of chaotrope were classified as
low, low-medium, medium, medium–high, high and very-high avidity antibodies, respectively. The levels of antibodies eluted by the lowest chaotrope concentration (0.25 M) were classified as
very-low avidity antibodies.
**This column includes the Fractional (F) RAI and Fractional (F) absolute (abs) avidity levels of PT-IgG antibodies eluted at the lowest NH4SCN concentration (Reproduced with minimal
changes from Abu-Raya et al, Front. Immunol. 2019).
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2.5.1 Total relative avidity index
The total relative avidity index (total RAI) of PT-IgG antibodies

was calculated for each sample. First, a relative avidity index (RAI)

was calculated for each NH4SCN concentration as the proportion

(%) of PT-IgG concentration in samples treated versus not treated

with NH4SCN (for example, RAI3M=T3M/T0M*100 where T3M is

PT-IgG concentrations in the presence of 3M NH4SCN and T0M is

PT-IgG concentrations in the absence of NH4SCN). Next, a

fractional RAI (F RAI) (%), defined as the RAI achieved at a

specific NH4SCN concentration, was calculated as the RAI at a

specific concentration minus the RAI achieved at the next higher

concentration of NH4SCN (for example, RAI1M=RAI1M-

RAI1.5M=70%-30%=40%, where 1M and 1.5M represent

increasing NH4SCN concentrations). Finally, for each sample the

total RAI (AU), reflecting the weighted contribution of the

fractional RAIs achieved at different NH4SCN concentrations, was

calculated by applying a factor to each fractional RAI corresponding

to the respective concentration of NH4SCN giving higher weight to

antibodies with higher avidity (e.g. fractional RAI at 2M given a

weight of 2): (F RAI3M*3) + (F RAI2M*2) + (F RAI1.5M*1.5) + (F

RAI1M*1) + (F RAI0.5M*0.5) + (F RAI0.25M*0.25) + (F

RAI<0.25M*0.125) as published previously (41, 43).

2.5.2 Fractional absolute avidity levels
As indices involving RAI are relative measures, fractional and

total absolute avidity levels were calculated. The fractional absolute

avidity level (F abs) of PT-IgG (IU/mL) reflects the level of PT-IgG

that is still bound to the antigen at a specific NH4SCN

concentration and calculated as the fractional RAI at a specific

NH4SCN concentration multiplied by the anti-PT IgG

concentration in the absence of NH4SCN (for example, F abs3M =

F RAI3M*T0M). F abs quantified (bound to PT) at 0.25M, 0.5M, 1M,

1.5M, 2M, and 3M of NH4SCN were classified as low, low-medium,

medium, medium-high, high and very-high avidity antibodies,

respectively. The levels of antibodies eluted (i.e. not bound to the

plate) at the lowest NH4SCN concentration (0.25M) were classified

as ‘very-low’ avidity antibodies.

2.5.3 Total absolute avidity levels
Total absolute avidity levels (AAU/mL) reflect the weighted

contribution of the F abs, and higher weight was given to antibodies

with higher avidity by applying a factor to each fractional absolute

avidity levels corresponding to the respective concentration of

NH4SCN: (F abs3M*3) + (F abs2M*2) + (F abs1.5M*1.5) + (F

abs1M*1)+ (F abs0 . 5M*0 .5) + (F abs0 . 25M*0 .25) + (F

abs<0.25M*0.125) as published previously (41, 43).
2.6 Statistical analysis

Statistical analyses were performed by the Center of Excellence

for Biomedical and Public Health Informatics (BIOPHICS),
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Bangkok, Thailand, using Statistical Analysis System (SAS)

version 9.4. Data was analyzed per protocol. As this was an

exploratory analysis of the main clinical study, no formal

hypothesis was generated for this study.

Samples treated with 0.25M, 0.5M, 1M, 1.5M, 2M, 3M

concentrations of NH4SCN and with optic density values lower

than LLOQ were assigned an arbitrary RAI value of 15%, 12.5%,

10%, 7.5%, 5%, 2.5% for each NH4SCN concentrations, respectively.

Total PT-IgG levels, total absolute avidity levels of PT-IgG, and F

abs levels of PT-IgG did not follow a normal distribution and were

log-transformed to calculate geometric mean concentrations

(GMCs) and 95% confidence intervals (95% CI). Total RAI of

PT-IgG followed a normal distribution and means with 95% CI

were calculated. Outcomes were compared for statistical differences

between the five different vaccine groups using the Kruskal-Wallis

test. In addition, differences between an individual recombinant

vaccine group and Tdap8chem were compared using an Independent

t-test. Correlations between total PT-IgG and total RAI were

assessed by calculating the Spearman correlation coefficient rho.

A p-value of ≤ 0.05 was considered statistically significant.
3 Results

3.1 Study population

Demographics and baseline characteristics of pregnant women

and their infants included in the avidity analysis are presented in

Supplementary Table S1. Vaccination during the 2nd (13–26 weeks

gestation) vs. 3rd trimester of pregnancy (≥ 27 weeks gestation) was

evenly distributed amongst the vaccine groups.
3.2 Correlation between avidity and PT-IgG
levels

Overall correlations between PT-IgG levels and total RAI across

(for all vaccine groups combined) were moderate in pregnant

women at delivery (Spearman rho = 0.620, p<0.0001), in infants

at birth (rho = 0.526, p < 0.0001) and at 2 months of age, rho =

0.724, p<0.0001) (Supplementary Figure S1). This indicates that the

avidity of anti-PT IgG measures a function that is not entirely

dependent on anti-PT IgG levels.
3.3 Total relative avidity index

PT-IgG total RAIs were comparable in pregnant women at

delivery and in infants at birth for each of the recombinant pertussis

vaccine formulations compared with Tdap8chem (Figure 1A)

(Table 2). However, at 2 months of age, PT-IgG total RAI was

significantly higher in infants whose mothers had received TdaP5gen
as compared with Tdap8chem (p < 0.001) (Figure 1A; Table 2).
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3.4 Total absolute avidity levels

PT-IgG total absolute avidity was significantly higher for

TdaP5gen compared with Tdap8chem in pregnant women at the

time of delivery (p = 0.0011), in infants at the time of birth (p =

0.0006), and in infants at 2 months of age (p = 0.0002) (Figure 1B)

(Table 2). PT-IgG total absolute avidity after vaccination with the

lower-dose recombinant pertussis vaccines (ap1gen, Tdap1gen or

Tdap2gen) was comparable with Tdap8chem (Figure 1B; Table 2).
3.5 Fractional absolute avidity (very-low to
very-high avidity)

PT-IgG antibodies of absolute very-low to very-high avidity

were comparable at the time of delivery in women vaccinated with

ap1gen, Tdap1gen or Tdap2gen as compared with Tdap8chem, except

for significantly higher levels of very-low avidity antibodies in

infants at birth after vaccination in pregnancy with Tdap2gen
versus Tdap8chem (Figures 2A-C; Table 2). Vaccination with

TdaP5gen was associated with significantly higher fractional

absolute avidity of PT-IgG of all strengths including medium-

high, high and very-high binding strength, in pregnant women at

delivery, infants at birth, and infants at 2 months of age as

compared with Tdap8chem vaccination, with the exception of PT-

IgG of low avidity which was comparable in women at delivery and

infants at 2 months of age (Figures 2A-C; Table 2).
3.6 Effect of gestation age at the time
vaccination on PT-IgG avidity

No differences in PT-IgG avidity were observed in any of the

vaccine groups when comparing vaccination in the 2nd versus 3rd

trimester of pregnancy. This includes total RAI, total absolute
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avidity levels, and fractional absolute PT-IgG levels at delivery, in

infants at birth and 2 months of age (Figures 3A-C; Supplementary

Table S2).
4 Discussion

To our best knowledge, this is the first study describing avidity

for PT-IgG antibodies induced by recombinant acellular pertussis

vaccine containing genetically inactivated PT. TdaP5gen, a licensed

recombinant acellular pertussis vaccine containing 5 µg genetically

inactivated PT, induced significantly higher PT-IgG avidity in

pregnant women and transferred to their infants than a widely

used Tdap booster containing 8 µg chemically detoxified PT.

Vaccination with lower-dose recombinant acellular pertussis

vaccines induced comparable PT-IgG avidity in pregnant women

and infants than the comparator Tdapchem vaccine while containing

4- or 8- times less PT.

Several studies have reported on PT-IgG avidity after

vaccination with conventional chemically detoxified acellular

pertussis vaccines, including three studies analysing cord blood

samples from cohorts following vaccination during pregnancy (40,

41, 45). These studies did not follow infants prospectively to

investigate the persistence of PT-IgG avidity during the first

months of life. In our study, we assessed PT-IgG avidity in cord

but also in corresponding samples of mothers at the time of

delivery, and longitudinally in infants at 2 months of age. We

demonstrated the effective transplacental transfer of PT-IgG avidity

from vaccinated mothers to newborns for all pertussis vaccines.

Subsequent follow-up of infants at 2 months of age demonstrated

that PT-IgG avidity remained significantly higher when mothers

had been vaccinated with recombinant TdaP5gen.

A plausible explanation why genetically inactivated PT is

associated with higher PT-IgG avidity is that in contrast to

chemical detoxification of PT that leads to varying degrees of

denaturation and loss of important protective conformational
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FIGURE 1

PT-IgG total relative avidity index and total absolute avidity in women at delivery, newborns at birth and infants at 2 months of age. The figure shows
(A) means and 95% confidence intervals (CI) of PT-IgG total relative avidity (total RAI), and (B) geometric mean concentrations (GMC) and 95% CI of
PT-IgG total absolute avidity levels in pregnant women at delivery and their infants at birth and 2 months of age after vaccination during pregnancy
with Tdap8chem (orange; diamond);TdaP5gen (dark purple; downward triangle); Tdap2gen (purple; upward triangle); Tdap1gen (pink; square); or ap1gen
(blue; circle). For each individual recombinant vaccine group responses were compared with responses for Tdap8chem using an Independent t-test:
when significant (p-value ≤ 0.05), the p-value is noted.
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TABLE 2 Levels of total PT-IgG, and PT-IgG total relative avidity index, total absolute avidity, and fractional absolute avidity levels of very low to very
high avidities in pregnant women at the time of delivery, and infants at the time of birth and at 2 months of age after vaccination during pregnancy
with different formulations of recombinant pertussis vaccines or chemically detoxified pertussis vaccine.

Pregnant women at delivery

ap1gen
(n=37)

Tdap1gen
(n=34)

Tdap2gen
(n=35)

TdaP5gen
(n=34)

Tdap8chem

(n=35)
P-value

PT-IgG, IU/mL
GMC (95% CI)

46.88
(29.44-74.66)

33.85
(24.65-46.48)

50.96
(35.05-74.07)

85.06
(61.70-117.25)

39.58
(29.47-53.17)

0.0018

Total RAI, AU
Mean (SD)

113.09
(36.48)

114.82
(25.08)

116.36
(31.45)

131.25
(21.96)

120.20
(27.40)

0.0468

Total absolute avidity, AAU/mL
GMC (95% CI)

47.62
(25.65-88.42)

37.38
(24.96-55.99)

56.31
(35.18-90.15)

109.72
(77.49-155.34)

45.64
(30.90-67.42)

0.0009

F absolute avidity, IU/mL
GMC (95% CI)

Very low (<0.25 M)
Low (0.25 M)
Low-medium (0.5 M)
Medium (1.0 M)
Medium-high (1.5 M)
High (2.0 M)
Very high (3.0 M)

4.21 (2.47-7.16)
2.59 (1.44-4.67)
5.69 (3.12-10.36)
5.68 (3.03-10.64)
7.29 (3.91-13.59)
6.91 (3.24-14.74)
2.69 (1.37-5.30)

3.58 (2.48-5.17)
1.75 (1.03-2.98)
4.90 (3.31-7.27)
5.37 (3.62-7.97)
5.06 (3.37-7.58)
5.34 (2.92-9.76)
1.26 (0.75-2.11)

4.62 (3.11-6.86)
3.57 (2.55-5.00)
8.18 (5.07-13.18)
6.18 (3.69-10.35)
5.97 (3.45-10.35)
9.19 (5.06-16.67)
2.81 (1.59-4.96)

7.19 (5.25-9.85)
4.08 (2.53-6.58)
12.67 (8.68-18.51)
12.66 (8.68-18.46)
11.20 (7.42-16.91)
19.60 (13.42-28.63)
7.43 (4.68-11.77)

3.68 (2.59-5.22)
2.46 (1.66-3.64)
6.74 (4.70-9.66)
5.35 (3.65-7.84)
5.96 (4.21-8.44)
6.40 (3.66-11.19)
2.21(1.27-3.85)

0.0446
0.0818
0.0314
0.0019
0.0087
0.0020
0.0011

Infants at the time of birth

ap1gen
(n=37)

Tdap1gen
(n=34)

Tdap2gen
(n=35)

TdaP5gen
(n=34)

Tdap8chem

(n=35)
P-value

PT-IgG, IU/mL
GMC (95% CI)

67.39
(42.77-106.19)

46.33
(33.72-63.65)

72.10
(50.45-103.06)

120.17
(88.85-162.52)

51.58
(38.30-69.47)

0.0010

Total RAI, AU
Mean (SD)

115.00
(37.91)

116.40
(24.16)

121.40
(27.21)

126.53
(18.46)

124.65
(29.02)

0.4630

Total absolute avidity, AAU/mL
GMC (95% CI)

70.23
(38.67-127.57)

51.92
(34.46-78.23)

84.61
(55.10-129.94)

150.31
(109.38-206.55)

61.58
(41.42-91.55)

0.0014

F absolute avidity, IU/mL
GMC (95% CI)

Very low (<0.25 M)
Low (0.25 M)
Low-medium (0.5 M)
Medium (1.0 M)
Medium-high (1.5 M)
High (2.0 M)
Very high (3.0 M)

4.85 (2.74-8.58)
3.84 (2.09-7.06)
9.61 (5.37-17.19)
7.67 (4.31-13.63)
6.88 (3.68-12.86)
12.28 (6.00-25.14)
4.51 (2.37-8.60)

5.33 (3.76-7.57)
2.43 (1.56-3.79)
6.87 (4.30-10.96)
6.93 (4.73-10.17)
5.78 (3.61-9.24)
9.05 (5.35-15.30)
2.17 (1.29-3.66)

7.43 (5.56-9.92)
4.68 (3.12-7.03)
10.26 (7.02-15.01)
9.00 (5.59-14.49)
11.22 (6.89-18.28)
13.22 (7.81-22.36)
4.50 (2.54-7.97)

11.18 (7.69-16.27)
7.33 (4.89-10.99)
18.72 (13.82-25.34)
16.47 (11.96-22.68)
18.29 (12.67-26.42)
27.57 (18.98-40.05)
9.32 (6.17-14.06)

4.39 (3.04-6.33)
3.73 (2.62-5.32)
7.31 (4.98-10.73)
6.98 (4.78-10.18)
7.28 (4.91-10.80)
9.67 (5.87-15.95)
3.69 (2.14-6.34)

0.0092
0.0332
0.0015
0.0167
0.0009
0.0006
0.0037

Infants at 2 months of age

ap1gen
(n=37)

Tdap1gen
(n=34)

Tdap2gen
(n=35)

TdaP5gen
(n=33)

Tdap8chem

(n=34)
P-value

PT-IgG, IU/mL
GMC (95% CI)

24.96
(17.55-35.49)

13.63
(10.01-18.55)

20.95
(15.08-29.10)

33.34
(24.30-45.74)

15.30
(11.09-21.10)

0.0012

Total RAI, AU
Mean (SD)

82.98
(33.43)

76.57
(34.79)

91.53
(37.57)

108.73
(21.46)

78.88
(38.81)

0.0011

Total absolute avidity, AAU/mL
GMC (95% CI)

18.42
(11.02-30.79)

9.05
(5.56-14.74)

16.87
(10.29-27.67)

35.04
(23.97-51.23)

10.29
(6.13-17.26)

0.0010

F absolute avidity, IU/mL
GMC (95% CI)

Very low (<0.25 M)
Low (0.25 M)

3.35 (2.08-5.40)
1.87 (1.07-3.25)

1.84 (1.09-3.11)
0.68 (0.40-1.16)

2.72 (1.73-4.29)
0.96 (0.59-1.57)

3.84 (2.77-5.32)
1.97 (1.25-3.10)

1.89 (1.13-3.18)
1.09 (0.66-1.81)

0.0547
0.0124

(Continued)
F
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epitopes, site-specific genetic detoxification maintains the three-

dimensional structure of the toxin (22, 26, 33). The crystal structure

of PTgen R9K/E129G (included in the recombinant pertussis

vaccines studied here) is nearly identical to that of native PT and

antigen stimulation of human whole blood indicated broader

immunogenicity of PTgen R9K/E129G compared with PTchem

(33). Furthermore, using cryo-electron microscopy it was recently

shown that two potently neutralizing anti-PT antibodies with

complementary mechanisms, hu11E6 and hu1B7, bind to PTgen

R9K/E129G, thereby confirming the preservation of these

neutralizing binding sites in PTgen (26).

Analysis of epitope binding, PT-neutralizing antibodies,

memory-B cells, and avidity are all parameters of the quality of

the anti-PT immune response. It has been demonstrated in multiple

clinical trials that vaccination with genetically detoxified PT induces

higher PT-neutralizing antibody titers compared with licensed

Tdapchem vaccines (31, 34, 35, 46). Longitudinal follow-up studies

of participants vaccinated with recombinant acellular pertussis

vaccine containing 5 µg PTgen have shown that PT-neutralizing

antibody levels remain elevated for at least 5 years (47, 48), and

following vaccination during pregnancy PT-neutralizing antibodies

are effectively transferred to infants in whom they remain elevated

for at least 2 months at significantly higher levels compared with

Tdapchem (36, 37). Vaccination with PTgen but not PTchem also

elicits robust memory B-cell responses to PT as demonstrated in a

clinical trial of booster vaccination in adolescents (34). The current

observations of higher PT-IgG avidity add further evidence to the

higher quality of the immune response induced by genetically as

compared with chemically detoxified PT (38, 49, 50).

This study further showed that recombinant vaccine containing

lower quantities of PTgen (1 µg and 2 µg) elicited PT-IgG avidity

comparable to Tdapchem containing 4- or 8- fold more PT. This

provides further evidence that the inactivation process of PT is a

critical determinant of PT-IgG avidity and that genetic versus

chemical detoxification leads to higher avidity.

We also studied whether vaccination at various stages of

gestation of pregnancy might affect the avidity of antibodies

transferred to infants. No differences in PT-IgG avidity were
Frontiers in Immunology 0794
observed when mothers were vaccinated during the 2nd or 3rd

trimester of pregnancy for any of the studied vaccines. This is

consistent with a Swiss study that analyzed cord blood samples from

infants born to mothers vaccinated with Tdapchem during

pregnancy, and did not find PT-IgG avidity when comparing

second versus third trimester vaccination, or different intervals

between vaccination and birth (51). A difference with our study is

that in the Swiss study PT-IgG avidity was assessed using three

concentrations of NH4SCN (1M, 2M and 3M) as compared with six

in our study (0.25M, 0.5M, 1M, 1.5M, 2M and 3M) and results were

presented in relative avidity indices that do not incorporate absolute

antibody levels. In another study using a series of chaotropic

concentrations similar to our study, PT-IgG avidity was found to

be higher in newborns when mothers had been vaccinated with

Tdapchem during 28–32 weeks of gestation as compared with 33–36

weeks of gestation, or when vaccinated 5–12 weeks before delivery

versus within 4 weeks before delivery (41). It is plausible that using a

broader range of chaotropic concentrations provides deeper

insights into avidity development, thereby increasing the

likelihood of detecting differential avidity responses. Other factors

that may explain discrepancies in reported results include but are

not limited to differences in pertussis epidemiology and vaccination

history and the small sample size in this study.

Although there is no direct evidence confirming the clinical

relevance of PT-IgG avidity, there is evidence from other

respiratory bacterial infections supporting the notion that higher

avidity provides higher protection. For example, in mice the levels

of anti-pneumococcal serotype 6B-specific antibodies needed to

prevent lethal bacteremia from the same serotype were found to be

lower for high avidity antibodies (38). For Haemophilus influenzae

type b (Hib) the avidity of antibodies induced following vaccination

with Hib conjugate vaccine was shown to be a surrogate for

protective immunity (49). Therefore, it may be assumed that the

higher PT-IgG avidity response induced by vaccination with PTgen

containing vaccine contributes to improved protection compared to

PTchem. While there are no efficacy trials for the current new

generation of recombinant acellular pertussis vaccines, it has

previously been reported that the efficacy of a former pediatric
TABLE 2 Continued

Infants at 2 months of age

ap1gen
(n=37)

Tdap1gen
(n=34)

Tdap2gen
(n=35)

TdaP5gen
(n=33)

Tdap8chem

(n=34)
P-value

Low-medium (0.5 M)
Medium (1.0 M)
Medium-high (1.5 M)
High (2.0 M)
Very high (3.0 M)

3.86 (2.29-6.50)
2.57 (1.41-4.68)
1.85 (1.01-3.38)
1.90 (0.96-3.78)
0.73 (0.47-1.14)

2.03 (1.15-3.59)
1.23 (0.67-2.25)
1.03 (0.56-1.90)
0.67 (0.36-1.23)
0.37 (0.25-0.55)

2.87 (1.71-4.84)
2.07 (1.18-3.65)
2.17 (1.22-3.88)
1.76 (0.91-3.42)
0.64 (0.40-1.03)

5.19 (3.60-7.48)
4.87 (3.30-7.18)
5.73 (4.08-8.06)
4.78 (2.69-8.48)
1.11 (0.68-1.81)

1.91 (1.06-3.47)
1.22 (0.67-2.25)
1.04 (0.56-1.95)
0.95 (0.49-1.83)
0.43 (0.29-0.64)

0.0550
0.0125
0.0003
0.0005
0.0024
RAI, relative avidity index; F, Fractional; SD, standard deviation; AU, Avidity Unit; AAU/mL, Absolute Avidity Unit/mL; ap1gen, acellular-pertussis vaccine containing 1 µg of pertussis toxin
genetically detoxified (PTgen); Tdap1gen, tetanus, reduced-dose diphtheria [Td] combined with ap1gen; Tdap2gen, Td combined with 2 µg PTgen; TdaP5gen, Td combined with 5 µg PTgen;
Tdap8chem Td combined with 8 µg of pertussis toxin chemically-detoxified; PT, Pertussis toxin; IgG, immunoglobulin G; IU, international unit; GMC, Geometric mean concentration; CI,
Confidence interval. P-values are based on comparison of outcomes for all vaccine groups using Kruskal-Wallis Test. A p-value of ≤ 0.05 is considered statistically significant.
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FIGURE 2

PT-IgG fractional absolute avidity (F abs) levels in women at delivery, newborns at birth and infants at 2 months of age. The figure shows geometric
mean concentrations (GMC) and 95% confidence intervals (CI) for PT-IgG fractional absolute levels (F abs) with different avidities in (A) pregnant
women at delivery, and (B) their infants at birth and (C) 2 months of age after vaccination during pregnancy with Tdap8chem (orange; diamond);
TdaP5gen (dark purple; downward triangle); Tdap2gen (purple; upward triangle); Tdap1gen (pink; square)); or ap1gen (blue; circle). F abs quantified at
0.25M, 0.5M, 1M, 1.5M, 2M, and 3M of NH4SCN were classified as low, low-medium, medium, medium-high, high and very-high avidity, respectively.
Responses were compared For each individual recombinant vaccine group with responses for Tdap8chem using an Independent t-test: when
significant (p-value ≤ 0.05), the p-value is noted.
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recombinant acellular pertussis vaccine was comparable to that of

chemically detoxified acellular pertussis vaccine whilst containing

5-times less PT (50). In our study, formulations of recombinant

pertussis vaccine with 4-to-8-times less PT content than the

chemically detoxified comparator induced similar PT-IgG avidity,

which may translate into similar efficacy.

Our study has strengths and limitations. Our study is unique in

that it provides detailed characterization of a full spectrum of

avidity of PT-IgG for different PTgen doses and formulations of

recombinant acellular pertussis vaccine. Using a dilution series of

NH4SCN to provide the whole spectrum of avidity is essential

considering the lack of knowledge of a clinically relevant levels

avidity (42). In addition, antibody avidity was not only assessed in

infants at birth, but also at 2 months old, and in the vaccinated

mothers. This makes it one of the most comprehensive studies on

PT-IgG antibody avidity following pertussis vaccination in

pregnancy. Longer follow-up of infants beyond 2 months of age

would have enabled demonstrating the persistence of elevated PT-

IgG avidity and potential longer-lasting protection offered by
Frontiers in Immunology 0996
maternal Tdap5gen vaccination in infants; however, infants

received childhood DTP vaccines starting at 2 months of age and

assessing PT-IgG avidity in children following primary

immunization was out of the scope of this study. In the main

clinical trial, however, it was demonstrated that at 5 months of age

(1 month after infants had completed the 2nd priming dose), PT-

IgG levels remained significantly higher in infants whose mothers

had received TdaP5gen versus Tdap8chem: a difference that may be

explained by the persistence of higher maternal PT-IgG levels in the

maternal recombinant TdaP5gen vaccine group (52).Assessing PT-

IgG avidity in infants where the local recommendation is to start the

first priming dose at 3 months of age or older, may be something to

consider for a future study. Other limitations include the relatively

small sample size which could affect the generalizability of the

results and limit statistical power, and that we did not analyze PT-

IgG avidity in baseline samples in pregnant women before

vaccination. Pre-vaccination PT-IgG levels had been assessed

earlier and found to be low in all study groups (36): measurement

of avidity would not have yielded quantifiable levels that can be
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FIGURE 3

Total relative avidity index (Total RAI), total absolute avidity levels, and fractional absolute PT-IgG levels measured in newborns at the time of birth
according to vaccination in the 2nd or 3rd trimester of pregnancy. The figure shows (A) means and 95% confidence intervals (CI) of PT-IgG total
relative avidity (total RAI), (B) geometric mean concentrations (GMC) and 95% CI of PT-IgG total absolute levels, and (C) GMCs and 95% CI of
fractional absolute levels (F abs) in infants at the time of birth after vaccination with Tdap8chem (orange; diamond); TdaP5gen (dark purple; downward
triangle); Tdap2gen (purple; upward triangle); Tdap1gen (pink; square); or ap1gen (blue; circle) during the 2nd trimester (closed symbols and bars) or 3rd

trimester (open symbols and pattern bars). Only F abs quantified at 1.5M, 2M, and 3M of NH4SCN and classified as medium-high (MH), high (H) and
very-high (VH) avidity, are presented. Responses were compared for vaccination during the 2nd versus. 3rd trimester using an Independent t-test, but
no statistical differences were found.
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analyzed. It is also yet to be studied how vaccination history may

impact avidity responses. Like most pregnant women worldwide,

including in countries that changed to priming with acellular

pertussis vaccines, pregnant women participating in our study

were vaccinated in childhood with whole cell pertussis vaccines

and are unlikely to have received pertussis booster vaccines after

priming in infancy (44). Studies in forthcoming years, when

relatively more pregnant women will have vaccinated exclusively

with acellular pertussis vaccines, may show how this affects PT-IgG

antibody avidity in infants of mothers vaccinated in pregnancy.

In conclusion, the method that is used to inactivate PT for

immunization influences PT-IgG avidity. Vaccination during

pregnancy with recombinant acellular pertussis vaccines

containing genetically detoxified PT at lower content than

acellular pertussis vaccines containing chemically detoxified PT

results in efficient transplacental transfer of at least similar or

higher quantity and quality anti-PT antibodies. Vaccination with

recombinant acellular pertussis vaccine may therefore provide

infants with highly efficient and longer-lasting immune protection

during the first most vulnerable months in life, but this remains to

be studied.
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to Omicron subvariants BA.1 and
BA.5 in children and adolescents
following the two-dose
CoronaVac protocol (Immunita-
002, Brazil): a 12-month
longitudinal study
Camila Amormino Corsini1†,
Guilherme Rodrigues Fernandes Campos2†,
Priscila Fernanda da Silva Martins1, Priscilla Soares Filgueiras1,
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Daniela Aparecida Lorencini3, Eolo Morandi Junior3,
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Marcos de Carvalho Borges4,5, Poliana Remundini de Lima5,
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1Instituto René Rachou, Oswaldo Cruz Foundation (FIOCRUZ), Belo Horizonte, Minas Gerais, Brazil,
2Faculty of Medicine of São José do Rio Preto (FAMERP), São José do Rio Preto, São Paulo, Brazil,
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Horizonte Municipal Health Department (SMS), Belo Horizonte, Brazil, 7Cell Culture Engineering
Laboratory (COPPE), Federal University of Rio de Janeiro (UFRJ), Rio de Janeiro, Rio de
Janeiro, Brazil, 8Hospital de Base, São José do Rio Preto, São Paulo, Brazil, 9Department of Pathology,
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Introduction: The covid-19 pandemic prompted an unprecedented global effort

to develop and deploy vaccines, including CoronaVac, an inactivated virus-based

vaccine. While these vaccines effectively reduced severe cases and

hospitalizations, limited data exists on their immunogenicity in younger

populations, particularly children and adolescents. Understanding the immune

response in these groups is essential to guide vaccination strategies and assess

protection against emerging variants of concern, such as Omicron subvariants

BA.1 and BA.5. This study evaluated the neutralizing antibody response in children
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and adolescents aged 3–17 years over 12 months following the two-dose

CoronaVac protocol in Brazil.

Methods: A cohort of 108 children (3–11 years) and adolescents (12–17 years)

from Serrana, Brazil, received two doses of CoronaVac. Peripheral blood samples

were collected at baseline, and at 1, 3, 6, and 12 months after the second dose.

Participants were stratified by serostatus prior to vaccination. Neutralizing

antibodies against Omicron BA.1 and BA.5 were assessed using

microneutralization assays.

Results: Neutralizing antibody titers increased significantly after vaccination in

both seronegative and seropositive individuals. For seronegative participants,

seroconversion rates for BA.5 rose from 16.6% pre-vaccination to 93.3% one

month after the second dose in children, and from 50% to 92% in adolescents,

with sustained levels for 12 months. Seropositive participants also showed

enhanced antibody titers, particularly against BA.5. No significant differences in

neutralization between BA.1 and BA.5 were observed post-vaccination, contrary

to prior literature, suggesting uniform effectiveness against these subvariants.

Discussion: This study demonstrates that CoronaVac significantly enhances and

sustains neutralizing antibody titers in children and adolescents for up to one

year, including against immune-evading subvariants like BA.5. The robust

response highlights the vaccine’s potential as a critical tool for reducing SARS-

CoV-2 transmission and preventing severe disease, particularly in regions with

limited access to updated vaccines. Further studies with larger cohorts are

needed to validate these findings and inform vaccination strategies for

immunoresistant variants.
KEYWORDS

vaccine, covid-19, SARS-CoV-2, neutralizing antibody, Omicron, children
and adolescents
1 Introduction

For According to the World Health Organization (WHO), as of

January 5, 2025, more than 777 million cases of COVID-19 had

been confirmed worldwide. In Brazil, the number of confirmed

cases surpassed 37 million, with approximately 702,000 deaths

recorded by that date, making it the second country in terms of

deaths from the disease, behind only the United States (1). In an

unprecedented effort, covid-19 vaccines were rapidly developed and

approved for emergency use, with notable examples including

vaccines based on inactivated viruses, mRNA, and non-replicating

adenoviral vectors (2). These vaccines demonstrated efficacy in

reducing cases and deaths. However, the pandemic persisted due

to the emergence and spread of SARS-CoV-2 variants characterized

by higher transmissibility, infectivity, and the ability to evade both

immunity induced by previous infections and immunity provided

by available vaccines (3–5).

The inactivated virus vaccine platform used by CoronaVac has

been shown to induce a robust immune response against various
02101
viral proteins, including the S (Spike), N (Nucleocapsid), and M

(Membrane) proteins (6). Furthermore, CoronaVac has proven to

be effective and safe, inducing high levels of neutralizing antibodies,

with good tolerability and no severe adverse events or vaccine-

related fatalities reported during clinical trials (7, 8). Its efficacy was

reported as 83.5% against symptomatic COVID-19 among

volunteers aged 18 to 59 years (7, 8).

By January 2022, approximately 85 million doses of this vaccine

had been administered to the Brazilian population (9). In the same

year, Anvisa (Brazil’s National Health Surveillance Agency) expanded

the vaccination protocol to include children and adolescents

nationwide (10). Although CoronaVac is no longer the primary

vaccine used in Brazil, data from its widespread application

continues to contribute to public health strategies worldwide (11).

The immune response induced by COVID-19 vaccines remains

under investigation, particularly in children and adolescents. In this

age group, the duration and intensity of immune protection, as well

as its efficacy against different variants of concern (VOCs), are not yet

fully defined (11). These aspects are essential for determining the
frontiersin.org
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need for booster doses and supporting evidence-based decisions by

healthcare managers (12). Based on this, the objective of the present

study was to comprehensively evaluate the neutralizing antibody

response in children and adolescents aged 3 to 17 years over 12

months following the administration of the primary two-dose

CoronaVac protocol in Brazil against the Omicron subvariants

BA.1 and BA.5 circulating in the country during 2022.
2 Methods

2.1 Ethics statement and participants

This study was approved by the Research Ethics Committee

involving Human Subjects at the Oswaldo Cruz Foundation, the

Ethics Committee of the Hospital das Clıńicas of the Faculty of

Medicine of Ribeirão Preto, University of São Paulo, and the National

Council of Ethics in Research (CAAE 55183322.6.0000.5091). The

study was supervised by the National Health Surveillance Agency.

Inclusion criteria included children and adolescents aged 3 to 17

years who were unvaccinated for covid-19 and who voluntarily

participated in the study with the agreement of their parents or legal

guardians, signing the informed consent and assent forms (ICF/IAF).

Exclusion criteria included children and adolescents aged 6 to 17 years

with immunosuppression, who were not eligible for participation.

Additionally, children and adolescents who reported COVID-19

infection during the study were not included in the statistical analyses.
2.2 Participant recruitment, sample
collection, and follow-up

Participants were invited to join the research at a public

healthcare center located in Serrana, São Paulo, Brazil. A total of

108 participants who met the inclusion criteria were followed for

twelve months after completing the two-dose primary protocol of

the CoronaVac vaccine (Sinovac, Butantan Institute), administered

with a 28-day interval between doses.

Peripheral blood samples were collected at multiple time points:

prior to vaccination, on the day of the second dose administration,

and at one, three, six, and twelve months post-second dose, relative

to the date of administering the second dose of the CoronaVac

vaccine (Sinovac, Butantan Institute). A 10 mL whole blood sample

was obtained via venous puncture from each participant following

biosafety standards and subsequently centrifuged at 3,000 g for

5 min to obtain serum for immunogenicity analyses. Samples were

collected from March 2022 to July 2023.
2.3 Assessment of anti-S and anti-N IgG
antibodies via ELISA for defining baseline
seroreactivity

To assess baseline seroreactivity, enzyme-linked immunosorbent

assays (ELISAs) were performed to detect IgG antibodies specific to
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the SARS-CoV-2 Spike (anti-S) and Nucleocapsid (anti-N) proteins.

All serum samples obtained from the study participants were tested

for total IgG antibodies specific to the Spike (S) and Nucleocapsid (N)

proteins of SARS-CoV-2. Participants who tested reactive in both

ELISA assays at the first time point of the study (detection of anti-S

and anti-N IgG antibodies), before receiving the first dose of the

vaccine, were classified as seropositive, while those who were non-

reactive in both ELISA assays were classified as seronegative. These

proteins, used as antigens, were derived from the Wuhan reference

strain (B.1), and were generated in stable recombinant HEK293 cells,

as described by Alvim et al. (2022) (13). Antibody detection was

performed using standardized ELISA assays, following the

methodology established by GRENFELL et al. (2022), which had

been validated by the National Institute of Health Quality Control of

the Oswaldo Cruz Foundation (INCQS/Fiocruz) (14). The cutoff

value adopted for the determination of positivity was 0.1508. This

cutoff value was previously established based on validated positive

and negative controls. These controls were derived from samples of

individuals with SARS-CoV-2 infection confirmed by RT-PCR,

ensuring adequate sensitivity and specificity for the detection of

IgG antibodies in the assay (14).
2.4 Viral neutralization assays to SARS-
CoV-2 variants (BA.1 and BA.5)

All serum samples across all time points were subjected to

neutralizing antibody assays (VNT50) to detect antibodies against

the Omicron variant, subvariants BA.1 (HIAE –W.A) and BA.5

(EPI_ISL_18277186), as outlined by CAMPOS et al. (2022) (9).

VNT50 was performed as published before (9, 11). Serum samples

from children and adolescents were collected before and after

vaccination, inactivated at 56°C for 30 minutes, and serially

diluted two-fold (1:20 to 1:2560). Diluted samples were incubated

for 1 hour at 37°C with 50 TCID50 of SARS-CoV-2 subvariants

BA.1 and BA.5. After incubation, 100 μl of these solutions were

transferred to Vero cell-seeded 96-well plates and incubated in

supplemented DMEM for 72 hours at 37°C with 5% CO2. The

median neutralization titer (VNT50) was determined as the

reciprocal dilution providing 50% protection against cytopathic

effects, calculated using the Spearman-Karber method. Each

sample was tested in triplicate (15, 16). A dilution of 1:20 was

established as the cutoff point for seroconversion.
2.5 Statistical analysis

Data analyses were performed using GraphPad Prism®

software version 8.0. The median neutralization titer (VNT50)

was determined as the reciprocal of the dilution that provided

50% protection against cytopathic effects, calculated using the

Spearman-Karber method. Antibody titer quantification results

were analyzed statistically using the Kruskal-Wallis test, while

pairwise comparisons were conducted using the Mann-Whitney

test. A significance level of p < 0.05 was applied for all analyses. The
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correlation between neutralizing antibodies against BA.1 and BA.5

subvariants was evaluated using Spearman’s rank correlation

coefficient, with statistical significance set at p < 0.05.
3 Results

3.1 Baseline characteristics of participants

In total, 108 individuals were included in this study, 60 (55.56%)

children aged 3 to 11 years, and 48 adolescents aged 12 to 17 years

(44.44%). For the seronegative group, 60 participants were included,

and for the seropositive group, 48 participants were included,

covering both age ranges. The remaining characteristics of the

cohort, such as biological gender and comorbidities, are presented

in Table 1.
3.2 Neutralization levels against BA.1 and
BA.5 variants before and after vaccination

The viral microneutralization assay enabled the evaluation of

seroconversion rates and the determination of mean neutralizing

antibody titers against the Omicron subvariants BA.1 and BA.5 in

children and adolescents over 12 months following the primary

CoronaVac vaccination protocol.

In the evaluation of neutralizing antibodies in seronegative

individuals, a significant increase in antibody titers was observed

after the primary CoronaVac vaccination protocol, both for the

BA.1 and BA.5 subvariants, in children aged 3 to 11 years

(Figure 1A). Notably, seropositivity for the BA.5 subvariant

increased from 16.6% prior to vaccination to 93.3% one month

after the second vaccine dose and remained high up to the last

follow-up point (12 months post-second dose).
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In the evaluation of seronegative adolescents (aged 12–17;

Figure 1B), no significant difference in neutralizing antibody titers

against the BA.1 subvariant was observed after the primary

vaccination protocol. However, for the BA.5 subvariant,

seropositivity increased significantly from 50% to 92% after

vaccination, remaining elevated until the study’s last follow-

up point.

When comparing neutralizing antibody titers against BA.1 and

BA.5 separately by age group (Figures 2A, B) and by subvariant

(Figures 2C, D) in seronegative individuals, higher antibody titers

against BA.1 were observed in adolescents before receiving the first

dose of CoronaVac (V1). This finding may indicate prior infection

with this subvariant in this group.

In the evaluation of neutralizing antibodies in seropositive

individuals prior to receiving the primary protocol, a significant

increase in neutralizing antibody titers post-CoronaVac vaccination

was observed only for the BA.5 subvariant. Seropositivity increased

from 86.6% to 100% in children aged 3 to 11 years (Figure 3A) and

from 93.3% to 100% in adolescents aged 12 to 17 years (Figure 3B).

When comparing neutralizing antibody titers against BA.1 and

BA.5 separately by age group (Figures 4A, B) and by subvariant

(Figures 4C, D) in seropositive individuals, higher neutralizing

antibody titers against the BA.1 subvariant were observed in both

children and adolescents before receiving the first dose of

CoronaVac (V1). This finding may also suggest prior infection

with this subvariant in these groups.
3.3 Correlation between neutralizing
antibodies against BA.1 and BA.5 variants

When evaluating the correlation between neutralizing

antibodies against BA.1 and BA.5 in seronegative children by

ELISA, a moderate and statistically significant positive correlation
TABLE 1 General characteristics of the included participants.

Epidemiological data Seronegative before vaccination¹ (n,%) Soropositive before vaccination² (n,%) Total (n=108)

Age, years

3-11 30, 27.78 30, 27.78 60, 55.56

12-17 30, 27.78 18, 16.67 48, 44.44

Biological gender

Male 32, 29.63 18, 16.67 50, 46.30

Female 28, 25.93 30, 27.78 58, 53.70

Comorbidities

Allergic rhinitis 3, 2.78 6, 5.56 9, 8.33

Asthma 1, 0.93 1, 0.93 2, 1.85

Obesity 0, 0 2, 1.85 2, 1.85

Hypothyroidism 0, 0 1, 0.93 1, 0.93

No comorbidities 56, 51.85 38, 35.19 94, 87.04
¹Seronegative for SARS-CoV-2 anti-S and anti-N IgG antibodies by ELISA prior to the CoronaVac primary vaccination protocol.
²Soropositive for SARS-CoV-2 anti-S and anti-N IgG antibodies by ELISA prior to the CoronaVac primary vaccination protocol.
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FIGURE 1

Viral microneutralization assay against Omicron subvariants to evaluate neutralization titers (VNT50) and seroconversion rates over 12 months in
children and adolescents vaccinated with the CoronaVac primary protocol. The Omicron subvariants BA.1 and BA.5 are represented in green and
purple, respectively. (A) Neutralizing antibodies in children aged 3 to 11 years seronegative for SARS-CoV-2 S and N antibodies before the
CoronaVac primary protocol. (B) Neutralizing antibodies in adolescents aged 12 to 17 years seronegative for SARS-CoV-2 S and N antibodies before
the CoronaVac primary protocol. The sample size (n), VNT50 means, and geometric mean titers for each group are highlighted below the graphs.
Dashed lines represent the seroconversion dilution cutoff (1:20), while seroconversion rates are expressed as percentages. Significance lines indicate
differences among the mean neutralization titers of the groups. P-values lower than 0.05 were considered significant.
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was observed in most time points analyzed after vaccination

(Figure 5). In adolescents, a strong positive correlation was

identified at the first pre-vaccination time point (Spearman r =

0.6381, p = 0.0001) and further intensified three months after

receiving the second dose of CoronaVac (Spearman r = 0.7551, p

< 0.0001), suggesting a consistent association between these

parameters (Figure 6).

Conversely, among seropositive individuals, only a moderate

correlation between these neutralizing antibodies was observed

before the administration of the first dose (Spearman r = 0.4569,

p = 0.0111) in children aged 3 to 11 years (Figure 7). In adolescents,

however, no significant correlation was found between BA.1 and

BA.5 neutralizing antibodies at pre- and post-vaccination time

points, indicating a weak or nonexistent association within this

group across the evaluated periods (Figure 8).
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4 Discussion

The COVID-19 pandemic reshaped immunization strategies,

accelerating vaccine development and distribution to curb viral

spread and new variants. Global collaboration among institutions,

scientists, and regulatory agencies enabled the rapid rollout of safe

and effective vaccines, allowing mass immunization within a year of

the pandemic’s onset, significantly reducing cases, hospitalizations,

and deaths (7, 17–25).

