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SARS-CoV-2 spike
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The durability of vaccine-induced immunity is often limited by waning responses,
antigenic drift, and anti-vector immunity, highlighting the need for innovative
vaccination strategies. Heterologous prime—-boost approaches can help
overcome these barriers by exploiting the complementary strengths of distinct
platforms. Here, we evaluated a replication-deficient Orf virus-based spike
vaccine (ORFV-S) in combination with the licensed Ad26 vector vaccine
Jcovden (Ad26.COV2.S), using SARS-CoV-2 model. In a clinically aligned
intramuscular immunogenicity screen in mice, Jcovden induced strong early
anti-spike antibody responses but showed limited boostability, whereas ORFV-S
was highly boost-responsive. Mixed regimens outperformed both homologous
schedules. ORFV-S prime followed by Jcovden boost elicited the highest spike-
binding antibody titers and vigorous CD4* and CD8" T-cell responses with a
dominant Thl profile. In the reverse regimen, ORFV-S boost improved inhibition
across multiple SARS-CoV-2 variants, including immune-evasive strains and
indicated qualitative improvements in the response breadth. Together, these
findings suggest that sequence-dependent effects allow heterologous schedules
to emphasize either cellular or humoral arms of the adaptive response.
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1 Introduction

While many licensed vaccines have proven effective in controlling infectious diseases,
their long-term efficacy is often compromised by waning immunity and the ongoing
evolution of viral pathogens (1-4). The emergence of immune-evasive variants poses a
persistent challenge to the durability and breadth of vaccine-induced protection (2, 3, 5).

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1715442/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1715442/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1715442/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1715442/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1715442/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2025.1715442&domain=pdf&date_stamp=2025-11-18
mailto:ralf.amann@ifiz.uni-tuebingen.de
https://doi.org/10.3389/fimmu.2025.1715442
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2025.1715442
https://www.frontiersin.org/journals/immunology

Reguzova et al.

This problem is particularly evident in rapidly mutating viruses
such as SARS-CoV-2 (4, 6), influenza (7, 8), and HIV (9, 10), where
antigenic drift and immune escape can significantly reduce vaccine
effectiveness and lead to breakthrough infections. As a consequence,
regular booster vaccinations have become necessary, yet
homologous boosting can be hampered by anti-vector immunity
and diminishing immunogenicity. These challenges underscore the
need for adaptable vaccination strategies that elicit robust, broad,
and long-lasting immune responses against a wide range of viral
threats (11-13).

Heterologous prime-boost vaccination, in which distinct
vaccine platforms are administered sequentially, has emerged as a
compelling strategy to overcome limitations associated with
homologous regimens and to enhance immunogenicity (14). By
combining vectors that differ in antigen delivery and innate-sensing
profiles, such approaches can bypass vector-specific immunity,
reduce immune tolerance, and amplify the magnitude and
breadth of humoral and cellular immune responses (15, 16).
During the COVID-19 pandemic, schedules pairing an adenoviral
prime with an mRNA boost consistently outperformed homologous
regimens in clinical and preclinical settings (17-21). Comparable
benefits have been reported across other indications, including
Ebola, tuberculosis, malaria, and HIV, where combinations of
distinct viral vectors elicited stronger and more durable immune
responses than single-platform strategies (22-26). Together, these
findings demonstrate that heterologous vaccine combinations can
systematically enhance vaccine efficacy across a broad range
of pathogens.

Jcovden (Ad26.COV2.S), developed by Janssen, is a
recombinant, replication-incompetent adenovirus serotype 26
(Ad26) vector vaccine that encodes a prefusion-stabilized spike
protein (27). Early phase 1/2 studies explored a two-dose schedule,
yet the second homologous dose boosted neutralising-antibody
titres only very modestly (28). This increment considered
clinically marginal when weighed against increased reactogenicity
and manufacturing demand and therefore, regulatory authorities
authorised Jcovden as a single-shot vaccine (29).

Beyond COVID-19, the Ad26 platform has induced durable
immune responses in candidate vaccines against Ebola virus (30),
HIV (31), and Zika virus (32). Nonetheless, anti-vector immunity
remains a critical bottleneck. Pre-existing or vaccine-induced
antibodies directed against the Ad26 capsid can curtail transgene
expression and dampen recall responses, thereby limiting the
incremental benefit of homologous booster doses (33, 34). Pairing
Ad26 with a distinct vector therefore represents a rational strategy
to bypass vector-specific immunity and further enhance vaccine
potency (35).

Orf virus (ORFV), a member of the Parapoxvirus genus,
combines several attributes that make it an attractive vector
platform for vaccine development: (i) its natural host-range
restriction and genetic attenuation confer excellent safety (36-38);
(ii) its large double-stranded DNA genome allows accommodation
of multiple transgenes under independent viral promoters (39), and
(iii) the virus induces only transient and low-level anti-vector
immunity, permitting repeated administration without loss of
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efficacy (37, 40, 41). Moreover, ORFV-based vectors have been
shown to trigger potent innate sensing via cGAS-STING which
translates into strong humoral and cellular immune responses after
vaccination (42, 43). As a proof of concept, the multi-antigenic
candidate Prime-2-CoV, co-expressing prefusion-stabilised SARS-
CoV-2 spike and nucleocapsid proteins, has demonstrated robust
immunogenicity in hamsters and non-human primates (41),
absence of systemic replication in vivo (38), and an excellent
safety profile in a first-in-human phase I trial (44, 45).