Initially, phase II and III clinical trials prioritized adults and the

elderly, as they were the most affected (18, 21). Consequently,

vaccines were first approved for adults, while children and

adolescents relied on non-pharmacological measures during early

waves of infection (26–28). Clinical trials for younger populations

began later, following safety and efficacy data from adult studies
FIGURE 2

Comparison of the kinetics of neutralizing antibodies against BA.1 and BA.5, stratified by age group and subvariant, in children and adolescents
seronegative for SARS-CoV-2 S and N antibodies before the CoronaVac primary protocol, over 12 months following the administration of two doses
of the CoronaVac vaccine. (A) Comparison of the kinetics of neutralizing antibodies against BA.1 and BA.5 in children aged 3 to 11 years.
(B) Comparison of the kinetics of neutralizing antibodies against BA.1 and BA.5 in adolescents aged 12 to 17 years. (C) Comparison of the kinetics of
neutralizing antibodies against the BA.1 subvariant in children and adolescents aged 3 to 17 years. (D) Comparison of the kinetics of neutralizing
antibodies against the BA.5 subvariant in children and adolescents aged 3 to 17 years. Dashed lines represent the seroconversion dilution cutoff
(1:20), while seroconversion rates are expressed as percentages. Significance lines indicate differences among the mean neutralization titers of the
groups. P-values lower than 0.05 were considered significant.
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FIGURE 3

Viral microneutralization assay against Omicron subvariants to evaluate neutralization titers (VNT50) and seroconversion rates over 12 months in
children and adolescents vaccinated with the CoronaVac primary protocol. The Omicron subvariants BA.1 and BA.5 are represented in green and
purple, respectively. (A) Neutralizing antibodies in children aged 3 to 11 years seropositive for SARS-CoV-2 S and N antibodies before the CoronaVac
primary protocol. (B) Neutralizing antibodies in adolescents aged 12 to 17 years seropositive for SARS-CoV-2 S and N antibodies before the
CoronaVac primary protocol. The sample size (n), VNT50 means, and geometric mean titers for each group are highlighted below the graphs.
Dashed lines represent the seroconversion dilution cutoff (1:20), while seroconversion rates are expressed as percentages. Significance lines indicate
differences among the mean neutralization titers of the groups. P-values lower than 0.05 were considered significant.
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(29–31). As mass vaccination advanced, younger age groups gained

attention, particularly during the Delta variant surge, when adults

and the elderly were fully immunized, leaving individuals under 18

as the most exposed group (32, 33). Beyond direct clinical impacts,

their lack of immunization sustained viral transmission, potentially

contributing to new variant emergence (34).

This shift in vaccination priority diverged from traditional

immunization programs, such as in Brazil, where most vaccines

are administered within the first 15 months of life to ensure early

protection (35, 36). However, prioritizing high-risk groups—elderly

individuals with immune senescence and middle-aged adults with

frequent exposure—was a logical and effective approach,

demonstrating success in controlling the pandemic (23, 37–40).

A key concern regarding childhood and adolescent

immunization was the potential herd immunity from prior SARS-

CoV-2 exposure. The delayed vaccination in this group led to

increased infections, resulting in a significant number of
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individuals with prior virus contact. This background informed

the study’s design, distinguishing groups based on confirmed

previous infection.

Our data shows that neutralizing antibodies against Omicron

variants, especially BA.1, were also detected prior vaccination in

children and adolescents without history of previous infection,

indicating the occurrence of asymptomatic cases. Some studies

highlight that youngsters, when compared to adults and elderly

people, are more likely to develop asymptomatic infections (41, 42),

and this scenario represents a great challenge in determining the

real infectiousness of this age group since these infections are

mostly under-reported (43, 44).

On the other hand, despite neutralizing antibodies being

detected in seropositive and seronegative groups prior

vaccination, our results suggest an important contribution of

immunization in the improvement of serological response. When

compared to V1 (time-point before immunization), neutralization
FIGURE 4

Comparison of the kinetics of neutralizing antibodies against BA.1 and BA.5, stratified by age group and subvariant, in children and adolescents
seropositive for SARS-CoV-2 S and N antibodies before the CoronaVac primary protocol, over 12 months following the administration of two doses
of the CoronaVac vaccine. (A) Comparison of the kinetics of neutralizing antibodies against BA.1 and BA.5 in children aged 3 to 11 years.
(B) Comparison of the kinetics of neutralizing antibodies against BA.1 and BA.5 in adolescents aged 12 to 17 years. (C) Comparison of the kinetics of
neutralizing antibodies against the BA.1 subvariant in children and adolescents aged 3 to 17 years. (D) Comparison of the kinetics of neutralizing
antibodies against the BA.5 subvariant in children and adolescents aged 3 to 17 years. Dashed lines represent the seroconversion dilution cutoff
(1:20), while seroconversion rates are expressed as percentages. Significance lines indicate differences among the mean neutralization titers of the
groups. P-values lower than 0.05 were considered significant.
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titers were significantly enhanced in children and adolescents by

CoronaVac vaccination, especially against BA.5 subvariant. These

data corroborate with some studies in the literature, where COVID-

19 vaccination significantly improved the antibody response in

individuals previously infected by SARS-CoV-2 when compared

to vaccinated naïve individuals (45–47). Additionally, it is described

that this hybrid immunity also showed higher serological protection

in the respiratory tract, the main infection route of SARS-CoV-2,

especially due to elevated levels of IgA antibody response in the

mucosa after vaccination (48, 49).

A similar pattern was observed in individuals vaccinated with

CoronaVac, the same immunizing platform used in this study. A

study performed by Niyomnaitham et al., in 2022, evaluated the

impact of different vaccines in naïve and previously infected

participants. As expected, CoronaVac showed lower responses

when compared to other vaccines, but using a SARS-CoV-2

pseudo virus neutralization assay, the authors observed that a

single dose of CoronaVac was able to induce the same

neutralization titer, against Omicron variant, as naïve individuals

vaccinated with two doses of BNT162b2 (50). Our results
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corroborate and reinforce this observation, since we performed all

neutralization assays using infectious particles instead of pseudo

virus platform, showing that a two doses immunization with

CoronaVac was capable to enhance and maintain high levels of

antibody response against Omicron subvariants, independently of

previous contact with SARS-CoV-2.

Other vaccination platforms, using attenuated adenoviral vector

or mRNA as the immunizing agent, presented the same trend on

improving immune protection (51, 52). A study performed in the

United Kingdom, conducted with more than 35 thousand

asymptomatic healthcare workers, showed that both serological

and cellular immunity acquired only by previous infection decay

after 1 year. However, after full vaccination of these seropositive

individuals with ChAdOx1 nCoV-19 or BNT162b2 vaccines,

protection levels remained high and consistent over time (90% of

effectiveness on preventing subsequent infections) (53).

From the serological response perspective, our findings

highlight that vaccination of children and adolescents, with

CoronaVac, induced high levels of neutralizing antibodies against

BA.1 and BA.5, two Omicron subvariants with different
FIGURE 5

Correlation between neutralizing antibody titers against BA.1 and BA.5 in seronegative children (aged 3 to 11 years), assessed at different time points:
before vaccination (A), one month (B), three months (C), six months (D), and twelve months (E) after receiving the second dose of CoronaVac. Each
point represents an individual sample from a participant. The assay cutoff value of 20 is indicated by the dashed lines on the x and y axes.
Spearman’s correlation coefficient was used, with statistical significance set at p < 0.05.
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immunological features that influence on neutralization escape (54).

Some studies, including a previous one from our group, showed that

BA.5 is less neutralized by previous infection (55) and vaccination

induced antibodies (11, 56, 57) than BA.1, the first omicron

subvariant that emerged.

In this study, the correlation between neutralizing antibodies

against BA.1 and BA.5 in seronegative children and adolescents,

revealing a moderate and statistically significant positive correlation

at most time points analyzed post-vaccination. Additionally,

interestingly, the data presented here showed that, when

comparing neutralization levels against BA.1 and BA.5 in children

and adolescents, no significant differences were observed after

CoronaVac administration, and this response was maintained

over time. This finding contrasts with previous reports from in

vitro and cohort studies, which suggest differential neutralization

efficacy against these subvariants (58, 59). As an example, a study

conducted in Japan with 13 thousand individuals, during BA.1/

BA.2 and BA.5 infection waves, showed that vaccination protection

against BA.5 was short-lasting and probably contributed to BA.5

infection peak (60).
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This induction and maintenance of considerable titers of

neutralizing antibodies in both age groups, independently of

infection history, could suggest new perspectives on vaccination

protocols for immunoresistant subvariants such as BA.5.

In a scenario where SARS-CoV-2 continues to circulate and

evolve, updated monovalent vaccines, specifically targeting

currently circulating variants, have replaced the previous bivalent

Wuhan/BA.5 vaccines and are now considered essential tools. Some

of these updated vaccines have already been tested and approved

(61–65). Although CoronaVac is no longer the primary vaccine

used in Brazil, the accumulated data from its widespread

application continue to inform public health strategies globally.

Moreover, CoronaVac, as a safe and effective inactivated virus

vaccine, remains a valuable tool for controlling SARS-CoV-2

infection and preventing progression to severe disease,

particularly in countries where updated vaccines are not yet

readily available (11).

As a limitation of our study, since our data showed no difference

on neutralization titers, after immunization, between subvariants,

and this opposes the literature regarding BA.5 immune escape, an
FIGURE 6

Correlation between neutralizing antibody titers against BA.1 and BA.5 in seronegative adolescents (aged 12 to 17 years), assessed at different time
points: before vaccination (A), one month (B), three months (C), six months (D), and twelve months (E) after receiving the second dose of
CoronaVac. Each point represents an individual sample from a participant. The assay cutoff value of 20 is indicated by the dashed lines on the x and
y axes. Spearman’s correlation coefficient was used, with statistical significance set at p < 0.05.
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increase in the number of samples could strengthen even more the

findings about vaccination and protection of youth population. As a

methodological limitation of the study, regarding the criterion

adopted to define prior SARS-CoV-2 infection, based on

simultaneous positivity for anti-S and anti-N IgG antibodies

detected by ELISA using antigens from the Wuhan reference

strain, although this approach was chosen to ensure greater

specificity, it is possible that it led to the misclassification of some

previously infected individuals as seronegative . This

misclassification may result from both the natural waning of total

antibody levels over time and the attenuated immune response

induced by variants such as Omicron, which may elicit antibodies

with low affinity for ancestral strain antigens, thus hindering their

detection by ELISA-based assays. The presence of relatively high

neutralizing antibody titers in some participants classified as

seronegative prior to vaccination reinforces this possibility,

suggesting the occurrence of asymptomatic infections that were

not serologically detected. Therefore, we acknowledge that this

approach may have underestimated the proportion of individuals

with prior infection, which should be considered when interpreting
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the immunological results observed after vaccination. In addition, it

is important to consider that the neutralization assays performed in

this study used total serum samples, without prior separation by

immunoglobulin isotype. Therefore, it is not possible to attribute

the observed neutralizing activity exclusively to the IgG fraction.

Other isotypes, such as IgM and especially IgA, the latter

particularly relevant in mucosal immune responses, may have

contributed to the detected neutralization titers, particularly

during the early stages of the immune response following

vaccination. This potential interference should be considered

when interpreting the data, as the total neutralizing activity

measured does not necessarily reflect only the long-term humoral

memory response mediated by IgG.

The results presented here highlight important and necessary

information regarding vaccination of children and adolescents. A

full immunization protocol with CoronaVac contributed to a

significant enhancement of serological response for naïve and

previous infected individuals, including against immunoresistant

subvariants such as BA.5, and this robust antibody neutralization is

stable for one year after vaccination. This positive response, in a
FIGURE 7

Correlation between neutralizing antibody titers against BA.1 and BA.5 in seropositive children (aged 3 to 11 years), assessed at different time points:
before vaccination (A), one month (B), three months (C), six months (D), and twelve months (E) after receiving the second dose of CoronaVac. Each
point represents an individual sample from a participant. The assay cutoff value of 20 is indicated by the dashed lines on the x and y axes.
Spearman’s correlation coefficient was used, with statistical significance set at p < 0.05.
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population that was vaccinated later, could be crucial to

deaccelerate SARS-CoV-2 circulation and reduce the emergence

of new subvariants. In addition, an inactivated viral vaccine showed

to be an interesting tool to increase immunity of less protected

individuals, especially in regions where new and updated vaccines

are not available yet.
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Background: Mumps is an acute infectious disease caused by the mumps virus 
(MuV), primarily affecting the parotid glands, though it can also lead to systemic 
infections, including the nervous system. In China, the predominant circulating 
MuV genotype is F, while the vaccine strain (S79 or WM84) belongs to genotype 
A, raising concerns about immunization effectiveness. 

Methods: A genotype F MuV strain was isolated from throat swabs of six 
suspected mumps patients. Through cell adaptation passage and plaque 
purification, two candidate vaccine strains QBB-2BS-3.2 and QBB-2BS-9.3 
were prepared. Their immunogenicity was assessed by neutralizing antibody 
and cell-mediated immune responses in immunized mice. Additionally, 
neurotoxicity was evaluated in neonatal Lewis rats. 

Results: Both QBB-2BS-3.2 and QBB-2BS-9.3 elicited strong neutralizing 
antibody responses and robust cell-mediated immune responses in mice. 
Notably, neurotoxicity testing revealed minimal neurotoxicity in QBB-2BS-3.2 
and QBB-2BS-9.3 strains, comparable to the S79 vaccine strain. 

Conclusions: This study successfully developed two attenuated genotype F MuV 
candidate strains with favorable immunogenicity and safety profiles, laying a 
critical foundation for the development of genotype F mumps live 
attenuated vaccines. 
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1 Introduction 

Mumps is an acute, self-limiting respiratory infection caused by 
the mumps virus (MuV), with the main clinical symptoms being fever, 
non-purulent swelling, and pain in the parotid glands (1, 2), which 
may also cause multi-organ damage, leading to serious complications 
such as pancreatitis, orchitis, deafness, aseptic meningitis, and 
encephalitis (3, 4). MuV belongs to the Paramyxoviridae family 
(Paramyxoviridae), whose viral genome is a non-segmented, single-
stranded, negative-stranded RNA containing 15,384 nucleotides, 
encoding the transcriptional units of seven viral proteins, including 
nucleoprotein (N), phosphoprotein (P), matrix (M), fusion (F), small 
hydrophobic (SH), hemagglutinin-neuraminidase(HN), and large (L) 
proteins (5, 6). HN protein is a type II integral membrane protein. F 
and HN proteins work together on viral membrane proteins, play an 
important role in the binding and entry process of viruses into host 
cells, and are also the main antigens that elicit an immune response 
from the organism (7–9). The immunogenicity of the HN protein is 
closely associated with the spatial conformation of its surface-exposed 
antigenic epitopes. Studies indicate that three key regions (aa265–288, 
aa329–340, and aa352–360) on the HN protein surface exhibit strong 
antigenicity due to their exposure on the molecular surface. Among 
these, the aa329–340 region induces potent neutralizing antibodies in 
mouse models, confirming its role as a critical conformational epitope 
(9). Furthermore, experiments with the HN3 fragment (aa213–372) 
validate that this region simultaneously elicits both hemagglutination­

inhibiting and neutralizing antibodies, highlighting its function as a 
core target for humoral immunity (10). Mumps virus consists of only 
one serotype, and the SH gene is highly variable and is often used as 
the basis for mumps virus genotyping. Based on the nucleotide 
sequence differences in the SH gene, mumps viruses are classified 
into 12 genotypes, including A, B, C, D, F, G, H, I, J, K, L, and N (11). 

Vaccination is an effective means of preventing and controlling 
the spread of mumps (12). Since 1967, with the widespread use of 
live attenuated vaccine (LAV), especially the measles, mumps, and 
rubella vaccine (MMR), which has been incorporated into the 
national vaccination programs of many countries, the incidence 
of mumps has been significantly reduced. The most widely used live 
attenuated mumps vaccine is the Jeryl Lynn strain (genotype A), 
and its derivatives, such as RIT4385, S79, and Wm84, are also 
widely used. The live attenuated mumps vaccine strains mainly used 
in China are S79 and Wm84. Epidemiological data showed that the 
predominant genotype of MuV prevalent in China is the F genotype 
(13–15). MuV has only one serotype, and antigenic cross-protection 
exists between genotypes. Studies reported that cross-protection 
between genotypes is limited. Serum antibodies from the Jeryl Lynn 
strain could neutralize other genotypes of MuVs. However, the 
neutralizing antibody titers against other strains were significantly 
lower than its own (16, 17). It implied that the current genotype A 
vaccine may not provide sufficient protection against an epidemic of 
genotype F MuV, which may be the reason for the breakthrough 
mumps cases that have occurred even after vaccination (18–20). 

Currently, the live attenuated mumps vaccine is mainly 
produced using primary chicken embryo cells (21, 22). A large 
number of chicken embryos were consumed, contrary to the 3R 
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principles (Replacement, Reduction, and Optimization) advocated 
by the World Health Organization (WHO) for the use of animals 
(23). Moreover, chicken embryo cells as a heterologous cellular 
matrix may cause allergic reactions, and chicken embryo cells carry 
infectious avian retroviruses that can cause side effects (24–26). To 
improve the scale-up production efficiency of mumps-associated 
vaccine and improve product safety, there is an urgent need to 
develop new MuV-adapted cell lines to replace the traditional 
chicken embryo cell culture. 

In this study, we successfully isolated one positive sample 
“MuV-QBB”, which  was  identified as genotype F MuV by 
isolating clinical samples from throat swabs of mumps patients. 
Subsequently, several F-genotype MuV 2BS cell-adapted strains 
were prepared using passaging and plaque purification. Finally, the 
candidate strains were tested for genetic stability, immunogenicity, 
and neurotoxicity. These results provided a basis for the 
development of the F genotype live attenuated mumps vaccine 
and the prevention and control of mumps. 
2 Materials and methods 

2.1 Animals and ethics statement 

The SPF female BALB/c mice (6–8 weeks old) were purchased 
from the Changchun Institute of Biological Products Co., Ltd. 
(Changchun, China), the SPF pregnant female Lewis rats were 
purchased from Beijing Vital River Laboratory Animal Technology 
Co., Ltd.(Beijing, China), which were maintained under SPF 
conditions with a 12 h/12 h light/dark cycle. All animal experiments 
were carried out under the guidelines of the Council on Animal Care 
and Use, with protocols approved by the Animal Ethics Committee of 
the Changchun Institute of Biological Products. Animals were 
monitored daily and received free access to water and food 
throughout the study. Mice were euthanized by cervical dislocation. 

The only human materials used were collected from the clinical 
suspected mumps patients for the purpose of public health and 
disease control. The studies involving humans were approved by the 
Ethics Committee of the China-Japan Union Hospital of Jilin 
University. The studies were conducted in accordance with the 
local legislation and institutional requirements. Written informed 
consent for participation in this study was provided by the 
participants’ legal guardians/next of kin. 
2.2 Mumps clinic specimens collection and 
virus isolation 

Six throat swab samples of children with mumps from an 
epidemic in Changchun City, Jilin Province, were collected and 
preserved after filtration and sterilization using a 0.22-micron filter. 
Within a biosafety level 2 (BSL-2) facility, clinical mumps 
specimens prescreened positive by reverse transcription 
polymerase chain reaction (RT-PCR) were inoculated onto 
confluent Vero cell monolayers in slant tubes for viral adsorption. 
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Post-adsorption, the inoculum was replaced with maintenance 
medium. Cultures were incubated at 35°C with daily monitoring 
for cytopathic effect (CPE). Viral harvest occurred when CPE 
exhibited >90% cellular degeneration or upon completion of 7­
day incubation. The strain was purified and separated using limiting 
dilution in Vero cells by picking single-plaque with the double-layer 
agar method. And the resulting isolation was stored at 4°C. After 
two rounds of plaque purification, cultures that appeared CPE 
continued to be inoculated with Vero cells for viral passaging. 
2.3 50% cell culture infective dose assay 

Virus titration was carried out using the CCID50 assay on Vero 
cells. The assay was performed in 96-well plates. Briefly, 10-fold serial 
dilutions (10-1-10-7) of viral samples were prepared in MEM (Gibco, 
11095080) containing 2% FBS (RUNSUN, 200420100). Then, 100 mL 
of each virus dilution and 100 mL Vero cell suspension (1.6 ×105 cells/ 
mL) were added to each well. Then, the plates were incubated at 37°C 
in 5% CO2 for 7 days. After the incubation period, the cells were 
observed for cytopathic changes. The titer was calculated as the 
CCID50/mL using the Reed-Muench method. 
2.4 Western blotting assay 

Cells cultured in 6-well plates were lysed using RIPA lysis buffer 
(Beyotime, P0013B). Samples were separated by SDS-PAGE 
(Beyotime, P0052B) and transferred to a nitrocellulose 
membrane. The membrane was blocked with 6% non-fat milk 
(Solarbio, D8340) for 1 h and incubated at 4°C overnight with 
appropriate primary antibodies: anti-HN (Detai, DT7988-1) and 
anti-NP (Eastcoast, HM400). Then, the membrane was washed and 
incubated with HRP-labeled secondary antibody (Abcam, 
ab205719) at room temperature for 1 h for subsequent detection 
using enhanced chemiluminescence. 
2.5 TEM 

TEM assays were performed as described. Briefly, viral particles 
were adsorbed onto glow-discharged carbon-coated copper grids 
(300 mesh) by incubating 7 mL of the sample suspension for 3 min 
at room temperature. Grids were treated with 2% phosphotungstic 
acid for 2 min (Solarbio, G1870). Stained grids were air-dried in a 
desiccator overnight to preserve structural integrity. All steps were 
performed using fresh staining solutions to minimize artifacts. 
Electron photomicrographs were taken from virus structures 
under a transmission electron microscope (Hitachi, HT7800). 
2.6 Sequencing and phylogenetic analyses 

Viral RNA was extracted from culture with cytopathic effect by 
using the TaKaRa MiniBEST Viral RNA/DNA Extraction Kit 
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(TaKaRa, 9766). To obtain the complete SH gene sequences, RT­
PCR was performed with the One-step RT-PCR kit (TaKaRa, 
RR096A) following the manufacturer’s instructions. The primers 
of SH-1(5′-AATATCAAGTAGTGTCGATGA-3′) and SH-2 (5′­
AGGTGCAAAGGTGGCATTGTC-3′) were used to amplify the 
entire SH gene. After purification of the PCR products with a QIA 
Gel Extraction Kit (Qiagen, 28704), the sequences were determined 
using the Sanger dideoxy terminator sequencing method with a 
BigDye Terminator Version 3.1 Cycle Sequencing kit (Life 
Technologies, 4337455) and ABI PRISMTM 3100 Genetic 
Analyzer (Life Technologies, Japan). Sequencher software version 
5.0 (Gene Codes Corporation) was used to edit and assemble the 
raw sequence data to obtain the 316-nt complete SH gene sequences 
(2). Each dataset was used to build a neighbor joining phylogenetic 
tree with Mega5 using the maximum composite likelihood 
nucleotide substitution model. The topology of the phylogenetic 
tree was tested with 1000 bootstrap replications. Bootstrap values 
greater than 80% were indicated on the trees. Maximum likelihood 
tree was also generated with Mega. p-distances were computed in 
Mega. The number of synonymous nucleotide substitutions per 
synonymous site (dS) and the number of nonsynonymous 
substitutions per nonsynonymous site (dN) were estimated in 
Mega by Nei and Gojobori’s method. 
2.7 Vaccine immunization program 

Female BALB/c mice aged 4–6 weeks were divided into three 
groups, the experimental group, the positive control, and the 
negative control. The experimental group (the QBB-Vero group, 
QBB-2BS-3.2 group, QBB-2BS-3.3 group, QBB-2BS-3.4 group, 
QBB-2BS-9.3 group) received an subcutaneous (SC) injection of 
100 mL mumps  virus at  1  × 106 CCID50/mL. The virus was 
administered via two SC injections (a primer and a booster after 
a two-week interval). Using the same vaccination schedule, the 
positive and negative control groups were administered with live 
MuV (S79) and PBS, respectively. Blood and spleen samples were 
obtained at 2 weeks post the booster administration. 
2.8 Enzyme-linked immunosorbent assay 

MuV-specific total IgG antibody titers were determined using 
ELISA. 50 mL of MuV mixtures (1 × 105 CCID50/mL of each 
genotype A and F) was added to each well and coated overnight in 
96-well plates at 4°C, and plates were washed three times with PBST 
(0.05% v/v) and blocked with 1% BSA (Beyotime, ST023) in PBST 
for 2 h at 37°C. Mouse serum was serially diluted and incubated 
with these mixtures for 1 h at 37°C, following which, the mixtures 
were washed, probed with HRP-conjugated goat anti-mouse IgG 
secondary antibodies (1:2000) for 1 h at 37°C, and washed again 
with PBS/T (0.05% v/v). Tetramethylbenzidine (TMB) (Thermo, 
XB3498751) was then added as a substrate, and the reaction was 
quenched by adding the stop solution for TMB. For each sample, 
the optical density (OD) was measured at 450 nm using an ELISA 
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reader and correlated to values in the standard curve. MuV-specific 
total IgG antibody titers were tested in 3 wells per mouse, and the 
mean values were used for statistical analysis. 
2.9 Mumps virus neutralization assay 

The neutralizing antibody titers against  theMuVs were determined  
using a microneutralization assay based on cytopathic effect (CPE) 
reduction. Briefly, heat-inactivated serum samples (56°C for 30 min) 
were serially diluted twofold in Modified Eagle Medium (MEM) 
supplemented with 2% fetal bovine serum (FBS), starting from an 
initial dilution of 1:4. Each serum dilution was mixed with an equal 
volume of MuVs strain (QBB or S79 MuVs, 500–2000 CCID50/mL) 
and incubated at 37°C for 1 h for neutralization. The virus-serum 
mixtures (100 mL/well) were then transferred onto confluent Vero cell 
monolayers cultured in 96-well plates and further incubated at 37°C 
under 5% CO2 for 7–10 days. Cells inoculated with virus-only 
(no serum) and cell-only (no virus) served as positive and negative 
controls, respectively. CPE was monitored daily under an inverted light 
microscope, and the neutralizing antibody titer was defined as the 
highest serum dilution that completely inhibited viral CPE in ≥50% of 
replicate wells. Statistical analysis was performed using GraphPad 
Prism v9.0, and geometric mean titers (GMT) with 95% confidence 
intervals were calculated. 
 

2.10 Detection of IFN-g and IL-2 secretion 
in vaccine-immunized mice 

T-cell responses were determined by gamma interferon (IFN-g) 
(MABTECH, 3321-4AST-2) and Interleukin-2 (IL-2) (MABTECH, 
3441-4APW-2) enzyme-linked immunosorbent spot (ELISpot) 
assay according to the manufacturer’s protocol. Spleens were 
harvested from immunized mice after booster immunization. 
Splenocytes were filtered through a 100 mm pore size nylon cell 
strainer (BD) and digested with red blood cell lysis buffer 
(Beyotime, C3702) to obtain a single-cell suspension. Splenocytes 
were seeded at 1×105 cells/well in RPMI-1640 supplemented with 
10% FBS and 1× P/S, pre-incubated at 37°C under 5% CO2 for 2 h, 
then stimulated with MuVs (1×105 CCID50/mL each of genotypes A 
and F) and incubated for an additional 24 h under the same 
conditions. After stimulation, the cells were incubated with 
biotin-conjugated antibodies and streptavidin-HRP. Spots were 
developed using 3-amino-9 ethylcarbazole (AEC) substrate. The 
numbers of IFN-g- and IL-2-secreting cells were counted using the 
automated ELISpot reader as described above. Data are presented as 
the number of spot-forming units (SFUs) per 105 splenocytes. 
2.11 Mumps virus neurovirulence 
assessment 

One-day-old Lewis rats were intracranially inoculated using a 
microsyringe (Thermo Fisher, T_7011481529) equipped with an 
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ultra-fine dual-wall needle (internal diameter: 0.15 mm; outer 
diameter: 0.72 mm). The viral suspension (0.01 mL containing 
10³ CCID50) was slowly injected perpendicularly through the skull 
(27). Tested viral strains included: S79 vaccine, QBB-Vero-P2, 
QBB-2BS-3.2-P20, QBB-2BS-3.2-P30, QBB-2BS-3.2-P40, QBB­

2BS-9.3-P20, QBB-2BS-9.3-P30, QBB-2BS-9.3-P40. Rats were 
euthanized 30 days post-inoculation, and brains were removed 
and fixed in 4% fixative solution (Solarbio, P1110) for histological 
analysis. Two 3 to 4 mm-thick sagittal slices were selected at a 
standard distance from either side of the anatomical midline from a 
fixed brain, paraffin-embedded, sectioned, and stained with 
hematoxylin and eosin. The severity of hydrocephalus was 
determined as the percentage of the total brain cross-sectional 
area (excluding the cerebellum) occupied by the lateral ventricle 
on each of the two sections per rat using Image Pro Plus image 
analysis software (Media Cybernetics, Silver Spring, Md.). The 
mean percentage of hydrocephalus in each experimental group of 
rats was calculated and designated as the rat neurovirulence test 
(RNVT) score (28). 
2.12 Statistical analysis 

Graphing and analysis were performed using the GraphPad 
Prism 8 Software (San Diego, CA, USA). Statistical significance was 
analyzed by one-way ANOVA. Data represent mean ± SEM (n = 3). 
Statistical significance was represented by asterisks and was marked 
correspondingly in the Figures: (ns; not significant, * p < 0.05, ** p < 
0.01, *** p < 0.001). 
3 Results 

3.1 Isolation and identification of F 
genotype mumps virus QBB strains 

Viral isolation from clinical samples of suspected mumps 
patients was performed in Vero cells, and one positive adaptive 
growth strain was obtained by screening from six samples. 
According to the principle of mumps strain nomenclature, the 
strain was named MuV/JiLin.CHN/2022 (QBB strain) (27). The 
whole genome sequence of the QBB strain is shown in 
Supplementary Material S1. As  shown  in  Figure 1A, the

morphology of Vero cells showed aggregation, rounded 
morphology, cellular aging, and shedding on day 4 post-
infection. The viral titers increased progressively through serial 
passaging, reaching 7.20 lgCCID50/mL at passage 5 (P5) 
(Figure 1B). NP protein is the main structural protein of the 
MuV nucleocapsid, and HN protein is the main surface antigenic 
protein of MuV. As shown in Figure 1C, Western blot results 
showed that the amplicon bands of NP and HN proteins in MuV-

QBB were consistent with S79 (positive control). Moreover, TEM 
revealed that the MuV-QBB virus exhibited a sphere-shaped 
morphology approximately 200 nm in diameter, which is in 
accordance with the structural characteristics of typical mumps 
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virus (Figure 1D). The universal standard for MuV genotyping is 
based on the SH genesequences. To determine the genotypic 
classification of the MuV-QBB strain, we aligned the SH gene 
sequence with representative genotype F reference strains and 
constructed a neighbor-joining phylogenetic tree (2). As shown 
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in Figure 1E, results of the evolutionary tree analysis showed that 
the MuV-QBB strain was located on the same branch as the Wshl, 
Wsh2, and Wlz1, Wlz2, Wlz3 and SP mumps strains (all F 
genotype mumps viruses), which indicated that MuV-QBB 
strains belonged to F genotype mumps viruses. 
FIGURE 1 

Isolation and identification of F genotype mumps virus QBB strains. (A) Cell morphology of Vero cells on day 4 post MuV-QBB infection. (B) Virus 
titer of different passages of MuV-QBB were detected in vero cells. (C) Western blot analysis of HN and NP proteins of the mumps. (D) Electron 
microscopy image of MuV- QBB. Scale bar: 500 nm. (E) Analysis and comparison the phylogenetic tree of SH and peripheral genes sequence of 
different genotypes mumps. Results are presented as means ± SD, n = 3. 
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3.2 Preparation of MuVs 2BS cell 
adaptation strains 

The MuV-QBB was passaged in 2BS cells up to P3, the cells 
exhibited typical cytopathic effects (CPE), whereas the negative 
Frontiers in Immunology 06120
control showed normal cell morphology (Figure 2A). As shown in 
Figure 2B, viral titer increased steadily, reaching 6.23 lgCCID50/mL 
at P5 generation. Subsequently, two rounds of plaque purification 
followed by viral amplification were performed. As shown in 
Figure 2C, plaques appeared round with smooth surfaces and 
FIGURE 2 

Generation of F genotype mumps virus 2BS cell-adapted strains. (A) Morphological changes in 2BS cells at 6 dpi with MuV-QBB. (B) Virus titer 
detection of MuV-QBB in 2BS cells at different passages. (C) Plaque clone of MuV-QBB mumps virus on 2BS cells. (D) Virus titer of the first round of 
plaque purification. (E) Virus titer of the second round of plaque purification. (F) Virus titer of four MuV-QBB 2BS cell-adapted strains from different 
passages. (G) Detection of HN and NP proteins by western blot in MuV-QBB 2BS-adapted strains. Results are presented as means ± SD, n = 3. 
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well-defined edges at 7 days post-infection. The 3, 5, and 9 plaque 
numbers were selected from 10 plaques based on the viral titer after 
the first round of plaque purification (Figure 2D). In the second 
round, 5 plaques were screened respectively from the plaques 
obtained in the first round of screening (Figure 2E). The number 
of 3.2, 3.3, 3.4, and 9.3 plaques were taken based on the results of 
CPE and virus titers after passaging and inoculated on 2BS cells for 
culture. As shown in Figure 2F, the virus titers stabilized at 6.0 
lgCCID50/mL after passaging to P15. Western Blot assay showed 
that HN and NP proteins were detected in all four MuV-QBB 2BS 
cell-adapted strains (Figure 2G). 
3.3 Evaluation of immunogenicity of the 
QBB strain of MuVs in mice 

To evaluate the immunogenicity of the QBB candidate strains, 
BALB/c mice were immunized and tested for humoral and cellular 
immune responses. The immunization schedules are depicted in 
Figure 3A. As shown in Figure 3B, MuV-specific serum IgG levels, 
measured by ELISA, were significantly elevated in all immunized 
groups compared to the negative control group. Neutralization 
assay analysis of cross-protection conferred by the vaccine 
candidates revealed that mice vaccinated with QBB-2BS-3.2 
developed significantly higher neutralizing antibody titers against 
the homologous QBB strain compared to those receiving the 
licensed S79 vaccine (Figure 3C), whereas neutralization titers 
against the heterologous S79 strain were comparable between 
both vaccine groups (Figure 3D). To explore the cellular immune 
response triggered by the QBB candidate strains, an ELISpot assay 
was performed to test IFN-g and IL-2 using immunized BALB/c 
mice splenocytes stimulated with mixtures of MuVs. Immune 
responses indicate vaccine-induced responses detected in ELISpot 
IFN-g and IL-2 assays. The levels of IL-2 were significantly higher in 
QBB-2BS-3.2 group compared to S79 group (Figure 3E), whereas 
the levels of IFN-g were similar in QBB-2BS-9.3 and S79 
group (Figure 3F). 
3.4 Biological characteristics and genetic 
stability of the QBB strain of MuVs 

To investigate the biological characteristics and genetic stability of 
the 2BS cell-adapted strain of F-genotype mumps virus (MuV). The 
QBB-2BS-3.2 and QBB-2BS-9.3 strains were serially passaged to P40 
in 2BS cells, and virus titers were measured at P15, P20, P25, P30, P35, 
and P40. As shown in Figure 4A, the titers of the F genotype 2BS cell-
adapted strains QBB-2BS-3.2 and QBB-2BS-9.3 gradually increased in 
the early generations and stabilized above 7.00 lgCCID50/mL after 
P20. Western blot analysis revealed stable expression of HN and NP 
proteins remained consistent across P15 to P40 for both QBB-2BS-3.2 
and QBB-2BS-9.3 strains (Figures 4B, C). Whole-genome sequencing 
showed that the QBB-2BS-3.2 strain had 8 non-synonymous 
mutations (Table 1), and the QBB-2BS-9.3 strain had 7 non-
synonymous mutations during P5 to P40 generations (Table 2). 
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3.5 Evaluation of mumps virus 
neurovirulence in neonatal rat model 

The neurovirulence of the candidate strains QBB-2BS-3.2 and 
QBB-2BS-9.3 was evaluated using the neonatal rat model. As shown 
in Figure 5, the left panel shows HE staining images of brain tissue 
from mice without hydrocephalus, and the right panel shows HE 
staining images of brain tissue from mice with hydrocephalus. The 
mean S/S0 ratio is the hydrocephalus neurotoxicity score. As shown 
in Figure 5B, there  was no significant difference in cerebral 
neurotoxicity scores of QBB-2BS-3.2 and QBB-2BS-9.3 strains in 
all generations compared with the S79 vaccine group or the placebo 
group, and on the contrary, when compared with the QBB-Vero-P2 
group. This indicates that the neurotoxicity of QBB-2BS-3.2 and 
QBB-2BS-9.3 was significantly weakened after adaptation, and there 
was no virulence reversion with the increase in the number 
of generations. 
4 Discussion 

Vaccines are an important means of preventing and controlling 
the spread of disease. Live attenuated vaccines are of great interest 
because of their long-lasting immunity and long duration of action, 
e.g., attenuated polio vaccine, attenuated chickenpox vaccine, and 
measles-mumps-rubella (MMR) vaccine, which have shown 
remarkable results in combating viral infections. The attenuated 
mumps vaccine was incorporated into China in the 1990s, and 
formally integrated into the National Expanded Programme on 
Immunization (EPI) in 2008. The most widely used vaccine strains 
in China are S79 and WM84, based on the JL strain (A genotype). 
There is only one serotype of the mumps virus, and virus strains of 
different genotypes have cross-protective effects. However, in the 
last decade, we have encountered repeated outbreaks of mumps in 
highly vaccinated populations, which call into question the 
effectiveness of available vaccines (29–33). Thus, vaccine strains 
and vaccination strategies may need to be further evaluated and 
optimized to ensure broader protection (34–36). Moreover, 
exploring the genetic characterization of mumps viruses and 
gaining insight into the immunogenicity differences between 
genotypes are essential to guide the design and use of mumps 
virus vaccines (37, 38). 

In this study, six specimens of throat swabs were collected from 
clinical samples of mumps patients after decontamination and 
filtration and inoculated with Vero cells, of which one sample 
(MuV-QBB) was screened. Western blot bands showing NP and 
HN protein production in MuV-QBB and control S79 group 
(Figure 1C). Meanwhile, TEM results showed that MuV-QBB 
virus was a globular structure with a diameter of about 200 nm, a 
typical mumps virus morphological structure (Figure 1D). The SH 
gene sequences are usually used as mumps virus genotyping criteria. 
We analyzed the homology of the SH gene sequences of the MuV-

QBB strain with the corresponding sequences of the representative 
strains of known genotypes, and constructed a gene kinship tree by 
using the neighbor-joining method, and the results of the 
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evolutionary tree analysis showed that the MuV-QBB strain was 
located on the same branch as Wshl, Wsh2, Wlz1, Wlz2, Wlz3, and 
SP. Wshl, Wlz1, Wlz2, Wlz3, SP, and other F genotype mumps 
strains were located in the same branch with high homology 
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(Figure 1E), indicating that the MuV-QBB strain belongs to the F 
genotype mumps virus. 

Cell lines used for vaccine production are increasingly 
becoming the focus of researchers. The WHO recommends 
FIGURE 3 

Evaluation of immunogenicity of the QBB strain of MuVs in mice. (A) Administration schedule of attenuated mumps vaccine candidates. (B) Total IgG 
elicited in BALB/c mice serum among different immune groups measured using ELISA. Results are presented as means ± SD, n = 3. ns; not 
significant, ***p < 0.001 (QBB-2BS-3.2 group compared to Placebo). (C) Serum neutralizing antibody titer against MuV-QBB. (D) Serum neutralizing 
antibody titer against S79. IL-2 (E) and IFN-g (F) ELISpot analysis was performed and the spots were counted. ns; not significant, *p < 0.05, 
**p < 0.01, ***p < 0.001. 
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Human diploid cell strains (HDCSs) as the safest cell culture 
substrate for the production of viral vaccines, and they have 
become the preferred cell substrate for vaccine production 
worldwide (39, 40). Mumps live attenuated vaccine is mainly 
produced using chicken embryo cells as a heterologous cellular 
lines, which may cause allergic reactions, and chicken embryo cells 
carrying infectious avian retroviruses may cause side effects. The 
human embryonic lung diploid cell 2BS strain is derived from 
healthy human embryonic lung tissue, which has the potential for 
large-scale culture and has a good safety profile (41). Currently, 2BS 
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cells have been successfully produced in hepatitis A, polio, rubella, 
and varicella vaccines (42, 43). MuV-QBB virus was inoculated into 
2BS cells, and after two rounds of plaque purification, four MuV­

QBB adaptor strains were successfully screened. The viral titer was 
stabilized above 6.0 lgCCID50/mL when the strains were passaged to 
P15 (Figure 2F). Western blot bands showing NP and HN protein 
production in four MuV-QBB-adapted strains (Figure 2G). 

To evaluate the immunogenicity of the QBB candidate strains, 
BALB/c mice were immunized and tested for humoral and cellular 
immune responses. ELISA using the MuV-specific serum antibodies 
FIGURE 4 

Biological characteristics and genetic stability of the QBB strain of MuVs. (A) The multiple growth curve of QBB-2BS-3.2 and QBB-2BS-9.3 strains 
from P15 to P40. Results are presented as means ± SD, n = 3. (B) Western blot of HN proteins in different passages of QBB strains. (C) Western blot 
of NP proteins in different passages of QBB strains. 
 

TABLE 1 Comparison of whole genome sequences of different generations of QBB-2BS-3.2 strain. 

Gene Position S79 
QBB-2BS-3.2 

Amino acids 
P5 P15 P20 P25 P30 P35 P40 

NP 74 T T C C C C C C I-T 

M 200 G G A A A A A A V-I 

F 
194 A A G G G G G G T-A 

531 T T T T T G G G S-R 

HN 

347 T T C C C C C C T-H 

464  A  A  A  A  A  A  G  G  N-S

526 A G A A A A A A K-E-K 

L 1561 T T T T T C C C I-T 
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revealed that the total IgG levels was higher in all immunized 
groups than in the negative control group, but there was no 
significant difference among the six experimental groups 
(Figure 3B). Studies have shown that cross-protection between 
genotypes is limited. Consistent with reports of genotype-
restr icted  cross-protect ion,  our  neutral izat ion  assays  
demonstrated that while QBB-2BS-3.2 induced significantly 
higher F-genotype-specific neutralizing titers than S79 
(Figure  3C),  both  candidates  maintained  comparable  
neutralization against the homologous S79 strain (Figure 3D), 
mirroring the limited heterotypic immunity observed in Jeryl 
Lynn derived vaccines. To explore the cellular immune response 
triggered by the QBB candidate strains, an ELISpot assay was 
performed to test IFN-g and IL-2 using immunized BALB/c mice 
splenocytes stimulated with mixtures of MuVs (44). IFN-g serves as 
the central mediator of protective immunity against mumps virus 
by directly activating the viral clearance capacity of macrophages, 
enhancing antigen presentation, and inducing antiviral protein 
expression; whereas IL-2 primarily marks Th1 cell activation and 
indirectly supports immune responses by promoting T cell 
expansion (45). The levels of IFN-g and IL-2 were significantly 
elevated in experimental groups compared to the placebo group. 
Moreover, the levels of IL-2 were significantly higher in QBB-2BS­
3.2 groups compared to S79 group (Figure 3E), and the levels of 
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IFN-g were similar in QBB-2BS-9.3 and S79 groups (Figure 3F). 
Therefore, QBB-2BS-3.2 and QBB-2BS-9.3 were selected for 
subsequent genetic stability studies. 

To investigate the biological characteristics and genetic stability of 
the 2BS cell-adapted strain of F-genotype mumps virus (MuV). The 
QBB-2BS-3.2 and QBB-2BS-9.3 strains were adapted to 40 passages in 
2BS cells. The titers of the F-genotype 2BS cell-adapted strains QBB­
2BS-3.2 and QBB-2BS-9.3 gradually increased from passage 15 to 40, 
and stabilized at 7.40 lgCCID50/mL (Figure 4A). The expression levels 
of HN and NP proteins remained consistent across passages 15 to 40 
for both QBB-2BS-3.2 and QBB-2BS-9.3 strains (Figures 4B, C). 
Whole-genome sequences showed that eight non-synonymous 
mutations occurred in QBB-2BS-3.2 and seven non-synonymous 
mutations occurred in QBB-2BS-3.2 during the passaging, compared 
with strain QBB-2BS-P5 (Tables 1, 2). It has been reported that the 
aa464 site of the HN protein was associated with viral neurotoxicity; 
Cui et al. showed that amino acids located at sites 329-340, 354, and 
356 on the  HN  protein were  associated with cross-neutralizing ability 
(46). Malik et al. confirmed that amino acid changes in the aa466 of the 
HN protein were associated with alterations in neurotoxicity (47, 48). 
Previous studies have confirmed that the aa464 (N-K) mutation in the 
HN protein of the Urabe AM9 vaccine strain enhances neurovirulence, 
whereas the aa466 (S-N) mutation in the 88–1961 strain reduces 
neurovirulence (46). Based on these findings, we will employ reverse 
TABLE 2 Comparison of whole genome sequences of different generations of QBB-2BS-9.3 strain. 

Gene Position S79 
QBB-2BS-9.3 

Amino acids 
P5 P15 P20 P25 P30 P35 P40 

M 
171 G G G G A A A A C-Y 

200 G G G G A A A A V-I 

F 194 A A G G G G G G T-A 

HN 

347 T T C C C C C C T-H 

466 A G G G G A A A N-S-N 

526 A G A A A A A A K-E-K 

L 197 A A G G A A A A K-E 
FIGURE 5 

Evaluation of mumps virus neurovirulence in neonatal rat model. (A) HE staining of brain tissue of Lewis rats. (B) Neurovirulence score of rat 
hydrocephalus inoculated with MuVs candidates. ns; not significant, *p < 0.05, **p < 0.01, ***p < 0.001. 
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genetics techniques to generate infectious clones harboring these 
specific mutations and conduct neuroinvasive phenotype analysis in 
neuronal models. The correlation of amino acid mutations occurring 
during the transmission of the two candidate strains with the 
antigenicity and neurotoxicity of MuV remains to be investigated. 

Neurotoxicity is one of the important indexes used to evaluate 
the safety of live attenuated MuV vaccines. Rhesus monkeys 
are commonly evaluated for MuV live attenuated vaccine 
neurotoxicity. However, it has been shown that mumps vaccine 
candidates assessed as safe by monkey neurotoxicity modeling can 
still cause meningitis and encephalitis in clinical trials (40). Rubin 
et al. proposed that neuropathology in neonatal rats inoculated 
with mumps virus could serve as a sensitive indicator of the 
neurovirulence potential of the human central nervous system, 
which could differentiate between wild-type (WT) virus strains 
and vaccine strains (23, 28, 49, 50). Subsequently, an international 
collaborative study conducted by the U.S. Food and Drug 
Administration (FDA) and the National Institute for Biological 
Standards and Control (NIBSC) evaluated the reliability, 
robustness, and reproducibility of the rat-based neurovirulence 
test (RNVT) in assessing the neurovirulence potential of MuV in 
humans (51). In this study, the neurotoxicity of QBB-2BS-3.2 and 
QBB-2BS-9.3 was evaluated using a neonatal Lewis suckling rat 
model. Results showed that no significant difference in RNVT 
score of QBB-2BS-3.2 and QBB-2BS-9.3 adapted strains in all 
generations compared with the vaccine group S79 or the placebo 
group (Figure 5B), indicating that the neurotoxicity of QBB-2BS­

3.2 and QBB-2BS-9.3 was attenuated and can be used as candidate 
strains. Notably, the neurovirulence stability observed between 
p20 and p40, in contrast to the significant attenuation seen 
between p2 and p20, suggests that genetic adaptations leading to 
reduced neurovirulence are selected during early serial passaging, 
eventually reaching a stable plateau. In follow-up studies, we will 
analyze the whole genome sequencing results  of  key passaged

virus populations to identify mutation sites associated with 
neurotoxicity attenuation, followed by functional validation 
using reverse genetics to characterize their specific effects

on neurovirulence. 
In conclusion, the F genotype mumps QBB strains were 

successfully isolated from clinical samples, and two MuV 2BS cell-
adapted strains were screened by strain inoculation with 2BS cell-
adapted cultures and plaque purification. In addition, the candidate 
strains were tested for genetic stability, immunogenicity, and 
neurotoxicity. These results provide a basis for the development of a 
live attenuated F genotype MuV vaccine. 
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Hypertension attenuates
COVID-19 vaccine protection in
elderly patients: a retrospective
cohort study
Zhen Yuan1†, Iong Fong Wong2†, Ren-He Xu1*,
Xiao Zhan Zhang2* and Chon Lok Lei1*

1Faculty of Health Sciences, University of Macau, Macao, Macao SAR, China, 2Pneumology
Department, Kiang Wu Hospital, Macao, Macao SAR, China
The COVID-19 pandemic has severely impacted elderly populations, particularly

those with comorbidities. This study evaluated the effects of COVID-19

vaccination on 193 hospitalized elderly patients (≥ 60 years) in Macao.

Vaccination was suggestively associated with a 2.3-fold higher likelihood of

prognostic improvement (adjusted OR = 2.3, 95% CI: 0.980-5.940, P = 0.065),

while hypertension significantly reduced the improvement rate by 67.5% (P =

0.039). Vaccinated patients also exhibited lower Modified Early Warning Scores

and reduced mortality. These findings underscore the protective role of

vaccination in improving prognosis among high-risk elderly patients and

highlight the need for tailored strategies for those with comorbidities.
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GRAPHICAL ABSTRACT
Introduction

The COVID-19 can affect individuals of all ages, especially those

with weakened immune systems and comorbidities, increasing the

risk of severe disease and mortality. Since the introduction of

COVID-19 vaccines, vaccination has been shown to significantly

reduce rates of infection, severe disease, and mortality (1).

Different types of vaccines, such as mRNA vaccines (Pfizer-

BioNTech) and inactivated vaccines (Sinovac, Sinopharm) (2), have

varying immunogenicity and efficacy, especially in older adults (3).

Individuals aged 65 and older, as well as those with at least one

underlying medical condition, remain at elevated risk for severe

outcomes from COVID-19 even after completing primary

vaccination (4). This study evaluates the clinical impact of

vaccination on elderly hospitalized patients with comorbidities,

focusing on prognosis improvement and mortality reduction to

inform public health strategies.
Frontiers in Immunology 02129
Method

Study population

This retrospective study included patients aged 60 years and

older who were hospitalized at Kiang Wu hospital in Macao

between December 15, 2022, and March 15, 2023.
Inclusion criteria

(1) Residents of Macao who were aged 60 years or older. (2)

Laboratory-confirmed COVID-19, defined as either a positive result

from a nasopharyngeal swab rapid antigen test or a nucleic acid test

with a cycle threshold value of less than 39. (3) Presence or absence

of fever, respiratory symptoms, gastrointestinal symptoms, or other

clinical manifestations of COVID-19.
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Exclusion criteria

(1) Incomplete clinical data. (2) Hospitalization for less than

24 hours.
Diagnostic and treatment protocols

The diagnosis, severity classification, and treatment protocols

followed the guidelines outlined in the Ninth Edition of the Chinese

Medical Association COVID-19 Diagnosis and Treatment Protocol.

Serum antibody for SARS-CoV-2 S (spike, RBD) was quantified

using the Elecsys® Anti-SARS-CoV-2 S kit (Roche) via

electrochemiluminescence immunoassay, following the

manufacturer’s instructions. Results were reported in U/mL,

with< 0.80 U/mL considered negative and ≥ 0.80 U/mL positive.
Statistical analysis

The study population was stratified by age (60–80 years and >80

years) and vaccination status (unvaccinated or vaccinated). Patients

with mixed vaccination types were excluded to minimize

confounding. Vaccine type (e.g., mRNA, inactivated), dose count

(1, 2, 3, 4), and concentrations of anti-S protein antibodies

categorized into three levels (<0.8, 0.8–25000, >25000). The

underlying medical conditions include hypertension (HT), diabetes

mellitus (DM), tumors, renal failure, cardiovascular disease, and

pulmonary disease. Prognosis categorized as either “improvement”

or “mortality” alongside Modified Early Warning Score (MEWS) and

chest X-ray (CXR) scores on hospital admission.

For the baseline analysis, categorical variables were described as

counts and percentages. Fisher’s Exact Test was used to calculate the

P-value for each dichotomous variable. To enhance the reliability of

the results, we further employed binomial logistic regression to

adjust for confounders Equations 1, 2:

Y  ∼   B(m, p) (1)

g(p) = b0 + b1x1 +  … + bkxk (2)

logit(p) = In
p

1 − p

� �
(3)

where m is the total patients, B is the binomial distribution, Y is

the number of patients with improved prognosis or anti-S antibody

levels out of m patients, g(p) is improvement prognostic status,

and p is the probability of patients with improved prognosis under

the given conditions of x1,…,xk, where xi are different dichotomous

variables: gender, age, vaccinated or not, cardiovascular disease,

renal failure, HT, DM, tumor, other disease, and pulmonary disease,

with k = 10. Some dichotomous variables (in the data) were not

included in the construction of the model due to the assumption of

independence of variables, e.g., the number of doses and “whether
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or not vaccinated” are related to the type of vaccine and the

concentrations of anti-S protein antibodies. Using Equations 3 to

perform a confounding factor analysis, p/(1 - p) is the ratio of the

probability of success to the probability of failure and is called the

OR. We then chose the final independent variable (HT, DM and

type of vaccine) by the Akaike information criterion (AIC) in a

stepwise algorithm (the direction is both ways), and the maximum

likelihood estimate is used to calculate the P-value.

We conducted a generalized linear model analysis using a

Poisson distribution to evaluate CXR scores and MEWS,

respectively.

Y  ∼   Poisson(l)

g(l) = b0  +  b1 x1  +  …   +  bn xn

Where Y is the CXR or MEWS, where xi are different

dichotomous variables: gender, age, vaccinated or not,

cardiovascular disease, renal failure, HT, DM, tumor, other

disease, and pulmonary disease, with n = 10. The subsequent

steps are similar to prognostic analysis. All analyses were

performed in R (version 4.4.1), and a P-value of< 0.05 was

considered statistically significant.
Results

A total of 193 hospitalized COVID-19 elderly patients in Macao

were included in this study (Tables 1, 2), comprising 91 women

(47.2%). The median age was 83 years, with 119 patients (61.7%) aged

> 80 years and 74 patients (38.3%) aged between 60 and 80 years. The

overall mortality rate in this cohort was 15% (29/193). Among the

participants, 45.6% (88/193) were vaccinated, including 82 patients

(93.2%) who received inactivated vaccines and 6 patients (6.8%) who

received mRNA vaccines. Vaccinated patients had a markedly lower

mortality rate (9.1%, 8/88) compared to unvaccinated patients

(20.0%, 21/105). Comorbidities were prevalent (Table 2):

hypertension (65.3%, 126/193), cardiovascular disease (48.7%, 94/

193), diabetes mellitus (34.2%, 66/193), renal failure (20.7%, 40/193),

pulmonary disease (17.6%, 34/193), and tumors (16.1%, 31/193).

Vaccinated patients had significantly better prognostic

outcomes compared to unvaccinated patients. Among the

vaccinated group, 90.9% (80/88) showed improvement, compared

to 80.0% (84/105) in the unvaccinated group (P = 0.043) (Table 1).

Multivariate logistic regression analysis indicated that vaccination

was suggestively associated with a 2.3-fold improvement in

prognosis (95% CI: 0.980–5.940, P = 0.065) (graphical abstract

table), whereas hypertensive patients were 67.5% less likely to

improve than non-hypertensive patients (OR = 0.325, 95% CI:

0.101–0.884, P = 0.039) (Table 3).

Severe COVID-19 symptoms are correlated with higher

adjusted Modified Early Warning Scores (MEWS) (5). The chest

X-ray (CXR) scoring system has since been applied to quantify

pulmonary damage in COVID-19 patient (6). Through multivariate
frontiersin.org
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logistic regression, vaccinated patients had significantly lower

MEWS compared to unvaccinated patients (Adjusted Rate =

0.828, 95% CI: 0.715–0.958, P = 0.012). However, no significant

difference was observed in CXR scores between the two groups

(Table 4). Patients with renal failure and pulmonary disease

exhibited significantly higher CXR scores (+17.6% and +16.8%,

respectively; both P< 0.01), but no significant difference in mortality

was observed.

Additionally, vaccinated patients had significantly higher

concentrations of anti-S protein antibodies, which were associated

with reduced mortality rates (Figure 1). We then analyzed the

relationship between anti-S antibody levels and clinical outcomes.

While anti-S antibody levels were not directly associated with

prognosis, patients with antibody concentrations > 25,000

exhibited significantly lower MEWS scores (71.4%, P = 0.025)

compared to those with lower antibody levels.
Frontiers in Immunology 04131
Discussion

This study demonstrates that COVID-19 vaccination,

particularly with inactivated vaccines, significantly improves

prognosis and reduces mortality in elderly hospitalized patients

with comorbidities. Vaccinated patients exhibited a suggestive trend

toward improved prognosis, with an adjusted odds ratio of 2.3 and

significantly lower MEWS scores. However, comorbidities such as

hypertension remained a critical risk factor, reducing the likelihood

of recovery by 67.5%. These findings align with previous research

(7) highlighting the protective effects of vaccination in high-risk

populations while providing novel insights into its specific impact

on clinical scores and mortality in elderly patients with

multiple comorbidities.

Despite the well-documented protective effects of vaccination,

our study highlights persistent challenges associated with

comorbidities. Pulmonary disease and renal failure are correlated
TABLE 1 Baseline characteristics.

Subgroup
Mortality
N=29

Improvement
N=164

P value

Gender 0.549

Female 12 (41.4%) 79 (48.2%)

Male 17 (58.6%) 85 (51.8%)

Age 0.415

>80 20 (69.0%) 99 (60.4%)

60-80 9 (31.0%) 65 (39.6%)

Vaccine 0.043*

No 21 (72.4%) 84 (51.2%)

Yes 8 (27.6%) 80 (48.8%)

Vaccine type 0.067

inactivated 7 (24.1%) 75 (45.7%)

mRNA 1 (3.4%) 5 (3.0%)

none 21 (72.4%) 84 (51.2%)

Concentrations of anti-S
protein antibodies

0.276

>25000 1 (3.4%) 20 (12.2%)

0.8-25000 19 (65.5%) 107 (65.2%)

<0.8 9 (31.0%) 37 (22.6%)

Number of doses 0.030*

0 21 (72.4%) 84 (51.2%)

1 0 (0.00%) 28 (17.1%)

2 4 (13.8%) 22 (13.4%)

3 3 (10.3%) 28 (17.1%)

4 1 (3.4%) 2 (1.2%)
P-value is based on Fisher’s Exact Test. *P< 0.05
TABLE 2 Baseline characteristics with underlying medical conditions.

Subgroup
Mortality
N=29

Improvement
N=164

P value

Pulmonary
disease

0.604

No 23 (79.3%) 136 (82.9%)

Yes 6 (20.7%) 28 (17.1%)

Cardiovascular 0.069

No 10 (34.5%) 89 (54.3%)

Yes 19 (65.5%) 75 (45.7%)

Renal failure 1.000

No 23 (79.3%) 130 (79.3%)

Yes 6 (20.7%) 34 (20.7%)

Tumor 0.424

No 23 (79.3%) 139 (84.8%)

Yes 6 (20.7%) 25 (15.2%)

DM 0.833

No 20 (69.0%) 107 (65.2%)

Yes 9 (31.0%) 57 (34.8%)

Other disease 0.774

No 15 (51.7%) 75 (45.7%)

Yes 14 (48.3%) 87 (53.0%)

Unknown 0 (0%) 2 (1.3%)

HT 0.035*

No 5 (17.2%) 62 (37.8%)

Yes 24 (82.8%) 102 (62.2%)
fr
P-value is based on Fisher’s Exact Test. *P< 0.05
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with worse clinical outcomes and are critical considerations in

clinical decision-making. Notably, while vaccinated patients

exhibited higher anti-S antibody levels, these levels were not

directly correlated with prognosis, suggesting that antibody titers

alone may not fully predict clinical outcomes. Instead, neutralizing

antibodies play a more direct role in viral clearance and the

Sinopharm vaccine, an inactivated whole-virus vaccine, induced a

broader antigenic response and higher neutralizing antibody titers

than mRNA vaccines, potentially contributing to the lower

mortality observed in vaccinated patients (8, 9).

The study’s retrospective design and limited sample size from a

single center limit the generalizability of the findings. Future

research should involve larger, multi-center cohorts to validate

these associations and explore additional risk factors.

Additionally, investigating the synergistic effects of vaccination

and adjunctive therapies may further optimize treatment

strategies for elderly patients with multiple comorbidities.

Our findings align with prior research (10) demonstrating the

protective role of COVID-19 vaccines in elderly populations but

offer new perspectives by incorporating detailed clinical severity

assessments, where we further evaluated MEWS and CXR scores,

providing a more granular assessment of disease severity.

Vaccination improves outcomes but does not fully mitigate risks

in high-risk subgroups with certain comorbidities, highlighting the

need for targeted interventions.
TABLE 3 Multivariate logistic regression for prognostic improvement.

Subgroup Rate P value

Age 60-80 1.136 [0.462,2.944] 0.785

Vaccine (yes) 2.3 [0.980,5.940] 0.065

HT (presence) 0.325 [0.101,0.884] 0.039*
P-value is based on Wald Test. *, P < 0.05. Values in parentheses indicate 95%
confidence intervals.
TABLE 4 Confounding factor analysis for CXR scores.

Subgroup Rate P value

Age 60-80 1.156 [1.066,1.254] < 0.001***

Cardiovascular
(presence)

0.927 [0.854,1.006] 0.071

Pulmonary
Disease (presence)

1.168 [1.055,1.291] 0.0026**

Renal Failure (presence) 1.176 [1.069,1.292] < 0.001***

Tumor (presence) 0.837 [0.743,0.941] 0.0032**

DM (presence) 1.097 [1.007,1.195] 0.034*
P-value is based on Wald Test. *P< 0.05; **P< 0.01; ***P< 0.001. Values in parentheses
indicate 95% confidence intervals.
FIGURE 1

The number of patients with different immunity strength with or without vaccination.
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Neutralizing antibody response
to different COVID-19 vaccines
in Brazil: the impact of previous
infection and booster doses
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Agnes R. Lage1, Aline S. G. Pereira1, Amanda V. P. Nascimento1,
Thiago R. Machado1, Anderson Paulino1, Thiago L. Medeiros1,
Lorena O. Fernandes-Siqueira2, Andrea T. Da Poian2,
Ingrid S. Horbach3, Adriana S. Azevedo3, Simone M. Costa1

and Ada M. B. Alves1*

1Laboatório de Biotecnologia e Fisiologia de Infecções Virais, Instituto Oswaldo Cruz, Fundação
Oswaldo Cruz, Rio de Janeiro, RJ, Brazil, 2Instituto de Bioquímica Médica Leopoldo de Meis,
Universidade Federal do Rio de Janeiro, Rio de Janeiro, RJ, Brazil, 3Laboratório de Análise
Imunomolecular, Instituto de Tecnologia em Imunobiológicos, Bio-Maguinhos, Fundação Oswaldo
Cruz, Rio de Janeiro, RJ, Brazil
Introduction: In Brazil, three COVID-19 vaccines were among the first widely

used (CoronaVac, ChAdOx1, and BNT162b2), which aimed to induce neutralizing

antibodies (NAbs) against the original SARS-CoV-2 strain. Although effective

against severe disease, they showed waning NAb levels and reduced efficacy

against variants, prompting booster doses. Thus, it is important to investigate and

compare the response induced by these vaccines and boosters.

Methods: In this study, we compare the magnitude, durability, and cross-

reactivity of NAbs among vaccinated volunteers in Brazil using an enzyme-

linked immunosorbent assay (ELISA)-based assay that measures Abs capable of

blocking the interaction between the receptor binding domain (RBD) and human

angiotensin-converting enzyme 2 (ACE2) receptor.

Results: The BNT162b2 two-dose regimen resulted in the highest and most

durable NAb levels, followed by ChAdOx1, while those induced by CoronaVac

significantly declined over time. Breakthrough infections boosted NAb levels,

especially for CoronaVac and ChAdOx1. All vaccines showed reduced

neutralizing capacity against Gamma, Delta, and Omicron variants. Booster

doses, particularly the first one, significantly increased and maintained NAb

levels, including those against Omicron.

Discussion: Our findings provide valuable population-based comparison of NAb

levels elicited by different vaccines following primary inoculation and booster

doses. Notably, the mRNA vaccine exhibited a strong primary and initial booster

NAb response against SARS-CoV-2.
KEYWORDS

COVID-19, vaccine, neutralizing antibodies, booster dose, SARS-CoV-2
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1 Introduction

In Brazil, three COVID-19 vaccines were initially widely used

following approval by the National Health Surveillance Agency

(ANVISA): CoronaVac, which was composed of the inactivated

SARS-CoV-2 developed by the Sinovac Biotech Company (1) and

produced by the Brazilian Butantan Institute; ChAdOx1 nCoV-19,

which was based on an adenoviral vector developed by the Oxford

University together with AstraZeneca Pharmaceutical (2) and

produced in Brazil by the Oswaldo Cruz Foundation; and the

mRNA-based BNT162b2 vaccine, developed by the BioNTech

Company together with Pfizer Pharmaceutical (3). All these vaccines

target the spike protein of the original SARS-CoV-2 strain as their main

antigen aiming to reach a neutralizing antibody (NAb)-centered

immunity. Unlike the other two platforms, CoronaVac may

additionally induce antibodies against other structural viral proteins,

although the spike protein remains the primary target for

neutralization. Phase 3 clinical trials showed effectiveness against

COVID-19, with CoronaVac at 50.7%–83.5% (4–6), ChAdOx1 at

70.4% (7), and BNT162b2 at 94%–95% (3). All three vaccines have

shown seroconversion with neutralizing activity against SARS-CoV-2.

However, follow-up studies revealed a decline in SARS-CoV-2 vaccine-

induced antibody levels over time, along with lower vaccine efficacy

against the constantly emerging SARS-CoV-2 viral variants (8–11). As

a result, booster vaccinations using either the original or updated

COVID-19 vaccines were recommended and remain in place today.

Although controlled clinical studies have confirmed the efficacy

and safety of COVID-19 vaccines, direct comparisons are challenging

due to variations in different populations and regions of the world,

vaccination timing, and the prevalence of emerging viral variants.

Population-based data offer a valuable and comprehensive source of

tracking vaccination outcomes and should be considered when

formulating future COVID-19 vaccination strategies (12).

The present study compares the magnitude, durability, and cross-

reactivity of the NAb response among volunteers in Brazil who were

vaccinated first with two doses of CoronaVac, ChAdOx1, or

BNT162b2, followed by homologous or heterologous booster doses.

The two-dose standard vaccination with BNT162b2 induced the

strongest and most sustained responses, while CoronaVac showed

the fastest decline. Prior infection enhanced responses across all groups.

Boosters—especially the first—were essential to restore and maintain

antibody levels, improve protection against variants like Omicron, and

support long-term immunity up to 1 year post-vaccination. This study

provides valuable insights into the dynamics and duration of vaccine-

induced antibody responses, which are crucial for informing future

guidelines on vaccine dosing regimens and heterologous dose

combinations in combating the pandemic.
2 Materials and methods

2.1 Study population

The study included healthy volunteers residing in Rio de

Janeiro, Brazil, who had received one or two doses of routine
Frontiers in Immunology 02135
COVID-19 vaccination either with CoronaVac (Sinovac/

Butantan), ChAdOx1 (Oxford/AstraZeneca), or BNT162b2

(Pfizer/BioNTech) and who were subsequently administered

heterologous or homologous booster doses. Participants in the

study were required to be over 18 years of age, sign an informed

consent form, and provide detailed demographic information,

including sex and date of birth, as well as data on previous SARS-

CoV-2 infections identified through rapid tests and polymerase

chain reaction (PCR). The study protocol was approved by the

Ethics Committee of Oswaldo Cruz Institute (CEP-IOC) - Fiocruz

(license numbers: CAAE 51345021.5.1001.5248 and CAAE

56246022.1.0000.5248) and of the Federal University of Rio de

Janeiro (license number: 35.303.120.5.0000.5257).

A total of 506 individuals voluntarily participated in the study.

The age distribution was categorized into two groups: 18 to 59 years

old (n = 425), comprising 307 women and 118 men, and 60 years or

older (n = 81), comprising 57 women and 24 men. Determination of

previous SARS-CoV-2 infection was based on participants’ self-

reported positive results from PCR and/or rapid tests, as well as

specific seroconversion to the viral nucleocapsid protein in the

enzyme-linked immunosorbent assay (ELISA).
2.2 Sample collection and study design

Blood samples were collected by venipuncture in vacuum tubes

(BD Vacutainer, BD Bioscience) containing sodium heparin

anticoagulant by trained personnel. Each volunteer donated two

tubes with 9 mL of blood. Plasma was obtained after centrifugation

of heparinized blood at 1,000 × g for 10 min at room temperature

(R.T.), aliquoted, and stored at −80°C until use.

Participants were vaccinated according to Brazil’s national

immunization campaign, which began in January 2021, with

prioritization based on age, comorbidities, and occupational

exposure. The sample collection occurred between mid-2021 and

late 2023, depending on volunteer availability, and was not

restricted to specific variant of concern (VOC) waves or vaccine

batches. There was no active control over participants’ vaccination

timing, beyond their self-reported vaccination status and

willingness to participate in this study. It is worth mentioning

that between early 2021 and 2023, Brazil experienced distinct SARS-

CoV-2 waves driven by variants like Gamma (early 2021), Delta

(mid- to late 2021), and Omicron (December 2021 through 2023

with sub-lineages), each significantly impacting public health.

The study design included the collection of plasma samples

after each dose of the COVID-19 vaccine at different time intervals.

Groups were stratified according to their initial vaccination regimen

of first and second homologous doses with either CoronaVac,

ChAdOx1, or BNT162b2. Sample collections after the third and

fourth vaccine doses were adopted as subsequent heterologous or

homologous booster doses. In Brazil, the CoronaVac vaccine fell

into disuse during the COVID-19 booster vaccination, leading to a

preference for heterologous booster regimens involving either the

ChAdOx1nCoV-19 or BNT162b2 vaccines. The sample collection

timing intervals varied by each vaccine-recommended protocol and
frontiersin.org
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volunteer willingness and availability. Sample times were designated

as follows: T1, average time according to each vaccine stipulated

regimen, varying from 15 to 86 days; T2, 15 to 75 days after the

second dose; T3, 90 to 365 days after the second dose; T4, 15 to 75

days after the third dose; T5, 90 to 365 days after the third dose; T6,

15 to 75 days after the fourth dose; and T7, 90 to 365 days after the

fourth dose. The average time of T1 collection varied according to

the vaccine due to different vaccination regimens in Brazil: 23 days

for CoronaVac, 71 days for ChAdOx1, and 66 days for BNT162b2.

We clarify that the data presented in this study are predominantly

treated as a cross-sectional cohort, with statistical treatment of

individual samples as independent observations. While a limited

subset of participants provided samples at multiple time points, it

was not possible to monitor and collect samples from all

participants at all designated time points throughout the study

period (withdrawal from vaccination or participation in the study).
2.3 Quantification of SARS-CoV-2-specific
neutralizing activity

Detection of NAb was performed using the cPass™ SARS-CoV-

2 Neutralization Antibody kit (GenScript, cat# L00847), according

to the manufacturer’s instructions. The assay utilizes a recombinant

receptor binding domain (RBD) of the SARS-CoV-2 spike protein.

It quantifies Abs that block the interaction between the RBD and

the human angiotensin-converting enzyme 2 (ACE2) receptor. The

cPASS assay has received regulatory validation from the U.S. Food

and Drug Administration as a reliable tool for SARS-CoV-2

neutralization, since, as stated by the agency document, “the test

mimics the virus neutralization process” (13).

Briefly, plasma samples along with positive and negative

controls provided with the kit were diluted in the sample dilution

buffer and incubated with RBD conjugated to horseradish

peroxidase (RBD-HRP) for 30 min at 37°C. Following incubation,

the reaction mixtures were transferred to microplates pre-coated

with ACE2 protein for 15 min at 37°C. The RBD-HRP bound to

ACE2 was detected using tetramethylbenzidine (TMB, Sigma)

substrate for 15 min at R.T. followed by a stopping solution.

Optical density (O.D.) was measured at 450 nm using a GloMax

Explorer GM3500 microplate reader (Promega). Plasma samples

were incubated in single replicates, while controls were incubated

in duplicates.

The NAb data were expressed in percentage or concentration in

international units/mL (IU/mL).

For the percentage representation, the binding inhibition was

calculated as follows:

Inhibition ( % )   = (1 −
sample O :D : value

negative control O :D : value

� �
 �100)

As standardized by the manufacturer, the ≥30% cutoff was

adopted for interpretation of positive SARS-CoV-2 neutralization

activity. An inhibition percentage of ≥30% indicates the presence of

Abs interacting with SARS-CoV-2 RBD and blocking the RBD–

hACE2 interaction. The percentage of inhibition in plasma samples
Frontiers in Immunology 03136
was assessed against original SARS-CoV-2 RBD (Wuhan isolate) as

well as against its variants Gamma (GenScript, cat# Z03601), Delta

(GenScript, cat# Z03614), and Omicron BA.1 (GenScript,

cat# Z03730).

For the concentration representation as IU/mL, a

semiquantitative analysis was also conducted, especially those

collected after the third and fourth vaccine doses, using

commercially provided SARS-CoV-2 Neutralizing Antibody

Standard curves (GenScript, cat# A02087). This methodological

shift was necessary due to the higher antibody levels, which

approached the percentage detection threshold. Results were also

expressed as antibody concentrations in IU, facilitating comparison

with other assays that quantify SARS-CoV-2 NAbs (14).
2.4 Quantification of neutralizing
antibodies against SARS-CoV-2 using
classical PRNT

The Plaque Reduction Neutralization Test (PRNT), considered

the gold standard for assessing NAbs against various viruses,

including SARS-CoV-2, was also used in this study. Its results

were compared with the cPass™ SARS-CoV-2 Neutralization

Antibody kit as a way to validate our findings on viral

neutralization inhibition. This comparison was performed with a

total of 114 plasma samples, including CoronaVac (n = 38),

ChAdOx1 (n = 37), and BNT162b2 (n = 40).

The PRNT protocol was previously described in detail (15). In

summary, Vero cells (CCL81, ATCC) were seeded into 24-well

plates (2 × 105 cells/well) in 199 media with Earle salts (E199,

Sigma) supplemented with 5% fetal bovine serum (FBS, Invitrogen)

1 day before the assay. Plasma samples were heat-inactivated at 56°

C for 30 min, serially diluted in culture medium (1:10 to 1:31,250),

and incubated with approximately 60 plaque-forming units (PFU)

of the ancestral strain of SARS-CoV-2 (SISGEN A994A37—

donation from the Laboratory of Respiratory Viruses,

Exanthematics, Enteroviruses and Viral Emergencies at IOC/

Fiocruz) for 1 h at 37°C in a 5% CO2 atmosphere. The plasma–

virus mixture was added to Vero cell monolayers and incubated for

1 h at 37°C in 5% CO2. After this incubation, the supernatants were

discarded, and cells were covered with 199 media supplemented

with 5% FBS and 1.5% carboxymethylcellulose (CMC, Sigma),

incubated for 3 days at 37°C in 5% CO2, followed by fixation and

inactivation with 1.25% (v/v) formalin solution and stained with

0.04% (w/v) crystal violet dye. Plaques were counted manually.

Finally, NAb titers were expressed as the highest serum dilution that

resulted in 50% plaque reduction (PRNT50), considering samples

with titers ≥ 1:14 seropositive to SARS-CoV-2. This threshold was

established based on a receiver operating characteristic (ROC) curve

analysis, which used 46 negative and 378 positive samples. The

analysis identified 1.64 log5 as the optimal cutoff, corresponding to a

dilution of 1:14. This point achieved the best balance between

sensitivity and specificity, maximizing the assay’s discriminatory

power between positive and negative samples. PRNT assays were

handled in a BSL-3 laboratory Multi-user Research Facility of
frontiersin.org
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Biosafety Platform BSL3-HPP, Oswaldo Cruz Institute, Oswaldo

Cruz Foundation, Rio de Janeiro, Brazil, following the approved

international laboratory biosafety guidelines (CDC, Interim

Laboratory Biosafety Guidelines for Handling and Processing

Specimens Associated with Coronavirus Disease 2019).
2.5 Quantification of SARS-CoV-2-specific
N antibody response

Plasma samples from all time points were evaluated for specific

nucleocapsid (N) seroconversion as an indicator of previous SARS-

CoV-2 infections. We quantified specific IgG Abs against the N

protein from the original SARS-CoV-2 strain (Wuhan isolate) using

a previously developed and validated ELISA protocol (16).

In summary, 96-well plates (Corning) were coated with the

recombinant N protein (0.2 mg/mL) produced in human embryonic

kidney (HEK) 293 cells and incubated overnight at 4°C. The following

day, plates were washed with PBST [0.1% Tween in phosphate-

buffered saline (PBS)] and blocked with 3% bovine serum albumin

(BSA) in PBST for 1 h at R.T. The blocking solution was removed,

and samples diluted 50-fold were added to the plates and incubated

for 2 h at room temperature. After washing, the plates were incubated

with secondary antibody (anti-IgG-HRP) diluted 1:5,000 in PBST for

1 h at 4°C. Plates were washed again and reactions were developed

with TMB (50 mL per well) for 16 min at room temperature and then

stopped with 3M HCl (50 mL per well). Absorbances were read at 450
nm on a spectrophotometer (Glomax Discover, Promega).

In this study, 15 samples collected prior to the COVID-19

pandemic (from individuals who had never been exposed to SARS-

CoV-2) were used to determine the seroconversion positivity threshold

for the N protein. The mean O.D. values plus three times the standard

deviation was calculated and set as the cutoff for positivity. A pool of

these samples was used as a control on all ELISA plates. Volunteers’

samples with O.D. higher than the stablished threshold were

considered positive for previous SARS-CoV-2 infection.
2.6 Statistics

Results were statistically analyzed using GraphPad Prism

software, version 9.0 (La Jolla, USA). All graphical data are

presented as the median and interquartile range (IQR). Statistical

differences were assessed using the non-parametric Mann–Whitney

test for two groups; non-parametric Kruskal–Wallis test with post

hoc Dunn’s correction for multiple comparisons was used for more

than two groups. Correlation analyses were performed by

computing Spearman ’s rank correlation coefficient and

significance in GraphPad Prism. A p-value< 0.05 was considered

statistically significant. Statistical comparisons involving very small

sample sizes (n< 5) should be interpreted with caution.
Frontiers in Immunology 04137
3 Results

3.1 Study population characteristics

The study cohort comprises 452 volunteers initially vaccinated

with two homologous doses of CoronaVac, ChAdOx1, or

BNT162b2, including a total of 321 female and 131 male

participants. Participants were categorized by age: 354 individuals

were between 18 and 59 years old (272 women and 82 men), and 98

were aged 60 and above (49 women and 49 men).

Among those vaccinated with CoronaVac (n = 108), there were

81 women (75%) and 27 men (24%), with median ages of 47 and 45

years, respectively. In this group, 59 women (54.6%) and 18 men

(16.6%) were aged 18 to 59 years, while 22 women (20.4%) and 9

men (8.4%) were ≥60 years. The ChAdOx1 group (n = 285) was the

most representative cohort, consisting of 206 women (72.2%) and

79 men (27.8%), with median ages of 40 and 47 years, respectively.

Within this group, 180 female (63.2%) and 40 male participants

(14%) were aged 18 to 60 years, and 26 women (9.1%) and 39 men

(13.7%) were 60 years or older. The BNT162b2 vaccine was used

later in Brazil; thus, this group is smaller and with young volunteers,

with 33 women (55.9%) and 24 men (40.7%), with median ages of

28 and 31 years, respectively. Of these, 33 women (55.9%) and 24

men (40.7%) were aged 18 to 59 years, and 1 woman (1.7%) and 1

man (1.7%) were ≥60 years (Table 1). The impact of sex and age

groups was assessed during the data analysis in this study.

The distribution of the total samples for each vaccine group

collected at the different time points (T1 to T7) is detailed in

Table 2. Specifically, 183 samples were collected from volunteers

vaccinated with CoronaVac, 630 samples were collected from

volunteers vaccinated with ChAdOx1, and 129 samples were

collected from volunteers vaccinated with BNT162b2, totaling 942

samples at different times throughout the study (Table 2, top). The

distribution of samples across time points was not uniform because

participant recruitment occurred continuously throughout the

study period. The increased number of participants at T3 is likely

attributable to a rise in public interest regarding vaccine

effectiveness, together with the relaxation of social distancing

measures. In general, participation in the study decreased over

time as the COVID-19 pandemic progressed and booster doses

were administered, affecting the number of samples of all

vaccine groups.

Previous SARS-CoV-2 infection was determined either by self-

reported positive results from PCR and/or rapid tests from

volunteers up to 6 months prior to sample collection or by

specific seroconversion to the viral nucleocapsid protein. The

number of samples considered positive for previous SARS-CoV-2

infection is detailed in Table 2 (bottom). The impact of prior

infection on the vaccine-induced antibody response was evaluated

in the study.
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3.2 Variation in the SARS-CoV-2 NAb
response induced by CoronaVac,
ChAdOx1, and BNT162b2 vaccination

The dynamics of NAb induced by vaccination were evaluated in

samples from volunteers who received two homologous doses of

CoronaVac, ChAdOx1, or BNT162b2 at three time points:

collection after the first dose (T1: average time according to each

vaccine stipulated regimen, varying from 19 to 84 days), short-term

collection after the second dose (T2: 15 to 75 days), and long-term

collection after the second dose (T3: 90 to 365 days). The average

time of T1 collection varied according to the vaccine due to different
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vaccination regimens in Brazil: 23 days for CoronaVac, 71 days for

ChAdOx1, and 66 days for BNT162b2. The total number of

volunteers per group and the average time intervals for each time

point are summarized in Figure 1A.

The NAb response against SARS-CoV-2 was measured using the

cPass™ SARS-CoV-2 Neutralization Antibody ELISA kit

(GenScript). Results were expressed as percentage inhibition, with

30% considered the positive threshold. CoronaVac induced the

lowest NAb response (median: 24%), followed by ChAdOx1

(median: 47%) and BNT162b2 (median: 51%) after the first dose

(T1), with the respective seroconversion rates of 45%, 67%, and 71%.

All vaccinated groups showed a significant increase in the percentage
TABLE 2 Total number of collected samples by time point.

All samples (n = 937) CoronaVac (n =183) ChAdOx1 (n = 626) BNT162b2 (n = 128)

Total of collected samples, n (%)

T1 197 (21.0) 22 (12.0) 141 (22.5) 34 (26.6)

T2 149 (15.9) 26 (14.2) 94 (15.0) 29 (22.7)

T3 217 (23.2) 65 (35.5) 127 (20.3) 25 (19.5)

T4 112 (12.0) 25 (13.7) 73 (11.7) 14 (10.9)

T5 149 (15.9) 30 (16.4) 108 (17.3) 11 (8.6)

T6 31 (3.3) 4 (2.2) 24 (3.8) 3 (2.3)

T7 82 (8.7) 11 (6.0) 59 (9.4) 12 (9.4)

*#Previous SARS-CoV-2 infection, n (%)

T1 27 (13.7) 3 (13.6) 20 (14.2) 4 (11.8)

T2 34 (22.8) 10 (38.5) 18 (19.1) 6 (20.7)

T3 39 (18.0) 16 (24.6) 18 (14.2) 5 (20.0)

T4 39 (34.8) 5 (20.0) 27 (37.0) 7 (50.0)

T5 73 (49.0) 17 (56.7) 52 (48.1) 4 (36.4)

T6 12 (38.7) 1 (25.0) 9 (37.5) 2 (66.7)

T7 51 (62.2) 7 (63.6) 38 (64.4) 6 (50.0)
*Previous SARS-CoV-2 infection was determined through self-reported information from volunteers up to 6 months before sample collection, and/or by detecting seropositivity for the viral
N protein.
#The numbers and percentages shown represent the proportion of positive samples out of the total samples collected at each time point.
Collection time intervals: T1—average time according to each vaccine stipulated regimen, varying from 15 to 86 days; T2—15 to 75 days after the second dose; T3—90 to 365 days after the second
dose; T4—15 to 75 days after the third dose; T5—90 to 365 days after the third dose; T6—15 to 75 days after the fourth dose; T7—90 to 365 days after the fourth dose.
TABLE 1 Demographic data for the COVID-19 vaccinated volunteers.

All volunteers (n = 452) CoronaVac (n = 108) ChAdOx1 (n = 285) BNT162b2 (n = 59)

Female Male Female Male Female Male Female Male

Total,
n (%)

321
(71.0)

131
(29.0)

81
(75.0)

27
(25.0)

206
(72.2)

79
(27.8)

34
(57.6)

25
(42.3)

Median age
(range)

40
(15-92)

44
(18-84)

47
(19-86)

45
(21-62)

40
(20-83)

47
(19-84)

28
(18-61)

31
(18-60)

n (%) of Age group: 18 to 59
272
(60.2)

82
(18.2)

59
(54.6)

18
(16.6)

180
(63.2)

40
(14.0)

33
(55.9)

24
(40.7)

n (%) of Age group: ≥ 60
49

(10.8)
49

(10.8)
22

(20.4)
9

(8.4)
26
(9.1)

39
(13.7)

1
(1.7)

1
(1.7)
fro
The demographic data for the volunteer cohort were stratified based on the initial vaccination regimen, which included two homologous doses from the CoronaVac, ChAdOx1, and BNT162B2
vaccine groups, followed by sex and age of each group. Age is represented in years.
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of NAb shortly after the second dose (T2), with 67% for CoronaVac,

89% for ChAdOx1, and 93% for BNT162b2. The second dose was

crucial (T2), also evidenced by the high seroconversion rates 48 days

after vaccination with CoronaVac (92%; 24 out of 26 individuals), 43

days after vaccination with ChAdOx1 (97%; 91 out of 94 individuals),

and 42 days after vaccination with BNT162b2 (100%; 29 out of 29

individuals). Antibody persistence was assessed at T3 (90 to 365 days

after the second dose). Individuals vaccinated with CoronaVac

showed a significant decline in neutralizing capacity in T3

compared to T2, approximately 179 days after the second dose,

with an average of 24% of NAb and 27 out of 65 individuals

considered positive for seroconversion. ChAdOx1 and BNT162b2

groups showed a slight decline in NAb levels, with an average of 129

and 127 days after the second dose of each, although no statistically

significant difference was observed comparing T2 and T3. Both

groups maintained high seroconversion rates of 88% (112 out of

127 individuals) and 100% (25 out of 25 individuals),

respectively (Figure 1B).

Longitudinal analysis of ChAdOx1 and CoronaVac vaccinees

showed an initial increase in NAb levels shortly after the second

dose (T2) followed by a decline long after the second dose (T3).