Given the advantageous features of ORFV and the well-
established potency of the Ad26 vector (Jcovden), we
hypothesized that combining both platforms in a heterologous
prime-boost regimen might elicit synergistic immune responses.
To specifically investigate this hypothesis, we employed a
streamlined ORFV vector encoding only the spike antigen
(ORFV-S) rather than the previously characterized multi-
antigenic Prime-2-CoV. Using SARS-CoV-2 as a clinically
relevant and immunologically well-characterized model, we
compared heterologous strategy with homologous two-dose
regimens in which each vaccine was administered alone. Our
findings demonstrate that this heterologous approach significantly
improves key immunological parameters, thereby providing a
rationale for broader applications of mixed-platform strategies to
enhance vaccine efficacy against diverse infectious diseases.

2 Materials and methods
2.1 Ethics statement

Peripheral blood mononuclear cells (PBMCs), subsequently
used for monocyte isolation, were obtained from buffy coats
provided by the University Hospital Tiibingen, Center for Clinical
Transfusion Medicine. The use of human biomaterials was
approved by the Ethics Committee of the Medical Faculty of
Eberhard Karls University Tiibingen and the University Hospital
Tiibingen (project number 507/2017B01).

Animal housing and experimental procedures were carried out in
accordance with the recommendations of the Federation of European
Laboratory Animal Science Associations (FELASA) and the applicable
regulations of the regional authorities. All animal experiments were
performed by Synovo GmbH, Tiibingen, Germany. The study
protocol, including all procedures such as surgery, anesthesia, and
euthanasia where applicable, was approved by the regional authority
under project license no. 35/9185.81-7/SYN 12/20.

2.2 In vitro transgene expression

To assess antigen expression mediated by the ORFV-based
vaccine vector encoding the SARS-CoV-2 spike protein (ORFV-S)
and by Jcovden (Ad26.COV2.S), flow cytometry was performed in
HEK293-derived VPC 2.0 cells and human CD14" monocytes,
while immunofluorescence microscopy was performed in CD14"
monocytes only.
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HEK293-derived VPC 2.0 cells (cat. no. A49784, Thermo Fisher
Scientific, Waltham, MA, USA) were seeded in 24-well plates
(Greiner Bio-One, Frickenhausen, Germany) at a density of 5 x
10° cells per well in 500 pL Virus Production Medium (cat. no.
A4817901, Thermo Fisher Scientific). Peripheral blood
mononuclear cells (PBMCs) were isolated from buffy coats by
Ficoll density gradient centrifugation (Biocoll Separation Solution,
Merck KGaA, Darmstadt, Germany). CD14" monocytes were
subsequently purified using magnetic cell sorting with CD14
microbeads (MACS, Miltenyi Biotec, Bergisch Gladbach,
Germany) and seeded in 96-well plates at a density of 1 x 10°
cells per well in 200 pL Iscove’s Modified Dulbecco’s Medium
(IMDM; Lonza, Ko6ln, Germany) supplemented with 10% heat-
inactivated FCS (Sigma-Aldrich, St. Louis, MO, USA). Cells were
infected with ORFV-S at a multiplicity of infection (MOI) of 0.3-30
or with Jcovden at an MOI of 0.3-100, or left uninfected as controls.
Sixteen hours post-infection, cells were harvested for analysis.
Viability was assessed using Zombie Aqua Fixable Viability Dye
(cat. no. 423102, BioLegend, San Diego, CA, USA). For surface
staining, cells were incubated with a SARS-CoV-2 spike-specific
rabbit monoclonal antibody (cat. no. 40592-R001, Sino Biological,
Eschborn, Germany), followed by Alexa Fluor 555-conjugated anti-
rabbit IgG (cat. no. A32732, Thermo Fisher Scientific, Waltham,
MA, USA). Data were acquired on a BD LSR Fortessa flow
cytometer (BD Biosciences) and analyzed using FlowJo® software
v10 (BD Biosciences).

For immunofluorescence microscopy, 1.8 x 10° CD14"
monocytes were seeded into 8-well chamber slides (ibidi GmbH,
Grifelfing, Germany) and infected with ORFV-S or Jcovden at an
MOI of 10, or left uninfected. After 16 h, cells were fixed with 4%
methanol-free formaldehyde (Thermo Fisher Scientific) for 15 min
at room temperature, permeabilized with 0.2% Triton X-100 in PBS
for 5 min, and blocked with 5% BSA in PBS. Cells were then
incubated for 2 h at room temperature with the spike-specific
primary antibody (cat. no. 40592-R001, Sino Biological), followed
by Alexa Fluor 555-conjugated anti-rabbit IgG (cat. no. A32732,
Thermo Fisher Scientific). Nuclei were counterstained with
NucBlue Live Cell Stain (Invitrogen, Thermo Fisher Scientific),
and slides were mounted with ibidi Mounting Medium. Images
were acquired using a Zeiss LSM800 confocal microscope with a
63x oil immersion objective and processed using ZEN Blue 3.0
software (Carl Zeiss Microscopy GmbH, Oberkochen, Germany).

2.3 Immunization

The ORFV-S was prepared as previously described (41). The
Jeovden was purchased and used according to the manufacturer’s
instructions. Female CD-1 mice (Charles River Laboratories,
Sulzfeld, Germany), aged 7-9 weeks, were randomly assigned to
experimental groups (n = 5-10 per group). We chose an outbred
strain to better approximate genetic diversity and reduce strain-
specific biases in humoral and T-cell readouts, which is common
practice in vaccine immunogenicity screens (46). Mice were
immunized intramuscularly (i.m.) on days 0 and 21 with either 1/

Frontiers in Immunology

10.3389/fimmu.2025.1715442

10 of the human dose of Jcovden or 1 x 10° plaque-forming units
(PFU) of ORFV-S. The selected dose of ORFV-S corresponds to
approximately 1/100 of the human dose (1 x 10° PFU). The
intramuscular route was chosen to reflect clinical use of both
platforms and to enable a head-to-head immunogenicity
comparison under clinically relevant conditions. Peripheral blood
was collected from the tail vein under isoflurane anesthesia (3-4%
in O,) on days 14 and 28. On day 28, a subset of animals was
euthanized under isoflurane anesthesia by cardiac puncture, and
spleens were harvested for downstream analyses. Splenocytes were
isolated and cryopreserved according to standard protocols. At the
final experimental time point (day 35), all remaining animals were
anesthetized with isoflurane and euthanized by cardiac puncture;
blood samples were subsequently collected.

2.4 Detection of specific serum IgG by
ELISA

Spike-binding antibodies were quantified in mouse serum
samples using an indirect enzyme-linked immunosorbent assay
(ELISA). Nunc Maxisorp 96-well plates (Fisher Scientific,
Schwerte, Germany) were coated overnight at 4°C with 5 ug/ml
of recombinant SARS-CoV-2 full-length Spike protein (Cat. No.
40589-V08BI, Sino Biological) in PBS (Thermo Fisher Scientific).
Plates were then blocked for 2 hours at room temperature with 3%
bovine serum albumin (BSA; Carl Roth, Karlsruhe, Germany) in
PBS to prevent non-specific binding. Afterwards, serial dilutions of
serum samples were added to the wells and incubated for 1 hour at
room temperature. Antigen-bound antibodies were detected using
horseradish peroxidase (HRP)-conjugated goat anti-mouse
antibodies specific for total IgG (1:5000, Abcam, Cambridge, UK,
ab6728), IgG1 (1:1000, Abcam, ab97240), or IgG2a (1:1000, Abcam,
ab97245). Following 1-hour incubation, plates were developed
using TMB substrate (Cat. No. 421101, BioLegend) and the
reaction was stopped after sufficient color development by adding
stop solution (Cat. No. 423001, BioLegend). All samples and
controls were run in duplicate. Absorbance was measured at 450
nm, and background values (blank wells) were subtracted from
sample readings. Endpoint titers were determined by plotting the
log,o-transformed optical density (OD) values against the log;, of
the serum dilution. A linear regression model was applied, and the
endpoint titer was defined as the dilution at which the regression
line of the sample intersected with the OD cut-off value of 0.1.

2.5 RBDCoV-ACE2 measurements

RBDCoV-ACE2, a previously published multiplex ACE2
inhibition assay (47), analyses neutralizing antibody activity using
ACE2 binding inhibition as a surrogate. Neutralizing antibodies
were analyzed against the SARS-CoV-2 WT, Beta, Delta, Omicron
BA2 and XBB.1.5 variants. Samples were measured at dilution
factor of 1:400 and 1:2400. In brief, RBD variant proteins (48-51)
were coupled to spectrally distinct populations of MagPlex beads
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(cat. no. MC100XX, Luminex, Austin, TX, USA) and then
combined into a bead mix. Serum samples were diluted with
assay buffer and then ACE2 buffer (300 ng/mL biotinylated
ACE2, cat. no. 10108-HO8H-B, Sino Biological), before being
combined 1:1 with the bead mix in 96 well plates (cat. no. 3642,
Corning, Corning, NY, USA). After incubation for 2 hours at 21°C,
750rpm in a thermomixer, the beads were washed 3x in wash buffer
using an automated microplate washer (Biotek 405TS, Winooski,
VT, USA). Bound ACE2 was detected using 2ug/mL Strep-PE (cat.
no. SAPE-001, Moss, Pasadena, MD, USA) by incubating the bead-
sample mix for a further 45 mins. Following a further washing step,
the beads were resuspended in 100uL of wash buffer, shaken for 3
mins at 1000rpm and then measured on a FLEXMAP3D using the
following settings: Timeout 80 sec, Gate 7500-15000, Reporter Gain:
Standard PMT, 50 events. As controls, 150ng/mL ACE2, blanks and
2 QC samples (all in duplicate) were included. ACE2 binding
inhibition (%) was calculated as a percentage, with 100%
indicating maximum ACE2 binding inhibition and 0% no ACE2
binding inhibition.