However, BNT162b2 consistently maintained high and uniform NAb

levels (Figure 1C). Comparative analysis of NAb levels shortly (T2) and

long (T3) after the second dose demonstrated significant differences

between vaccine strategies, with BNT162b2 showing a more

homogeneous and higher NAb response compared to the other two.

Notably, the standard two-dose CoronaVac regimen consistently

induced lower percentages of NAb than ChAdOx1 and BNT162b2

at the two time points evaluated (T2 and T3) (Figure 1D). Our findings

indicate that the standard two-dose regimen induces varying NAb

responses against the original SARS-CoV-2 virus. CoronaVac elicited

lower and less durable NAb, while ChAdOx1 produced a robust but

also less durable response. In contrast, BNT162b2 generated a

significantly stronger NAb response, characterized by higher levels,

greater persistence, and overall robustness.

To validate the use of the cPass SARS-CoV-2 Neutralization

Antibody ELISA kit with our cohort, we performed the gold

standard plaque reduction neutralization titer assay (PRNT50)

using plasma samples previously characterized as low, medium,

and high neutralizing. A significant correlation was observed

between the two assays, with a Spearman’s rank correlation

coefficient of r = 0.74 (p< 0.0001) (Supplementary Figure S1A).

Individually, the correlations were as follows: r = 0.72 (p< 0.0001)

for CoronaVac (Supplementary Figure S1B), r = 0.73 (p< 0.0001)

for ChAdOx1 (Supplementary Figure S1C), and r = 0.69 (p< 0.0001)

for BNT162B2 (Supplementary Figure S1D).
3.3 Previous infection with SARS-CoV-2
impacts the vaccine-induced NAb
response after CoronaVac, ChAdOx1, and
BNT162b2 vaccination

To assess the impact of previous SARS-CoV-2 infection on the

vaccine-induced NAb response, we considered self-reported
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information from volunteers up to 6 months before the sample

collection and/or detection of seropositivity for the viral N protein.

Previous SARS-CoV-2 infection significantly increased NAb

levels against the original SARS-CoV-2 strain (Wuhan isolate) after

the first dose (T1) in all vaccinated groups (Figure 2). In the

CoronaVac and ChAdOx1 groups, individuals with previous

infection exhibited higher average NAb levels shortly after the

second dose (T2) and, more notably, at a later time point (T3),

when these differences were statistically significant for both vaccines

(Figures 2A, B). In contrast, individuals vaccinated with BNT162b2,

regardless of having a previous SARS-CoV-2 infection, achieved

high levels of NAb shortly and long after the second dose (T2 and

T3), approaching the assay’s limit of detection (Figure 2C). Because

of the limited number of samples at certain time points in the

vaccinated and infected groups, we combined the results from the

three vaccinated groups (CoronaVac, ChAdOx1, and BNT162b2)

and assessed the impact of prior infection, irrespective of the

vaccination regimen. The average NAb values were higher in the

group with prior SARS-CoV-2 exposure, both after the first dose

(T1) and long-term fol low-up after the second dose

(T3) (Figure 2D).

These results indicate that prior infection with SARS-CoV-2

enhanced the specific NAb induced by two-dose vaccinations with

CoronaVac and ChAdOx1, including the durability of these

neutralizing responses. However, this prior infection had a

minimal impact on the BNT162b2 regimen.
3.4 Dynamic comparison of NAb induced
by CoronaVac, ChAdOx1, or BNT162b2
vaccination and their respective booster
doses in individuals with and without
previous SARS-CoV-2 infection

As the COVID-19 pandemic evolved with the emergence of new

variants, booster vaccine dose regimens were implemented. To better

quantify high-level NAb responses that may exceed the limits of

percentage-based measurements following booster doses, we

expressed NAb levels in international units per milliliter (IU/mL),

calculated by using a commercially SARS-CoV-2 NAb standard

curve. Samples were collected at various time points following the

recommended vaccination schedule: after the first dose (T1), 15 to 75

days after the second dose (T2), 90 to 365 days after the second dose

(T3), 15 to 75 days after the third dose (T4), 90 to 365 days after the

third dose (T5), 15 to 75 days after the fourth dose (T6), and 90 to 365

days after the fourth dose (T7). The total number of volunteers per

group and the average time intervals for each time point are

summarized in Figure 3A. In Brazil, heterologous booster doses

(using a different vaccine platform than the initial regimen) were

prioritized. Moreover, CoronaVac was less commonly used for

boosters. Most booster doses for ChAdOx1 recipients were

BNT162b2, and contrariwise. For the CoronaVac group, both

ChAdOx1 and BNT162b2 were administered as boosters.

The first booster dose (third vaccine dose) was crucial in

increasing NAb levels shortly after that dose, particularly in
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FIGURE 1

SARS-CoV-2 NAb response induced by two homologous doses of CoronaVac, ChAdOx1, and BNT162b2 vaccination. (A) Timeline of sample
collection of vaccinated volunteers who received standard two-dose vaccine regimens with CoronaVac, ChAdOx1, or BNT162b2. Plasma samples
were collected at the following time points: T1—15 to 86 days after the first dose; T2—15 to 75 days after the second dose; T3—90 to 365 days after
the second dose. The average time for T1 varied according to the recommended schedule for each vaccine, being shorter for CoronaVac (average
of 23 days) and longer for ChAdOx1 (average of 71 days) or BNT162b2 (average of 66 days). The number of volunteers per group and the average
time of collection ± standard deviation are detailed. (B) Percentage of NAb in individuals vaccinated with one or two homologous doses of
CoronaVac, ChAdOx1, or BNT162b2 vaccines. (C) Longitudinal follow-up of vaccinated volunteers with at least two subsequent collections through
time points. Medians for each time point were connected by a bold line to better represent the results. (D) Comparison of NAb percentages at each

time point according to the three different vaccine regimens. (B–D) Specific NAb percentages were assessed using the cPass™ SARS-CoV-2
Neutralization Antibody with the RBD from the original SARS-CoV-2 strain (Wuhan isolate). The dashed line at 30% indicates the test positivity
threshold. Red arrows indicate vaccine doses. The bars indicate the median and IQR. Non-parametric Kruskal–Wallis test was used for statistical
analyses. *p< 0.05, **p< 0.01, ***p< 0.001. Sample sizes of (C)—CoronaVac: T1 (n = 14), T2 (n = 19), and T3 (n = 13); ChAdOx1: T1 (n = 62), T2 (n =
75), and T3 (n = 49); BNT162b2: T1 (n = 19), T2 (n = 22), and T3 (n = 10). Samples sizes of (B, D) are detailed in (A).
Frontiers in Immunology frontiersin.org07140

https://doi.org/10.3389/fimmu.2025.1603612
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Caetano et al. 10.3389/fimmu.2025.1603612
individuals who received CoronaVac (479.7-fold increase) or

ChAdOx1 (14.1-fold increase) as the initial vaccine regimen,

where T4 was statistically higher than T3. Although not

statistically significant in the BNT162b2 group, NAb levels

showed a 4.4-fold increase shortly after the first booster dose

(third vaccine dose) between T3 and T4. The short-term impact

of the second booster dose (fourth vaccine dose) seems less

prominent regarding the NAb response against the original virus,

as there was no significant statistical increase in values observed at

T6 (shortly after the fourth dose) compared to the values observed

both shortly and long after the third dose (T3 and T4, respectively)

(Figure 3B). Longitudinal analysis of vaccinees showed a similar

pattern of responses, with a prominent increase in NAb levels

shortly after the first booster dose, especially for CoronaVac and

ChAdOx1, followed by high and uniform NAb levels (Figure 3C).
Frontiers in Immunology 08141
The long-term persistence of NAb following vaccination is

evident in the extended collection times, ranging from 90 to 365

days after each dose: T3 (after the second dose), T5 (after the third

dose), and T7 (after the fourth dose) (Figure 3D). Comparatively,

we observe much lower NAb levels long after the second dose (T3)

compared to long after the third dose (T5) in the CoronaVac and

ChAdOx1 vaccinees, underscoring the importance of the first

booster dose in enhancing the durability of NAb responses

against SARS-CoV-2 regarding these vaccines. In the CoronaVac

group, NAb levels were approximately 386.1-fold lower in T3

(average of 179 days after the second dose) compared to T5

(average of 178 days after the third dose). However, the fourth

dose resulted in a non-significant small decrease comparing NAb in

T5 (average of 178 days after the third dose T5) and T7 (average of

249 days after the fourth dose). Regarding the ChAdOx1 vaccine,
FIGURE 2

SARS-CoV-2 NAb in individuals vaccinated with CoronaVac, ChAdOx1, or BNT162b2, with and without previous SARS-CoV-2 infection. Percentage
(%) of NAb in individuals vaccinated with the standard two-dose regimen with CoronaVac (A), ChAdOx1 (B), BNT162b2 (C), and all vaccines together

(D). Specific NAb percentages were assessed using the cPass™ SARS-CoV-2 Neutralization Antibody with the RBD from the original SARS-CoV-2
strain (Wuhan isolate). Previous SARS-CoV-2 infection was determined by self-reported positive results from PCR and/or rapid tests, as well as
specific seroconversion to the viral nucleocapsid protein. The dashed line at 30% indicates the test positivity threshold. Red arrows represent vaccine
doses. The bars indicate the median and IQR. Non-parametric Mann–Whitney test was used for statistical analyses. *p< 0.05; **p< 0.01; ***p< 0.001;
****p< 0.0001. Sample sizes: T1—CoronaVac (n = 19/3), ChAdOx1 (n = 121/20), and BNT162b2 (n = 30/4); T2—CoronaVac (n = 16/10), ChAdOx1 (n
= 76/18), and BNT162b2 (n = 23/6); T3—CoronaVac (n = 49/16), ChAdOx1 (n = 109/18), and BNT162b2 (n = 20/5); values indicate number of
vaccine-only/vaccine + infection participants.
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NAb levels were statistically 7.3-fold lower in T3 (average of 128

days after the second dose) compared to T5 (average of 167 days

after the third dose), with a less pronounced increase (1.3-fold) in

T7 (average of 206 days after the fourth dose) compared to T5. In

contrast, individuals who initially received the BNT162b2 regimen

maintained consistently high and long-lasting NAb levels, with no

significant difference observed between T3 (average of 127 days
Frontiers in Immunology 09142
after the second dose), T5 (average of194 days after the third dose),

and T7 (average of 200 days after the fourth dose) (Figure 3D).

We assessed the influence of sex and age on the NAb response.

Owing to the limited number of individuals in some subgroups, we

combined all vaccinated individuals at different time points and also

separated them by the first vaccine regimens (the first two

homologous doses) (Supplementary Figure S2). The influence of
FIGURE 3 (Continued)
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FIGURE 3 (Continued)

SARS-CoV-2 NAb response induced by two homologous doses of CoronaVac, ChAdOx1, and BNT162b2 vaccination followed by booster doses.
(A) Timeline of sample collection of vaccinated volunteers who received the first standard two-dose vaccine regimen with CoronaVac, ChAdOx1, or
BNT162b2 vaccines followed by the booster doses. Plasma samples were collected at the following time points: T1—15 to 86 days after the first
dose; T2—15 to 75 days after the second dose; T3—90 to 365 days after the second dose. The average time for T1 varied according to the
recommended schedule for each vaccine, being shorter for CoronaVac (average of 23 days) and longer for ChAdOx1 (average of 71 days) or
BNT162b2 (average of 66 days). The number of volunteers per group and the average time of collection ± standard deviation are detailed.
(B) Concentration (IU/mL) of NAb against the original SARS-CoV-2 strain (Wuhan isolate) in volunteers who received the initial vaccine regimen of
CoronaVac, ChAdOx1, or BNT162b2, followed by one or two booster doses of any of these vaccines. (C) Longitudinal follow-up of the NAb
concentration (IU/mL) for participants with two or more consecutive sample collections from T1 to T7. Medians for each time point were
connected by a bold line to better represent the results. (D) Concentration (IU/mL) of NAb against the original SARS-CoV-2 strain (Wuhan isolate) in
vaccinees at long-term time points (T3, T5, and T7). Concentrations (IU/mL) of NAb were assessed using the cPass™ SARS-CoV-2 Neutralization
Antibody with the RBD from the original SARS-CoV-2 strain (Wuhan isolate) and a standard monoclonal antibody curve (GenScript).
(E) Concentration of NAb in vaccinated individuals (CoronaVac, ChAdOx1, and BNT162b2) followed by booster doses with or without previous
SARS-CoV-2 infection. (B–D) The bars indicate the median and IQR. Red arrows indicate vaccine doses. (B, D) Non-parametric Kruskal–Wallis test
was used for statistical analyses. *p< 0.05, ***p< 0.001. (E) Non-parametric Mann–Whitney test was used for statistical analyses. **p< 0.01. Sample
sizes of (C)—CoronaVac: T1 (n = 20), T2 (n = 23), T3 (n = 15), T4 (n = 8), T5 (n = 6), T6 (n = 3), and T7 (n = 3); ChAdOx1: T1 (n = 70), T2 (n = 75), T3
(n = 70), T4 (n = 56), T5 (n = 54), T6 (n = 25), and T7 (n = 23); BNT162b2: T1 (n = 14), T2 (n = 19), T3 (n = 29), T4 (n = 20), T5 (n = 10), T6 (n = 4),
and T7 (n = 2). Sample sizes of (E)—Vaccine only: T4 (n = 73), T5 (n = 76), T6 (n = 19), and T7 (n = 31); Vaccine + infection: T4 (n = 39), T5 (n = 73),
T6 (n = 12), and T7 (n = 51). Samples sizes of (B, D) are detailed in (A).
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sex was only evident shortly after the second booster dose (T6),

where male individuals had higher NAb levels than female

individuals (Supplementary Figure S2A). Regarding age, we

observed that individuals aged 60 years or older had lower NAb

levels only at the longest time point after vaccination (T3), but this

difference was not seen in either shortly (T4 and T6) or long (T5

and T7) after booster doses (Supplementary Figure S2A).

To assess the influence of prior SARS-CoV-2 infection on NAb

dynamics after booster doses, we analyzed data from all vaccinated

individuals together (CoronaVac, ChAdOx1, and BNT162b2).

While no significant impact of prior infection was observed in the

shorter follow-up times after the third (T4) and fourth (T6) vaccine

doses, we found statistically higher NAb levels in vaccinated

individuals and individuals previously infected with SARS-CoV-2

at the longer time points (T5 and T7) (Figure 3E). This suggests that

prior infection mainly affects the durability of NAb responses rather

than their magnitude.

Taken together, these results highlight the importance of

booster doses in enhancing the antibody response to the original

SARS-CoV-2 strain. The first booster played a significant role in

increasing the NAb levels both shortly and long after vaccination,

while the second booster was slightly more relevant in promoting

greater durability of these antibodies (Abs), which was also

correlated with the impact of prior SARS-CoV-2 infection.
3.5 Cross-reactivity of NAb response
induced by CoronaVac, ChAdOx1, or
BNT162b2 vaccination directed to Gamma,
Delta, and Omicron variants

A major difficulty in COVID-19 vaccination is promoting a

robust and durable cross-protective immune response against

emerging SARS-CoV-2 VOCs leading to ongoing infection waves

and prolonging the pandemic. To assess antibody cross-reactivity,

we examined their neutralization capacity against Gamma (P.1),

Delta (B.1.617.2), and Omicron (B.1.1.529) VOCs.
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A standard vaccination regimen with two homologous doses of

CoronaVac, ChAdOx1, or BNT162b2 showed a greater capacity to

neutralize the original SARS-CoV-2 strain compared to the

Gamma, Delta, and Omicron variants shortly after vaccination

(T2) (Figure 4). The NAb median response against the Gamma

and Delta variants was above the positive threshold for all three

vaccines, though it remained lower compared to the original strain.

For Gamma, the NAb percentages were approximately 47.9% for

CoronaVac, 41.9% for ChAdOx1, and 82.9% for BNT162b2 groups.

Against Delta, the averages were 55.9%, 45.6%, and 81.4%,

respectively. However, none of the regimens demonstrated

effective neutralization against the highly mutated Omicron

variant, which exhibited the lowest average NAb levels

(CoronaVac: 12.8%, ChAdOx1: 2.6%, and BNT162b2: 16.3%) and

the largest reduction ratio relative to the original strain (CoronaVac:

5.3-fold, ChAdOx1: 29.9-fold, and BNT162b2: 5.6-fold).

Comparatively, CoronaVac and BNT162b2 groups showed the

lowest rates of antibody reduction against VOCs, while the

ChAdOx1 vaccinees exhibited the highest reduction (Figure 4).

Given the widespread prevalence of Omicron since late 2021,

the cross-reactivity of Ab induced by booster doses was evaluated

exclusively against this variant shortly after vaccination.

Statistically, all vaccine regimens showed lower levels of NAb

against Omicron compared to the original strain, both after the

second (T2) and third doses (T4). While a reduction in NAb levels

was observed after the fourth dose, it was statistically significant

only in the ChAdOx1 group (Figure 5A). Over time (T2 to T6),

NAb levels showed a tendency to increase. To investigate whether

this rise was driven solely by the booster doses or also by natural

infections with ongoing Omicron waves, samples from all vaccine

groups were analyzed, distinguishing between vaccination alone

and vaccination with SARS-CoV-2 infection before collection. A

clear increase in NAb levels against both the original strain and

Omicron was observed after booster doses compared to the initial

response from the homologous vaccine regimen (Figure 5B).

Antibody levels against Omicron were higher in individuals who

had both been vaccinated and infected with SARS-CoV-2, with
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statistically significant differences at T2 and T4 (Figure 5C). After

the second dose of the homologous regimen (T2), SARS-CoV-2

infection increased the Omicron NAb response, even though the

Omicron variant was not circulating when these samples were

collected. This increase was more evident after the third (T4)

dose, with NAb levels rising from 76% to 87.2% (Figure 5C).
4 Discussion

The unprecedented development of COVID-19 vaccines has

been crucial in combating the pandemic. The ongoing

accumulation of population-based vaccination data provides

valuable insights to understand how to optimize vaccine use in

the future. Although not exclusively, the development of COVID-19

vaccines prioritized inducing a NAb response, primarily targeting

the highly antigenic S protein, which is crucial for viral entry.

Several studies with individuals vaccinated against COVID-19

demonstrate a positive correlation between high levels of NAb

and vaccine protective efficacy (17–19). In Brazil, the population

was primarily vaccinated with three COVID-19 vaccines:
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CoronaVac (inactivated virus), ChAdOx1 (viral vector), and

BNT162b2 (mRNA). Since different vaccine platforms can induce

varying immune responses, this study aimed to evaluate the

magnitude and durability of NAb up to 365 days after the

vaccination following booster doses and its ability to neutralize

viral variants.

While PRNT50 is the gold standard for measuring NAb against

SARS-CoV-2 (20) and other viruses, its complexity limits its use

(costly, time-consuming, and the need for a BSL3 facility). As an

alternative, this study used a commercially available Food and Drug

Administration (FDA)-approved immunoenzymatic assay (cPass

Neutralizing Antibody kit) that measures ACE2-RBD binding

inhibition as a surrogate for NAb levels (13, 21). Previous studies

correlate well such an assay with PRNT results (22–26), which was

also seen here with a subset of our vaccinated cohort.

Our initial data show that the two-dose homologous regimen of

the BNT162b2 vaccine generated higher and long-lasting NAb

levels against SARS-CoV-2, followed by ChAdOx1 and finally

CoronaVac. Direct comparisons of our findings with the

literature are challenging, as COVID-19 vaccination worldwide

involved not only these vaccines but also several others,
FIGURE 4

Neutralizing antibody response to SARS-CoV-2 Gamma, Delta, and Omicron variants induced by two homologous doses of CoronaVac, ChAdOx1,
and BNT162B2 vaccination. Percentage (%) of NAb in individuals shortly after vaccination with CoronaVac, ChAdOx1, or BNT162b2, against the
original virus RBD or its VOCs Gamma, Delta, and Omicron. The bars represent the median and IQR. Different plasma dilutions were used for
samples of each vaccination regimens: CoronaVac, 10-fold; AstraZeneca, 50-fold; Pfizer, 100-fold. The dashed line at 30% represents the positivity
detection threshold of the test. Values above the bars represent the average ratios between the NAb percentage against the original virus RBD and
against the RBDs of the Gamma, Delta, and Alpha VOCs. The Kruskal–Wallis non-parametric test was used for statistical analysis. ***p< 0.001.
Sample sizes—CoronaVac (n = 24), ChAdOx1 (n = 94), and BNT162b2 (n = 29).
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administered in varying orders and schedules. Similar results were

seen comparing these three different vaccine platforms (27, 28).

Healthcare workers vaccinated with mRNA vaccines (mRNA-1273

and BNT162b2) exhibited significantly higher NAb titers after the

first dose, and these levels remained elevated 6 months after the

second dose, compared to those vaccinated with ChAdOx1 or

Sinopharm (28). Similar patterns have been reported in Mexico

(29), Thailand (30), Chile (31), Indonesia (32), and Brazil (33, 34),

where studies consistently showed that BNT162b2 induced superior

NAb responses compared to other vaccine platforms. Other studies

have shown that vaccine-induced SARS-CoV-2 NAb tends to
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decrease over time (8–10, 35), affecting the long-lasting protective

immunity against this virus. One multicentric study conducted in

Brazil and Mexico has shown that BNT162b2 offers a more

sustained SARS-CoV-2 Spike IgG response in a 6-month follow

up (36). Our results, in addition to others (36–38), revealed that

CoronaVac induced lower and less durable levels of NAbs than

BNT162b2 and ChAdOx1, indicating that the platform of the

inactivated virus is less effective. Furthermore, the immunogenic

epitopes of the spike protein may undergo structural changes

during the virus inactivation process, potentially affecting and

reducing its immunogenicity (39). However, it is important to
FIGURE 5

Neutralizing antibodies against the original virus and the Omicron VOC in individuals vaccinated with CoronaVac, ChAdOx1, or BNT162b2 followed
by booster doses, with and without previous SARS-COV-2 infection. (A) Percentage (%) of NAb against the original SARS-CoV-2 virus and Omicron
variant at the different time points. (B, C) Percentage (%) of NAb against the Omicron variant in vaccinated individuals with and without previous virus
infection. Plasma samples were collected at the following time points: T2—15 to 75 days after the second dose; T4—15 to 75 days after the third

dose; T6—15 to 75 days after the fourth dose. Specific NAb percentages were assessed using the cPass™ SARS-CoV-2 Neutralization Antibody with
the RBD from the original SARS-CoV-2 strain (Wuhan isolate) or Omicron (B.1.529.1). Previous SARS-CoV-2 infection was determined by self-
reported positive results from PCR and/or rapid tests, as well as specific seroconversion to the viral nucleocapsid protein. The bars represent the
median and IQR. Red arrows indicate vaccine doses. Non-parametric Mann–Whitney test was used for statistical analyses. **p< 0.01; ***p< 0.001;
**** p< 0.0001. Sample size of (A)—CoronaVac: T2 (n = 24), T4 (n = 25), and T6 (n = 4); ChAdOx1: T2 (n = 94), T4 (n = 73), and T6 (n = 22);
BNT162b2: T2 (n = 29), T4 (n = 14), and T6 (n = 3). Sample size of (B, C)—Vaccine only: T2 (n = 113), T4 (n = 73), and T6 (n = 18); Vaccine +
infection: T2 (n = 34), T4 (n = 39), and T6 (n = 11).
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note that the CoronaVac and its platform was of extreme

importance at the beginning of the pandemic in Brazil, by

inducing protection against severe COVID-19 and deaths, being

applied to health workers and the elderly (40), as well as in other

countries around the world (4–6). The mRNA vaccines, in turn,

mimic natural infection, leading to high-affinity antibody

production and prolonged antigen protein production, which

sustained the immune response (41).

Initially, vaccines were administered in a single vaccination

schedule with two homologous doses, followed by booster doses in

response to the observed decline in antibody neutralization over

time and the ongoing evolution of viral variants capable of evading

vaccine-induced immunity. In Brazil, boosters were primarily

BNT162b2 for the CoronaVac and ChAdOx1 groups, and mainly

ChAdOx1 for the BNT162b2 group. The first booster dose (third

vaccination) significantly strengthened and sustained the NAb

response over time, especially for CoronaVac and ChAdOx1

initial regimens. Booster doses of COVID-19 vaccines,

particularly with heterologous regimens, have been shown to

enhance antibody responses, including against emerging variants

responsible for new infection waves (42–45). According to our

findings, the mRNA vaccines (BNT162b2 and mRNA-1273) have

been especially effective in reinforcing immunity initially induced

by inactivated or viral vector vaccines (46–48). Studies from Brazil

(49), Chile (50), and Thailand (51) show a robust increase in

vaccine-induced NAb response when the BNT162b2 vaccine was

administered as booster for individuals initially vaccinated with

CoronaVac. These findings are important for designing future

vaccine guidelines in low- and middle-income countries that

relied on CoronaVac for their vaccination campaigns.

Several factors can alter the production and durability of NAb

generated by COVID-19 vaccines, such as age, sex, and previous

infections (52). In general, vaccines have lower efficacy in older

individuals due to age-related immunosenescence (53, 54).

However, our results showed similar immunogenicity regardless

of age, in accordance with other vaccination studies (55, 56). Elderly

individuals showed lower NAb levels in long-term follow-up after

the initial vaccination regimen, suggesting an age-related impact in

sustaining the vaccine’s immunogenicity, but this difference was no

longer apparent after booster doses. A single difference emerged

after the booster dose, with men demonstrating higher NAb titers.

This sex-specific difference, though not widely observed, has been

reported previously (57) and may be related to factors not

investigated here such as hormonal factors, genetic variations, or

testosterone’s impact on immune response activation (58).

The challenge of evaluating COVID-19 vaccine immunogenicity

is that vaccination has occurred alongside waves of breakthrough

infections likely caused by VOCs with high capacity to evade vaccine-

induced immunity (59). Therefore, assessing the NAb response

against these VOCs and the impact of natural infection on vaccine

immunity is essential. Our findings demonstrate that regardless of the

initial vaccine (CoronaVac, ChAdOx1, or BNT162b2), the Gamma,

Delta, and especially Omicron variants showed reduction in NAb

recognition. The reduced recognition of NAb against SARS-CoV-2

VOCs has been demonstrated for all vaccines, highlighting mutations
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mainly in the RBD as potent mediators of immune escape from the

vaccine response (60–62). Even with NAb evasion, individuals

infected with Omicron, which presents substantial differences

compared to the original virus (63), typically experience mild

disease (64), suggesting the involvement of other immune

mechanisms, such as the T-cell response, in disease control

and modulation.

One of the major benefits of administering booster doses against

COVID-19 was the increase in protection against SARS-CoV-2

VOCs (65, 66). We observed an increase in NAb against Omicron

booster doses, which may be associated with the stimulation of the

immune system following antigen re-exposure, either from natural

infection or from an additional vaccine booster dose. We showed

that individuals previously infected with SARS-CoV-2 exhibited

higher NAb levels after COVID-19 vaccination and that this prior

infection had a significant impact on the long-term sustainability of

the antibody response after booster doses, according to other

studies (29, 31, 33, 67–69). Our data support that not only the

effect of booster doses was responsible for increasing vaccine-

induced immunity against the Omicron VOC, but also natural

breakthrough infections occurring concomitantly with the

immunization period, even when another VOC was circulating.

These findings align with previous studies showing higher NAb

production, including an enhanced ability to recognize VOCs (70,

71), probably due to an amplification of vaccine-induced memory

immune response either by hybrid immunity from natural infection

or by booster vaccination. In line with our findings where the

majority of vaccinees received BNT162b2 as a heterologous booster

dose, the use of mRNA vaccines has been of important value in

strengthening immunity against SARS-CoV-2 VOCs (72–74).

This study has limitations. First, sample sizes were uneven

across time points and participant subgroups, with relatively

fewer elderly individuals and a higher proportion of women than

men. Similarly, the representation of previously infected individuals

varied across time points. Sample size for stratification based on the

different vaccines used for booster doses (ChAdOx1 or BNT162b2)

was also insufficient to clearly determine whether the results

observed were associated with the vaccine platforms or even the

impact of homologous boosters. Second, we were unable to follow

all participants longitudinally, which constrained our ability to

assess individual-level antibody dynamics over time. Third, we

did not assess comorbidities, medication use, or other medical

factors, as this information was not available for all volunteers,

preventing us from establishing their potential impact on the NAb

vaccine-induced response. Finally, the study focused exclusively on

humoral immune responses, without evaluating cellular immunity,

which plays a crucial role in vaccine-induced protection and long-

term immune memory. Our population-based data indicate that the

two-dose mRNA BNT162b2 vaccine generated stronger and more

durable NAb responses compared with inactivated and vector-

based vaccines. The booster doses, particularly the third

vaccination, were essential, especially for CoronaVac and

ChAdOx1, significantly increasing NAb levels, including against

VOCs like Omicron, which was previously undetectable. This

enhanced response was attributed to booster doses and/or natural
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infection. The mRNA platform proved more effective in generating

a stronger and more durable NAb response and played a highly

effective role as a booster vaccine.
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Introduction: The COVID-19 pandemic had significant global public health

consequences, affecting over 200 countries and regions by 2020. The

development and efficacy of specific vaccines, such as the mRNA-1273 (Spikevax
®
)

vaccine developed by Moderna Inc., have substantially reduced the impact of the

pandemic and mitigated its consequences. This study aims to identify novel genetic

loci associated with the effectiveness of the mRNA-1273 vaccine, as measured by

elevated anti-Spike (anti-S) IgG levels at multiple time points post-vaccination.

Materials and methods: We conducted three genome-wide association studies

(GWAS) in a cohort of Spanish healthcareworkers, analyzing anti-S IgG levels at one-

month post-vaccination (n=567), at threemonths post-vaccination (n=447), and the

difference in circulating anti-S IgG levels between these two time points (n=447).

Results: We identified fourteen novel loci associated with increasing

concentrations of anti-S IgG post-vaccination (p=5.01×10-13 and p=2.81×10-8).

Functional results showed that some of the novel risk alleles influence the

absolute counts of specific B cell subsets (p=2.57×10-5-8.82×10-3), which are
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involved in immune signaling pathways and metabolic processes. Furthermore,

these variants co-localize with multiple QTLs and epigenetic marks, suggesting

that the GWAS hits may affect regulatory activity in promoters, enhancers, and

transcriptional regions, thereby modulating gene expression relevant to the

humoral immune response.

Discussion: In conclusion, this study highlights the complex interplay of genetic

factors influencing the immune response to vaccination, particularly through

modulation of B cell activity, immune signaling pathways, and metabolic

processes. The identification of genetic variants could inform future strategies

to enhance vaccine efficacy and provide a deeper understanding of individual

variability in vaccine responses, especially for COVID-19 and other viral infections.
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Introduction

The SARS-CoV-2 pandemic had a profound impact on the

global population. As of June 2020, the virus spread to over 200

countries and territories, affecting diverse populations and

communities (1). Since the emergence of the virus in 2019, more

than 775 million infections and about 7 million deaths have been

reported because of this infection (2), although these numbers are

likely to be underestimated.

Advanced age and the presence of comorbidities such as

hypertension, diabetes, and cardiovascular disease have been

identified as significant risk factors for severe complications from

SARS-CoV-2 infection (3). These underlying conditions can increase

the vulnerability of individuals to the virus, as it enters host cells

through the angiotensin-converting enzyme 2 (ACE2) receptor, which

is present in a wide range of tissues and organs (4). Additionally,

chronic lung diseases, including chronic obstructive pulmonary disease

and interstitial lung diseases such as idiopathic pulmonary fibrosis,

have been associated with a higher risk of hospitalization and mortality

among SARS-CoV-2 patients (5). The evasion from the effects of the

type I interferon response by SARS-CoV-2 is another critical factor

contributing to its ability to cause severe disease (6). This immune

evasion mechanism allows the virus to replicate and spread more

efficiently, leading to the development of acute respiratory distress

syndrome and other life-threatening complications (6).

Given the significant morbidity and mortality, the development

and distribution of effective and safe vaccines have become a top

priority (7). Vaccination efforts against SARS-CoV-2 have been

rapid and widespread, with a significant proportion of the global

population having received at least one vaccine dose. These

vaccines, including those based on messenger RNA (mRNA),

viral vectors, recombinant proteins, and inactivated virus

platforms, primarily aim to generate a humoral immune response

against the SARS-CoV-2 spike (S) protein, which plays a crucial role

in the ability of the virus to infect host cells (8).
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Numerous studies have investigated the response of different

populations to SARS-CoV-2 vaccines (8–12). The immune response

to the vaccines has been found to be generally robust in the general

population, with the vaccines demonstrating high efficacy in reducing

the risk of severe disease and hospitalization (8, 12). One of the most

widely used SARS-CoV-2 vaccines is the mRNA-1273 vaccine

(Spikevax®), developed by Moderna Inc. in collaboration with the

National Institute of Allergy and Infectious Diseases (11). The

mRNA-1273 vaccine, similar to the BNT162b2 vaccine developed

by BioNtech and Pfizer, utilizes mRNA technology to enable the

production of the full-length SARS-CoV-2 S protein, which triggers

an immune response (10) While these mRNA vaccines have been

shown to be highly effective in preventing SARS-CoV-2 infections

and severe disease, there is growing interest in understanding the

factors that may influence individual responses to these vaccines (9).

Some studies have linked humoral and cellular responses to mRNA

vaccination to human leukocyte antigen (HLA) molecules (13–15).

However, relatively few studies have explored the association between

genetic polymorphisms and vaccine response. Genome-wide

association studies (GWAS) have emerged as a powerful tool for

identifying genetic variants linked to various traits and diseases,

including immune responses to vaccines (16, 17). With respect to

SARS-CoV-2 infection, numerous studies have identified

polymorphisms related to severity, infection, and disease

susceptibility (18–20), but only a few have shown alterations in IgG

responses and altered cytokine profiles post-vaccination (21–23).

Understanding the genetic factors that influence vaccine

response is crucial for optimizing vaccination strategies and

identifying individuals at risk of suboptimal immune responses.

By elucidating the genetic architecture underlying the response to

the mRNA-1273 vaccine, this study aims to provide insights that

can facilitate and accelerate the development of improved

vaccination approaches, contribute to ongoing efforts to combat

SARS-CoV-2, and enhance our understanding of the response to

mRNA vaccines. To this end, we conducted, for the first time, a
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GWAS involving 601 Spanish healthcare workers, correlating their

genetic data with their humoral immune response to the mRNA-

1273 vaccine.
Materials and methods

Study population

The study included 601 healthy healthcare workers (399 women

and 202 men) recruited from the Virgen de las Nieves University

Hospital in Granada, Spain. All participants received the mRNA-

1273 vaccine (Moderna). Eligibility criteria required the absence of

prior SARS-CoV-2 infection, verified through review of clinical

history, RT-PCR testing, and institutional serological screenings.

Individuals with any previous positive PCR or serological result

were excluded. A follow-up antibody determination was performed

at 30 and 90 days after vaccination.

All biological samples were collected in accordance with local

medical ethics regulations, following the provision of informed

consent by the participants, their legal representatives, or both, in

line with guidelines reported in the Declaration of Helsinki. The

study protocol was reviewed and approved by the regional ethics

committee (Portal de Ética de la Investigación Biomédica, Junta de

Andalucıá, code: 0297-N-21).

Antibodies against SARS‐CoV‐2
quantification

Participants underwent blood extraction at 1month (30 days) and

3months (90 days) after receiving the second vaccine dose of the

mRNA-1273 vaccine. Quantitative determination of IgG antibodies

against the SARS-CoV-2 Spike (S) protein was performed. Circulating

anti-Spike IgG levels were quantified using chemiluminescent SARS-

CoV-2 IgG assay (Alinity, Abbott, USA), following the manufacturer’s

instructions. Results are expressed in binding antibody units per

milliliter (BAU/mL), with a positivity cutoff set at >7.5 BAU/mL.

It is important to note that anti-Spike IgG levels are used in this

study as a surrogate marker of the humoral immune response.

Although such measurements provide a standardized and widely

accepted indication of prior immunologic exposure or response to

vaccination, they do not directly measure neutralizing antibody

activity or functional immune protection. Therefore, the results

should be interpreted within the context of known limitations of

binding antibody assays, and not as definitive correlates of vaccine-

induced clinical protection against SARS-CoV-2 infection.
DNA extraction and quantification

All blood samples were stored at −80°C until analysis. DNA

extraction was carried out at GENYO (Centre for Genomics and

Oncological Research: Pfizer/University of Granada/Andalusian

Regional Government, Granada, Spain) using QIAamp DNA Blood

kits (Valencia, CA, USA) according to the manufacturer’s instructions.
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DNA concentration and quality were measured using Qubit 4

Fluorometer (Thermo Fisher, Applied Biosystems,WalthamMA, USA).
Genome-wide associations analyses

All individuals included in the GWAS were genotyped using the

Infinium™ Global Screening Array-24 v3.0 BeadChip (Illumina,

San Diego, CA, USA). Extensive quality control metrics were

applied to the data using R v3.3.1 and PLINK v1.90p software.

Samples were excluded if there was sex discordance, a call rate of

<90%, minimal or excessive heterozygosity (>3 SDs from the mean),

estimated relatedness (Pihat≥0.2) or if they were identified as non-

European based on principal components analysis (PCA). The PCA

was performed with PLINK v1.90b, including the genotypes from

phase 3 of the 1000 Genomes Project as the reference panel (24).

Genetic variants were excluded if they showed a significant

deviation from Hardy–Weinberg equilibrium (HWE<1×10-5), had

minor allele frequency (MAF) of <0.05, or a genotype call rate of

≤90%. Genome-wide imputation was then performed using the

Michigan Imputation Server (https://imputationserver.sph.umich.edu/

index.html) and the Haplotype Reference Consortium reference

haplotype panel (HRC V.r1.1; http://www.haplotype-reference-

consortium.org/) (25). All variants with an imputation R2<0.3

were excluded from subsequent analysis. PLINK v1.90p was used

to perform all GWAS analysis. To identify independent SNPs, we

utilized data from LDLink for European cohorts (https://

ldlink.nih.gov/?tab=home). SNPs were considered independent if

they met the criteria of r²<0.1 and D’<0.2.

To ensure the accuracy and comparability of the genetic

association analysis, the IgG phenotypes were normalized using

Z-score transformation prior to conducting the GWAS. We

conducted linear regression analysis to examine the association

between SNPs and circulating IgG levels, adjusting for sex, age and

the top ten principal components. Genomic control (GC)

adjustment to ensure the robustness and validity of our analysis.

We conducted three GWAS to investigate genetic factors associated

with IgG levels at different time points. Specifically, the first GWAS

focused on IgG quantification measured during the first month, while

the second analysis assessed IgG levels at the third month. A third

GWAS was performed to analyze the absolute differences in IgG levels

between these two time points. This design allowed us to capture both

static and dynamic changes in IgG levels over time, enabling the

identification of genetic variants potentially influencing baseline IgG

production, temporal changes, and overall immune dynamics.

Functional effect of GWAS hits and
cytokine quantitative trait loci, circulating
levels of inflammatory proteins, blood-
derived cell populations, and steroid
hormones

To provide insight into the functional role of the novel SNPs

identified through the GWAS, we performed in vitro stimulation

experiments and measured cytokine production (IFNg, IL1Ra, IL1b,
frontiersin.org
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IL6, IL8, IL10, TNFa, IL17, and IL22) after stimulation of peripheral

blood mononuclear cells (PBMCs), whole blood (WB) or monocyte-

derived macrophages (MDMs) with LPS (1 or 100 ng/ml), PHA

(10mg/ml), Pam3Cys (10mg/ml), CpG (ODN M362; 10mg/ml),

Escherichia coli , and Staphylococcus aureus. Stimulation

experiments were conducted on 408 healthy subjects of the 500FG

of the Human Functional Genomics Project (HFGP) according to

previously reported protocols (26, 27).

A proteomic analysis was also performed on serum and plasma

samples from the 500FG cohort. Circulating protein concentrations

were measured using the commercial Olink® Inflammation panel

(Olink, Sweden), resulting in the quantification of 103 different

biomarkers (Supplementary Table 1). Protein concentrations were

expressed on a log2 scale as normalized protein expression values

and were further normalized using bridging samples to correct for

batch variation (27).

Additionally, we tested the association of GWAS hits with

absolute numbers of 91 blood-derived cell populations

(Supplementary Table 2). Blood-derived cell populations were

measured by 10-color flow cytometry (Navios flow cytometer,

Beckman Coulter, Miami, FL, USA) after blood sampling (2–3 h),

and cell count analysis was performed using Kaluza software

(Beckman Coulter, v.1.3). To reduce inter-experimental noise and

increase statistical power, cell count analysis was performed by

calculating parental and grandparental percentages, which were

defined as the percentage of a certain cell type within the

subpopulation of the cells from which it was isolated. Detailed

laboratory protocols for cell isolation, reagents, gating strategies,

and flow cytometry analysis, as well as methodological details of the

functional experiments, have been reported elsewhere (28, 29).

Given the impact of sex on the response to mRNA vaccines for

SARS-CoV-2A, as well as the influence of steroid hormones on immune

responses, we also evaluated the association of GWAS markers with

circulating concentrations of seven steroid hormones (androstenedione,

cortisol, 11-deoxy-cortisol, 17-hydroxy-progesterone, progesterone,

testosterone and 25-hydroxy vitamin D3) in a subset of the 500FG

cohort, excluding individuals undergoing hormonal replacement

therapy or taking oral contraceptives (n=279) (27).

Finally, in order to test if genetic markers were associated with

baseline serum levels of immunoglobulin IgG and its subclasses

were measured by immunonephelometry using Beckman Coulter

reagents and a Beckman Coulter Imager according to previously

reported protocols.

In order to account for multiple comparisons, we used a

significance threshold of 4.62×10−4 (0.05/12 SNPs/9 cytokines),

p=4.04×10-5 (0.05/12 SNPs/103 inflammatory proteins,

p=4.58×10-5 (0.05/12 SNPs/91 blood cell types), 5.95×10-4 (0.05/

12 SNPs/7 hormones) 4.16×10-3 (0.05/12 SNPs IgG levels) for the

cytokine quantitative trait loci, proteomic, blood cell counts, steroid

hormone analyses and IgG levels, respectively. All functional

analyses were performed using R v4.2.2 software (https://www.r-

project.org/) adjusted by age and sex as covariates, using custom

scripts in the R programming language based on existing functions.

Functional plots were displayed using Graphpad Prism v8.0.1

(Graphpad Software, San Diego, CA, USA). All data used in this
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project have been meticulously cataloged and archived in the

BBMRI-NL data infrastructure (https://hfgp.bbmri.nl/) using the

MOLGENIS open-source platform for scientific data (30). This

allows flexible data querying and download, including sufficiently

rich metadata and interfaces for machine processing (R statistics,

REST API) and using FAIR principles to optimize Findability,

Accessibility, Interoperability, and Reusability (31).
Bioinformatic and in silico analyses

Annotation and biological interpretation of genome-wide

significant association results were performed using publicly

available bioinformatic tools, including the FUMA-GWAS

platform (https://fuma.ctglab.nl/) (32) and the Open Targets

Platform (https://platform.opentargets.org/) (33). We also tested

whether the associated SNPs could represent expression

quantitative trait loci (eQTL) acrossdifferent cell types and tissues

using data from the GTEx portal (https://gtexportal.org/home/)

(34) and QTLbase (http://www.mulinlab.org/qtlbase) (35), which

aggregates functional QTL data from sources such as TCGA, GTEx,

Pancan-MNVQTLdb, and DICE. To complete these functional

analyses, meta-scores were developed, integrating diverse

annotations or individual scores into a single quantitative score

using Combined Annotation Dependent Depletion (CADD) (36)

and Regulome DB (https://regulomedb.org/) (37).

These in silico analyses were conducted in an exploratory

framework, and we emphasize that they do not constitute direct

experimental validation.Annotations were considered of potential

interest if they met a nominal significance threshold (p<1×10-3)

and/or were supported by at least two independent tools among

FUMA-GWAS, Open Targets Platform, GTEx, QTLbase, CADD,

and RegulomeDB, in order to increase the reliability of the

functional prioritization. The GC value was calculated using the

“QCEWAS” (38) package from R v4.2.2 software to estimate the

inflation rate for each GWAS. Quantile-quantile (Q-Q) plots and

Manhattan plots were generated using “qqplot” (39) and “qqman”

(40) procedures in R v3.3.1.
Results

A total of 601 healthy healthcare workers were recruited at the

Virgen de las Nieves University Hospital (Granada, Spain), including

399 women and 202 men. After applying quality control filters,

antibody determination during the first 30 days was conducted in a

cohort of 567 individuals (366 women and 201men). The overall mean

age was 48.1 years (range: 21-68 years), with a mean of 48.8 years for

women (range: 21-66 years) and 46.6 years for men (range: 23-68

years). At the time of the second antibody determination, conducted

90 days after vaccination, 447 participants were included (294 women

and 153 men). The mean age was 49.5 years (range: 22–68 years), with

50.0 years for men (range: 22–66) and 47.8 years for women (range:

23–68 years) (Table 1). While most participants showed a decline in

IgG levels between the first and second determinations, only 2
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individuals (0.45%) exhibited increased IgG titers at 90 days, indicating

minimal upward variation at the individual level.

We also evaluated the potential effect of age and sex on IgG

concentrations at both time points (Supplementary Table 3). Sex had a

statistically significant impact on antibody levels: men showed higher

median IgG titers than women at both 1 month (3570.5 vs. 2697.3 AU/

mL; p = 0.00079) and 3 months (1305.8 vs. 991.6 AU/mL; p = 0.00048)

post-vaccination. A slight difference in age between sexes was observed

at 1 month (p = 0.035), but not at 3 months (p = 0.309), and we found

no strong overall correlation between age and IgG levels. Based on

these findings, all GWAS analyses were adjusted for age and sex to

account for their potential confounding effects.
Genome-wide genetic analyses

After quality control, three GWAS were conducted. The first

included a total of 567 individuals and corresponded to data

collected one month after vaccination. The second GWAS

included 447 individuals, a subset of the original cohort, and was

based on data collected three months after vaccination. The third

GWAS, also with 447 individuals, compared antibody responses

between 1- and 3-months post-vaccination. The GC factor

(lambda) was adjusted to 1.001 for all GWAS, indicating minimal

inflation of test statistics due to population structure. The Q-Q plot

did not show evidence of systematic inflation (Supplementary

Figures 1A–C), confirming the absence of hidden population

substructure or cryptic relatedness.
GWAS at 1-month post-vaccination

In the GWAS at 1-month post-vaccination, nine novel

independent genetic signals were identified associated with

circulating IgG concentrations (Table 2, Figure 1).

GWAS analyses were conducted using linear regression with PLINK

software. Estimates calculated according to a log-additive model of

inheritance and adjusted for age, sex and 10 first principal components.

The two most statistically significant associations were

ENSG00000295231|ALDH1A2rs1350209880 and CYP26B1rs72845602
(Table 2), which map to a LncRNA gene upstream ALDH1A2

(Aldehyde Dehydrogenase 1 Family Member A2 gene, 15q21.3) and

downstream of the CYP26B1 (Cytochrome P450 Family 26 Subfamily
Frontiers in Immunology 05154
BMember 1 gene, 2p13.2, Supplementary Figure 2A). The other seven

novel associations were for the SLC6A11|LINC00606rs4088054,

TMOD1rs117643807, CDK14rs7792239, SMASR|SMAD3-DTrs28485994,

CCDC172|PNLIPRP3rs7907582, GRIN2A|LOC105371076rs34340658 and

SNX24|LOC124901213rs55770715 SNPs (Table 2, Supplementary

Figures 2B–H). At functional level, we found, for the first time, a

significant association of the CDK14rs7792239A allele with increased

absolute numbers of IgD-CD5+ immature memory B lymphocytes

(p=2.57×10-5, Figure 2A) and potential associations with increased

absolute numbers of other immature memory B lymphocytes,

including IgD-IgM-, CD24+CD38+ and IgD-IgM+ (p=2.38×10-3;

p=2.99×10-3 and p=8.82×10-3, respectively, Figures 2B, 4D).

In addition, carriers of the SNX24|LOC124901213rs55770715A
allele had lower expression levels of SNX24 mRNAs in different

tissues (p=9.63×10-6-2.60×10-4, Supplementary Table 4,

Supplementary Figures 2C, 5A, B). Interestingly, we also

identified 19 novel potentially interesting associations with

increased circulating concentrations of IgG at 1-month post-

vaccination, which remained borderline significant. These

association signals were located near the ENSG00000307057,

TNFSF4|LOC100506023, THOC1|COLEC12, METTL8, UOX,

ZNF516, PLCB1, SOCS3, ENSG00000232855|ENSG00000307297,

CACNA1A, PLXNC1, ENSG00000234703|RUNX1 , LYZL1,

ENSG00000300202 , LOC105369715 , ENSG00000226566 |

ENSG00000307505, ENSG00000229618, PLAT and RNU6-1326P|

USP25 loci (p=7.76×10-8 – 5.41×10-7, Supplementary Table 5).
GWAS at 3 months post-vaccination

In the GWAS at 3 months post-vaccination, two novel

independent genetic signals were identified associated with

increased circulating IgG levels (Figure 3). These two significant

associations were the SMASR|SMAD3-DT rs28485994 and

ATP2B2rs55725269 (OR=2.15, p=3.66×10-12 and OR=2.25,

p=7.62×10-9, respectively, Table 2).

The first signal maps between two LncRNA genes on

chromosome 15q21.3 while the second is located downstream of

the ATPase Plasma Membrane Ca2+ Transporting 2 gene on

chromosome 3p25.3 (Supplementary Figure 3). Interestingly,

these signals were previously identified in the GWAS after 1

month vaccine, with the first being identified directly and the

second associated with SLC6A11|LINC00606rs4088054, which shows

modest LD (D’=1.00 and r2 = 0.584). Additionally, we identified

nine novel potential associated signals with borderline significance

in the NUAK1|CKAP4, ST6GALNAC3, LOC105379385, GPRC5A,

GTDC1, FILNC1, CEP128, LOC105376235 and COL25A1 loci

associated with de increased levels of IgG after third month

vaccine (p=1.58×10-7-9.58×10-7, Supplementary Table 5).
GWAS for differential antibody responses at
1 vs 3 months post-vaccination

In the third GWAS, conducted to evaluate the differences in

circulating IgG levels between 1 and 3 months we identified nine
TABLE 1 Description of study cohorts.

Variable
Cohort for
1 month
(N=567)

Cohort for
3 months
(N=447)

Cohort for
1-3 months
(N=447)

Age (years) 48.19 ± 11.49 49.50 ± 11.10 49.50 ± 11.10

Sex ratio
(female/male)

1.82 (366/201) 1.92 (294/153) 1.92 (294/153)

Anti-S IgG
(BAU/mL)*

2424.31
(1543.41-3891.87)

892.09
(520.63-1469.24)

1526.62
(998.3-2401.49)
*Values are presented as Median (IQR). IQR, Interquartile Range.
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TABLE 2 Genome-wide significant associations with antibody production identified in GWASs.

MAF MAF
(1,000 Genomes)

Beta
Standard
error

Pvalue

0.00004 0.785 0.113 1.12×10-11

0.040 0.845 0.126 5.72×10-11

0.088 0.654 0.106 1.71×10-09

0.067 0.724 0.121 4.37×10-09

0.105 0.773 0.130 5.93×10-09

0.094 0.588 0.100 8.13×10-09

0.087 0.674 0.117 1.41×10-08

0.095 0.539 0.094 2.04×10-08

0.041 0.738 0.130 2.78×10-08

0.094 0.768 0.110 3.66×10-12

0.054 0.812 0.140 7.62×10-09

0.00004 0.915 0.122 5.01×10-13

0.067 0.932 0.139 1.04×10-10

0.063 0.863 0.131 1.97×10-10

0.087 0.779 0.126 2.15×10-09

0.105 0.873 0.145 5.65×10-09

0.072 0.706 0.118 7.71×10-09

0.095 0.669 0.112 8.64×10-09

0.176 0.626 0.107 1.78×10-08

0.101 0.805 0.140 2.81×10-08

val; P, P-value; Phet, P-value of heterogeneity.
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GWASs SNP Chr Position Alt/Ref Nearest gene(s) Consequence

GWAS 1

rs1350209880 15 58183817 A/T ENSG00000295231 | ALDH1A2
LncRNA | Upstream
gene variant

0.06

rs72845602 d 2 72347224 T/C CYP26B1 Downstream gene variant 0.05

rs4088054 g 3 10808633 T/A SLC6A11 | LINC00606
Intergenic | Upstream
gene variant

0.09

rs117643807 9 100352774 T/C TMOD1 Intron variant 0.06

rs7792239 7 90808856 A/G CDK14 Intron variant 0.06

rs28485994 15 67257395 C/T SMASR | SMAD3-DT Intergenic variant 0.09

rs7907582 10 118144424 C/G CCDC172 | PNLIPRP3 Intergenic variant 0.06

rs34340658 16 10129731 T/C GRIN2A | LOC105371076 Intron variant 0.12

rs55770715 5 122347325 A/G SNX24 | LOC124901213 Intergenic variant 0.06

GWAS 2
rs28485994 15 67257395 C/T SMASR | SMAD3-DT Intergenic variant 0.09

rs55725269 g 3 10799545 A/G ATP2B2 Downstream gene variant 0.05

GWAS 3

rs1350209880 15 58183817 A/T ENSG00000295231 | ALDH1A2
LncRNA | Upstream
gene variant

0.06

rs117643807 9 100352774 T/C TMOD1 Intron variant 0.06

rs75197984 d 2 54765683 T/C SPTBN1 Intron variant 0.05

rs7907582 10 118144424 C/G CCDC172 | PNLIPRP3 Intergenic variant 0.06

rs7792239 7 90808856 A/G CDK14 Intron variant 0.06

rs1125991 2 172263448 A/T METTL8 Intron variant 0.08

rs34340658 16 10129731 T/C GRIN2A | LOC105371076 Intron variant 0.12

rs4630616 17 76330484 A/G LOC105371912 Intron variant 0.15

rs55919500 20 8072501 A/G PLCB1 Intron variant 0.06

SNP, single nucleotide polymorphism; Chr, Chromosome; Alt, alternative allele; Ref, reference allele; MAF, minor allele frequency; OR, odds ratio; CI, confidence inter
drs72845602 and rs75197984 are in modest linkage disequilibrium (D’ = 0.601; r2 = 0.001).
grs4088054 and rs55725269 are in complete linkage disequilibrium with the rs3745990 (D’ = 1.00; r2 = 0.584).
GWAS 1: The GWAS analysis of IgG levels measured at the first month after mRNA-1273 vaccination.
GWAS 2: The GWAS analysis of IgG levels measured at the third month after mRNA-1273 vaccination.
GWAS 3: The GWAS analysis of the difference in IgG levels between the first and third months after mRNA-1273 vaccination.
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FIGURE 2

Four scatter plots labeled (A–D) show data for CDK14 rs7792239. [A] Plot for IgD− CD5+ LMI3, comparing GG and GA + AA, with p = 2.57×10−5. [B]
Plot for IgD− IgM LMI3, comparing GG and GA + AA, with p = 2.38×10−3. [C] Plot for IgD− IgM+ LMI3, comparing GG and GA + AA, with p =
8.82×10−3. [D] Plot for CD24+ CD38+ LMI3, comparing GG and GA + AA, with p = 2.99×10−3.
FIGURE 1

Manhattan plot for the GWAS analysis for IgG levels measured one month after mRNA-1273 vaccine.
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novel genetic variants associated with the different IgG levels

(Figure 4). Similar to the first GWAS, the most statistically

s i gn ifican t a s soc i a t i on was th e ENSG00000295231 |

ALDH1A2rs1350209880 SNP (OR=2.50, p=5.01×10-13, Table 2)

which maps on LncRNA gene and upstream ALDH1A2 gene on

chromosome 15q21.3. The next five significant associations were

TMOD1rs117643807, SPTBN1rs75197984, CCDC172|PNLIPRP3rs7907582,

CDK14rs7792239 and GRIN2A|LOC105371076rs34340658 SNPs

(OR=2.54, p=1.04×10-10; OR=2.37, p=1.97×10-10 OR=2.18,

p=2.15×10-09; OR=2.39, p=5.65×10-09 and OR=1.95, p=8.64×10-09,

respectively, Table 2, Supplementary Table 5) were also directly

identified in the first GWAS, with the exception of SPTBN1rs75197984
Frontiers in Immunology 08157
which shows slight l inkage disequil ibrium (LD) with

CYP26B1rs72845602 (D’=0.601 and r2 = 0.001). In addition, the

other three significant associations were METTL8rs1125991,

LOC105371912rs4630616 and PLCB1rs55919500 (OR=2.03, p=7.71×10
-

09; OR=1.87, p=1.78×10-08 and OR=2.24, p=2.81×10-08, respectively,

Table 2, Supplementary Table 5) which were identified for the first

time, in this GWAS. Besides the functional impact of the CDK14

SNP on absolute numbers of different immature memory B

lymphocytes mentioned previously, we found that carriers of the

PLCB1rs55919500A allele had increased absolute numbers of

IgD+IgM+CD27+ memory B cells and natural effector

CD24+CD38+IgD+IgM+ B cells (p=1.07×10-3 and p=2.15×10-3,
FIGURE 3

Manhattan plot for the GWAS analysis for IgG levels measured three months after mRNA-1273 vaccine.
FIGURE 4

Manhattan plot for the GWAS analysis for difference IgG levels between one and three months after mRNA-1273 vaccine.
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respectively, Figures 5A, B). Intriguingly, carriers of the

PLCB1rs55919500A allele also had decreased absolute numbers of

naïve IgD+IgM+CD27- B cells (p=2.38×10-3, Figure 5C).

Finally, we identified 28 novel potential associated signals with

borderline significance (5×10-8<p<1×10-6) in the THOC1|COLEC12,

ENSG00000301718|ENSG00000295563, SMASR|SMAD3-DT, ETF1,

TNFSF4 | LOC100506023, lnc-LUZP2-3|HSALNG0143151,

RN7SKP216|ENSG00000258254, LOC105378072|LOC101928923,

LOC101928923 , ENSG00000258272 , ENSG00000299420 ,

ENSG00000307057, BAAT, ENSG00000294440|ENSG00000308043,

BTD , HAL , ENSG00000 30 90 19 |MYL9 , L INC01918 |

ENSG00000293860, LOC105371757, ENSG00000300202, PTPRG,

TMIGD3, PCGF3-AS1, GPC5, LOC105376642|HNRNPKP3,

LINC00606|ENSG00000230599, HACL1 and CNTNAP5 loci

associated with difference circulating levels of IgG between first and

third month vaccine (p=5.10×10-8-9.87×10-7, Supplementary Table 5).

Of note, none of the genetic signals identified in these GWASs

showed association with baseline IgG levels measured in the 500FG

cohort of the HFGP, which confirms that the reported associations

are specific to the immune response elicited by vaccination

(Supplementary Table 5).
Discussion

This comprehensive study identified, for the first time, 14

genetic variants significantly associated with increased circulating

IgG levels at 1 month and 3 months post-vaccination with the

mRNA-1273 vaccine or in the GWAS assessing differential

antibody responses between 1- and 3-months post-vaccination.

The strongest association was for the ENSG00000295231|

ALDH1A2rs1350209880 SNP, located within a LncRNA gene and

upstream of ALDH1A2 gene on chromosome 15q21.3. This variant

showed the most significant association in the first GWAS, at 1-month

post-vaccination, and in third GWAS to differences in circulating IgG

levels between months 1 and 3 post-vaccination, suggesting a role in

sustaining IgG production and possibly influencing the magnitude or

persistence of the humoral immune response. While rs1350209880 is

annotated as a rare variant in external databases, it exhibited a minor

allele frequency above 0.05 in our cohort, likely reflecting population-

specific enrichment. This justified its retention following standard

GWAS quality control thresholds. Genotyping quality metrics were

robust and supported the validity of this signal; however, we

acknowledge that associations involving population-enriched or

low-frequency variants should be interpreted with caution and

warrant replication in independent cohorts.

Although ENSG00000295231 LncRNA remains uncharacterized,

several studies have shown that LncRNAs are important regulators in

immune diseases (41–43), cancer (44–46) and various biological

pathways (47, 48). ALDH1A2 encodes Aldehyde Dehydrogenase 1

Family Member A2, which catalyzes the NAD-dependent oxidation of

retinaldehyde to retinoic acid, a key signaling molecule involved in

immune genes regulation (49–51). Retinoic acid, a metabolite of

vitamin A, is essential for enhancing and sustaining IgG immune

responses in B cell (52) and in vivo (53). It is also used as an adjuvant to
Frontiers in Immunology 09158
boost mucosal/systemic immune responses and cytokine production

(52, 54, 55). Specifically, retinoic acid may help reduce respiratory

complications and aid epithelial repair after SARS-CoV-2 infection, due

to its immune-modulating and anti-inflammatory properties (56, 57).
FIGURE 5

Three dot plots display B cell subsets associated with the PLCB1
rs55919500 genotype: GG, GA, and AA. Plot (A) shows memory B
cells with a p-value of 1.07×10−3. Plot (B) presents naïve B cells with
a similar p-value. Plot (C) illustrates natural effector B cells with a p-
value of 2.15×10−3. Each plot includes individual data points and
median lines.
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Supporting this role, we found CYP26B1rs72845602 SNP

significantly associated with higher concentrations of circulating

IgG levels 1-month post-vaccination. This SNP lies within CYP26B1

gene, which encodes a cytochrome P450 enzyme that metabolizes

all-trans retinoic acid and influences T cell differentiation and

inflammation (54, 58–60). Another SNP, SPTBN1rs75197984, in

moderate LD with CYP26B1rs72845602, was associated with

increased circulating concentrations of IgG at 3 months post-

vaccination. This genetic variant maps to Spectrin Beta, Non-

Erythrocytic 1 (SPTBN1), encoding bII-spectrin, a cytoskeletal

protein involved in cell shape, membrane organization, and

protein sorting (61–63). Though not directly linked to circulating

IgG levels or SARS-CoV-2, SPTBN1 is involved in modulating

immune regulating and viral infections, including HIV-1 (64–66).

In silico analyses showed both SNPs are associated with several

QTLs in blood, CD4+ naïve T cells, and CD14+ monocytes, and alter

regulatory motifs in Gfi1, a transcription factor essential for B cell

differentiation and IgG class switching (67–69). Gfi1-deficient B

cells produce more IgG2a and IgG2b, likely via increased TGF-b1
expression, which regulates IgG subclass production (69). These

findings suggest that CYP26B1rs72845602 and SPTBN1rs75197984 may

influence IgG production by modulating immune cell function and

response to vaccination.

Likewise, SLC6A11|LINC00606rs4088054 maps to a validated

LncRNA and the Solute Carrier Family 6 Member 11 (SLC6A11)

genes, which encodes a sodium-dependent gamma-aminobutyric

acid (GABA) transporter. GABA, an inhibitory neurotransmitter, is

involved in modulation of immune cell activation via its

transporters in T cells and macrophages (70). At 3 months post-

vaccination, ATP2B2rs55725269 SNP, in complete LD with SLC6A11|

LINC00606rs4088054, was also associated with elevated circulating

levels of IgG. This SNP lies downstream of the ATPase Plasma

Membrane Ca2+ Transporting 2 (ATP2B2), encoding PMCA2, a

plasma membrane calcium ATPase critical for restoring calcium

balance in T cells (71, 72) thus regulating immune response

intensity and duration (73). These results suggest that both SNPs

may elevate IgG concentrations through immune modulation,

possibly via calcium-dependent effects of ATP2B2 on SLC6A11

function. Supporting this, a recent study associated genetic variants

within ATP2B2 with higher mortality in severe SARS-CoV-2 cases

(74), while GWAS have associated the SLC6A11 locus with gut

microbiome composition (75, 76). Given the microbiome’s role in

SARS-CoV-2 infection (77–79), and vaccine efficacy (80, 81),

SLC6A11 may impact circulating IgG concentrations via

microbiome modulation.

Another noteworthy finding from the 1-month post-

vacc ina t i on GWAS was the a s soc i a t i on o f SNX24 |

LOC124901213rs55770715 with higher circulating concentrations of

IgG. This SNP maps SNX24 and a small nucleolar RNA gene at

5q23.2. SNX24, a member of the Sorting Nexin family, is involved in

regulating protein trafficking through the endocytic pathway (82).

Variants in SNX24 have been linked to platelet indices (83, 84), and

upregulation in megakaryocytes with ploidy (85). Our data and the

finding that SNX24 is downregulated in FLI1-deficient platelets

support a role in platelet formation. SNX24 is also required for a-
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granule biogenesis and cargo trafficking in megakaryocytes (86).

This SNP overlaps histone marks in blood and lung cells, suggesting

it may act as a regulatory element. It is also associated with SNX24

expression in lung and spleen and constitutes an mQTL in blood,

indicating a potential regulatory role in immune response

gene expression.

In addition to ENSG00000295231|ALDH1A2rs1350209880 five

other SNPs were associated with antibody responses from 1 to 3

months post-vacc inat ion (CDK14 r s 7792239 , CCDC172 |

PNL I P R P 3 r s 7 9 0 7 5 8 2 , TMOD1 r s 1 1 7 6 4 3 8 0 7 , GR IN 2A |

LOC105371076rs34340658, and LOC105371912rs4630616), indicating

their likely involvement in regulating antibody production

over time.

The CDK14rs7792239 SNP maps to Cyclin Dependent Kinase 14

(CDK14) gene, which regulates the G2/M cell cycle and supports

endothelial and epithelial proliferation and migration (87, 88). A

recent mouse study linked CDK14 with interferon-gamma (IFN-g)
pathways, suggesting a key role in lung immune repair (89). The

CDK14rs7792239A allele was associated with increased absolute

numbers of IgD-CD5+ immature memory B lymphocytes, and

trends (though not significant) towards increases in absolute

numbers of IgD-IgM-, CD24+CD38+ and IgD-IgM+ immature

memory B cells. Previous studies have reported shifts in B cell

memory populations, especially increased IgG+ memory B cells,

after SARS-CoV-2 infection and vaccination (90–92). Given

CDK14’s link to IFN-g/STAT1 signaling and its potential to

promote IgG production, this variant may support humoral

responses. Notably, CDK14rs7792239 affects the E2A_2 regulatory

motif, which is crucial for B cell development, germinal center

formation, and IgG production (93–95). CDK14 thus appears vital

for effective humoral immunity and protection against SARS-

CoV-2.

The CCDC172|PNLIPRP3rs7907582 SNP is located between the

CCDC172 and PNLIPRP3 genes on chromosome 10q25.3.

CCDC172 participates in protein-protein interactions and

structural integrity, while PNLIPRP3 encodes for a pancreatic

lipase-like protein. Though their roles in SARS-CoV-2 are

unclear, in silico analyses catalogued the SNP as probably

malignant, with effects on regulatory motifs like CEBPB_known4

and Maf_known3/4, which showed altered activity in monocytes

from hospitalized SARS-Cov-2 patients (96) and are activated in

respiratory epithelial cells during severe infection (97). This

suggests a potential role of CEBPB in modulating immune

responses in the context of severe viral infection. Additionally, its

paralog, CEBPD, has been implicated in driving immune cell

responses in monocytes through IL-6-associated survival

pathways (98). In support of this hypothesis, it has been found

that the Maf_known3/4 motif is a transcription factor MAFB family

member, which shows survival-associated upregulation in

monocytes (98).

On the other hand, the TMOD1rs117643807 SNP maps to the

Tropomoduling 1 (TMOD1) gene, which encodes an acting-

capping protein that regulates cytoskeleton dynamics and is

involved in cell shape, motility and signaling. TMOD1 is essential

in erythroid and cardiac cells, but recent studies suggest it also plays
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a role in immune regulation by maintaining cytoskeletal structure

during immune cell activation and trafficking (99). In dendritic

cells, it is also critical for proper maturation and function, reducing

the ability of these cells to stimulate T cells and shifts cytokine

secretion toward immune tolerance (100). While not directly linked

to IgG levels or SARS-CoV-2, this variant could influence B cell

activation and function via cytoskeletal remodeling and modulation

of phagocyte’s activities.

The GRIN2A|LOC105371076rs34340658 SNP is located between

GRIN2A gene, which encodes a subunit of the N-methyl-D-

aspartate (NMDA) receptor involved in synaptic signaling, and a

LncRNA at 16p13.2. While GRIN2A has mainly been studied in

neurological disorders, growing evidence indicates cross-talk

between neurotransmission and host immunity (101–103). Some

studies have shown that non-neutralizing anti-SARS-CoV-2 IgG

antibodies, particularly those against the S protein, can alter central

nervous system (CNS) gene expression in mice, including

upregulation of GRIN2A in the hippocampus. This suggests that

such antibodies may influence neuronal activity and contribute to

neurological symptoms seen in SARS-CoV-2 patients and

vaccinated individuals. Given GRIN2A’s role in synaptic plasticity,

preventing the production of anti-S1-111 IgG or similar antibodies

could help reduce CNS manifestations of SARS-CoV-2 infection

and vaccination (104). Interestingly, these observations are

consistent with in silico findings linking this SNP—and similarly,

the marker identified in CKD14—to altered E2A_2 and E2A_5

regulatory motifs. These motifs are bound by E2A and, as

mentioned above, are involved in modulating B cell development,

germinal center formation, and IgG production (93–95). Therefore,

GRIN2A|LOC105371076rs34340658 likely contributes to effective

humoral responses and protection against SARS-CoV-2.

Lastly, the LOC105371912rs4630616 SNP maps an uncharacterized

ncRNA gene. Although its specific role in SARS-Cov-2 remains

unknown, growing evidence suggests that lncRNAs are key regulatory

elements in diverse biological processes, including the modulation and

effectiveness of the immune responses during infection and following

vaccination. Nonetheless, further studies are warranted to explore the

potential involvement of this gene in SARS-CoV-2 pathogenesis.

At this point, it is also important to note that we found an

association of the SMASR|SMAD3-DTrs28485994 SNP with increased

circulating IgG concentrations in the GWAS conducted at 1 and 3

months post-vaccination, suggesting a role of this marker in

sustaining antibody production over time. This SNP maps to

SMASR and SMAD3-DT, lncRNA genes associated with the

SMAD3 gene. SMAD3 encodes a key protein that cooperates with

FOSL2 in the TGF-b signaling pathway, which suppresses type I

IFN responses and promotes immune evasion (105–107). Recent

studies have revealed a role for SMAD3 in SARS-CoV-2

pathogenesis. The SARS-CoV-2 N protein binds to SMAD3,

enhancing TGF-b/SMAD3 signaling, which leads to G1 cell cycle

arrest and tubular epithelial cell death via necroptosis (108–110).

SMAD3 also downregulates Cystic Fibrosis Transmembrane

Conductance Regulator (CFTR), increasing intracellular chloride

levels and triggering the release of pro-inflammatory cytokines. In

line with this, some studies have shown that SMAD3 suppresses
Frontiers in Immunology 11160
miR-145, exacerbating CFTR dysfunction and inflammation (111),

and that in severe SARS-CoV-2, there is an increase in

polymorphonuclear myeloid-derived suppressor cells (PMN-

MDSCs) that suppress T-cell activity through reactive oxygen

species (ROS) (112). These findings suggest that the role of TGF-

b/SMAD3 in immune regulation could potentially influence B-cell

responses, particularly by modulating IgG levels after vaccination.

Finally, another noteworthy finding of this study was the

identification of three SNPs—PLCB1rs55919500, METTL8rs1125991,

and LOC105371912rs4630616—associated with differential antibody

responses. These variants point toward potentially important

molecular mechanisms that link genetic regulation with immune

cell function, particularly in the context of viral infections such as

SARS-CoV-2. PLCB1 encodes phospholipase C beta 1, an enzyme

involved in intracellular signaling pathways that regulate

inflammation and immune responses through modulation of

proinflammatory cytokines such as IL-1b, IL-6, and IL-8 (113,

114). Consistent with this function, in vitro analysis showed that

carriers of the PLCB1rs55919500A allele had an increased absolute

number of memory B cells (IgD+IgM+CD27+) and natural effector B

cells (CD24+CD38+IgD+IgM+), as well as fewer naïve B cells

(IgD+IgM+CD27-). These subsets have been implicated in the

response to SARS-CoV-2 infection and vaccination (115, 116),

with unswitched memory B cells (IgD+IgM+CD27+) found to be

increased in individuals recovering from severe SARS-CoV-2

compared to those with milder disease (115). METTL8, on the

other hand, encodes a mitochondrial RNA methyltransferase

responsible for installing 3-methylcytidine (m3C) modifications

in specific mitochondrial tRNAs, a process essential for efficient

mitochondrial translation and respiratory chain activity (117, 118).

RNA methylation, including by METTL family enzymes, has been

recognized as a key regulator of immune cell function,

differentiation, and tumor immune evasion (119, 120). In

addition, METTL8rs1125991 was associated with changes in the

regulatory motif of FOXO1, a transcription factor crucial for B

cell development, tolerance, and function. Supporting a functional

role, this SNP was strongly linked to increased expression of

CYBRD1 mRNA in blood and was identified as an mQTL in both

blood and naïve CD4+ T cells. CYBRD1 encodes an iron-regulated

ferric reductase, and altered expression may modulate immune

responses by affecting iron metabolism, ferroptosis (iron-dependent

cell death), and the tumor microenvironment (121). Notably,

components of mitochondrial cytochrome systems have been

found to be elevated in the plasma of SARS-CoV-2 patients,

reflecting mitochondrial dysfunction and apoptosis during severe

infection (122). Moreover, METTL8 itself has been implicated in

CD8+ T cell infiltration in lung squamous cell carcinoma,

suggesting a broader role in regulating immune responses within

tissue microenvironments (123). Taken together, these findings

suggest that genetic variation in PLCB1 and METTL8 influences

immune cell profiles and functions through distinct molecular

mechanisms, namely, inflammatory signaling, mitochondrial

RNA modification, and transcriptional regulation. These

mechanisms converge to shape the host’s antibody responses and

may modulate the outcome of SARS-CoV-2.
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In summary, this study identified fourteen genetic variants

linked to increased circulating IgG levels following mRNA-1273

vaccination, with the most notable being ENSG00000295231|

ALDH1A2rs1350209880, a variant associated with immune

regulation and enhanced IgG production over time. Other key

variants mapped to genes like CYP26B1, SPTBN1, and SMASR|

SMAD3-DT, which influences cytokine production, T cell

differentiation, and IgG subclass production, were crucial for

optimizing immune responses. Variants in CDK14 and GRIN2A

were directly linked to B cell activation and memory, further

shaping the humoral immune response. Despite other variants

map on LncRNAs that may regulate IgG production through

mechanisms like neurotransmission and calcium signaling and

need further investigation. Finally, variants including

TMOD1rs117643807 and PLCB1rs55919500, suggest immune

modulation via cell signaling pathways, while variants like

ATP2B2rs55725269 and METTL8rs1125991 highlight the role of

metabolism and the microbiome in vaccine responses.

Although this study provides valuable insights into the genetic

predisposition to increase IgG levels after vaccination, it also has

several limitations. First, our analysis was restricted to individuals of

the Spanish cohort, which limited our ability to replicate previous

findings from studies in other ethnic populations. This decision was

based on both scientific and logistical considerations. Focusing on a

genetically homogeneous population increases internal consistency

and reduces confounding due to population structure and

environmental heterogeneity, thereby enhancing the robustness of

GWAS findings. Additionally, we did not have access to large-scale,

individual-level data from other vaccinated cohorts, which limited

the feasibility of multi-cohort or trans-ethnic analyses. While we do

not assume fundamental differences in immune function between

European populations, replication in independent cohorts will be

essential to validate and generalize our results.

Second, we were unable to confirm the association of several

potentially relevant loci. This could be attributed to the relatively

limited statistical power of our study. Differences in the vaccine

platform used (e.g., mRNA-1273 in our study versus BNT162b2 or

mixed vaccine platforms in other studies), distinct timepoints for

sample collection, population-specific allele frequencies, and varying

analytical strategies may also explain these discrepancies. For instance,

recent large-scale GWAS such as the UK Biobank study (124) analyzed

combined data from different vaccine types without distinguishing

between platforms like BNT162b2 and ChAdOx1, while our study

focused specifically on the mRNA-1273 vaccine, providing greater

homogeneity in immune stimulus and timing. Additionally, some of

the previously identified variants may have modest effect sizes that

require larger sample sizes or meta-analyses to achieve statistical

significance. The absence of overlapping associations therefore does

not rule out the relevance of these loci but underscores the complexity

of genetic regulation of vaccine responses and the importance of

harmonized designs across studies for robust cross-cohort validation.

Finally, while our functional and in silico analyses offer an initial

understanding of the potential effects of GWAS hits, further

experimental validation is needed to definitively establish the

biological roles of these markers. Additionally, while our functional
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and in silico analyses offer an initial understanding of the potential

effects of GWAS hits, further experimental validation is needed to

definitively establish the biological roles of these markers.

Third, although age and sex are known factors influencing

immune responses, we did not perform stratified analyses by sex or

age strata due to limited statistical power, which would reduce the

reliability of such subgroup analyses. Notably, previous studies have

consistently reported that vaccine-induced antibody titers tend to

be statistically higher in women than in men, highlighting sex as an

important biological variable in immune responses (125, 126). For

example, Demombreun et al. demonstrated higher SARS-CoV-2

antibody titers post-vaccination in women compared to men (125),

while Jensen et al. also reported sex differences favoring stronger

humoral responses in females (126). However, our findings did not

replicate this trend, as shown in Supplementary Table 3, where no

statistically significant difference or even a trend toward higher

titers in men was observed. These discrepancies may be explained

by several factors. Our cohort consisted exclusively of individuals of

European ancestry, whereas Demombreun et al. included a more

diverse racial and ethnic population including Hispanic/Latinx,

Non-Hispanic Asian, Non-Hispanic Black, among others.

Moreover, women in our study were slightly older and

represented a larger sample size than men, which could influence

antibody levels. In addition, differences in antibody measurements

may contribute to the contrasting results. Our study measured anti-

Spike IgG antibodies, reflecting a broader antibody response,

whereas the cited studies focused on anti-RBD IgG antibodies,

which target a specific region of the spike protein. Although related,

these assays are not directly comparable. On the other hand, the

referenced studies assessed immune responses at baseline, after the

first dose, and after the second dose, while our measurements were

performed at one and three months post full vaccination, capturing

a later phase of the immune response, which may display different

sex-related patterns. Furthermore, biological and immunological

factors likely contribute to these differences. It is well established

that innate and adaptive immune responses tend to be stronger and

faster in women, which can lead to higher antibody titers but also

increased susceptibility to autoimmune diseases and more frequent

vaccine adverse reactions (127). However, some studies have

demonstrated no evidence of stronger vaccine-induced immunity

in females compared to males (128), suggesting that sex differences

may vary by context and methodology. Hormonal differences, such

as higher estrogen levels in women and testosterone in men,

modulate immune responses and may partially explain sex

differences in vaccine efficacy and reactogenicity. Age also

interacts with sex in shaping vaccine responses; while some

vaccines are more effective in younger women (127), sex

differences in adverse reactions may persist regardless of age.

Considering all the above, age and sex were included as

covariates in all GWAS models, helping to control for their

potential confounding effects. Future studies with larger cohorts

are needed to rigorously assess the impact of age and sex on

immune outcomes and genetic associations.

Finally, it is important to note that our study design included

antibody measurements at only two post-vaccination time points, 1
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and 3 months, which limits the ability to fully characterize the

longitudinal dynamics of the IgG response. While our GWAS

comparing differences between these time points partially

captures interindividual variability in antibody kinetics, the use of

static snapshots may overlook important temporal patterns such as

early peaks, delayed responses, or rapid waning. Future studies

incorporating denser longitudinal sampling, particularly in the early

and late phases post-vaccination, will be essential to better

understand the genetic regulation of humoral values over time.

These findings underscore the complex interplay of genetic factors

influencing the immune response to vaccination, particularly through

modulation of B cell activity, immune signaling pathways, and

metabolic processes. These insights could inform future strategies to

enhance vaccine efficacy, especially for SARS-CoV-2 and other viral

infections. The identification of genetic variants provides a novel and

deeper understanding of individual variability in vaccine responses and

opens new avenues for personalized vaccine strategies.
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74. López-Bielma MF, Falfán-Valencia R, Fierro-Piña A, Abarca-Rojano E,
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Reduced spike specific
T-cell responses in COVID-19
vaccinated subjects
undergoing SARS-CoV-2
breakthrough infection
Stefania Varchetta1*, Federica Sole Golfetto1, Patrizia Bono2,
Annapaola Callegaro2, Tanya Fabbris3, Andrea Favalli 3,
Mariacristina Crosti3, Tullia Maria De Feo4, Nathalie Iannotti1,
Giorgio Bozzi1, Valeria Castelli 1, Bianca Mariani1,
Antonio Muscatello1, Sergio Abrignani3,5, Renata Grifantini3,
Alessandra Bandera1,6† and Andrea Lombardi1,6†

1Infectious Diseases Unit, Department of Internal Medicine, Fondazione IRCCS Ca’ Granda Ospedale
Maggiore Policlinico, Milan, Italy, 2Microbiology and Virology Unit, Foundation IRCCS Ca’ Granda
Ospedale Maggiore Policlinico, Milan, Italy, 3INGM, Istituto Nazionale Genetica Molecolare “Romeo ed
Enrica Invernizzi”, Milan, Italy, 4North Italy Transplant program (NITp). Transplant Coordination Unit,
Fondazione IRCSS Ca’ Granda Ospedale Maggiore Policlinico, Milan, Italy, 5Department of Clinical
Sciences and Community Health, Università degli Studi di Milano, Milan, Italy, 6Department of
Pathophysiology and Transplantation, University of Milan, Milan, Italy
Introduction: T-cell responses to SARS-CoV-2 remain largely preserved across

variants despite waning neutralizing antibodies. However, T-cell immunity may

vary with the host’s immune status, and data on T-cell responses in post-vaccine

infections (PVI) are limited.

Methods: We assessed Spike-specific T-cell responses in 32 vaccinated

individuals, 16 of whom experienced PVI. Immune responses were evaluated at

three time points: 1 month after the second vaccine dose (T1), 1 month after the

booster dose (T2), and, in the PVI group, 1–3 months after the first positive nasal

swab (T3). Additionally, we evaluated anti-spike antibody levels, T-cell exhaustion

markers, and natural killer cell subsets, focusing on memory-like CD57+

NKG2C+ cells.

Results: Subjects who developed PVI exhibited significantly reduced Spike-

specific CD4 T-cell responses following the booster dose compared to

vaccinated individuals who remained uninfected. This was accompanied by

increased frequencies of LAG-3+ CD4+ and CD8+ T-cells. A positive

correlation was observed between AIM+ CD4+ T-cells and NKG2C+ NK cells at

T2 in PVI subjects. Following natural infection, T-cell responses were enhanced

and associated with an expansion of NKG2C+ NK cells.

Conclusions: Individuals experiencing PVI displayed impaired booster-induced

CD4+ T-cell responses and increased expression of the immune checkpoint

LAG-3. Natural infection restored and enhanced cellular immunity, particularly
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through the expansion of Spike-specific T-cells andmemory NK cell populations.

This study identifies an immune profile characterized by low spike-specific

responses, which are associated with an increased susceptibility to

breakthrough infections.
KEYWORDS

SARS-CoV-2, vaccine, breakthrough infection, T cell immune responses, natural
killercells, LAG-3
1 Introduction

Five years after the COVID-19 pandemic, significant data have

been collected regarding the breadth and durability of the T-cell

responses following SARS-CoV-2 infection or COVID-19

vaccination (1, 2). One significant discovery is the ability of T-

cells to cross-recognize SARS-CoV-2 variants, including those with

extensive mutations in the spike protein (3, 4). Indeed, despite the

immune evasion observed in neutralizing antibody responses, T-cell

responses have remained largely preserved across variants (5–8).

This preservation of T-cell functionality may explain the

effectiveness of vaccines against severe disease, even when

breakthrough infections occur with antigenically distinct variants

(9). This cross-reactivity is particularly evident in CD4+ T-cells,

which target conserved epitopes in the spike protein (10, 11). While

CD8+ T-cell responses are more variable, these cells can adapt by

generating de novo responses to mutated epitopes following

breakthrough infections (12, 13). Tarke et al. demonstrated that

over 80% of CD4+ and CD8+ T-cell epitopes are conserved across

variants of concern, suggesting a robust cellular immune memory

that is less susceptible to viral escape than humoral immunity (14).

Multiple studies have identified breakthrough infections as

potentially beneficial immunological events that broaden the

immune response beyond that achieved by vaccination alone (15,

16). These infections may function as natural boosters, especially

against emerging variants not represented in the original vaccine

formulations (17).

However, the precise immunological profile characterizing

subjects who undergo breakthrough infections, particularly at the

T-cell level, remains incompletely characterized.

Notably, Natural killer (NK) cells have been identified as

essential components in the orchestration of vaccine-induced

immune responses and are considered a promising target for

enhancing vaccination strategies (18). These cells rapidly produce

cytokines, such as IFN-g, which can induce T-cell activation,

promote dendritic cell maturation and the priming of virus-

specific T-cells. In particular, increasing data support a critical

role for “memory-like” NK cells in both the induction and the

effector phases in response to vaccines (19–23). This subset of NK

cells, identified in CMV-positive individuals, is characterized by the

expression of the NKG2C+ activating receptor (19, 24). Memory-
02167
like NK cells may recognize peptide-HLA-E complex through

binding to NKG2C (25). The therapeutic potential of these cells is

recognized by their employment in many clinical trials for viral

infections and cancer (23, 26–29).

In this study, we conducted a comprehensive analysis of NK

and T-cell immunomodulation, including Spike-specific T-cell

responses in 32 COVID-naïve individuals vaccinated with three

doses of the original (Wuhan-Hu-1) mRNA or adenoviral vaccine.

Among them, 16 experienced a breakthrough infection following

booster dose during the December 2021-April 2022 period, when

the Omicron sublineage BA.1 was the predominant SARS-CoV-2

variant in Italy (30, 31).

Our findings reveal unexpected dynamics in the CD4+ and

CD8+ T-cell compartments following booster vaccination and

breakthrough infection and provide essential insights into the

complex interplay between vaccination and breakthrough

infection in shaping T and NK-cell immunity against SARS-CoV-2.
2 Materials and methods

2.1 Study design and participants

Healthcare workers from Fondazione IRCCS Ca’ Granda

Policlinico in Milan, Italy, were enrolled during the initial

COVID-19 vaccination campaign. All participants received their

first COVID-19 vaccination schedule with one of the following

vaccines as primary regimen: BNT162b2 (Comirnaty, Pfizer–

BioNTech), ChAdOx1-S (Vaxzevria, AstraZeneca–Oxford) or

mRNA-1273 (Spikevax, Moderna–NIAID). Booster doses

consisted of BNT162b2 (Comirnaty, Pfizer–BioNTech) or

mRNA-1273 (Spikevax, Moderna–NIAID). Table 1 shows the

demographic and vaccination features of the subjects included in

the study.