2.6 Intracellular cytokine staining

Cryopreserved splenocytes were thawed, rested for 4 hours at
37°C in complete RPMI medium, and seeded into 96-well round-
bottom plates (Greiner Bio-One, Frickenhausen, Germany) at a
density of 2 x 10° cells per well. Cells were re-stimulated with 0.5
ug/mL of SARS-CoV-2 full-length spike (PM-WCPV-S-1) or
nucleocapsid (PM-WCPV-NCAP-1) peptide pools (both JPT
Peptide Technologies, Berlin, Germany) in the presence of
1 ug/mL anti-mouse CD28 (cat. no. 102116) and CD49d (cat. no.
103710) co-stimulatory antibodies (both BioLegend). After 1 hour
of stimulation, Brefeldin A (10 pg/mL; Sigma-Aldrich, St. Louis,
MO, USA), Monensin (cat. no. 420701, BioLegend), and anti-
mouse CD107a antibody (cat. no. 121620, BioLegend) were
added, and cells were incubated for an additional 14 hours at
37°C. Following stimulation, cells were blocked with TruStain
Fex™ (anti-mouse CD16/32, cat. no. 101320, BioLegend) for
10 minutes at room temperature and subsequently stained for
30 minutes at room temperature with a surface antibody cocktail
containing anti-CD3¢ (cat. no. 100312), CD4 (cat. no. 100531),
CD8a (cat. no. 100730), CD62L (cat. no. 104430), and CD44 (cat.
no. 103022), together with Zombie Aqua' " Fixable Viability Dye
(cat. no. 423102, all BioLegend). Cells were then fixed and
permeabilized using Fixation & Permeabilization Solution (BD
Biosciences) for 30 minutes and stained intracellularly for
cytokines with anti-mouse TNF-o (cat. no. 506344), IFN-y (cat.
no. 505835), IL-2 (cat. no. 503808), IL-4 (cat. no. 504104), and
IL-17A (cat. no. 506941) antibodies (all BioLegend) for 30 minutes
at 4°C. Samples were acquired on an Attune NxT flow cytometer
(Thermo Fisher Scientific) and analyzed using Flow]o® v10
software (BD Biosciences). Background responses from
unstimulated control wells were subtracted from peptide-
stimulated conditions.
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2.7 Germinal centre B cells and T follicular
helper Cells

Cryopreserved splenocytes were thawed and rested for 4 hours
at 37°C in complete RPMI medium. To block Fc receptors, cells
were incubated with TruStain FcX' (anti-mouse CD16/32, cat. no.
101320, BioLegend) for 10 minutes at room temperature. Surface
staining was then performed for 30 minutes at 4°C using an
antibody cocktail targeting the following markers: CD3e (cat. no.
100320), CD4 (cat. no. 100531), CD8o. (cat. no. 100730), CD62L
(cat. no. 104406), CD44 (cat. no. 103032), CD19 (cat. no. 115530),
CXCR5 (cat. no. 145529), CD95 (cat. no. 152604), and GL7 (cat. no.
144608), along with Zombie AquaTM Fixable Viability Dye (cat. no.
423102, all BioLegend). Samples were acquired on an Attune NxT
flow cytometer (Thermo Fisher Scientific) and analyzed using
Flow]o® v10 software (BD Biosciences). Germinal center CD4+ T
follicular helper (GC Tth) cells in spleen were identified as CD4+
CD44"8"CD6211°Y CXCR5M8" GL7+ (52). Germinal center B cells
(GC B cells) in spleen were identified as CD19+ CD95+ GL7+ (52).

2.8 Statistical analysis

Statistical analyses were performed using GraphPad Prism
version 9 (GraphPad Software, San Diego, CA, USA). Normality of
data distributions was assessed using the Shapiro-Wilk test. Group
comparisons were conducted using the Mann-Whitney U test or
Kruskal-Wallis test, as appropriate. P-values < 0.05 were considered
statistically significant. Statistical significance is indicated as follows:
*p < 0.05; **p < 0.01. Data are presented as means + standard error of
the mean (SEM), geometric mean with geometric standard deviation
(SD), or medians, as indicated in the figure legends.

3 Results

3.1 Spike antigen expression from ORFV-S
and Jcovden vaccines

Both vaccines encode the full-length, prefusion-stabilized spike
protein of the ancestral Wuhan SARS-CoV-2 strain (27, 41, 53, 54).
ORFV-S incorporates the D614G substitution, the K986P/V987P
double proline mutations, and a GSAS replacement of the polybasic
furin cleavage site (RRAR, residues 682-685) (41), mirroring the
stabilized spike design used in Jcovden (27).

We compared spike antigen expression mediated by the ORFV-
based vaccine vector (ORFV-S) and the adenoviral vector Jcovden
(Ad26.COV2.S) in HEK293-derived VPC 2.0 cells and in human
PBMC-derived CD14" monocytes across a range of MOls.

Flow cytometry analysis revealed that ORFV-S induced robust
spike expression already at a low MOI of 0.3, with ~32% of VPC 2.0
cells staining positive for surface spike protein. The frequency of
spike-positive cells further increased with higher MOIs (Figure 1A).
In contrast, a comparable percentage of spike-positive cells was

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1715442
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Reguzova et al.

10.3389/fimmu.2025.1715442

A) Jcovden MOI 0.3 Jcovden MOI 1 Jcovden MOI 3 Jcovden MOI 10 Jcovden MOI 100
«,, - —
L
Q
"
" a0 s
Spike+
B)
Jcovden MOI 1 Jcovden MOI 10 Jcovden MOI 30
o d 1.78%| | seed 7.88%| | wd i 10.80%
o MFI 386/ | _ | MFI1.039|| | &
=g - o { ; Not infected
R
T IRV - (OSSN 0.34%
< : TR R : T R - Flile T MEI 234
§ ORFV-S MOI 1 ORFV-S MOI 10
o d 7.33%| | od o
ol . MFI982| | 1 -
Spike+
Q)
Merge+BF Merge

Jcovden MOI 10

ORFV-S MOI 10

Not infected

FIGURE 1

Spike antigen expression following ORFV-S and Jcovden infection. HEK293-derived VPC 2.0 cells and human CD14* monocytes cells were infected
with ORFV-S and Jcovden at indicated multiplicity of infection (MOI) for 16 h Not infected cells served as controls. Expression of spike protein was
analyzed on the cell surface using specific anti-spike S1 antibody. (A, B) Flow cytometry analysis of (A) VPC 2.0 cells and (B) CD14+ monocytes of
all viable cells. Mean fluorescence intensity (MFI) values are shown for the samples. (C) Fluorescence microscopy images of antigen expression in
CD14+ monocytes.

Comparable results were obtained in primary antigen-presenting
cells. Infection of CD14" monocytes with ORFV-S at MOlIs 1 and 10
resulted in approximately two-fold higher frequencies of spike-positive
cells compared with Jcovden at the same MOIs (Figure 1B).

observed with Jcovden only at a MOI of 100. This difference may
reflect the substantially higher particle dose used in the human
Jeovden vaccine (approximately 500-fold higher than ORFV-
based formulations).
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FIGURE 2

Humoral immune responses following homologous and heterologous immunization with ORFV-S and Jcovden in CD-1 mice. (A) Schematic
overview of the experimental design, including group allocation, vaccination schedule, and sample collection time points. (B) Endpoint titers of
spike-specific total IgG in mouse serum measured by ELISA at 2 weeks after the first immunization (day 14) and 1 and 2 weeks after the second
immunization (days 28 and 35). Data for day 14 were obtained from all mice prior to group allocation into homologous or heterologous boost
regimens and therefore represent pooled values for the same cohort. (C) Ratio of IgG2a to IgG1 isotypes among spike-specific antibodies on day 35,
indicating Th1/Th2 polarization. Geometric mean titers (GMT) are noted above the columns. *p < 0.05; **p < 0.01.

These flow cytometry findings were corroborated by
immunofluorescence microscopy, which demonstrated stronger
spike-specific fluorescence on the surface of CD14" monocytes
infected with ORFV-S at MOI 10 compared with Jcovden at the
same MOI (Figure 1C).

3.2 Spike-specific IgG responses

Mice were immunized with either homologous or heterologous
vaccine regimens, and spike-specific IgG titers were quantified by
ELISA (Figure 2A). A single immunization with 10° PFU of
ORFV-S—equivalent to approximately 1/100 of the intended
human dose—induced significantly lower spike-specific IgG titers
two weeks post-vaccination compared to a 1/10 human dose of
Jeovden (Figure 2B).

Heterologous prime-boost combinations outperformed
homologous regimens across both platforms. Notably, animals
primed with ORFV-S and boosted with Jcovden exhibited the
highest levels of spike-specific IgG. The reverse sequence—
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Jcovden prime followed by ORFV-S boost—also improved
responses relative to homologous Jcovden immunization, albeit to
a lesser extent. These findings demonstrate the immunological
advantage of heterologous prime-boost approaches (55-57) and
highlight ORFV-S as a potent vector capable of effectively priming
and boosting humoral responses in combination with licensed
adenoviral vaccine.

3.3 1gG subclass profiles and Thl bias

To evaluate the qualitative nature of the antibody responses, we
analyzed IgG subclass distributions in serum samples collected two
weeks after booster immunization. The IgG2a/IgG1 ratio serves as a
commonly used indicator of Thl- versus Th2-skewed immunity
(58-60).