Among them, we identified 16 subjects with SARS-CoV-2

infection between 1–3 months after the third vaccine dose (post-

vaccine infection, PVI) group. SARS-CoV-2 infection was identified

through positive PCR on nasal swab, performed in all study

participants reporting symptoms compatible with influenza-like

illness. Sixteen control subjects of the same sex and similar age

were also included in the study (CTRL group). We included in the
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survey only subjects who tested negative for SARS‐CoV‐2 anti-

nucleocapsid IgG and provided informed consent for the study.

Immune responses were examined in peripheral blood

mononuclear cells (PBMC) collected at the following time points:

1 month after the second dose (T1), 1 month after the third dose

(T2, booster) and 15–90 days following the first positive swab (only

for IPV group) (T3). Figure 1 shows time sampling and time

of infection.

All subjects signed an informed consent. The study protocol

adhered to the ethical guidelines outlined in the 1975 Declaration of

Helsinki. It was approved by the Ethics Committee Lombardia 3

(document number 878, date of approval 18/03/2021).
Frontiers in Immunology 03168
2.1.1 Isolation of peripheral blood mononuclear
cells

Peripheral blood mononuclear cells (PBMC) were isolated by

density gradient centrifugation (1.077 g/ml) using Ficoll-Plaque

(Cedarlane, Burlington, Canada) according to the manufacturer’s

instructions. Briefly, whole blood was diluted with an equal volume

of phosphate-buffered saline (PBS) and layered on the Ficoll

gradient. PBMC were isolated after centrifugation at 500 x g for

30 min at room temperature without brakes. PBMC were

resuspended in PBS-EDTA and centrifuged at 400 × g for 10 min.

Pellets were resuspended in PBS containing 2% FBS and washed by

centrifugation at 250 × g for 10’ at room temperature. Cell numbers
FIGURE 1

Time of vaccination and blood sampling scheme.
TABLE 1 Demographic data and vaccination schedule in controls and PVI subjects.

Demographic and vaccination features CTRL (N=16) PVI (N=16) Total (N=32)

Age, median (range) 45.5 (25-64) 43.5 (26-58) 44.5 (25-64)

Female gender, n (%) 8 (50.0) 9 (56.2) 17 (53.1)

1° -2° vaccine dose

BNT162b2 (Comirnaty, Pfizer–BioNTech) n (%) 7 (43.7) 3 (18.7) 10 (31.2)

ChAdOx1-S (Vaxzevria, AstraZeneca–Oxford n (%) 9 (56.2) 10 (62.5) 19 (59.3)

mRNA-1273 (Spikevax, Moderna–NIAID) n (%) 0 3 (18.7) 3 (9.3)

3° vaccine dose

BNT162b2 (Comirnaty, Pfizer–BioNTech) n (%) 15 (93.7) 12 (75.0) 27 (84.3)

ChAdOx1-S (Vaxzevria, AstraZeneca–Oxford), n (%) 0 0 0

mRNA-1273 (Spikevax, Moderna–NIAID) n (%) 1 (6.2) 4 (25.0) 5 (15.6)

Days between booster dose and PVI; median(IQR) – 54 (38 - 123) –

Days between PVI and T3; median (IQR) – 49 (28-62) –
PVI, Post Vaccine Infection.
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were determined by light microscopy count in a Burker chamber.

Nonviable cells were identified by staining with trypan blue.

Isolated PBMC were frozen in fetal bovine serum (FBS) with 10%

dimethyl sulfoxide (DMSO) and stored in liquid nitrogen until use.
2.2 Peptide pools

A total of 53 synthetic 15-mer peptide pools, overlapping by 11

amino acid residues, covering the full-length Spike protein of the

ancestral Wuhan strain (GenBank: MN_908947), were used as part

of the PepTivator® SARS-CoV-2 Prot_S Complete, premium grade

(Miltenyi Biotec, Bergisch Gladbach, Germany). The peptide pools

were dissolved following the manufacturer’s directions in sterile

water. As a positive control, cells were stimulated with

staphylococcal enterotoxin B (1 mg/mL, Sigma-Aldrich).
2.3 Activation-induced marker assay

Cryopreserved PBMC were thawed, resuspended in complete

medium (RPMI 1640 containing 10% FBS, 1% L-glutamine, and 1%

penicillin/streptomycin) and rested at 2 × 106 cells for 2 hours at 37°

C. Then, 1 × 106 PBMC/well were plated in 96 well U-plates in

complete medium in the presence/absence of 1mg/ml of Spike

overlapping peptides. After 18 hours, PBMCs were washed and

stained with CD3 BUV395 (clone UCHT1), CD56 RB613 (clone

B159), CD4 APC (clone SK3), CD8 BUV737 (clone SK1), CD134

(OX40) RY586 (clone ACT35), CD137 (41BB) (RB744 (clone 4B4-

1), CD69 BV480 (clone FN50), CD45RA RB545 (clone HI100),

CD45RO BV786 (clone UCHL1), CCR7 BV711 (clone 2-L1-A),

CD14 BUV496 (clone MjP9), CD19 BUV496 (clone SJ25C1) (BD

Biosciences, CA, USA). A LIVE/DEAD® Fixable Near-IR Dead Cell

Stain Kit (Thermo Fisher Scientific, Waltham, MA, USA) was used

to determine cell viability. After washing, cells were fixed with 2%

paraformaldehyde in PBS and acquired with a FACS Symphony

(BD Biosciences) flow cytometer. Spike-specific T cells were

identified by activation-induced markers (AIM), measured as

CD134+ CD137+ co-expression in CD4+ and as CD69+CD137+

co-expression in CD8+ T cell subsets (gating strategy shown in

Supplementary Figure 1. The frequency of AIM+ T cells in Spike-

stimulated samples was determined by subtracting the frequency of

AIM+ T cells observed in the corresponding unstimulated (negative

control) samples Three PVI subjects missed PBMC from timepoint

1. Staphylococcal enterotoxin B (SEB) 1 mg/ml) was used as

positive control.
2.4 NK cell immunophenotype

Natural killer cell phenotype was assessed on thawed PBMC

after resting for 2 hours at 37°C. A LIVE/DEAD® Fixable Near-IR

Dead Cell Stain Kit (Thermo Fisher Scientific) was used to

determine cell viability. To identify NK cell subsets, the following
Frontiers in Immunology 04169
antibodies were used: CD56 RB613 (clone B159), CD3 BUV563

(clone SK7), CD8 BUV737 (clone SK1), CD16 RY775 (clone 3G8),

CD57 BUV395 (clone NK-1), CD69 BV480 (clone FN50), NKp46

BV786 (clone 9E2/NKp46), NKp30 BUV661 (clone p30-15),

NKG2D BV711 (clone 1D11), CD127 RB744 (clone HIL-7R-

M21), TIGIT BV650 (cloneTgMab-2), KLRG1 BV750 (clone Z7-

205.rMAb), NKG2C BV421 (clone 134591) (BD Biosciences),

NKG2AVio Bright B515 (clone REA1100) (Miltenyi Biotec,

Bergisch Gladbach, Germany), Siglec-7 PE (clone QA79)

ThermoFisher, MA, USA). After washing, cells were fixed with

2% paraformaldehyde in PBS and acquired with a FACSymphony

A5 (BD Biosciences) flow cytometer. FlowJo software (v10.10) (BD

Biosciences) was used to analyze data. An unsupervised approach

was performed using the FlowJo plugin Uniform Manifold

Approximation and Projection (UMAP) analysis on concatenated

live NK cells. A total of 1260 NK cells for each individual were

downsampled and concatenated before applying UMAP.

Concatenated cells were clustered using FlowSom analysis. The

cluster explorer plugin was used to identify cell clusters. In detail,

1260 NK cells were concatenated and analyzed with the FlowJo

UMAP plugin. UMAP was run with the default settings (Euclidean

distance function, nearest neighbors: 15 and minimum distance:

0.5). UMAP projections were obtained for concatenated cells from

controls (n=16) and PVI subjects (n=16).
2.5 Antibody measurement

Elecsys Anti-SARS-CoV-2 S kit (Roche Diagnostics,

Mannheim, Germany) was used to assess the development of

total anti-Spike antibodies following SARS-CoV-2 vaccination.

Precisely, this assay predominantly detects anti-RBD antibodies.

Elecsys Anti-SARS-CoV-2 kit (Roche) was used to evaluate the

development of total anti-N antibodies following SARS-CoV-2

infection. The threshold values were 1.0 Cut-Off Index (COI) for

anti-N and 0.8 U/mL for anti-S.
2.6 Statistical analysis

Statistical analysis and graphical presentations were performed

using GraphPad Software version 10.5.0 (GraphPad Software Inc,

La Jolla, CA). Statistical differences between data within the same

group were assessed by the non-parametric Friedman test followed

by Dunn’s multiple comparisons or by the Wilcoxon matched-pairs

signed-rank test. A mixed-effects model (REML) with Holm-Sidak’s

multiple comparisons test was used, accounting for missing data.

The Mann-Whitney U test was used to compare the differences

between the two groups. The Shapiro-Wilk test was used to

determine whether the data were normally distributed. The

Fisher’s exact test was used to compare frequencies of responders

to stimulation above the cut-off threshold (median values obtained

after stimulation with the vehicle control for the AIM assay, 2 for

the stimulation index).
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3 Results

3.1 Study participants

This monocentric study recruited 32 COVID-19-naïve

subjects who were vaccinated against COVID-19 at the

Policlinico of Milan between January and December 2021.

Seventeen subjects (53.1%) were female. The median age was
Frontiers in Immunology 05170
44.5 (range 25-64) years. The age of the control group ranged from

25 to 64 years, and the PVI group from 26 to 58 years. Only one

subject, in the control group, was over 60. None of the subjects had

comorbidities, except one control with obesity (Table 2). All

patients received COVID-19 vaccination with a primary

regimen of two vaccine doses followed by a third booster dose.

The vaccines employed were BNT162b2, ChAdOx1-S or mRNA-

1273. The adenoviral Chadox1-S vaccine was administered only as
TABLE 2 Individual demographic characteristics, comorbidities and vaccine type.

Subject ID Sex Age (years) Comorbidities
Vaccine type
(1st/2nd dose)

Vaccine type
(3rd dose)

CTRL 0004 M 32 None BNT162b2 BNT162b2

CTRL 0009 F 64 None BNT162b2 BNT162b2

CTRL 0011 F 53 None BNT162b2 BNT162b2

CTRL 0012 F 45 Obesity BNT162b2 BNT162b2

CTRL 0028 F 59 None BNT162b2 BNT162b2

CTRL 0029 M 58 None BNT162b2 BNT162b2

CTRL 0034 F 57 None BNT162b2 BNT162b2

CTRL 0037 F 30 None ChAdOx1 S BNT162b2

CTRL 0040 F 51 None ChAdOx1 S BNT162b2

CTRL 0043 M 47 None ChAdOx1 S BNT162b2

CTRL 0052 M 46 None ChAdOx1 S BNT162b2

CTRL 0053 F 37 None ChAdOx1 S BNT162b2

CTRL 0068 M 25 None ChAdOx1 S mRNA - 1273

CTRL 0069 M 25 None ChAdOx1 S BNT162b2

CTRL 0072 M 33 None ChAdOx1 S BNT162b2

CTRL 0077 M 40 None ChAdOx1 S BNT162b2

PVI 0013 F 43 None BNT162b2 BNT162b2

PVI 0030 M 58 None BNT162b2 BNT162b2

PVI 0032 F 56 None BNT162b2 BNT162b2

PVI 0035 F 52 None ChAdOx1 S BNT162b2

PVI 0039 M 38 None ChAdOx1 S BNT162b2

PVI 0044 M 50 None ChAdOx1 S BNT162b2

PVI 0055 M 38 None ChAdOx1 S BNT162b2

PVI 0059 M 47 None ChAdOx1 S BNT162b2

PVI 0065 F 30 None ChAdOx1 S BNT162b2

PVI 0076 M 31 None ChAdOx1 S mRNA - 1273

PVI 0078 F 33 None ChAdOx1 S BNT162b2

PVI 0084 F 35 None ChAdOx1 S BNT162b2

PVI 0087 M 26 None ChAdOx1 S BNT162b2

PVI 0127 F 58 None mRNA - 1273 mRNA - 1273

PVI 0251 F 44 None mRNA - 1273 mRNA - 1273

PVI 0264 F 46 None mRNA - 1273 mRNA - 1273
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a primary regimen in 19 individuals and given in two doses

separated by 4–6 weeks. The mRNA vaccines BNT162b2 and

mRNA-1273 were used as primary regimens in 13 subjects and for

boosting in all participants. When used as a primary regimen,

these vaccines required two doses separated by 4–6 weeks. Among

the 16 subjects with ascertained SARS-CoV-2 infection, none

required hospitalization or oxygen supplementation with all

belonging to WHO ordinal clinical severity scale 1 and 2.

Figure 1 shows time sampling and time of infection.
3.2 Anti-spike and anti-nucleocapsid
antibodies

All subjects were tested for serum levels of anti-N and anti-

Spike antibodies at T0 (before vaccination) and at the subsequent

timepoints (T1, T2 and T3) (Figure 2).

All sera were negative for anti-N antibodies at T0, T1 and T2,

confirming the naïve status of all individuals during the study

(Figures 2A, B). All PVI subjects except one developed anti-N

antibodies at T3 following natural infection. However, there was

substantial variation in anti-N antibody levels, ranging from 0 to 52

Cut-Off Index (COI) levels (Figure 2B). Anti-Spike antibodies were

significantly increased along time points in both groups
Frontiers in Immunology 06171
(Figures 2C, D), and their level was comparable in the two groups

at all time points (Figure 2E).
3.3 T-cell maturation subsets

We investigated the immunophenotypic dynamics of CD4+ and

CD8+during vaccine follow-up using multiparametric flow

cytometry. The analysis of CD4+ T-cell maturation subsets

revealed a consistent decline in naïve cells at T2 compared to T1

across both study groups. In contrast, central memory (CM) CD4+

T-cells increased significantly in the control group, with a similar

trend in PVI subjects (p = 0.054). A trend toward a significant

reduction of the frequency of CM CD4 T-cells was observed at T2 in

PVI compared with controls (p= 0.08) (Supplementary Figures 2A,

B). Notably, the PVI group exhibited a significant increase in

effector memory (EM) and terminally differentiated effector

memory T cells re-expressing CD45RA (EMRA) CD4+ T-cells at

T3 (Supplementary Figures 2C, D).

Among CD8+ T-cells, controls exhibited a marked decrease in

naïve and EMRA subsets at T2 (Supplementary Figure 2D), as well

as a significant expansion of central memory cells (Supplementary

Figure 2E). A considerable reduction of EMRA CD8 T-cells was

present at T2 in the control group only (Supplementary Figure 2G),
FIGURE 2

Antibody secretion following vaccination. Anti-N IgG tested negative in controls (A) and PVI (B) subjects at T0, T1 and T2. All PVI subjects except one
developed anti-N antibodies following natural infection at T3 (B). Anti-S antibodies were significantly increased among timepoints in control- (C) as
well as IPV subjects (D). Comparable anti-S antibodies were observed between IPVs (blue triangle) and CTRLs (orange circle) during vaccine
timepoint follow-up (E). Anti-N, anti nucleocapsid antibodies; anti-S, anti-Spike antibodies; COI, Cut-Off Index. The one-way Friedman with Dunn’s
multiple comparison test was used to compare data within the same group. The non-parametric Mann–Whitney U test was used to assess statistical
differences between groups. *p < 0.05; **p<0.01; ****p<0.0001.
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while no differences were observed among EM CD8 T-cells

Supplementary Figure 2F).
3.4 COVID-19 vaccination was unable to
induce an effective CD4+ and CD8+ T-cell
response following the booster dose

To assess Spike-specific recall responses, AIM analysis was

performed on T-cells following stimulation with overlapping

peptides (OP) spanning the Spike protein. Co-expression of OX40

(CD134) and 4-1BB (CD137) was used to identify Spike-specific

CD4+ T-cell activation. CD4+ T-cells exhibited significantly

increased activation following OP stimulation compared to the

negative control (unstimulated cells) at all time points in both

groups (Figures 3A, B). After background subtraction of AIM

responses observed in the negative controls, the control group

showed a significant increase in the frequencies of AIM+ CD4+ T-

cells at T2 compared to T1. At T1, the comparison between the two

groups showed similar frequencies of Spike-specific CD4+ T-cells.

However, at T2, the PVI group exhibited a reduced frequency of

AIM+ CD4 T-cells compared to controls (Figure 3C); furthermore,

the proportion of subjects with responses above the threshold
Frontiers in Immunology 07172
(defined as the median of negative control values) was also

significantly lower in the PVI group at T2.

Additionally, the stimulation index (SI), calculated as the ratio of

AIM+ CD4+ T-cell frequencies in stimulated versus unstimulated cells,

was significantly increased at T2 compared to T1 in the control group

only. Notably, at T2, the IPV group had a considerably lower SI

compared to controls (Figure 3D). Consistently, the proportion of

subjects with a ≥2-fold SI response was significantly reduced in the PVI

group at T2 (Figure 3D). Representative CD4+ AIM dot plots are

shown in Figures 3E, F.

Spike-specific CD8+ T-cell responses were assessed through CD69

and CD137 co-expression analysis. Following stimulation with Spike

OP, CD8+ T-cell responses were significantly increased compared to the

negative control at all time points in both groups. (Figures 4A, B). No

differences in antigen-specific AIM responses were observed between

the two groups after subtracting the AIM responses in negative control

(Figures 4C). However, a significantly increased frequency of Spike-

specific CD8+ T-cells was observed at T2 compared to T1 in the control

group only. Similarly, a significant increase in the SI was observed at T2

compared to T1 in the control group only (Figure 4D). No significant

differences were observed among the frequency of subjects responding

above the AIM or SI threshold (Figures 4C, D). Representative CD8+

AIM dot plots are shown in Figures 4E, F.
FIGURE 3

Expression of Activation-Induced Markers (AIMs) in CD4+ T-cells following stimulation with Spike overlapping peptides. Frequency of AIM-expressing
CD4+ T-cells in unstimulated cells (grey symbol) or following stimulation with Spike (orange symbol) overlapping peptides in (A) the control group
(circles) and (B) in the PVI group (triangles). (C) Spike-reactive CD4+ T-cells following stimulation with Spike overlapping peptides in controls and PVI
subjects after subtraction of the negative control. Donut graph shows the frequency of subjects responding above the threshold in the two groups.
(D) Stimulation Index in the control group and in the PVI group. Donut graph shows the frequency of subjects responding 2-fold above the
stimulation index. Representative AIM dot plots from (E) one control and (F) one PVI subject. SI—Stimulation Index; SEB- Staphylococcal enterotoxin
(B) Statistical differences between data within the same group were assessed by the Wilcoxon matched-pairs signed-rank test. Statistical differences
between groups were assessed by the non-parametric Mann–Whitney U test. Fisher’s exact test was used to compare proportions. *p < 0.05;
**p<0.01; ***p < 0.001; ****p<0.0001.
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3.5 Natural infection restores spike-specific
T-cell immunity

Comparison of CD4 and CD8 T-cell responses before (T2) and

after (T3) COVID breakthrough infection revealed a significant

increase in AIM expression in both CD4+ and CD8+ T-cells at T3

compared to T2 (Figures 5A, B). The proportion of subjects with

AIM+ CD4+ T-cell responses above the threshold (defined by the

median of negative controls) was significantly higher at T3

compared to T2. Additionally, the SI was significantly elevated in

CD8+ T-cells at T3, while a trend toward significance was observed

in CD4+ T-cells (p = 0.083) (Figures 5C, D).
3.6 Increased LAG-3 expression in CD4
and CD8 T-cells

To investigate the potential involvement of T-cell dysfunction

in the reduced CD4+ T-cell response, we assessed the expression of

several co-inhibitory receptors commonly associated with

exhaustion, including LAG-3, PD-1, TIM-3, TIGIT, CTLA-4, and

BTLA on CD4+ and CD8+ T-cells. A significant increase in the

proportion of LAG-3-positive CD4+ and CD8+ T-cells was observed
Frontiers in Immunology 08173
in the PVI group at T2, following the booster dose, compared to T1

(Figures 6A, G).

Upregulation of exhaustion-associated markers can occur as

part of the normal T-cell activation process, for example after

vaccination. However, the level of expression is generally expected

to remain comparable across successive doses and between

individuals mounting similarly effective responses. In this context,

the increase in LAG-3 expression, particularly among CD8+ T-cells,

was more pronounced in individuals who subsequently experienced

a breakthrough infection. This could suggest a qualitative difference

in the immune response, potentially reflecting a state of early or

functional exhaustion. However, given that these markers can also

reflect recent activation, further functional assays would be

necessary to distinguish between activation-associated expression

and true exhaustion. No significant differences were detected for the

other exhaustion markers analyzed (Figure 6).
3.7 Memory-like NK cell expansion in PVI

Fifteen different antibodies (listed in Materials and Methods)

were used to analyze the immunophenotype of NK cells by flow

cytometry. The frequency of total CD56+ CD3- NK cells was
FIGURE 4

Expression of Activation-Induced Markers (AIMs) in CD8+ T-cells following stimulation with Spike overlapping peptides. Frequency of AIM-expressing
CD8+ T-cells in unstimulated cells (grey symbol) or following stimulation with Spike (orange symbol) overlapping peptides in (A) the control group
(circles) and (B) in the PVI group (triangles). (C) Spike-reactive CD8+ T-cells following stimulation with Spike overlapping peptides in controls and PVI
subjects after subtraction of the negative control. Donut graph shows the frequency of subjects responding above the threshold in the two groups.
(D) Stimulation index in the control group and in the PVI group. Donut graph shows the frequency of subjects responding 2-fold above the
stimulation index. Representative AIM dot plots from (E) one control and (F) one PVI subject. SI—Stimulation Index; SEB- Staphylococcal enterotoxin
(B) Statistical differences between data within the same group were assessed by the Wilcoxon matched-pairs signed-rank test. Statistical differences
between groups were assessed by the non-parametric Mann–Whitney U test. Fisher’s exact test was used to compare proportions. *p < 0.05;
**p<0.01; ****p<0.0001.
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significantly reduced at T2 in both PVI and controls. Additionally, a

significant decrease was observed at T3 compared to T1 in the PVI

group (Figure 7A). The immune profiling of NK cells revealed a

marked reduction in the expression of the cell activation marker

CD16 in both groups at T2, followed by a significant increase at T3

in PVI subjects (Figure 7B). Similarly, the frequencies of the

activating receptor NKp46 and the maturity marker CD57 were

reduced at T2 compared to T1 in both groups, with both markers
Frontiers in Immunology 09174
showing a significant increase at T3 in the PVI group (Figures 7C,

D). The frequency of the inhibitory receptor NKG2A increased at

T2 compared to T1 in both groups (Figure 7E). Notably, NKG2C+

and CD57+ NKG2C+ memory-like NK cells were significantly

increased at T3 in PVI subjects (Figures 7F, G). Unsupervised

analysis identified 12 distinct NK cell clusters; among these, Cluster

2 showed increased frequency in the PVI group and exhibited a

phenotype consistent with memory-like NK cells (CD57+,
FIGURE 5

AIM expression in CD4 (A) and CD8 (B) T-cells before (T2) and after (T3) breakthrough infection in PVI subjects. Donut graph shows the frequency of
subjects responding above the threshold in the two groups. Stimulation index in CD4 (C) and CD8+ (D) T-cells. Donut graph shows the frequency of
subjects responding 2-fold above the stimulation index. SI—Stimulation Index; Statistical differences were assessed by the Wilcoxon matched-pairs
signed-rank test. Fisher’s exact test was used to compare proportions. *p < 0.05; **p<0.01.
FIGURE 6

Levels of exhaustion markers in CD4+ (A-F) and CD8+ (G-L) T-cells in controls (orange circles) and PVI subjects (blue triangles). LAG-3
representative dot plots are shown for CD4+ (upper panel) and CD8+ (lower panel) cells. Statistical differences were assessed by the Wilcoxon
matched-pairs signed-rank test and Holm-Šıd́ák’s multiple comparisons test. *p < 0.05.
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NKG2C+, NKG2A-, Siglec-7low, NKp46low) (Supplementary

Figure 3). Interestingly, a comparison of Cluster 2 between the

two groups revealed a distinct receptor expression pattern

associated with PVI, characterized by a reduced proportion of

CD56+CD8+ NK cells and increased expression of NKp46

(Supplementary Figure 3E).

Furthermore, the frequencies of memory-like CD57+NKG2C+

and NKG2C+ NK cells at T3 were positively correlated with anti-N

antibody levels at the same time point (Figures 8A, B). Additionally,

in PVI subjects only, the proportion of memory-like NK cells at T2
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was positively correlated with the frequency of AIM+CD4+ T-cells

at the corresponding time point (Figures 8C, D).
4 Discussion

This study provides a comprehensive analysis of Spike-specific

T-cell responses in a cohort of SARS-CoV-2-unexposed subjects

who experienced breakthrough infection following the booster dose

of the COVID-19 vaccine. Notably, in the period following the third
FIGURE 7

NK cell frequency in controls (orange circles) and PVI subjects (blue triangles) (A). Proportion of NK cells expressing CD16+ (B), NKp46+ (C), CD57
(D), NKG2A (E), NKG2C (F) and CD57+ NKG2C+ memory-like NK cells (G) in controls (orange circles) and PVI (blue triangles) subjects. NKG2C+ and
CD57+ NKG2C+ representative dot plots are shown. Statistical differences were assessed by the Wilcoxon matched-pairs signed-rank test and Holm-
Šıd́ák’s multiple comparisons test. *p < 0.05; **p<0.01; ***p < 0.001.
FIGURE 8

Positive correlations between anti-N antibodies and the frequency of CD57+NKG2C+ (A) or NKG2C (B) memory-like NK cells in PVI subjects at T3.
Positive correlations between the frequency of AIM+ CD4+ T-cells and CD57+NKG2C+ (C) or NKG2C (D) memory-like NK cells in PVI subjects at T2.
Correlations between variables were analyzed by Pearson’s rank correlation coefficient.
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vaccine dose, individuals who later developed PVI exhibited a

distinct immunological profile characterized by significantly

reduced Spike-specific CD4+ T-cell responses. This impaired

cellular immunity was restored after natural infection, as

demonstrated by enhanced antigen-specific CD4+ and CD8+ T-

cell activation post-infection.

Our findings are consistent with a previous study, which

reported reduced spike-specific T-cell responses in individuals

who subsequently developed COVID-19 compared to those who

remained uninfected (32). Another study showed that older adults

who later experienced PVI displayed significantly lower vaccine-

induced spike-specific CD4+ and CD8+ T-cell responses compared

to those who remained uninfected; however, in contrast to our data,

they did not observe any significant differences in the frequency of

spike-specific T-cells among younger population suggesting that

host-related factors such as age and immune competence may

influence susceptibility to PVI (33).

Similarly, Rovida et al. reported no significant differences in T-

cell responses between PVI and non-PVI individuals after two doses

of the BNT162b2 vaccine (34). However, it is essential to note that

immune responses were assessed during acute infection (within 48

hours of diagnosis), potentially masking pre-infection differences

due to infection-induced immune activation. This methodological

difference may explain the discordant results and emphasizes the

importance of timing in immunological assessments.

Interestingly, we found that the reduction in T-cell responses

after booster vaccination in PVI subjects was accompanied by

increased expression of the immune checkpoint receptor LAG-3,

particularly in CD8+ T cells. LAG-3 is typically associated with T

cell exhaustion, particularly in the context of chronic infection or

persistent antigen exposure. Indeed, prior studies have linked high

LAG-3 expression to both mild and severe COVID-19 cases (35)

and dysfunctional antiviral responses (36). However, co-inhibitory

markers are also known to be transiently upregulated following T-

cell activation. Therefore, the increased LAG-3 expression observed

in individuals who later experienced breakthrough infection may

indicate an altered immune profile, potentially indicative of early

dysfunction, or reflect recent activation. Further functional studies

are needed to better understand its significance.

In line with this, our data show a trend towards decreased

central memory CD4+ T-cells in PVI subjects. Central memory T-

cells have a prominent role in peptide-induced recall responses and

are enriched following effective vaccination or infection (2, 37). The

reduction of the CM T-cell pool may contribute to weaker T-cell

recall responses to Spike peptides post-booster, as confirmed by

lower AIM+ CD4+ T-cell frequencies and stimulation index in the

PVI group.

In contrast to T-cells, the anti-Spike antibody levels were

comparable between groups at all time points, suggesting that

antibody titers alone may not predict protection against PVI.

These findings are supported by previous work demonstrating

that T-cell immunity is critical for long-term protection and

disease control (38).

The evaluation of NK cell immunophenotype during

vaccination revealed modulation within the memory-like NK cell
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compartment following vaccination and infection, with a significant

increase in NKG2C+ NK cells post-infection in PVI individuals.

These cells have been previously associated with robust antiviral

responses in convalescent individuals (26) and have been shown to

improve outcomes in SARS-CoV-2 infection. Indeed, the deletion

of the NKG2C receptor has been associated with the development

of severe COVID‐19 (39). Moreover, recent data have shown that

memory-like natural killer cells exhibit protective activity against

lung invasion during SARS-CoV-2 infection (40). Emerging

evidence suggests that memory-like NKG2C+ NK cells play a

crucial role in shaping effective vaccine responses, as they

contribute to orchestrating T-cell immunity following COVID-19

vaccination, underscoring their importance in the development of

vaccine-induced immunity (40).

A positive correlation between memory-like NK cell frequencies

and both anti-N antibodies and AIM+ CD4+ T-cells was observed,

suggesting a coordinated innate and adaptive antiviral immune

activation. This finding aligns with previous reports showing that

cooperation between innate lymphoid cells and vaccine-induced

antibodies contributes to the regulation of vaccine-elicited T-cell

responses, further supporting the idea of integrated crosstalk

between innate and adaptive immunity during antiviral responses

(41, 42).

Finally, in agreement with previous studies (15, 43, 44) our

results confirm that natural infection boosts cellular immunity

more robustly than vaccination alone, likely due to broader

epitope exposure and higher antigenic load.

This study has several limitations. First, the small sample size

limits the statistical power and applicability of the findings,

particularly for subgroup comparisons. Second, while we assessed

antigen-specific T-cell activation using AIM assays, we did not

evaluate functional parameters such as cytokine production, which

would provide deeper insights into the quality and breadth of the T-

cell response. Third, immune responses were not tested against

specific SARS-CoV-2 variants, which could have influenced

susceptibility to breakthrough infection. Moreover, all the PVI

included were of limited severity, not requiring hospitalization or

oxygen supplementation. It cannot be ruled out that in more severe

clinical manifestations the difference detected in our study can be

more pronounced. Additionally, the study focused on circulating

immune cells and did not assess mucosal immunity, a key

component of protection against respiratory viruses. The use of

different vaccine types among participants introduces

heterogeneity, and potential confounders. Although the majority

received either BNT162b2 or ChAdOx1-S for the initial two doses, a

small subset received mRNA-1273. Similarly, the third dose

included both BNT162b2 and mRNA-1273, with different

distributions between the PVI and control groups. Given known

differences in immunogenicity between vaccine platforms and

mRNA dose, this variation could influence immune responses.

Due to the limited sample size, stratified subgroup analyses were

not feasible; thus, this heterogeneity should be considered when

interpreting the findings. Finally, although multiple time points

were analyzed, some immune dynamics may have been missed due

to the limited sampling frequency, particularly after infection.
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In summary, our study provides evidence that COVID-naïve,

vaccinated individuals who later experience breakthrough infection

display impaired Spike-specific CD4+ T-cell responses after the

third vaccine dose, despite comparable antibody levels. This

reduced cellular response may contribute to increased

susceptibility to SARS-CoV-2 infection. Following natural

infection, both T-cell and NK cell responses were restored or

enhanced, indicating that natural exposure can overcome initial

vaccine-induced immune limitations.

These findings underscore the importance of evaluating cellular

immunity to predict vaccine efficacy and the risk of breakthrough

infections. Moreover, they emphasize the need for additional

research into host factors, including LAG-3, and the potential role

of memory-like NK cells as biomarkers of immune competence.
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Pradenas E, et al. Initial antigen encounter determines robust T-cell immunity against
SARS-CoV-2 BA.2.86 variant three years later. J Infection. (2025) 90:106402.
doi: 10.1016/j.jinf.2024.106402

9. Keeton R, Tincho MB, Ngomti A, Baguma R, Benede N, Suzuki A, et al. T cell
responses to SARS-CoV-2 spike cross-recognize Omicron. Nature. (2022) 603:488–92.
doi: 10.1038/s41586-022-04460-3

10. Grifoni A, Sidney J, Vita R, Peters B, Crotty S, Weiskopf D, et al. SARS-CoV-2
human T cell epitopes: Adaptive immune response against COVID-19. Cell Host
Microbe. (2021) 29:1076–92. doi: 10.1016/j.chom.2021.05.010

11. Mateus J, Dan JM, Zhang Z, Rydyznski Moderbacher C, Lammers M, Goodwin
B, et al. Low-dose mRNA-1273 COVID-19 vaccine generates durable memory
enhanced by cross-reactive T cells. Science. (2021) 374:eabj9853. doi: 10.1126/
science.abj9853

12. Minervina AA, Komech EA, Titov A, Bensouda Koraichi M, Rosati E, Mamedov
IZ, et al. Longitudinal high-throughput TCR repertoire profiling reveals the dynamics
of T-cell memory formation after mild COVID-19 infection. eLife. (2021) 10:e63502.
doi: 10.7554/eLife.63502

13. Sahin U, Muik A, Vogler I, Derhovanessian E, Kranz LM, Vormehr M, et al.
BNT162b2 vaccine induces neutralizing antibodies and poly-specific T cells in humans.
Nature. (2021) 595:572–7. doi: 10.1038/s41586-021-03653-6

14. Tarke A, Sidney J, Methot N, Yu ED, Zhang Y, Dan JM, et al. Impact of SARS-
CoV-2 variants on the total CD4+ and CD8+ T cell reactivity in infected or vaccinated
individuals. Cell Rep Med. (2021) 2:100355. doi: 10.1016/j.xcrm.2021.100355

15. Collier A ris Y, Brown CM, McMahan KA, Yu J, Liu J, Jacob-Dolan C, et al.
Characterization of immune responses in fully vaccinated individuals after
breakthrough infection with the SARS-CoV-2 delta variant. Sci Transl Med. (2022)
14:eabn6150. doi: 10.1126/scitranslmed.abn6150

16. Bates TA, McBride SK, Leier HC, Guzman G, Lyski ZL, Schoen D, et al.
Vaccination before or after SARS-CoV-2 infection leads to robust humoral response
and antibodies that effectively neutralize variants. Sci Immunol. (2022) 7:eabn8014.
doi: 10.1126/sciimmunol.abn8014

17. Reynolds CJ, Gibbons JM, Pade C, Lin KM, Sandoval DM, Pieper F, et al.
Heterologous infection and vaccination shapes immunity against SARS-CoV-2
variants. Science. (2022) 375:183–92. doi: 10.1126/science.abm0811

18. Cox A, Cevik H, Feldman HA, Canaday LM, Lakes N, Waggoner SN. Targeting
natural killer cells to enhance vaccine responses. Trends Pharmacol Sci. (2021) 42:789–
801. doi: 10.1016/j.tips.2021.06.004

19. Lee J, Zhang T, Hwang I, Kim A, Nitschke L, Kim M, et al. Epigenetic
modification and antibody-dependent expansion of memory-like NK cells in human
cytomegalovirus-infected individuals. Immunity. (2015) 42(3):431–42. doi: 10.1016/
j.immuni.2015.02.013

20. Sun JC, Lopez-Verges S, Kim CC, DeRisi JL, Lanier LL. NK cells and immune
"memory". J Immunol. (2011) 186(4):1891–7. doi: 10.4049/jimmunol.1003035

21. Market M, Angka L, Martel AB, Bastin D, Olanubi O, Tennakoon G, et al.
Flattening the COVID-19 curve with natural killer cell based immunotherapies. Front
Immunol. (2020) 11:1512. doi: 10.3389/fimmu.2020.01512

22. Herrera L, Martin-Inaraja M, Santos S, Inglés-Ferrándiz M, Azkarate A, Perez-
Vaquero MA, et al. Identifying SARS-CoV-2 'memory' NK cells from COVID-19
convalescent donors for adoptive cell therapy. Immunology. (2022) 165(2):234–49.
doi: 10.1111/imm.13432
Frontiers in Immunology 13178
23. Shang QN, Yu XX, Xu ZL, Chen YH, Han TT, Zhang YY, et al. Expanded
clinical-grade NK cells exhibit stronger effects than primary NK cells against HCMV
infection. Cell Mol Immunol. (2023) 20(8):895–907. doi: 10.1038/s41423-023-01046-5

24. Schlums H, Cichocki F, Tesi B, Theorell J, Beziat V, Holmes TD, et al.
Cytomegalovirus infection drives adaptive epigenetic diversification of NK cells with
altered signaling and effector function. Immunity. (2015) 42:443–56. doi: 10.1016/
j.immuni.2015.02.008

25. Sun JC, Lopez-Verges S, Kim CC, DeRisi JL, Lanier LL. NK cells and immune
“Memory. J Immunol. (2011) 186:1891–7. doi: 10.4049/jimmunol.1003035

26. Herrera L, Martin-Inaraja M, Santos S, Inglés-Ferrándiz M, Azkarate A, Perez-
Vaquero MA, et al. Identifying SARS-CoV-2 ‘memory’ NK cells from COVID-19
convalescent donors for adoptive cell therapy. Immunology. (2022) 165:234–49.
doi: 10.1111/imm.13432

27. Dong H, Ham JD, Hu G, Xie G, Vergara J, Liang Y, et al. Memory-like NK cells
armed with a neoepitope-specific CAR exhibit potent activity against NPM1 mutated
acute myeloid leukemia. Proc Natl Acad Sci USA. (2022) 119:e2122379119.
doi: 10.1073/pnas.2122379119

28. Berrien-Elliott MM, Cashen AF, Cubitt CC, Neal CC, Wong P, Wagner JA, et al.
Multidimensional analyses of donor memory-like NK cells reveal new associations with
response after adoptive immunotherapy for leukemia. Cancer Discovery. (2020)
10:1854–71. doi: 10.1158/2159-8290.CD-20-0312

29. Haroun-Izquierdo A, Vincenti M, Netskar H, Van Ooijen H, Zhang B, Bendzick
L, et al. Adaptive single-KIR+ NKG2C+ NK cells expanded from select superdonors
show potent missing-self reactivity and efficiently control HLA-mismatched acute
myeloid leukemia. J Immunother Cancer. (2022) 10:e005577. doi: 10.1136/jitc-2022-
005577

30. Stefanelli P, Trentini F, Petrone D, Mammone A, Ambrosio L, Manica M, et al.
Tracking the progressive spread of the SARS-CoV-2 Omicron variant in Italy,
December 2021 to January 2022. Eurosurveillance. (2022) 27(45):2200125.
doi: 10.2807/1560-7917.ES.2022.27.45.2200125

31. Bergna A, Lai A, Sagradi F, Menzo S, Mancini N, Bruzzone B, et al. Genomic
epidemiology of the main SARS-coV-2 variants circulating in Italy during the omicron
era. J Med Virol. (2025) 97:e70215. doi: 10.1002/jmv.70215

32. Paniskaki K, Anft M, Meister TL, Marheinecke C, Pfaender S, Skrzypczyk S, et al.
Immune response in moderate to critical breakthrough COVID-19 infection after mRNA
vaccination. Front Immunol. (2022) 13:816220. doi: 10.3389/fimmu.2022.816220

33. Datwani S, Kalikawe R, Mwimanzi F, Speckmaier S, Liang R, Sang Y, et al.
Dynamics of T-cell responses following COVID-19 mRNA vaccination and breakthrough
infection in older adults. PAI. (2023) 8:117–35. doi: 10.20411/pai.v8i1.613

34. Rovida F, Cassaniti I, Paolucci S, Percivalle E, Sarasini A, Piralla A, et al. SARS-
CoV-2 vaccine breakthrough infections with the alpha variant are asymptomatic or
mildly symptomatic among health care workers. Nat Commun. (2021) 12:6032.
doi: 10.1038/s41467-021-26154-6

35. Rendeiro AF, Casano J, Vorkas CK, Singh H, Morales A, DeSimone RA, et al.
Profiling of immune dysfunction in COVID-19 patients allows early prediction of
disease progression. Life Sci Alliance. (2021) 4:e202000955. doi: 10.26508/
lsa.202000955

36. Blackburn SD, Shin H, Haining WN, Zou T, Workman CJ, Polley A, et al.
Coregulation of CD8+ T cell exhaustion by multiple inhibitory receptors during
chronic viral infection. Nat Immunol. (2009) 10:29–37. doi: 10.1038/ni.1679

37. Dan JM, Mateus J, Kato Y, Hastie KM, Yu ED, Faliti CE, et al. Immunological
memory to SARS-CoV-2 assessed for up to 8 months after infection. Science. (2021)
371:eabf4063. doi: 10.1126/science.abf4063

38. Lu Z, Laing ED, Pena DaMata J, Pohida K, Tso MS, Samuels EC, et al. Durability
of SARS-coV-2–specific T-cell responses at 12 months postinfection. J Infect Diseases.
(2021) 224:2010–9. doi: 10.1093/infdis/jiab543

39. Vietzen H, Zoufaly A, Traugott M, Aberle J, Aberle SW, Puchhammer-Stöckl E.
Deletion of the NKG2C receptor encoding KLRC2 gene and HLA-E variants are risk
factors for severe COVID-19. Genet Med. (2021) 23:963–7. doi: 10.1038/s41436-020-
01077-7

40. ZhengH, Chen Y, Li J, Zhang Y, Li H, Zhao X, et al. Essential role of CD56dimNKG2C
+ NK cells trained by SARS-CoV-2 vaccines in protecting against COVID-19. Mol Ther.
(2025) S1525-0016(25):00401-0. doi: 10.1016/j.ymthe.2025.05.031

41. Cherrier M, Ramachandran G, Golub R. The interplay between innate lymphoid
cells and T cells.Mucosal Immunol. (2020) 13:732–42. doi: 10.1038/s41385-020-0320-8

42. Eberl G, Colonna M, Di Santo JP, McKenzie ANJ. Innate lymphoid cells: A new
paradigm in immunology. Science. (2015) 348:aaa6566. doi: 10.1126/science.aaa6566

43. KoutsakosM, Reynaldi A, LeeWS, Nguyen J, Amarasena T, Taiaroa G, et al. SARS-
CoV-2 breakthrough infection induces rapid memory and de novo T cell responses.
Immunity. (2023) 56:879–892.e4. doi: 10.1016/j.immuni.2023.02.017

44. Tarke A, Ramezani-Rad P, Alves Pereira Neto T, Lee Y, Silva-Moraes V,
Goodwin B, et al. SARS-CoV-2 breakthrough infections enhance T cell response
magnitude, breadth, and epitope repertoire. Cell Rep Med. (2024) 5:101583.
doi: 10.1016/j.xcrm.2024.101583
frontiersin.org

https://doi.org/10.1016/j.cell.2021.01.007
https://doi.org/10.1016/j.cell.2020.05.015
https://doi.org/10.1016/j.cell.2020.05.015
https://doi.org/10.1126/science.abh1282
https://doi.org/10.1126/sciimmunol.abj1750
https://doi.org/10.1093/ofid/ofab143
https://doi.org/10.1016/j.immuni.2022.08.008
https://doi.org/10.1016/j.immuni.2022.08.008
https://doi.org/10.1002/jmv.29877
https://doi.org/10.1016/j.jinf.2024.106402
https://doi.org/10.1038/s41586-022-04460-3
https://doi.org/10.1016/j.chom.2021.05.010
https://doi.org/10.1126/science.abj9853
https://doi.org/10.1126/science.abj9853
https://doi.org/10.7554/eLife.63502
https://doi.org/10.1038/s41586-021-03653-6
https://doi.org/10.1016/j.xcrm.2021.100355
https://doi.org/10.1126/scitranslmed.abn6150
https://doi.org/10.1126/sciimmunol.abn8014
https://doi.org/10.1126/science.abm0811
https://doi.org/10.1016/j.tips.2021.06.004
https://doi.org/10.1016/j.immuni.2015.02.013
https://doi.org/10.1016/j.immuni.2015.02.013
https://doi.org/10.4049/jimmunol.1003035
https://doi.org/10.3389/fimmu.2020.01512
https://doi.org/10.1111/imm.13432
https://doi.org/10.1038/s41423-023-01046-5
https://doi.org/10.1016/j.immuni.2015.02.008
https://doi.org/10.1016/j.immuni.2015.02.008
https://doi.org/10.4049/jimmunol.1003035
https://doi.org/10.1111/imm.13432
https://doi.org/10.1073/pnas.2122379119
https://doi.org/10.1158/2159-8290.CD-20-0312
https://doi.org/10.1136/jitc-2022-005577
https://doi.org/10.1136/jitc-2022-005577
https://doi.org/10.2807/1560-7917.ES.2022.27.45.2200125
https://doi.org/10.1002/jmv.70215
https://doi.org/10.3389/fimmu.2022.816220
https://doi.org/10.20411/pai.v8i1.613
https://doi.org/10.1038/s41467-021-26154-6
https://doi.org/10.26508/lsa.202000955
https://doi.org/10.26508/lsa.202000955
https://doi.org/10.1038/ni.1679
https://doi.org/10.1126/science.abf4063
https://doi.org/10.1093/infdis/jiab543
https://doi.org/10.1038/s41436-020-01077-7
https://doi.org/10.1038/s41436-020-01077-7
https://doi.org/10.1016/j.ymthe.2025.05.031
https://doi.org/10.1038/s41385-020-0320-8
https://doi.org/10.1126/science.aaa6566
https://doi.org/10.1016/j.immuni.2023.02.017
https://doi.org/10.1016/j.xcrm.2024.101583
https://doi.org/10.3389/fimmu.2025.1657082
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Frontiers in Immunology

OPEN ACCESS

EDITED BY

Sonia Jangra,
The Rockefeller University, United States

REVIEWED BY

Ekaterini Simoes Goudouris,
Federal University of Rio de Janeiro, Brazil

*CORRESPONDENCE

Manuela Berto Pucca

manuela.pucca@unesp.br

RECEIVED 29 June 2025

ACCEPTED 15 September 2025
PUBLISHED 30 September 2025

CITATION

Filardi ETM, Carbonell RCC, Pavan FR,
Cerni FA and Pucca MB (2025) One hundred
years of BCG: the journey of tuberculosis
vaccination in Brazil.
Front. Immunol. 16:1655969.
doi: 10.3389/fimmu.2025.1655969

COPYRIGHT

© 2025 Filardi, Carbonell, Pavan, Cerni and
Pucca. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Opinion

PUBLISHED 30 September 2025

DOI 10.3389/fimmu.2025.1655969
One hundred years of BCG: the
journey of tuberculosis
vaccination in Brazil
Eloise Trostdorf Monteiro Filardi1,
Roberto Carlos Cruz Carbonell1,2, Fernando Rogério Pavan1,
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Vaccines represent one of the most significant achievements in medical science,

constituting safe preparations or substances developed with the primary purpose of

stimulating the immune system (1, 2). Their central function is to protect the human

body against a myriad of infectious diseases that can be prevented through immunization.