All vaccination regimens induced a predominant IgG2a
response over IgGl, suggesting that both ORFV-S and Jcovden
preferentially elicit Th1-biased humoral immunity, independent of
vaccination sequence (Figure 2C). Given that Thl-type responses
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are associated with protection and reduced immunopathology in
coronavirus infections (61-63), this immunological signature is
favorable for both vaccine platforms and their combination.

3.4 ACE2 binding inhibition of SARS-CoV-2
variants of concern

To assess the functional activity of vaccine-induced antibodies,
we performed an RBDCoV-ACE2 inhibition assay to evaluate their
capacity to block ACE2 binding to the receptor-binding domain
(RBD) of SARS-CoV-2 variants.

Two weeks after a single immunization, sera from animals
receiving 10° PFU of ORFV-S showed robust ACE2 binding
inhibition against the ancestral (wild-type, WT) and Delta variants,
comparable to that induced by 1/10 human dose of Jcovden
(Figures 3A, C). Notably, this occurred despite significantly higher
spike-binding IgG titers in the Jcovden group, suggesting that ORFV-S
elicits functionally potent antibodies even at low doses, reflecting the
strong immunogenicity of the ORFV platform.

All prime-boost regimens elicited high levels of ACE2 binding
inhibition against pre-Omicron variants (WT, Beta, and Delta),
with responses plateauing for WT and Delta (Figures 3A-C). For
the immune-evasive Beta variant, heterologous regimens were
clearly superior to homologous ones. The strongest inhibition was
observed in animals primed with Jcovden and boosted with ORFV-
S, indicating a synergistic effect. Boosting ORFV-S—primed animals
with Jcovden also enhanced responses, though to a lesser extent,
underscoring the superior boosting capacity of ORFV-S.

As expected, ACE2 binding inhibition against Omicron-related
variants was reduced across all groups (Figures 3D-F). In this
setting, a single immunization with ORFV-S was less effective than
1/10 human dose of Jcovden. Nevertheless, heterologous prime-
boost combinations again outperformed homologous regimens,
with the Jcovden-ORFV-S sequence yielding the highest
inhibition levels (Figure 3F). These findings further highlight the
breadth and potency of the antibody responses elicited by the
heterologous prime-boost approach.

3.5 Germinal center B cells and Tfh cell
responses

Germinal center (GC) B cells and T follicular helper (Tth) cells
are key components of the adaptive immune response, contributing
to the development of high-affinity antibodies and long-lived
humoral memory (64, 65). To evaluate the impact of different
vaccination regimens on these cell populations, we evaluated the
presence of GC B cells and their interaction with Tth cells in spleen
one week after booster immunization (Supplementary Figure S1A).

All vaccine regimens—regardless of platform or sequence—
induced comparable frequencies of GC B cells and Tth cells. These
findings suggest that both ORFV-S and Jcovden support the cellular
infrastructure required for affinity maturation and sustained
antibody responses, independent of the vaccination strategy.
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3.6 Spike-specific CD4" and CD8* T cell
responses

To further characterize the cellular immune responses elicited
by the different vaccine regimens, we analyzed spike-specific CD4"
and CD8" T cells in splenocytes by intracellular cytokine staining
(ICS) following ex vivo restimulation with spike peptide pools.

Both homologous prime-boost regimens induced comparable
frequencies and absolute numbers of spike-specific CD4" T cells
(Figures 4A, B). The heterologous combination of ORFV-S prime
followed by Jcovden boost resulted in the highest CD4" T cell
responses, whereas the reverse sequence was less effective.

Consistent with the observed IgG2a/IgGl ratios, CD4" T cell
cytokine profiles revealed a Th1-biased phenotype characterized by
elevated IFN-y, TNF, and IL-2 production, with low levels of IL-4
and IL-17A. Interestingly, IL-4 levels were slightly elevated in
groups that received Jcovden, which may reflect vector-intrinsic
differences in innate activation or antigen presentation compared
with the ORFV platform (Supplementary Figure S1B).

Although the ORFV-S prime followed by Jcovden boost
regimen elicited the highest spike-specific CD4" T cell frequencies
and IgG titers on day 28, no correlation was observed between these
two parameters (Supplementary Figure S1C), suggesting that
cellular and humoral responses may be regulated independently
or follow distinct kinetics.

We next examined the quality of Thl-related CD4" T cell
responses by analyzing polyfunctionality, defined as the
simultaneous production of multiple effector cytokines by
individual cells. Among spike-specific CD4" T cells, the ORFV-S
prime/Jcovden boost group showed the highest frequencies of dual-
positive IFN-Y"/TNF" cells as well as IFN-y" single-positive
cells (Figure 4C).

Consistent with the findings for CD4" T cell responses, a similar
pattern was observed for spike-specific CD8" T cells (Figures 5A, B).
The heterologous regimen with ORFV-S prime followed by Jcovden
boost induced the most robust CD8" T cell responses, surpassing
both homologous combinations. In contrast, the reverse sequence—
Jecovden prime followed by ORFV-S boost—did not enhance CD8"
T cell responses and resulted in lower levels than those seen with
either homologous regimen.

For CD8" T cells, polyfunctionality analysis revealed a high
proportion of triple-positive CD107a*/IFN-y"/TNF" cells,
particularly in the heterologous ORFV-S + Jcovden group
(Figure 5C). The homologous ORFV-S regimen also elicited high
levels of these polyfunctional CD8" T cells, highlighting the strong
cytotoxic potential of the ORFV-based platform.

4 Discussion

This study investigated whether the distinct profiles of an
ORFV-based spike vaccine (ORFV-S) and the licensed Ad26
vector vaccine Jcovden (Ad26.COV2.S) could be harnessed in
heterologous prime-boost regimens to enhance SARS-CoV-2
immunity. Leveraging spike as a clinically relevant and
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FIGURE 4

Antigen-specific CD4"* T cell immune responses induced by homologous and heterologous vaccination with ORFV-S and Jcovden in CD-1 mice.
CD-1 mice were immunized on days 0 and 21 with 10° PFU of ORFV-S, 1/10 of the human dose of Jcovden, or PBS as control. Splenocytes were
harvested on day 28 and stimulated ex vivo with SARS-CoV-2 spike peptide pools, followed by intracellular cytokine staining (ICS). (A) Percentage
and (B) absolute number of cytokine-producing CD4* T cells per spleen. Heights of bars indicate mean + SEM (standard error of the mean).

(C) Heatmap showing mean frequencies of polyfunctional spike-specific CD4* T cells per group. *p < 0.05; **p < 0.01.

immunologically well-characterized antigen, we systematically The 1/10 human dose of Jcovden was selected as the maximal
compared homologous and mixed-platform schedules in mice to  feasible injection volume for mice, ensuring adequate vaccine delivery
determine how two mechanistically divergent vectors influence the  without injection-related adverse effects. In contrast, a 1/100 human
magnitude, quality, and breadth of vaccine-induced immunity. dose of ORFV-S was intentionally used as a sub-immunogenic dose.
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Antigen-specific CD8" T cell immune responses induced by homologous and heterologous vaccination with ORFV-S and Jcovden in CD-1 mice.

CD-1 mice were immunized on days 0 and 21 with 10° PFU of ORFV-S, 1/10

of the human dose of Jcovden, or PBS as control. Splenocytes were

harvested on day 28 and stimulated ex vivo with SARS-CoV-2 spike peptide pools, followed by intracellular cytokine staining (ICS). (A) Percentage

and (B) absolute number of cytokine-producing CD8* T cells per spleen. Hei

ghts of bars indicate mean + SEM (standard error of the mean).

(C) Heatmap showing mean frequencies of polyfunctional spike-specific CD8" T cells per group.

Previous studies in mice (41) showed that higher ORFV-S doses rapidly
reach plateau levels of spike-specific antibodies, thereby masking
potential differences between homologous and heterologous
regimens. Using a sub-dose therefore enabled a more sensitive
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assessment of heterologous prime-boost effects on the magnitude
and quality of immune responses and were selected to produce
measurable yet distinguishable responses rather than equivalent spike
protein expression levels.
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Head-to-head in vitro and in vivo analysis illuminated each
vector’s strengths and limits. Jcovden is administered at a markedly
higher particle dose compared to ORFV-S (approx. 500-fold higher)
(29), and consistently, higher MOIs of Jcovden were required in
vitro to achieve spike antigen expression levels comparable to
ORFV-S in both VPC 2.0 cell line and primary CD14"
monocytes. The observed differences in spike protein expression
at equivalent MOIs are likely platform-dependent, reflecting
differences in cell susceptibility, infection efficiency, and
regulatory elements influencing transgene expression, such as
promoter strength, transcriptional or translational control, and
spike surface presentation. We did not quantify in vivo spike
expression, as such measurements would require extensive tissue-
specific analysis of vector tropism and antigen-presentation
kinetics. Given the different biology of ORFV and Ad26,
expression levels are not expected to be directly comparable or
predictive of the distinct immune outcomes observed.

The higher particle dose of Jcovden is consistent with its strong
priming capacity in vivo, where it induced elevated spike-specific
IgG levels early after vaccination, reflecting its ability to drive robust
humoral responses after a single dose (29). However, a second Ad26
injection raised geometric mean titres by only ~6-fold, indicating
recall is curtailed by anti-vector immunity (33, 66, 67). ORFV-S, by
contrast, primed lower antibody levels but proved highly boost-
responsive, with a ~22-fold increase after the second dose. Both
homologous regimens generated comparable CD4"-T-cell
frequencies (~3.3-3.4%) and robust CD8" responses, with ORFV-
S trending higher (35.8% vs 28.8%). Cytokine profiles were similarly
polyfunctional, highlighting their capacity to support antiviral
cellular immunity (68, 69). Together, these data suggest that
Jeovden is a potent priming vector but sub-optimal booster,
whereas ORFV retains high boostability.