From an educational perspective, vaccines can be described as biological preparations that

“train” the immune system to recognize and mount an effective defense against specific

pathogens (e.g., viruses or bacteria) prior to natural exposure, thereby preventing the onset

of disease (3).

The relevance of vaccines transcends individual protection, extending to a considerable

socioeconomic impact. When employed as a public health strategy, vaccines are widely

considered one of the best investments available, primarily due to their exceptional cost-

effectiveness (4). The benefits of vaccination extend far beyond the immediate prevention of

disease in individuals. By enabling large-scale disease control, vaccines significantly reduce

the burden on healthcare systems, leading to fewer hospital admissions, diminished

reliance on high-cost medical interventions, and reduced demand for long-term care

services. Moreover, individuals protected through immunization are generally healthier

and more capable of contributing to the workforce, thereby enhancing economic

productivity at both community and national levels (5, 6).

The history of vaccination is a narrative of scientific triumphs and transformative

impact on global health. Over the past five decades, global immunization efforts have

resulted in an extraordinary achievement. It is estimated that at least 154 million lives have

been saved, the vast majority of them (approximately 101 million) being children (7). A

particularly eloquent testament to this success is the impact of measles vaccination, which

alone accounted for about 60% of those lives saved, equivalent to approximately 94 million

children protected since 1974 (8, 9).

This year marks a significant milestone, a century of the Bacillus Calmette–Guérin

(BCG) vaccination in Brazil, a pivotal tool in the fight against tuberculosis (TB), a disease

responsible for thousands of deaths worldwide. Officially introduced in Brazil in 1925, the

BCG vaccine became a symbol of prevention and public health advancement against one of

the most lethal infectious diseases globally (10, 11). However, the vaccine’s origin dates to
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1921 (ie., four years before), when French scientists Albert Calmette

and Camille Guérin, working at the Pasteur Institute in Paris,

developed the immunizing agent after years of dedicated research.

The scientists attenuated a strain of Mycobacterium bovis, a close

relative of M. tuberculosis, the pathogen responsible for human

tuberculosis. Over the course of 13 years, they subjected the

bacterium to 231 serial passages in subcultures containing bile,

gradually reducing its virulence while retaining its immunogenic

capacity. The outcome was a live attenuated vaccine capable of

inducing protective immunity without causing disease, first

administered to humans in 1921 and subsequently adopted

worldwide (12).

In Brazil, before the introduction of BCG vaccine (1925) and, later,

the development of effective therapeutics from the mid-20th century

onwards, the tuberculosis scenario in Brazil was critical. The disease,

often called the “white plague,” was one of the leading causes of death,

surrounded by fear and social stigma (13). In the absence of specific

treatments, therapeutic approaches were largely palliative and of

limited efficacy. In that time, the main strategy for managing

patients consisted of isolation in sanatoria, institutions typically built

in locations considered healthy climates (mountains or coast), where

prolonged rest, enhanced nutrition, and exposure to fresh air, known

as “climatotherapy”, were prescribed (14). Although these represented

an effort to care for patients and attempt to contain disease spread,

sanatoria were insufficient to meet demand and inaccessible tomost of

the affected population, especially the poor. The effectiveness of these

measures in curing the disease was questionable, serving more as

palliation and a form of segregation (15).

The introduction of the BCG vaccine in Brazil occurred

relatively soon after its development in France, demonstrating a

proactive response from the Brazilian scientific and medical

community to the serious tuberculosis problem. The protagonist

of this introduction was the physician and researcher Arlindo de

Assis, who brought the BCG strain from Paris to Brazil in 1925

(Figure 1A). Linked to the Brazilian League against Tuberculosis,

Assis initiated the production and application of the vaccine in the

country, initially via the oral route, a method he advocated for many

years (16). Subsequent production and research efforts involved

renowned institutions such as the Oswaldo Cruz Institute (Fiocruz)

(17), consolidating the vaccine’s presence in the national scenario

from the late 1920s and early 1930s. Brazil’s early engagement with

BCG technology, facilitated by figures like Arlindo de Assis and

institutions like Fiocruz, signaled recognition of the magnitude of

the TB problem and an openness to incorporating new scientific

interventions, laying the foundation for the future integration of

BCG into national immunization programs. Despite significant

progress in the fight against TB, the disease remains a major

global health challenge. The variable efficacy of BCG vaccine,

particularly in adults, and the increasing prevalence of M.

tuberculosis strains resistant to first-line drugs are critical

concerns (18). These biomedical challenges are further

compounded by persistent social determinants of health,

including overcrowded living conditions, malnutrition, and

limited access to timely diagnosis and effective treatment in

underserved populations (19, 20).
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Another important historical milestone in Brazil occurred in

1975, when tuberculosis was officially included among the diseases

subject to compulsory notification. This was established by Federal

Law No. 6,259, enacted on October 30, 1975, which organized the

national system of epidemiological surveillance. The law was later

regulated by Decree No. 78,231 of August 12, 1976 (21, 22). From

that point on, all diagnosed cases of tuberculosis had to be reported

to health authorities. This measure played a crucial role in

strengthening public health efforts, allowing for more accurate

monitoring of the disease, improved resource allocation, and the

implementation of more effective tuberculosis control strategies

nationwide (23–25).

Although TB is a preventable and curable disease, it remains

one of the leading causes of death from infectious diseases

worldwide, second only to COVID-19 during certain periods. In

2023, it is estimated that approximately 1.25 million people died

from TB globally (26). In Brazil, 5,845 TB-related deaths were

reported in 2022, corresponding to a mortality rate of 2.72 per

100,000 inhabitants, the highest recorded in over two decades of

surveillance (27, 28). The high lethality of TB is often associated

with factors such as delayed diagnosis, treatment abandonment,

social vulnerability, and coinfections, particularly TB-HIV, which

significantly worsens patient prognosis (29). These indicators

highlight the urgent need for integrated strategies focused on

surveillance, early diagnosis, treatment adherence, and public

policies aimed at reducing social inequalities.

A temporal analysis of new reported tuberculosis (TB) cases in

Brazil from 2013 to 2023, together with national BCG vaccination

coverage, is shown in Figure 1B. The data demonstrate that, despite

a decline in vaccination coverage during the COVID-19 pandemic,

there was no immediate proportional increase in TB notifications.

However, a marked rise in reported cases is observed in 2022, likely

related to the resumption of surveillance activities and improved

case detection.

BCG vaccination coverage in Brazil remained consistently high

until 2018, with rates above 95% (Figure 1). From 2019 onward, a

gradual decline was observed, becoming more pronounced between

2020 and 2021, when coverage dropped below 80%, despite its

mandatory status under Federal Law. This decrease is likely

associated with disruptions in health services, logistical challenges,

and vaccine hesitancy exacerbated by the COVID-19 pandemic, as

previously discussed by Filardi et al. (37). Importantly, despite the

drop in coverage, no immediate proportional increase in TB cases

was evident during this period. This highlights the critical need to

restore and maintain high BCG vaccination coverage and to

strengthen epidemiological surveillance systems to ensure timely

case detection and control. Encouragingly, coverage rose to 83.5%

in 2023, and preliminary data for 2024 indicate a further increase to

92.8%, suggesting a recovery toward pre-pandemic vaccination

levels (30).

Vaccination remains a crucial tool in the global fight against TB,

particularly given the disease’s persistent lethality and impact on

vulnerable populations. The BCG vaccine, although not fully

effective in preventing pulmonary TB in adults, plays a

fundamental role in protecting children against the most severe
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and life-threatening forms of the disease, such as tuberculous

meningitis and miliary TB. By reducing the incidence of these

severe manifestations, BCG contributes directly to lowering TB-

associated mortality and alleviating the overall burden on public

health systems. Mass immunization programs, therefore, are

essential to prevent avoidable deaths and to control the

progression of TB, especially in high-risk communities (31, 32).
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Although BCG vaccination coverage is not universal and has

shown a concerning decline in several regions over recent years, it

remains the most effective public health intervention for preventing

severe forms of TB in children, particularly extrapulmonary

manifestations. Robust evidence from observational studies and

meta-analyses supports the vaccine’s efficacy, with protection

ranging from 70% to 80% against these critical forms. A
FIGURE 1

Historical and epidemiological context of BCG vaccination and tuberculosis in Brazil. (A) Timeline illustrating key milestones in BCG implementation
in Brazil. (B) Temporal trends in new reported tuberculosis (TB) cases and national BCG vaccination coverage (2013–2023).
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systematic review by the Cochrane Collaboration (2014)

demonstrated a 73% reduction in the risk of tuberculous

meningitis and a 77% reduction in the incidence of miliary TB

among vaccinated individuals. These findings reinforce the

importance of maintaining high BCG vaccination coverage as a

cornerstone of global TB control strategies, particularly in endemic

regions. As illustrated in the graphs for Brazil, while BCG coverage

remained above 95% until 2015, a subsequent decline may

jeopardize these public health gains and is potentially associated

with the observed fluctuations in TB mortality. Together, these data

emphasize the urgent need to strengthen immunization efforts to

ensure sustained protection against severe TB and prevent a

resurgence in disease-related mortality (33).

Looking ahead, scientific innovation stands as a crucial driver

in the global effort to eliminate TB. Promising candidates for next-

generation vaccines are in advanced stages of development,

aiming to provide broader and more durable protection across

age groups and geographic settings (34). In parallel, advances in

molecular diagnostics and digital health technologies are

enhancing early detection, while targeted public health

campaigns are raising awareness and promoting adherence to

treatment regimens. Together, these integrated strategies are

essential for accelerating progress toward TB control and,

ultimately, eradication (35, 36).

As Brazil marks a century of tuberculosis vaccination (1925–

2025), this milestone serves not only as a testament to the progress

achieved but also as a call to address the persistent challenges that

remain. Sustained investment in public health infrastructure,

research, and equitable access to healthcare, combined with

ongoing scientific innovation, will be essential to ensuring that, in

the coming century, tuberculosis is no longer a threat to public

health in Brazil or across the globe.
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Impact of an aerosolized or
intramuscular adenovirus type
5-vectored COVID-19 vaccine
on Fc-mediated immune
effector functions in a hybrid
immunity population
Mingzhi Gan1,2†, Weiwei Han1†, Chuang Li3†, Simin Li4,
Zhuangzhuang Huang1, Lingjie Xu5, Xiaoyu Xu5,
Xiangjun Zhai1,6*, Yuxin Chen7* and Jingxin Li1,2*

1School of Public Health, National Vaccine Innovation Platform, Nanjing Medical University,
Nanjing, China, 2Jiangsu Provincial Medical Innovation Center, National Health Commission Key
Laboratory of Enteric Pathogenic Microbiology, Jiangsu Provincial Center for Disease Control and
Prevention (Jiangsu Provincial Academy of Preventive Medicine), Nanjing, China, 3Department of
Laboratory Medicine, Nanjing Drum Tower Hospital Clinical College of Nanjing University of Chinese
Medicine, Nanjing, Jiangsu, China, 4School of Public Health, Southeast University, Nanjing, China,
5Vazyme Biotech Co., Ltd, Nanjing, China, 6Major Project Executive Office, Jiangsu Provincial Center
for Disease Control and Prevention, Nanjing, Jiangsu, China, 7Department of Laboratory Medicine,
Nanjing Drum Tower Hospital, Nanjing University Medical School, Nanjing, Jiangsu, China
Background: Beyond the role of neutralizing antibodies in protecting against

SARS-CoV-2, Fc-mediated antibodies functions may offer additional immune

defense. This study aimed to evaluate the Fc-mediated immune responses

elicited by aerosolized and intramuscular Ad5-nCoV vaccines in a Chinese

population with hybrid immunity.

Methods: Serum samples were collected from the immunogenicity sub-cohort

within a multicenter, partially randomized platform trial comparing aerosolized

and intramuscular adenovirus type 5-vectored COVID-19 vaccine (Ad5-nCoV)

boosters in adults in China. Participants were enrolled approximately six months

after an Omicron wave in late 2022, and randomized to receive a booster dose

with aerosolized or intramuscular Ad5-nCoV. Fc-mediated immune responses to

wild-type and XBB.1.16 variant spike proteins were assessed by measuring

antibody-dependent cellular phagocytosis (ADCP), antibody-dependent

neutrophil phagocytosis (ADNP), and antibody-dependent cellular cytotoxicity

(ADCC) before vaccination, and at 14 days, 3 months, 6 months post-booster.

Correlations between Fc-mediated responses (ADCP, ADNP, ADCC) and

neutralizing antibodies, IgG, and IgA levels responses were also analyzed.

Results: Intramuscular Ad5-nCoV vaccination significantly induced Fc-mediated

effector functions against wild-type spike protein, with peak responses at 14 days

post-booster, including ADCP score of 107.21 (95% CI: 84.43-129.99), ADNP

score of 133.96 (95% CI: 112.81-155.11), and ADCC fold induction of 9.64 (95% CI:

8.57-10.70). These responses gradually waned over time. In contrast, aerosolized

Ad5-nCoV did not significantly enhance ADCP or ADNP, but did elicit notable

ADCC responses, peaking at 3months post-vaccination (fold induction: 7.85,95%

CI: 6.66-9.04). Fc-mediated responses to XBB.1.16 were lower than those to the
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wild-type spike. Notably, the fold reductions in ADCP, ADNP, and ADCC against

XBB.1.16 were less pronounced than the corresponding reduction in neutralizing

antibody titers.

Conclusions: Intramuscular Ad5-nCoV vaccination elicited robust ADCP, ADNP,

and ADCC responses, while the aerosolized formulation primarily induced ADCC

activity. Fc-mediated effector functions exhibited greater cross-reactivity against

emerging variants compared to neutralizing antibodies, but correlated only

weakly with neutralizing antibody titers.
KEYWORDS

COVID-19, Fc-mediated immune effector functions, ADCP, ADNP, ADCC
Introduction

Widespread vaccination against severe acute respiratory

syndrome coronavirus 2 (SARS-CoV-2) has significantly reduced

global morbidity and mortality associated with COVID-19 (1).

Most current vaccines were developed based on the ancestral

SARS-CoV-2 strain. However, the emergence of SARS-CoV-2

variants with immune escape properties has challenged the

effectiveness of both vaccine-induced or infection-acquired

humoral immunity, as these variants can partially or fully evade

neutralizing antibodies (2). Beyond neutralization, antibodies exert

additional antiviral effects through interaction between their Fc

region and Fc receptors (FcRs) on immune cells (3, 4). These Fc-

mediated effector functions, including antibody-dependent cellular

cytotoxicity (ADCC), antibody-dependent cellular phagocytosis

(ADCP), and antibody-dependent neutrophil phagocytosis

(ADNP), might also play crucial role in antiviral function

independent of direct neutralization (5, 6). However, the

immunological and clinical relevance of Fc-mediated responses

remains underexplored, as most COVID-19 vaccine studies have

focused primarily on neutralizing antibody titers.

Fc-dependent immune responses have been shown to play a

crucial role in protection against a wide range of viral infections,

including influenza, HIV, and Ebola (3). In the context of SARS-

CoV-2, vaccines have been demonstrated to elicit Fc-mediated

effector functions that contribute to viral clearance. For instance,

three-dose regimen of CoronaVac significantly induced ADCP and

ADNP responses against Omicron subvariants (7). Similarly,

mRNA-1273 vaccine generated spike-specific antibodies with

robust FcR-binding capacity and functional activity, even when

neutralization was diminished by viral evolution (8). Furthermore,

Fc-mediated antibody function, particularly those involving Fcg
receptor (FcgR) engagement, have been linked to improved clinical

outcomes in COVID-19 (9).

In China, over 90% of the population has completed the

primary COVID-19 vaccination series (10), and a large-scale

national survey reported that 82.4% of individuals have been

infected with SARS-CoV-2 between December 2022 and February
02185
2023 (11). This had led to widespread hybrid immunity. Recent

evidence suggests that hybrid immunity enhances FcR-binding

antibody responses compared to vaccination alone, potentially

promoting stronger activation of macrophages and natural killer

(NK) cells, and augmenting ADCP, ADNP, and ADCC activity

(12). Previously, we demonstrated that a booster dose of aerosolized

or intramuscular adenovirus type 5-vectored COVID-19 vaccine

(Ad5-nCoV) could enhance the humoral immunity against SARS-

CoV-2 variants in individuals with a hybrid immunity (13).

However, whether these booster strategies can also elicit robust

Fc-mediated immune functions against emerging variants

remains unclear.

In this study, we evaluate Fc-mediated immune responses

elicited by aerosolized and intramuscular Ad5-nCoV booster

vaccines in individuals with hybrid immunity. Specifically, we

assessed their capacity to induce ADCP, ADNP and ADCC

activity against SARS-CoV-2 wild-type strain and XBB.1.16

variants. These findings may provide new perspectives into

optimizing booster vaccination strategies for population with

hybrid immunity.
Materials and methods

Study cohort and serum sample collection

We did a multicenter, partially randomized platform clinical trial

(ClinicalTrials.gov identifier: NCT05855408), to assess the efficacy of

aerosolized (inhaled, IH) versus intramuscular (IM) administration

of a booster dose of an Ad5-nCoV in adults aged ≥18 years with

hybrid immunity, which has been reported previously (13).

Briefly, eligible participants were adults ≥18 years, with or

without underlying medical conditions. Other key inclusion

criteria included ≥4 months since SARS-CoV-2 infection or

confirmation of no prior infection, and ≥6 months since the last

COVID-19 vaccination. Participants provided written informed

consent and were randomly assigned to receive either IH or IM

Ad5-nCoV. Exclusion criteria included: suspected COVID-19
frontiersin.org
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symptoms at enrollment, a positive SARS-CoV-2 antigen test,

receipt of a second booster dose, history of severe adverse vaccine

reactions or anaphylaxis, and pregnancy or lactation.

The first 60 individuals from each vaccination group were

included in the immunogenetic subcohort. Blood samples were

collected at baseline (pre-booster), and on day 14, month 3, and

month 6 post-vaccination for serum and peripheral blood

mononuclear cell (PBMC) isolation.

The study was approved by the Ethics Committee of the Jiangsu

Provincial Center for Disease Control and Prevention and

conducted in accordance with the Declaration of Helsinki and

Good Clinical Practice (GCP) guidelines.
Measurement of the antibody responses

Fc-mediated effector functional assays
ADCP and ADNP assay

ADNP and ADCP assays were carried out as previously study

described (7). Spike proteins from SARS-CoV-2 Wild-type (WT)

(Vazyme, Cat# CG202, Nanjing, China) and Omicron XBB.1.16

(Vazyme, Cat# CG282, Nanjing, China) variants were used.

Proteins were biotinylated using Sulfo-NHS-LC biotin (Thermo

Fisher Scientific, cat# A39257, MA, USA), with excess biotin

removed via Zeba Spin Desalting Columns (Thermo Fisher

Scientific, cat# A44300, MA, USA). Botinylated antigens were

then coupled to 1 mm yellow-green fluorescent NeutrAvidin

beads (Invitrogen, cat# F8776, MA, USA) in a 1:1 ratio and

incubated at 37°C for 2 hours, followed by centrifugation (16,000

g, 15 min) and resuspension in Phosphate-Buffered Saline (PBS)

with 0.5% Bovine Serum Albumin (BSA).

For the ADCP assay, THP-1 cells were used. Serum samples were

diluted 1:25 in PBS containing 0.5% Tween-20 and 1% BSA, and

incubated with antigen-coupled beads at 4°C overnight. After washing,

25,000 THP-1 cells were added per well in R10 medium and incubated

at 37°C, 5%CO2 for 1 hour. Cells were then washed with PBS and fixed

with 4% paraformaldehyde (PFA) (Leagene, cat# DF0135, Beijing,

China) for 30 min. The fixed cells were then analyzed by flow

cytometry. Serum samples from healthy archived individuals from

2019, who were unexposed and unvaccinated, served as negative

controls, which were assayed in parallel with the test samples.

For the ADNP assay, ADNP granulocytes were isolated from the

whole blood of healthy adult donors using a lysis method (8). Immune

complexes were prepared by incubating the 25-fold diluted serum with

antigen-coupled beads (Invitrogen, cat# F8776, MA, USA), as

described above. After incubation, unbound immunoglobulins were

removed by washing with sterile PBS. Granulocytes were resuspended

in R10 medium at a concentration of 5 00,000 cells/mL. A total of

50,000 cells were added to each well containing immune complexes,

mixed by gentle shaking, and incubated for 1 hour at 37°C with 5%

CO2. Following incubation, cells were washed and stained for

neutrophil identification using an APC-conjugated anti-CD66b

antibody (BioLegend, cat# 17-0666-42, CA, USA). Fixation was

carried out using 4% PFA (Leagene, cat# DF0135, Beijing, China) for

30 minutes. Flow cytometric analysis was subsequently performed.
Frontiers in Immunology 03186
The same negative control sera used in the ADCP assay were included

and assayed in parallel with the test samples.

To assess the phagocytic efficacy, the geometric mean

fluorescence intensity (gMFI) and percentage of bead-positive

cells (THP-1 or neutrophils) were measured by flow cytometry.

The phagoscore was calculated as: Phagoscore = (% positive cells ×

gMFI)/100,000. The corrected phagoscore was defined as the actual

phagoscore derived from the sample minus phagoscore derived

from the blank control. If the phagoscore was calculated to be less

than zero, it was assigned a value of zero.

ADCC assay

ADCC assay was carried out as previously study described (14).

Two sets of 293F cell lines were constructed, each stably expressing

the spike protein of either the SARS-CoV-2 wild-type (WT) strain

or the XBB.1.16 variant. These cell lines were established by

transfecting the respective plasmids and selecting stable clones,

which were then used as target cells in the ADCC assay. Jurkat-

FcgRIII-NFAT-Luc reporter cells (Vazyme, cat# DD1301-1,

Nanjing, China) were used as effector cells. These cells stably

express the FcgRIIIa (CD16) receptor and contain a functional

NFAT transcription factor that regulates the expression of the Lucia

luciferase gene. When antibodies bind to FcgRIIIa, the NFAT

pathway is activated, resulting in NFAT translocation to the

nucleus and subsequent binding to the promoter of the Lucia

luciferase gene, driving luciferase expression (15).

Serum samples were diluted 1:60 in R10 medium and incubated

with 25,000 target 293F cells per well at 37°C and 5% CO2 for 1 hour.

After incubation, 75,000 Jurkat reporter cells were added to each well,

gently mixed, and further incubated under the same conditions for

12 hours. Luciferase substrate (Vazyme, cat# DD1201-03, Nanjing,

China) was then added, and the wells were shaken to ensure a

complete reaction. Relative light units (RLU) were measured using

the protocol provided by PerkinElmer (Waltham, MA). Serum

samples from healthy adult donors collected in 2019, identical to

those used in the ADCP assay, were included as negative controls.

ADCC activity was calculated as the fold induction of luciferase

activity relative to the negative control sera.

Pseudovirus neutralization assay and IgG/IgA
testing

Neutralizing antibody responses against wild-type SARS-CoV-

2, XBB.1.16, and BA.4/5 variants were assessed using pseudovirus

neutralization tests, employing a human immunodeficiency virus

pseudovirus system expressing the spike glycoprotein. In the

experiment, serum samples were incubated with pseudoviruses

expressing the spike glycoprotein of the aforementioned variants,

and then the mixture was added to HEK293-ACE2 cells. The viral

infectivity was assessed by measuring the expression level of the

reporter gene using the Bio-Lite luciferase reporter assay kit. The

neutralizing antibody activity was quantified by calculating the half-

maximal inhibitory concentration (IC50). To ensure sensitivity, the

cutoff titer for detection was set at 1:30.

The RBD-specific IgG and IgA antibody responses were

evaluated using ELISA kits from Vazyme Biotech (Nanjing,
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1657235
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Gan et al. 10.3389/fimmu.2025.1657235
China). For IgG detection, a quantitative ELISA kit was used, where

the optical density (OD) was calculated by subtracting the OD value

at 630 nm from that at 450 nm. The lower limit of quantification for

the IgG assay was 0.125 BAU/mL. The final concentration of IgG

antibodies was determined by multiplying the detected OD value by

the serum dilution factor. IgG antibodies were assessed against both

wild-type (WT) SARS-CoV-2 and BA.4/5 variants. For IgA

detection, an indirect ELISA method was used with the RBD-

specific IgA ELISA kit. After a two-step incubation and color

development, the absorbance at a specific wavelength was

positively correlated with the concentration of SARS-CoV-2 RBD

IgA antibodies targeting the XBB.1.5 variant. The antibody

concentration was then calculated by referencing a standard curve.
Statistical analysis

The c²-test or Fisher’s exact test was used for categorical

demographic data. Student’s t-test was used for continuous

demographic data. For comparisons of ADCP, ADNP, and ADCC

responses at different time points, mixed-effect models was performed,

followed by Tukey’s correction for multiple comparisons. Single-

variable comparisons between the two vaccine groups, were

conducted using the Mann-Whitney U test. Spearman correlation

analysis was used to evaluate the relationships between ADCP, ADNP,

ADCC, NAb, IgG, and IgA. A correlation heatmap was generated using

ChiPlot (https://www.chiplot.online/correlation_heatmap.html). For

comparisons of ADCP, ADNP, ADCC, NAbs, and IgG responses

specific to the COVID-19 wild-type strain versus Omicron

subvariants, paired t-tests were performed. Data analysis was

carried out using SPSS version 26 and GraphPad Prism version
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9.5.1. All statistical tests were two-tailed, and a p-value of < 0.05 was

considered statistically significant.
Results

Longitudinal Fc-mediated effector
functions to WT and XBB.1.16 spikes in two
vaccination groups

We assessed Fc-mediated effector functions (ADCP, ADNP, and

ADCC) in 121 participants (60 from the IMAd5-nCoV group and 61

from the IH Ad5-nCoV group) at four time points: baseline

(pre-booster), day 14 (14 days post-booster), month 3 (3 months

post-booster), and month 6 (6 months post-booster). There were no

significant differences between groups in demographic characteristics,

including age, sex, BMI and vaccination history (Table 1).

In the IM Ad5-nCoV group, WT spike-specific ADCP

significantly increased at day 14, with a mean phagoscore of 107.21

(95% CI: 84.43-129.99) compared to baseline (62.15, 95% CI: 47.82-

76.48). However, ADCP responses declined by month 3 (64.65, 95%

CI: 50.78-78.51) and further by month 6 (54.77, 95% CI: 43.38-66.15).

In contrast, IH Ad5-nCoV induce no significant changes in ADCP

responses over time, with phagoscores remaining stable at 76.72 (95%

CI: 62.47-90.96) at baseline, 83.70 (95% CI: 70.19-97.20) at day 14,

83.55 (95% CI: 67.41-99.70) at month 3, and 75.12 (95% CI: 65.21-

89.04) at month 6 (Figure 1A). In contrast to ADCP responses against

wild-type SARS-CoV-2, those against XBB.1.16 were observed at

lower levels across all time points, with the peak phagoscore at day 14

of 78.84 (95% CI: 60.35-97.32) in IM Ad5-nCoV group. Similarly, IH

Ad5-nCoV did not induce significant changes in ADCP responses

against XBB.1.16, with responses showing a gradual decline at month

3 and month 6 (Figure 1B).

IM Ad5-nCoV significantly induced ADNP responses for WT

Spike, with phagoscores of 102.81 (95% CI: 82.97-122.65) at baseline,

133.96 (95% CI: 112.81-155.11) at day 14, and followed by a gradual

decline at month 3 (85.64, 95% CI: 71.30-99.98) and month 6 (78.42,

95% CI: 66.29-90.55). In comparison, IH Ad5-nCoV did not elicit a

significant enhancement in ADNP responses. A significant decline

was observed over time, with the mean phagocytic score decreasing to

92.90 (95% CI: 77.62-108.17) at month 3 and 88.86 (95% CI: 75.96-

101.77) at month 6, relative to the response level on day 14 post-

vaccination (131.0, 95% CI: 110.4-151.7). (Figure 1C). For the

XBB.1.16 Spike, a similar trend was observed. In contrast to ADNP

responses against wild-type SARS-CoV-2, those against XBB.1.16

were observed at lower levels across all time points, with the peak

phagoscore at day 14 of 97.61(95% CI: 77.80-117.41) in IM Ad5-

nCoV group. Similarly, IH Ad5-nCoV did not elicit significant

ADNP responses against XBB.1.16, and a significant decline was

observed at month 6 (58.94,95% CI: 45.80-72.07) compared to day 14

(87.47, 95% CI: 68.47-106.47). (Figure 1D).

Both vaccines induced ADCC responses against WT spike. IM

Ad5-nCoV vaccination induced a peak response at day 14 (9.64-

fold, 95% CI: 8.57-10.70), which declined by month 3 (7.98, 95%

CI: 6.66-9.30) and returned to near-baseline levels by month 6
TABLE 1 Demographic characteristics of the participants in this study.

Characteristic
IM Ad5-nCoV

(n=60)
IH Ad5-nCoV

(n=61)
P

value

Age, years

Mean (SD) 47.33(13.4) 47.85(13.8) 0.834

Sex, n (%)

Female 40(66.7) 36(59.0)
0.384

Male 20(33.3) 25(41.0)

BMI, kg/m2

Mean (SD) 24.3(3.8) 24.1(3.1) 0.660

Vaccination history before booster, n (%)

ICV+ICV+ICV 58(96.7) 60(98.4)

0.619
ICV+ICV 1(1.7) 0(0.0)

ICV+ICV+Ad5-IM 0(0.0) 1(1.6)

CHO+CHO+CHO 1(1.7) 0(0.0)
Data are n (%) or mean (SD). BMI=Body-mass index. IM Ad5-nCoV (Ad5-IM) =adenovirus
type 5 vectored COVID-19 vaccine through intramuscular injection. IH Ad5-
nCoV=adenovirus type 5 vectored COVID-19 vaccine through oral inhalation.
ICV=inactivated COVID-19 vaccine. CHO=SARS-CoV-2 recombinant protein vaccine
(CHO cell).
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(5.60, 95% CI: 4.73-6.46). By comparison, IH Ad5-nCoV elicited

more durable ADCC responses, peaking at month 3 (7.85, 95% CI:

6.66-9.04) and remaining stable at month 6 (7.30, 95% CI:

6.17-8.42) (Figure 1E). In contrast to ADCC responses against

wild-type spike, ADCC responses against XBB.1.16 followed a
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similar kinetics pattern, albeit with lower magnitudes (Figure 1F).

Specifically, IM Ad5-nCoV group generated a peak fold increase at

day 14 (7.22,95% CI: 5.51-8.92), whereas the IH Ad5-nCoV group

peaked at month 3 (5.67, 95% CI: 4.57-6.77) followed by a

significant decline at month 6 (3.90, 95% CI: 3.26-4.54).
FIGURE 1

ADCP, ADNP, and ADCC specific to WT and XBB.1.16 spike proteins across four time points in two vaccination groups. ADCP (A, B), ADNP (C, D), and
ADCC (E, F) specific to WT and XBB.1.16 spike proteins were measured before the booster dose, and at day 14, month 3, and month 6 post-booster.
Trends over time were compared across the two groups using two-sided mixed-effects models, followed by Tukey’s correction for multiple
comparisons. IM Ad5-nCoV=adenovirus type 5 vectored COVID-19 vaccine through intramuscular injection. IH Ad5-nCoV=adenovirus type 5 vectored
COVID-19 vaccine through oral inhalation. Significant differences are indicated by asterisks: *p < 0.05, **p < 0.01, ***p < 0.001, ****p <0.0001.
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IM Ad5-nCoV induces more pronounced
Fc-mediated effector functions than IH
Ad5-nCoV

To account for baseline variability, the Fc-mediated immune

effector functions at day 14, month 3, and month 6 were

standardized by calculating fold changes relative to each

individual’s own baseline, with pre-booster levels used for

comparison. After standardization, we compared the ADCP,

ADNP, and ADCC responses across these three time points. For

ADCP and ADNP responses against bothWT and XBB.1.16 strains,

IM Ad5-nCoV group and IH Ad5-nCoV group showed a decrease

at month 3 relative to day 14, with further decline at month 6

(Supplementary Figures S1A, B). In the case of ADCC responses to

both WT and XBB.1.16 strains, IM Ad5-nCoV group exhibited a

decrease at month 3 relative to day 14, with further reduction at

month 6. However, for the WT spike-specific ADCC response, IH

Ad5-nCoV group did not show a downward trend, whereas for

XBB.1.16 variant, the response at month 6 was lower than a month

3 (Supplementary Figure S1C). These findings confirm that the

trends observed in both raw and standardized data are consistent.

Then, we compared the fold changes in Fc-mediated immune

effector functions between the two vaccines. Against WT spike, IM

Ad5-nCoV induced 1.85-fold greater ADCP responses at day 14,

compared to 1.22-fold increase for IH Ad5-nCoV (P = 0.0003). No

significant differences were observed between the two vaccines at

month 3 and month 6(Figure 2A). For the XBB.1.16 spike, a modest

but significant improvement was observed at day 14 (1.17 vs. 1.06, P =

0.047) (Figure 2B), with no significant differences at later timepoints.

A similar pattern was observed for ADNP responses. IM Ad5-

nCoV also induced 1.34-fold increase for wild-type spike specific

ADNP responses at day 14 versus 1.11 for IH Ad5-nCoV group (P =

0.002), and there was no significant differences were observed at

month 3 and month 6 (Figure 2C). For the XBB.1.16 spike, the fold

increase for ADNP responses at 14 days was 1.41 for IM Ad5-nCoV

versus 1.20 for IH Ad5-nCoV (P = 0.023), with no significant

differences at month 3 and month 6 (Figure 2D).

Similarly, IM Ad5-nCoV also outperformed IH Ad5-nCoV in

ADCC responses. For the WT spike, the mean fold increase at day

14 was 3.86 for IM Ad5-nCoV versus 2.03 for IH Ad5-nCoV (P =

0.001), with no significant differences at later timepoints

(Figure 2E). For the XBB.1.16 spike, the mean fold increase in

ADCC at day 14 was 2.20 for IM Ad5-nCoV versus 1.65 for IH

Ad5-nCoV (P = 0.001). There were no statistical differences at

subsequent timepoints (Figure 2F).
Correlation between Fc-mediated immune
effector functions and antibody responses

We previously analyzed the levels of IgG, IgA, and neutralizing

antibodies (NAbs) in both cohorts (13). IH Ad5-nCoV group

showed peak NAbs against wild-type SARS-CoV-2 at month 3

(GMT:1026.2, 95% CI 792.7-1328.6) and slightly declined at month

6 (880.9, 95% CI 700.9-1107.2). In comparison, the IM Ad5-nCoV
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group exhibited similar levels at day 14 (796.4, 95% CI 635.3-998.2),

but decreased at month 3 (681.6, 95% CI 542.2-856.9) and month 6

(520.0, 95% CI 413.1-654.6) (Supplementary Figure S2A). Both

groups showed comparable NAbs against BA.4/5 (Supplementary

Figure S2B), with the peak GMTs at month 3 of 1061.0 (95% CI

800.1-1405.5) in the IH Ad5-nCoV group and 883.0 (95% CI 670.1-

1163.4) in the IM Ad5-nCoV group. However, NAbs against

XBB.1.16 were lower in both groups compared to WT SARS-

CoV-2 and BA.4/5 variants, though GMTs significantly increased

post-booster (Supplementary Figure S2C).

RBD-specific IgG responses followed a similar pattern to NAbs.

WT-specific IgG geometric mean concentrations (GMCs) rose from

1071.2 (95% CI: 833.1-1377.3) to 2174.1 (95% CI: 1890.4-2500.5)

BAU/mL at day 14 in the IM Ad5-nCoV group, and from 1635.9

(95% CI: 1339.0-1998.7) to 2779.8 (95% CI: 2432.1-3177.2) BAU/mL

at month 3 in the IH Ad5-nCoV group (Supplementary Figure S3A).

Both vaccines significantly increased IgG against BA.4/5 despite of

modest magnitude (Supplementary Figure S3B). Additionally, IgA

antibodies against the XBB.1.5 variant peaked at month 3 post-

vaccination in IM Ad5-nCoV group, followed by a slight decline at

month 6, with the peak GMCs at month 3 of 456.9 (95% CI: 296.9-

615.8) U/mL, and the IH Ad5-nCoV group showed a peak at day 14

of 477.4 (364.7-625.0) U/mL, which decreased by month 3 and

declined further by month 6 (Supplementary Figure S4).

Spearman correlation analysis showed moderate correlations

between ADCP and ADNP for the wild-type spike (IM: r = 0.50; IH:

r = 0.56, both P < 0.0001) and XBB.1.16 spike (IM: r = 0.30; IH: r =

0.46, both P < 0.0001). Nevertheless, ADCC correlated weakly with

ADCP and ADNP. Correlation between Fc effector functions and

antibody levels were generally weak for ADCP/ADNP, and IgG, but

moderate-to-strong for ADCC and IgG. Specifically, WT spike-

specific ADCC was correlated with WT RBD-specific IgG

antibodies (r = 0.63 in IM, r=0.48 in IH, both P < 0.0001), and

also correlated with BA.4/5 RBD-specific IgG (IM: r = 0.64; IH: r =

0.49; both P < 0.0001). For the XBB.1.16 spike, ADCC in the IH

group demonstrated a moderate correlation with WT RBD-specific

IgG antibodies (r = 0.51; P < 0.0001), whereas the correlation in the

IM group was weaker (r = 0.34; P < 0.0001). Correlations between

ADCC and BA.4/5 RBD-specific IgG antibodies were moderate in

both groups (IM: r = 0.51; IH: r = 0.52; both P < 0.0001). IgA

correlated moderately with ADCC responses, but weakly with

ADCP and ADNP. In particular, XBB 1.16 spike-specific ADCC

effects exhibited a moderate positive correlation with XBB.1.5 RBD-

specific IgA antibodies (r = 0.42 in IM, r = 0.50 in IH, both P <

0.0001). Correlation with NAbs were weak across all Fc functions in

both vaccine groups (Figures 3A, B).
Fc-mediated effector functions
demonstrate stronger cross-reactivity than
the IgG and neutralizing antibodies

We further compared the fold reduction in Fc effector function

and NAbs fromWT spike to XBB.1.16 spike as well as spike-specific

IgG responses from WT to BA.4/5. In the IM Ad5-nCoV group
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(Figure 4A), the GMT of WT-specific NAb dropped from 796.4

(95% CI: 635.3-998.2) to 201.3 (95% CI: 130.5-310.6) against

XBB.1.16 (8.87-fold reduction, P < 0.0001). The GMC of WT-

specific IgG decreased from 2174.1 (95% CI: 1890.4-2500.5) BAU/

mL to 632.4 (95% CI: 527.1-758.8) BAU/mL (3.42-fold, P < 0.0001).

In contrast, the fold reduction was remarkably smaller for ADCP,
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ADNP and ADCC. The mean phagocytic score of WT-specific

ADCP dropped from 107.21 (95% CI: 84.43-129.99) to 78.84 (95%

CI: 60.35-97.32) against XBB.1.16 (2.05-fold, P < 0.0001). The mean

phagocytic score of WT-specific ADNP dropped from 133.96 (95%

CI: 112.81-155.11) to 97.61 (95% CI: 77.80-117.41) against

XBB.1.16 (2.01-fold, P = 0.0008). The mean fold induction of
FIGURE 2

Fold-change comparison of ADCP, ADNP, and ADCC responses between two vaccines at three time points. Panels show the relative change in
(A, B) ADCP, (C, D) ADNP, and (E, F) ADCC responses specific to the SARS-CoV-2 wild-type (WT) spike (A, C, E) and XBB.1.16 spike (B, D, F) at day
14, month 3, and month 6 post-booster, compared between the IM Ad5-nCoV and IH Ad5-nCoV groups. Statistical comparisons between the two
vaccine groups at each time point were performed using the Mann-Whitney U test. IM Ad5-nCoV=adenovirus type 5 vectored COVID-19 vaccine
through intramuscular injection. IH Ad5-nCoV=adenovirus type 5 vectored COVID-19 vaccine through oral inhalation. Asterisks indicate statistically
significant differences between the groups at each time point: *p < 0.05, **p < 0.01, ***p < 0.001. ns indicates no significant difference.
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WT-specific ADCC dropped from 9.64 (95% CI: 8.57-10.70) to 7.22

(95% CI: 5.51-8.92) against XBB.1.16 (2.12-fold, P = 0.0005).

Similarly, in the IH Ad5-nCoV group (Figure 4B), the GMT of

WT-specific NAb dropped from 796.9 (95% CI: 635.6-999.1) to

170.5 (95% CI: 114.7-253.4) against XBB.1.16 (8.94-fold reduction,

P < 0.0001). The GMC of WT-specific IgG decreased from 2779.8

(95% CI: 2432.1-3177.2) BAU/mL to 589.3 (95% CI: 478.5-725.8)

BAU/mL against BA.4/5 (3.62-fold, P < 0.0001). Again, the fold

reduction in Fc-mediated functions was considerably smaller. The

mean phagocytic score for WT-specific ADCP remained almost

unchanged, from 83.70 (95% CI: 70.19-97.20) to 88.94 (95% CI:

68.5-109.4) against XBB.1.16 (1.28-fold, P = 0.54). The mean

phagocytic score of ADNP dropped from 131.0 (95% CI: 110.4-

151.7) to 87.5 (95% CI: 68.5-106.5), a 2.97-fold reduction (P <

0.0001). The mean fold induction of ADCC dropped from 7.5 (95%

CI: 6.5-8.5) to 5.1 (95% CI: 4.2-6.0), a 1.83-fold reduction (P <

0.0001). Collectively, these findings indicate that Fc-mediated

effector functions retain broader cross-reactivity against emerging

variants compared to NAb and IgG responses.
Discussion

In this study, we demonstrate that intramuscular administration of

Ad5-nCoV booster, based on the ancestral strain, elicits robust

Fc-mediated effector functions, with ADCP, ADNP, and ADCC

responses peaking at 14 days post-boost. These findings align with

previous studies reporting that both inactivated and mRNA vaccines

encoding the ancestral spike protein can effectively induce potent

Fc-dependent immune responses (12, 14).

While the aerosolized Ad5-nCoV vaccine effectively induced

ADCC responses, it showed limited capacity to stimulate ADCP and
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ADNP activities. Furthermore, Fc-mediated effector functions were

consistently lower in IH group than IM group. This discrepancy may

be attributable to the distinct immunological microenvironments and

mechanisms active by two delivery routes. Aerosolized vaccines

primarily stimulate mucosal immunity in the respiratory tract,

whereas intramuscular vaccination induces more robust systemic

immunity (16). Of note, systemic vaccination triggers strong cytokine

responses, including IFN-g, TNF-a, and IL-2 from activated immune

cells. Of particular importance is IFN-g, which enhances macrophage

and NK cell function and upregulates Fc receptor expression, thereby

amplifying Fc-mediated immune activity (17). These immunological

mechanisms likely underpin the superior Fc-effector responses

observed following IM vaccination. In addition, our results showed

that in the IH group, XBB.1.16 spike-specific ADCP and WT spike-

specific ADNP at month 6 post-booster declined to below baseline

levels. A plausible explanation is that at baseline, participants were in a

state of hybrid immunity. Previous studies have shown that hybrid

immunity elicits stronger Fc-mediated effector functions compared

with vaccination alone (12, 18). By contrast, the aerosolized Ad5-nCoV

booster failed to induce robust ADCP and ADNP responses, which

likely contributed to the sub-baseline levels observed at 6 months post-

booster in the IH group.

We also observed only weak to moderate correlations between

Fc-mediated effector functions and levels of NAbs, IgG or IgA. This

finding is consistent with prior studies, including those identifying

ADCC responses in convalescent individuals post SARS-CoV-2

infection (18). The spike glycoprotein remains the primary target of

SARS-CoV-2 antibody responses, with dominant neutralizing

epitopes localized in the RBD of the S1 subunit (19). However,

evidence suggests that, in hybrid immunity, antibodies targeting the

S2 subunit can exhibit enhanced Fc receptor-binding capacity and

more effectively mediate immune cell activation, particularly via
FIGURE 3

Correlation analysis of ADCP, ADNP, ADCC, IgG, IgA, and neutralization activity elicited by IM Ad5-nCoV (A) and IH Ad5-nCoV (B). Statistics were
analyzed using Spearman correlation analysis. Spearman correlation coefficients (r) are displayed within the matrix, with significant correlations
indicated by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). IM Ad5-nCoV=adenovirus type 5 vectored COVID-19 vaccine through
intramuscular injection. IH Ad5-nCoV=adenovirus type 5 vectored COVID-19 vaccine through oral inhalation.
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ADCP, ADNP, and ADCC responses (12). This functional

divergence may explain the limited correlation between Fc

effector functions and conventional humoral markers. Indeed, Fc

activity appears to reply more on the structural properties of the

antibody Fc domain than on neutralizing potency, suggesting that

even antibodies with limited neutralizing capacity may provide

meaningful protection via Fc-driven mechanisms.

Our data also provide important insights into cross-variant

immune responses. Previous work has shown that infection with

Beta and Delta variant induces more broadly cross-reactive Fc-

mediated antibodies, compared to infection with D614G strain or

Ad26.COV2.S vaccination (20). Similarly, in our study, ADCP,

ADNP, and ADCC responses against XBB.1.16 variant, while lower

than those against WT spike, declined less sharply than NAbs and

IgG levels. These observations echo the finding from mRNA-1273

vaccine studies, which demonstrated the sustained Fc-mediated

immunity across a wide range of SARS-CoV-2 variants (8). The

broader Fc cross-reactivity might be explained by two principal

factors. First, most mutations in variants of concerns (VOCs)

cluster in the RBD and N-terminal domain (NTD), limiting their

impact on Fc-epitope recognition (21). Secondly, Fc-mediated

functions are less affected by mutations that alter ACE2 receptor

binding, which primarily influence neutralization capacity (22, 23).

This study has several limitations. First, we focused on

Fc-mediated effector responses against the XBB.1.16 variant, and

did not assess other currently circulating variants. Second, all vaccines

administered targeted the ancestral strain, precluding direct
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comparison with variant-adapted vaccines. Third, the follow up

duration was limited to six months post-vaccination, restricting

conclusions regarding the long-term immune durability. Finally,

the relatively small cohort size (n=121) may limit the

generalizability across broader populations.

In conclusion, this study provides a comprehensive evaluation of

Fc-mediated immune responses following IM and IH administration of

Ad5-nCoV. Our findings show that IM vaccination induces

significantly stronger ADCP, ADNP, and ADCC activity, while IH

vaccination effectively elicits ADCC responses. Importantly, Fc-

mediated effector functions displayed broader cross-reactivity against

emerging variants compared to NAbs and IgG responses. These results

not only underscore the pivotal role of Fc effector functions in vaccine-

mediated immunity, but also highlight the necessity of optimizing Fc-

mediated immunity in future vaccine design strategies, particularly

against rapidly evolving viral pathogens.
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FIGURE 4

Paired comparisons of Fc-mediated effector functions and antibody responses to SARS-CoV-2 wild-type and Omicron subvariants at day 14 following
IM Ad5-nCoV or IH Ad5-nCoV vaccination. Panels (A, B) present data from IM and IH Ad5-nCoV groups, respectively. Immune responses to the WT
and Omicron variant spikes were compared at day 14 post-booster, including ADCP, ADNP, ADCC, NAb titers, and RBD-specific IgG. Statistical analyses
were performed using the Wilcoxon matched-pairs signed-rank test. Fold reductions in immune responses from WT to variant were calculated for
each individual, and the group mean values are annotated above each plot. IM Ad5-nCoV=adenovirus type 5 vectored COVID-19 vaccine through
intramuscular injection. IH Ad5-nCoV=adenovirus type 5 vectored COVID-19 vaccine through oral inhalation. Asterisks indicate statistical significance:
***p < 0.001, ****p < 0.0001. ns indicates no significant difference.
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1657235
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Gan et al. 10.3389/fimmu.2025.1657235
Ethics statement

The studies involving humans were approved by Scientific

Review Committee and the Ethics Committee of Jiangsu

Provincial Center for Disease Control and Prevention. The

studies were conducted in accordance with the local legislation

and institutional requirements. The participants provided their

written informed consent to participate in this study.
Author contributions

MG: Investigation, Writing – original draft. CL: Writing – review

& editing. SL: Investigation, Writing – review & editing. ZH: Writing

– review & editing, Investigation. LX: Writing – review & editing,

Resources. XX: Resources, Writing – review & editing. YC: Writing –

review & editing, Methodology. JL: Conceptualization, Writing –

review & editing. WH: Data curation, Writing – review & editing. XZ:

Methodology, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research and/or publication of this article. This work is supported

by the National Key Research and Development Program (grant

number 2023YFC2309100) and the National Natural Science

Foundation of China (grant numbers 92269118, 92269205).
Acknowledgments

We thank CanSino Biologics for providing the investigational

vaccines for this study. We also thank all the participants for their

involvement in this study.
Frontiers in Immunology 10193
Conflict of interest

Author LX and XX were employed by the company Vazyme

Biotech Co., Ltd.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this

article has been generated by Frontiers with the support of artificial

intelligence and reasonable efforts have been made to ensure

accuracy, including review by the authors wherever possible. If

you identify any issues, please contact us.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1657235/

full#supplementary-material
References
1. Feikin DR, Higdon MM, Abu-Raddad LJ, Andrews N, Araos R, Goldberg Y, et al.
Duration of effectiveness of vaccines against SARS-CoV-2 infection and COVID-19
disease: results of a systematic review and meta-regression. Lancet. (2022) 399:924–44.
doi: 10.1016/S0140-6736(22)00152-0

2. Liang D, Zhang G, Huang M, Wang L, Hong W, Li A, et al. Progress of the
COVID-19: persistence, effectiveness, and immune escape of the neutralizing
antibody in convalescent serum. Pathogens. (2022) 11(12):1531. doi: 10.3390/
pathogens11121531

3. Lu LL, Suscovich TJ, Fortune SM, Alter G. Beyond binding: antibody effector
functions in infectious diseases. Nat Rev Immunol. (2018) 18:46–61. doi: 10.1038/
nri.2017.106

4. Bates TA, Lu P, Kang YJ, Schoen D, Thornton M, McBride SK, et al. BNT162b2-
induced neutralizing and non-neutralizing antibody functions against SARS-CoV-2
diminish with age. Cell Rep. (2022) 41:111544. doi: 10.1016/j.celrep.2022.111544

5. Tauzin A, Nayrac M, Benlarbi M, Gong SY, Gasser R, Beaudoin-Bussières G, et al.
A single dose of the SARS-CoV-2 vaccine BNT162b2 elicits Fc-mediated antibody
effector functions and T cell responses. Cell Host Microbe. (2021) 29:1137–50.e6.
doi: 10.1016/j.chom.2021.06.001

6. Mercado NB, Zahn R, Wegmann F, Loos C, Chandrashekar A, Yu J, et al. Single-
shot Ad26 vaccine protects against SARS-CoV-2 in rhesus macaques. Nature. (2020)
586:583–8. doi: 10.1038/s41586-020-2607-z
7. Wang L, Li C, Li W, Zhao L, Zhao T, Chen L, et al. Coronavac inactivated vaccine
triggers durable, cross-reactive Fc-mediated phagocytosis activities. Emerg Microbes
Infect. (2023) 12:2225640. doi: 10.1080/22221751.2023.2225640

8. Kaplonek P, Fischinger S, Cizmeci D, Bartsch YC, Kang J, Burke JS, et al. mRNA-
1273 vaccine-induced antibodies maintain Fc effector functions across SARS-CoV-2
variants of concern. Immunity. (2022) 55:355–65.e4. doi: 10.1016/j.immuni.
2022.01.001

9. Mackin SR, Desai P, Whitener BM, Karl CE, Liu M, Baric RS, et al. Fc-gR-
dependent antibody effector functions are required for vaccine-mediated protection
against antigen-shifted variants of SARS-CoV-2. Nat Microbiol. (2023) 8:569–80.
doi: 10.1038/s41564-023-01359-1

10. Zheng L, Liu S, Lu F. Impact of National Omicron Outbreak at the end of 2022
on the future outlook of COVID-19 in China. Emerg Microbes Infect. (2023)
12:2191738. doi: 10.1080/22221751.2023.2191738

11. Fu D, He G, Li H, Tan H, Ji X, Lin Z, et al. Effectiveness of COVID-19
vaccination against SARS-coV-2 omicron variant infection and symptoms - China,
December 2022-February 2023. China CDC Wkly. (2023) 5:369–73. doi: 10.46234/
ccdcw2023.070

12. Bowman KA, Stein D, Shin S, Ferbas KG, Tobin NH, Mann C, et al. Hybrid
immunity shifts the fc-effector quality of SARS-coV-2 mRNA vaccine-induced
immunity. mBio. (2022) 13:e0164722. doi: 10.1128/mbio.01647-22
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1657235/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1657235/full#supplementary-material
https://doi.org/10.1016/S0140-6736(22)00152-0
https://doi.org/10.3390/pathogens11121531
https://doi.org/10.3390/pathogens11121531
https://doi.org/10.1038/nri.2017.106
https://doi.org/10.1038/nri.2017.106
https://doi.org/10.1016/j.celrep.2022.111544
https://doi.org/10.1016/j.chom.2021.06.001
https://doi.org/10.1038/s41586-020-2607-z
https://doi.org/10.1080/22221751.2023.2225640
https://doi.org/10.1016/j.immuni.2022.01.001
https://doi.org/10.1016/j.immuni.2022.01.001
https://doi.org/10.1038/s41564-023-01359-1
https://doi.org/10.1080/22221751.2023.2191738
https://doi.org/10.46234/ccdcw2023.070
https://doi.org/10.46234/ccdcw2023.070
https://doi.org/10.1128/mbio.01647-22
https://doi.org/10.3389/fimmu.2025.1657235
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Gan et al. 10.3389/fimmu.2025.1657235
13. Jia S, Liu Y, He Q, Pan H, Liang Z, Zhou J, et al. Effectiveness of a booster dose of
aerosolized or intramuscular adenovirus type 5 vectored COVID-19 vaccine in adults: a
multicenter, partially randomized, platform trial in China. Nat Commun. (2025)
16:2969. doi: 10.1038/s41467-025-58327-y

14. Li C, Yu J, Issa R, Wang L, Ning M, Yin S, et al. CoronaVac-induced antibodies
that facilitate Fc-mediated neutrophil phagocytosis track with COVID-19 disease
resolution. Emerg Microbes Infect. (2025) 14:2434567. doi: 10.1080/22221751.
2024.2434567

15. Dufloo J, Grzelak L, Staropoli I, Madec Y, Tondeur L, Anna F, et al.
Asymptomatic and symptomatic SARS-CoV-2 infections elicit polyfunctional
antibodies. Cell Rep Med. (2021) 2:100275. doi: 10.1016/j.xcrm.2021.100275

16. Jeyanathan M, Fritz DK, Afkhami S, Aguirre E, Howie KJ, Zganiacz A, et al.
Aerosol delivery, but not intramuscular injection, of adenovirus-vectored tuberculosis
vaccine induces respiratory-mucosal immunity in humans. JCI Insight. (2022) 7(3):
e155655. doi: 10.1172/jci.insight.155655

17. Park-Min KH, Serbina NV, Yang W, Ma X, Krystal G, Neel BG, et al.
FcgammaRIII-dependent inhibition of interferon-gamma responses mediates
suppressive effects of intravenous immune globulin. Immunity. (2007) 26:67–78.
doi: 10.1016/j.immuni.2006.11.010
Frontiers in Immunology 11194
18. Zedan HT, Smatti MK, Al-Sadeq DW, Al Khatib HA, Nicolai E, Pieri M, et al.
SARS-CoV-2 infection triggers more potent antibody-dependent cellular cytotoxicity
(ADCC) responses than mRNA-, vector-, and inactivated virus-based COVID-19
vaccines. J Med Virol. (2024) 96:e29527. doi: 10.1002/jmv.29527

19. Izadi A, Nordenfelt P. Protective non-neutralizing SARS-CoV-2 monoclonal
antibodies. Trends Immunol. (2024) 45:609–24. doi: 10.1016/j.it.2024.06.003

20. Richardson SI, Manamela NP, Motsoeneng BM, Kaldine H, Ayres F, Makhado
Z, et al. SARS-CoV-2 Beta and Delta variants trigger Fc effector function with increased
cross-reactivity. Cell Rep Med. (2022) 3:100510. doi: 10.1016/j.xcrm.2022.100510

21. Amanat F, Thapa M, Lei T, Ahmed SMS, Adelsberg DC, Carreño JM, et al.
SARS-CoV-2 mRNA vaccination induces functionally diverse antibodies to NTD,
RBD, and S2. Cell. (2021) 184:3936–48.e10. doi: 10.1016/j.cell.2021.06.005

22. Kaplonek P, Cizmeci D, Fischinger S, Collier AR, Suscovich T, Linde C, et al.
mRNA-1273 and BNT162b2 COVID-19 vaccines elicit antibodies with differences in
Fc-mediated effector functions. Sci Transl Med. (2022) 14:eabm2311. doi: 10.1126/
scitranslmed.abm2311

23. Ullah I, Beaudoin-Bussières G, Symmes K, Cloutier M, Ducas E, Tauzin A, et al. The
Fc-effector function of COVID-19 convalescent plasma contributes to SARS-CoV-2
treatment efficacy in mice. Cell Rep Med. (2023) 4:100893. doi: 10.1016/j.xcrm.2022.100893
frontiersin.org

https://doi.org/10.1038/s41467-025-58327-y
https://doi.org/10.1080/22221751.2024.2434567
https://doi.org/10.1080/22221751.2024.2434567
https://doi.org/10.1016/j.xcrm.2021.100275
https://doi.org/10.1172/jci.insight.155655
https://doi.org/10.1016/j.immuni.2006.11.010
https://doi.org/10.1002/jmv.29527
https://doi.org/10.1016/j.it.2024.06.003
https://doi.org/10.1016/j.xcrm.2022.100510
https://doi.org/10.1016/j.cell.2021.06.005
https://doi.org/10.1126/scitranslmed.abm2311
https://doi.org/10.1126/scitranslmed.abm2311
https://doi.org/10.1016/j.xcrm.2022.100893
https://doi.org/10.3389/fimmu.2025.1657235
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Frontiers in Immunology

OPEN ACCESS

EDITED BY

Sonia Jangra,
The Rockefeller University, United States

REVIEWED BY

Roberta Marzi,
Institute for Research in Biomedicine, Spain
Keon-Il Im,
LucasBio, Republic of Korea

*CORRESPONDENCE

Zhen Zeng

zzeng22@jhmi.edu

Joel N. Blankson

jblanks@jhmi.edu

†These authors have contributed equally to
this work

‡These authors have contributed equally to
this work

RECEIVED 11 July 2025
ACCEPTED 15 September 2025

PUBLISHED 13 October 2025

CITATION

Mercado A, Sop J, Amanat S, Zhang L,
Chida NM, Basseth CR, Gebo KA, Antar AAR,
Smith KN, Zeng Z and Blankson JN (2025)
SARS-CoV-2 vaccines induce a diverse
spike-specific CD4+ T cell receptor
repertoire in people living with HIV
with low CD4 nadirs.
Front. Immunol. 16:1663819.
doi: 10.3389/fimmu.2025.1663819

COPYRIGHT

© 2025 Mercado, Sop, Amanat, Zhang, Chida,
Basseth, Gebo, Antar, Smith, Zeng and
Blankson. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Brief Research Report

PUBLISHED 13 October 2025

DOI 10.3389/fimmu.2025.1663819
SARS-CoV-2 vaccines induce a
diverse spike-specific CD4+ T
cell receptor repertoire in
people living with HIV
with low CD4 nadirs
Alicia Mercado1†, Joel Sop1†, Steven Amanat2,3†, Li Zhang2,3,
Natasha M. Chida1, Christie R. Basseth1, Kelly A. Gebo1,
Annukka A. R. Antar1, Kellie N. Smith2,3, Zhen Zeng2,3*‡

and Joel N. Blankson1,4*‡

1Department of Medicine, Johns Hopkins Medicine, Baltimore, MD, United States,
2Bloomberg∼Kimmel Institute for Cancer Immunotherapy, Johns Hopkins Medicine, Baltimore,
MD, United States, 3Sidney Kimmel Comprehensive Cancer Center, Johns Hopkins Medicine,
Baltimore, MD, United States, 4Department of Molecular and Comparative Pathobiology, Johns
Hopkins Medicine, Baltimore, MD, United States
People living with HIV with low CD4 T cell nadirs on antiretroviral therapy have

suboptimal responses to immunization. We analyzed the SARS-CoV-2 spike-

specific CD4+ T cell repertoire in individuals with CD4 nadirs of less than 100

cells/ul who received a primary SARS-CoV-2 mRNA vaccine series as well as the

bivalent ancestral/BA.5 spike mRNA vaccine. We tested the hypothesis that

antigenic imprinting would result in the preferential expansion of pre-existing

cross-reactive T cells that were primed against the 4 common cold

coronaviruses. We found that these individuals made robust effector and

memory T cell responses to the SARS-CoV-2 spike protein that exceeded the

responses to spike proteins from the common cold coronaviruses. Furthermore,

in 4 individuals, the number of SARS-CoV-2 specific TCRs far exceeded the

number of common cold coronavirus-specific T cell receptors. TCRs that were

cross-reactive for common cold coronaviruses and SARS-CoV-2 comprised less

than 10% of the total detected SARS-CoV-2 specific T cells. The diversity of the

SARS-CoV-2 spike-specific repertoire in 6 study participants was comparable to

that of the repertoire in vaccinated HIV healthy donors. Our data suggests people

living with HIV with low CD4 nadirs can have significant functional immune

reconstitution with little evidence of antigenic imprinting due to pre-existing T

cell responses to common cold coronaviruses.
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Introduction

People living with HIV (PLWH) with low CD4 nadirs have

limited responses to immunization with antigens and some vaccines

(1, 2). Lange et al. found that the CD4 nadir predicted T cell

responses to immunization with tetanus toxoid, diphtheria-toxoid,

and keyhole limpet hemocyanin in PLWH on antiretroviral therapy

(1). Similarly, Tebas et al. found that PLWH with low CD4 nadirs

on antiretroviral therapy were less likely to respond to an H1N1

vaccine (2). The mechanisms responsible for this are unknown but

disruptions in the T cell receptor (TCR) repertoire that are not fully

restored with antiretroviral therapy have been reported in these

individuals (3). The presence of a restricted naïve TCR repertoire

could potentially lead to the phenomenon of antigenic imprinting

which is also called the original antigenic sin. The latter term was

coined by Thomas Francis in 1960 to describe the observation that

infection with a new strain of Influenza boosted the antibody

responses against strains of the virus that an individual had been

previously exposed to (4). A similar phenomenon has been

observed with T cell responses (5), and recent observations

suggest that in some cases, the expansion of pre-existing cross-

reactive responses can come at the expense of the development of

mono-reactive responses. This is important as mono-reactive T

cells may have higher affinity for the novel antigen they are primed

against (6, 7). Many studies have shown some degree of pre-existing

T cell immunity to SARS-CoV-2 due to cross recognition of SARS-

CoV-2 by T cells that were primed against the 4 common-cold

coronaviruses (8). In this study we tested the hypothesis that

patients with low CD4 nadirs with variable degrees of immune

reconstitution on antiretroviral therapy would show evidence of

antigenic imprinting and thus would not have a robust mono-

reactive T cell response to immunization with SARS-CoV-2 mRNA

vaccines. We achieved this by using the functional expansion of

specific T cells (FEST) assay to compare the T cell receptor

repertoire after stimulating peripheral blood mononuclear cells

(PBMCs) with spike protein from SARS-CoV-2 or the 4 common

cold coronaviruses (7–12). This assay sequences the CDR3 region of

the beta chain of the T cell receptor (TCR) of cells that have been

cultured with antigens and therefore can identify expanded antigen-

specific clones (13, 14). It can also distinguish between TCRs that

cross-recognize SARS-CoV-2 and common cold coronavirus spike

proteins versus those that are mono-reactive for a specific spike

protein (7). Our data suggest that the SARS-CoV-2 specific T cell

response in PLWH with low CD4 nadirs was mostly mono-reactive

in nature. Thus, antigenic imprinting does not appear to play a

major role in the T cell responses to SARS-CoV-2 in these patients.
Methods

Study participants

The study was approved by the Johns Hopkins University

Institutional Review Board. Written informed consent was obtained

from all participants prior to their inclusion in the study. The clinical
Frontiers in Immunology 02196
characteristics of the study participants studied are summarized in

Supplementary Table 1. The healthy donors were described in a prior

study (11). Blood for the initial SARS-CoV-2 ELISpot and FEST

assays was drawn a median of 189 days after receipt of the bivalent

ancestral spike/BA.5 spike mRNA vaccine (range 127–278 days) and

the participants had a median age of 45 years (range 29–57 years).

The PLWH had blood drawn a median of 174 days post vaccination

(range 54 to 307 days) and had a median age of 55 years (range 37 to

63 years). The median CD4 nadir was 36 cells/ul (range 1-90). One

study participant (CP100) had a CD4 nadir of 2 cells/ul and

prolonged SARS CoV-2 shedding prior to initiating ART (15). For

the SARS-CoV2 and common cold coronavirus FEST assays, blood

was obtained a median of 436 days after the bivalent ancestral spike/

BA.5 spike mRNA vaccine was given (range 426–487 days,

Supplementary Table 2). CP100, had also received the monovalent

XBB1.5 vaccine 106 days prior to the blood draw.
Serology

Multi-array electrochemiluminescence detection technology

from MesoScale Diagnostics V-Plex SARS-CoV-2 Panel 31 were

used to evaluate IgG binding antibodies to SARS-CoV-2 spike

protein in a prior study (11). PLWH with low CD4 nadirs were

also tested for antibodies against HCoV-NL63, HCoV-OC43,

HCoV-229E, and HCoV-HKU1. Antibody responses were

evaluated using ELISA kits purchased from Alpha Diagnostics

International following the manufacturer’s instructions as

previously described (9).
Peptides and ELISpot assays

The ELISpot data in Figure 1A were previously obtained (11).

The SARS-CoV2 ancestral spike peptide pool consisted of a pool of

315 peptides derived from 15 mers with 11 amino acid overlaps

obtained from JPT Peptide Technologies. Peptide pools for the

spike proteins of HCoV-NL63, HCoV-229E, HCoV-OC43, and

SARS-Cov-2, shown in Figure 1B were obtained from BEI

Resources and were reconstituted with DMSO at a concentration

of 10 mg/mL. The HCoV-229E S protein peptide pool has 195

peptides consisting of 17 mer with 11 amino acid overlaps. The

HCoV-NL63 S protein peptide pool has 226 peptides made up of

14–17 mer with 11–13 amino acid overlaps. The HCoV-OC43 S

protein peptide pool has 226 peptides made up of 17 or 18 mer with

11 amino acid overlaps. The SARS-CoV-2 peptides are 12 mer, 13

mer, or 17 mer, with 10 amino acid overlaps. IFN-g ELISpot assays
were performed as previously described (11). Briefly ELISpot Pro

and ELISpot Plus kits with precoated plates were purchased from

Mabtech. The wells were plated with unfractionated PBMCs or CD8

+ T cell–depleted PBMCs at 130,000-250,000 cells/well, and the

cells were cultured for 20 hours with HCoV peptides at a

concentration of 1 mg/mL. The plates were then processed

according to the manufacturer’s protocol and read by a blinded

independent investigator using an automated reading system.
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Expansion culture assay

PBMCs were cultured in RPMI with 10% fetal calf serum with

10 U/mL IL-2 and raltegravir (4uM) and 1 mg/mL of peptide pools

or DMSO for either 7 (CP71, CP100) or 10 days (CP86, CP92) as

previously described (9). Half of the media was removed and
Frontiers in Immunology 03197
replaced with fresh media with 10 U/ml IL2 on day 3 and day 7.

The cells were then washed and replated in fresh media and rested

for 6 hours before they were stimulated again with 5 mg/mL of either

the same peptide pool or DMSO with protein transport inhibitors

(GolgiPlug, 1 mg/mL; GolgiStop, 0.7 mg/mL) and 1ug/ml of

antibodies against CD28 and CD49d (all from BD Biosciences).
FIGURE 1

SARS-CoV-2 ELISpot responses and polyfunctional responses after peptide expansion. (A) IFN-g ELISpot with the SARS-CoV-2 spike peptide pool
(S2S) on PBMCs from HIV-seronegative donors and PLWH with historical CD4 nadir <100; DMSO controls shown for each cohort (ns, not
significant). (B) Low-nadir CP IFN-g ELISpot responses to DMSO, S2S, and common-cold coronavirus pools (HCoV-NL63, -229E, -OC43). (**p<0.01,
***p<0.001). (C) Representative flow cytometry plots for CP86. Day-10 spike-expanded CD4+ T-cells were re-stimulated for 16 hours with DMSO
(top row) or the indicated peptide pools (bottom row); numbers indicate % IFN-g+TNF-a+ of CD4+ T cells. (D) Quantification of IFN-g+TNF-a+ CD4+

T cells across low-nadir CPs after 7-day (CP71, CP100) or 10-day (CP86, CP92) culture with each peptide pool vs DMSO. Each pair represents the
same participant; lines connect paired conditions.
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After a 16-hour incubation, the cells were washed and stained with

antibodies against CD3 (APC-Cy-7, BioLegend), and CD4 (PerCP-

CY-5.5, BioLegend). The cells were then fixed, permeabilized, and

stained intracellularly for TNF-a (PE-Cy-7, BD Biosciences,

557647) and IFN-g (APC, BD Biosciences).
FEST assay

The FEST assay utilized ancestral SARS-CoV-2, HCoV-NL63,

HCoV-229E and HCoV-OC43 spike peptide pools from BEI

resources (NIAID, NIH) as well as HCoV-HKU1 spike peptides

from JPT Peptide Technologies (Berlin, Germany), to activate CD8

+ T cell-depleted PBMCs from the 4 participants as previously

described. One participant, CP88, had 2 assays performed. One with

SARS-CoV-2, HCoV-NL63, HCoV-229E and HCoV-OC43 spike

peptides, and another with SARS-CoV-2 and HCoV-HKU1 spike

peptides alone. All peptide pools were used at a concentration of 1

ug/ml. On day 10, cells were harvested, and DNA was extracted

using the QIAmp micro-DNA kit (QIAGEN). TCR-Seq was

c ondu c t e d a t t h e J ohn s Hopk i n s FEST and TCR

Immunogenomics Core Facility (FTIC) using the Ampliseq TCR

Beta Short-Read Assay, sequenced on the Illumina sequencer

platform (iSeq100, MiSeq and NextSeq1000) with unique dual

indexes as previously described (7). Data was uploaded to the

MANAFEST analysis tool (http://www.stat-apps.onc.jhmi.edu/

FEST/) to identify antigen-specific T cell clonotypes. Positive

responses were required to have a mean frequency of greater than

0.1% in at least two replicates, with at least a 5-fold increase over the

DMSO controls. Mono-reactive responses were identified if these

criteria were met and the mean frequency was 5-fold higher than

responses to other spike proteins. Individual receptors analyzed are

detailed in Supplementary Table 3.
Spike-specific repertoire diversity

From the three replicate experiments performed for each

patient in the FEST assay, frequencies of spike-specific clonotypes

were normalized to the spike-specific subset. Shannon’s diversity

index (log2 base) was calculated for each individual replicate of each

patient. Then, the indices for each patient were averaged and the

patient groups were compared using the Mann-Whitney U test. P <

0.05 was considered statistically significant. It is noted that

Shannon’s diversity index is a metric conventionally used for

entire TCR repertoires, while it is used here to compare antigen-

specific subsets.
Levenshtein distances for sequence
homology

The spike-specific TCR sequences for the two patient groups

were pooled together to assess homology across groups. To obtain

the non-redundant region of the TCR sequences, the first three and
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last three amino acids were removed from the TCR Vb CDR3

sequence. Then, the Levenshtein distances were computed for every

pair of TCR sequences across the pooled dataset using the stringdist

R package (16). An unrooted phylogenetic tree was generated to

visualize sequence homology using the ape R package, with each leaf

representing a TCR Vb CDR3 sequence (17). From the overall tree,

branches were manually selected by node number and visualized as

heatmaps using the pheatmap R package (18). In the heatmaps,

each row represented a TCR Vb CDR3 sequence and the color scale

was fixed across maps. All analyses were performed using R

version 4.4.2.
Results

PLWH with low CD4 nadirs have robust
SARS-CoV-2-specific effector and memory
T cell responses

In a prior study, we used the IFN-g ELISpot assay to measure

the frequency of ancestral SARS-CoV-2 spike-specific effector T cell

responses in PLWH and healthy donors after they received the

bivalent ancestral/BA.5 spike mRNA vaccine (11). As shown in

Figure 1A, there was no significant difference in the frequency of

effector T cells in the 2 groups of study participants. In order to

compare the frequency of effector T cells that recognized spike

peptides from SARS-CoV-2 versus 3 of the 4 common cold

coronaviruses, we again performed an ELISpot assay. As shown

in Figure 1B, the frequency of ancestral SARS-CoV-2 spike peptide-

specific T cells was significantly higher than the frequency of T cells

specific for spike peptides from HCoV-OC43, HCoV-NL63, and

HCoV-229E.

To determine the frequency of memory T cells that recognized

the spike peptides from each virus, we performed an expansion

assay where PBMCs were cultured with either DMSO or spike

peptide pools from each virus for 7 to 10 days and then restimulated

the cells for 16 hours with the same peptide pool. As shown for

CP86 in Figure 1C, there was an expansion of SARS-CoV-2 and

HCoV-OC43 spike-specific memory CD4+ T cells that co-

expressed IFN-g and TNF-a. However, the frequency of the

SARS-CoV-2 specific memory cells was 5-fold greater. In all 4

participants tested, the frequency of SARS-CoV-2 spike-specific

memory CD4+ T cells was higher than the frequency of memory

CD4+ T cells specific for the common cold coronavirus spike

peptides (Figure 1D).
The number of detected TCRs specific for
SARS-CoV-2 greatly exceeds the number
of TCRs specific for the common cold
coronavirus in PLWH with low CD4 nadirs

The ELISpot and expansion assays measure the frequency of the

antigen-specific T cells but not the breadth of the response. In order

to measure this parameter, we performed the FEST assay to
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determine the breadth of TCRs that were specific for spike proteins

from SARS-CoV-2 versus the common cold coronaviruses. As seen

in Figure 2, the number of total SARS-CoV-2 specific TCRs

detected ranged from 82 to 115 TCRs with a median of 100.5

TCRs. In contrast, the numbers of TCRs specific for each of the

common cold coronaviruses detected ranged from 7 to 54 TCRs

with a median of 14 TCRs for HCoV-NL63, 3 to 13 TCRs with a

median of 8.5 TCRs for HCoV-229E, 5 to 29 TCRs with a median of

11 TCRs for HCoV-OC43, and 6 to 28 TCRs with a median of 19.5

TCRs for HCoV-HKU1.
The percentage of SARS-CoV-2 spike
mono-reactive TCRs greatly exceeds those
of SARS-CoV-2 and common cold
coronavirus cross-reactive TCRs

Functional assays cannot distinguish between individual T cells

with receptors that cross-recognize different antigens versus

separate populations of T cells that recognize each antigen. Thus,

we used the FEST assay to determine the frequency of TCRs that

cross-recognized spike peptides from SARS-CoV-2 and the

common cold coronaviruses. We identified TCRs that recognized

SARS-CoV-2 spike alone and others that cross-recognized SARS-
Frontiers in Immunology 05199
CoV-2 and common cold coronavirus spike peptides in each

participant. Three representative mono-reactive and cross-reactive

TCRs are each shown for CP100 in Figure 3A. Across all 4

participants, the percentage of mono-reactive TCRs (median of

96.4%, range from 90.1% to 97.4%) greatly exceeded that of cross-

reactive TCRs (median of 4.5% range from 2.6% to 9.9%)

(Figure 3B). Of the cross-reactive TCRs specific for SARS-CoV-2

and at least 1 common cold coronavirus, the majority cross-

r ecogn ized SARS-CoV-2 and HKU1 sp ike pep t ide s

(Supplementary Figure 2). There were a few TCRs that cross-

recognized spike peptides from SARS-CoV-2 and 2 or more

common cold coronaviruses (Supplementary Figure 2).
Diversity of the SARS-CoV-2 spike-specific
TCRs is similar to that seen in vaccinated
healthy donors

In order to determine whether the total TCR diversity was

different in healthy donors versus PLWH with low CD4 nadirs, we

analyzed the CD4 TCR repertoire from 5 age matched individuals

from each group and analyzed the CD4+ TCR repertoire. Diversity

was measured with the Shannon index. As shown in Figure 4A, the

TCR repertoire from healthy donors was more diverse than TCR
FIGURE 2

Frequency of spike-specific CD4+ T cell receptors recognizing SARS-CoV-2 and common cold coronavirus peptides. The total number of spike-
specific CD4+ TCR clonotypes identified by the FEST assay is shown for four CPs with low CD4 nadirs. TCRs were classified based on their
expansion following stimulation with spike peptide pools derived from SARS-CoV-2 (S2S) or common cold human coronaviruses HCoV-NL63,
HCoV-229E, HCoV-OC43, and HCoV-HKU1. Each bar represents the total number of unique spike-specific TCRs detected per condition, with error
bars indicating standard deviation across three technical replicates.
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FIGURE 3

Cross-reactivity of spike-specific CD4+ TCRs following in vitro peptide stimulation. (A) Representative expansion profiles of three mono-reactive
(CASSPRPGSLDGYTF, CSASRTGGNSPLHF, CASSPLDRGNNQPQHF) and three cross-reactive (CASSYLTSGVDTQYF, CATSLWGSSSTDTQYF,
CSARDGSLNYGYTF) CD4+ TCR clonotypes from participant CP100. TCRs were identified using the FEST assay. The frequencies (% of cultured CD4+

T cells, y-axis) of distinct TCR clonotypes (z-axis) across peptide conditions (x-axis), including SARS-CoV-2 spike (S2S) and common cold
coronavirus (HCoV-NL63, HCoV- 229E, HCoV-OC43, HCoV-HKU1) peptide pools. Three technical replicates were performed for each condition.
(B) Quantification of the proportion of mono-reactive versus cross-reactive S2S-specific CD4+ TCR clonotypes for four CPs. Horizontal lines
indicate group medians. Mono-reactive TCRs were defined as those expanding only in response to S2S peptides, while cross-reactive TCRs
expanded to both S2S and at least one common cold coronavirus peptide pool. ****p < 0.0001.
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repertoire from the PLWH with low CD4 nadirs. There was no

correlation between either the nadir or current CD4 count and the

Shannon Index (Supplementary Figure 3A).

To investigate whether the spike-specific TCR repertoire was

also different in the 2 groups of participants, we compared the

previously described SARS-CoV-2 spike-specific T cell repertoire in

4 PLWH with low CD4 nadirs (CP88, CP89, CP100, CP104) and 10

healthy donors who received bivalent ancestral/BA.5 spike COVID

mRNA vaccines (11). We also analyzed the spike-specific T cell

repertoire from 2 PLWH with low CD4 nadirs in the current study

(CP71 and CP86). We found there were no significant differences in

the diversity of the spike-specific TCR repertoire in PLWH with low

CD4 nadirs and healthy donors (Figure 4B). Furthermore, in a prior
Frontiers in Immunology 07201
study of healthy donors, we showed that SARS-CoV-2 spike-

specific TCRs share sequence homology within and among

participants. We performed a similar analysis and showed that

there was significant homology of spike-specific TCRs in patients

with low CD4 nadirs and healthy donors (Figure 4C). There was no

correlation between either the nadir or current CD4 counts and the

Shannon Index (Supplementary Figure 3B).
Discussion

In this study, we analyzed TCRs specific for SARS-CoV-2 and

the 4 common cold coronaviruses spike proteins in PLWH with low
FIGURE 4

Diversity and sequence homology of T receptors. (A) Shannon index of the diversity of all TCRs from PLWH with low CD4 nadirs (orange) and HIV
seronegative donors (blue). (B) Shannon index of the diversity of SARS-CoV-2-specific TCRs from PLWH with low CD4 nadirs (orange) and HIV
seronegative donors (blue). (C) Phylogenetic tree showing SARS-CoV-2-specific TCRs from PLWH with low CD4 nadirs (orange) and HIV seronegative
donors (blue).
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CD4 nadirs who had received monovalent and bivalent COVID

mRNA vaccines. These individuals responded well to vaccination

with antibody titers and CD4+ T cell responses that were similar to

healthy donors. The frequencies of SARS-CoV-2 spike-specific

effector and memory T cells in these individuals exceeded the

frequencies of effector and memory T cells that recognized spike

peptides from common cold coronaviruses. We used the FEST assay

to distinguish between TCRs that were mono-reactive for SARS

CoV-2 versus those that cross-recognized spike proteins from

common cold coronaviruses. We previously validated the FEST

assay by transferring cloned TCRs into Jurkat cells and

demonstrated that TCRs that were identified as cross-reactive in

the FEST assay recognized spike peptides from SARS-CoV-2 and

HCoV-NL63, whereas TCRs that were identified as being mono-

reactive only recognized spike peptides from SARS-CoV-2 (7).

Disruptions of the TCR repertoire in PLWH with low CD4

nadirs are not completely reversed with antiretroviral therapy (3).

This could explain the suboptimal responses to immunization that

are generally seen in these individuals (1, 2). A skewed TCR

repertoire could potentially lead to antigenic imprinting where

there is preferential expansion of pre-existing, cross-reactive T

cells. This would be pertinent in recipients of COVID vaccines as

cross-reactive TCRs have a lower functional avidity for SARS-CoV-

2 spike peptides than mono-reactive T cells (6, 7). We reasoned that

if antigenic imprinting was occurring in these patients, the spike-

specific T cell response would consist predominantly of TCRs

primed against the common cold coronaviruses that cross-reacted

with SARS-CoV-2. Instead, we found that in all 4 individuals we

analyzed, more than 90% of the total SARS-CoV-2 spike specific

TCRs were mono-reactive for SARS-CoV-2. We found a similar

phenomenon in healthy donors who were vaccinated after

experiencing natural infection in a prior study (10), and here we

show that in spite of lower total TCR diversity, the diversity of the

spike-specific TCR repertoire in the PLWHwith low CD4 nadirs we

analyzed is comparable to that of healthy donors. Furthermore, we

demonstrated that SARS-CoV-2 spike-specific TCRs share

sequence homology within and among healthy donors and

PLWH with low CD4 nadirs suggesting similar immune

responses in these individuals.

Our study is limited by sample size. We evaluated 4 participants

with low CD4 nadirs for cross-reactive TCRs, however, we analyzed

large numbers of TCRs for each participant, and we saw the same

dramatic finding in each of the 4 participants. It is possible that our

assay may not detect low frequency clones that could potentially

have been cross-reactive. Our diversity analysis is limited by the fact

the PLWH with low CD4 nadirs were older and 2 of the 6

individuals were further removed from the time of vaccination

compared to the healthy donors. In spite of this, we saw comparable

levels of diversity. Interestingly, there appeared to be lower diversity

in the SARS-CoV-2 spike specific T cell responses in a subset of the

healthy donors, but larger studies will be needed to confirm this

finding. Our results suggest that in spite of having CD4 nadirs as

low as 2 cells/ul, PLWH can make robust T cell responses in

response to SARS-CoV-2 vaccination that are not due to an

expansion of pre-existing cross-reactive TCRs. The high titer of
Frontiers in Immunology 08202
SARS-CoV-2 spike-specific antibodies seen in these individuals is

most likely a manifestation of this robust functional CD4+ T cell

immune reconstitution. CP100, who had undetectable SARS-CoV-2

specific antibodies despite receiving the first dose of the primary

mRNA vaccine series and having prolonged SARS-CoV-2 shedding

when he had a CD4 count of 2 cells/ul (15), seroconverted after

initiating ART and receiving subsequent mRNA vaccine doses. It

will be important to analyze TCR repertoire responses to other

vaccines in these participants to determine whether this

phenomenon is unique to COVID mRNA vaccine induced T

cell responses.
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