The complementary features of the two platforms provided a
rationale for heterologous pairing, and indeed the mixed regimens
outperformed both homologous schedules. ORFV-S — Jcovden
produced the highest spike-binding IgG titers and vigorous CD4"
and CD8" responses, with a dominant Th1 cytokine signature that
is considered crucial for antiviral protection (70). Conversely,
Jecovden — ORFV-S elicited the strongest functional antibody
responses, with superior ACE2-binding inhibition across multiple
SARS-CoV-2 variants, including immune-evasive strains such as
Beta, BA.2, and XBB.1.5. Notably, these functional responses were
not directly proportional to total IgG titers, indicating that ORFV-S
boosting promotes qualitative improvements in antibody affinity
and neutralization breadth. These findings suggest that sequence-
dependent effects allow heterologous schedules to emphasize either
cellular or humoral arms of the adaptive response.

The enhanced immunity likely reflects engagement of
complementary innate and adaptive pathways. While both Ad26
and ORFV ultimately converge on cGAS-STING-dependent DNA
sensing (19, 33, 42, 43), yet they may differ in other
immunostimulatory properties that likely underlie the sequence-
dependent synergy observed here. Ad26 vectors activate Th1-biased
responses through cGAS-STING and RIG-I/MAVS (19, 33),
whereas ORFV provides evidence of a broader spectrum of innate
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activation, including cytosolic RNA sensors (RIG-I, MDAS5, PKR)
and DAMP/PAMP signatures inherent to its virions (42, 43). This
may translate into stronger activation of antigen-presenting cells
and more efficient cross-priming of T cells. Furthermore, platform-
specific differences in antigen expression kinetics and tropism for
dendritic cell subsets could amplify complementary pathways of B-
and T-cell activation. Together, these mechanistic features may offer
an explanation for the non-redundant and sequence-dependent
synergy observed in this study.

Our results resonate with an established body of evidence
supporting heterologous viral vector vaccination. An Ad5 prime-
MVA boost strategy targeting the tuberculosis antigen Ag85A
elicited significantly enhanced CD4" and CD8" T cell responses
in mice compared to homologous Ad5 or MVA regimens (24).
Similarly, in a malaria vaccine model, a heterologous Ad prime
followed by an MVA boost induced not only higher frequencies of
CD8" T cells but also more durable and polyfunctional responses,
surpassing those generated by both Ad-Ad and heterologous Ad-
Ad combinations (25, 71). Additionally, for HIV and malaria
antigens, heterologous regimens using Ad26-MVA or
chimpanzee adenovirus-MVA combinations elicited stronger and
longer-lasting cellular immunity compared to homologous
vaccination protocols (25, 71, 72). Importantly, the exceptionally
high CD8" T-cell frequencies observed with ORFV-Ad26
combinations in our study suggest that this particular pairing
may provide an especially powerful means of enhancing cytotoxic
immunity beyond what has been achieved with previously tested
adenovirus—poxvirus combinations.

Although SARS-CoV-2 served as the model antigen here, the
broader implications extend well beyond COVID-19. Robust CD8"
T-cell responses, supported by Thl-biased CD4" immunity, are
increasingly recognized as central for vaccines against HIV,
tuberculosis, malaria, CMV, and emerging zoonoses. ORFV-based
vectors may hold unique advantages in this context, as they can be
repeatedly administered without loss of potency, making them
especially suitable for iterative vaccination strategies or outbreak
scenarios requiring rapid redeployment. The ability of ORFV
vectors to efficiently boost antibody quality while simultaneously
promoting cytotoxic T-cell responses positions them as promising
partners in heterologous prime-boost regimens not only for
infectious diseases but also for cancer immunotherapy.

Future studies could extend these findings in several important
directions. While the murine model provides valuable insights into
comparative immunogenicity, human studies will be needed to fully
capture the complexity of vaccine-induced immunity. Evaluating
protective efficacy in challenge models, as well as assessing the long-
term durability of responses, will be key to establishing translational
relevance. It will also be important to quantify airway mucosal
immunity and to explore targeted intranasal boosting strategies,
given their potential to enhance protection at the primary site of
viral entry. In addition, mechanistic work dissecting innate sensing
and antigen presentation pathways could help explain the
sequence-dependent effects observed. Ultimately, clinical
evaluation will be essential to confirm the potential of
heterologous ORFV-Ad26 regimens.
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In conclusion, our data demonstrate that ORFV- and Ad26-
based vectors engage the immune system through complementary
mechanisms, and that their heterologous use substantially enhances
both the magnitude and quality of vaccine-induced immunity.
Rational pairing of viral vectors can therefore be leveraged to
fine-tune immune responses, offering a versatile approach for the
design of next-generation vaccines against diverse pathogens and
potentially cancer.
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SUPPLEMENTARY FIGURE 1

Germinal center and antigen-specific CD4" T cell responses induced by
ORFV-S and Jcovden in homo- and heterologous vaccination regimens.
CD-1 mice were immunized on days 0 and 21 with 10° PFU of ORFV-S, 1/
10 of the human dose of Jcovden, or PBS. (A) Number of germinal center
(GC) B cells and T follicular helper (Tfh) cells per spleen on day 28. (B)
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