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Circulating SARS-CoV-2 spike
IgG antibody responses in
cancer patients following
multiple COVID-19
vaccination boosters
Huijing Xue, Troy J. Kemp, Hayley North, Nancy V. Roche,
Thomas E. Hickey and Ligia A. Pinto*

Vaccine, Immunity and Cancer Directorate, Frederick National Laboratory for Cancer Research,
Frederick, MD, United States
Introduction: Individuals with cancer have a higher risk of SARS-CoV-2 infection,
severe disease, hospitalization and death compared to healthy individuals.
Understanding the immune response to different doses of COVID-19 vaccines
in this population is essential to inform vaccine recommendations. This study
aimed to compare the post-vaccination humoral immune response of people
with cancer versus healthy participants via assessment of anti-spike IgG antibody
levels and avidity 1 month and 6 months post-last vaccination.

Methods: Circulating anti-spike IgG levels and antibody avidity were measured in
sera from cancer and healthy cohorts using ELISA and chaotropic-based
avidity assays.

Results: In general, individuals with hematological cancers showed signi�cantly
lower antibody levels and avidity across two-, three- and four-doses compared
to healthy individuals. Additionally, individuals with hematological cancers who
received two doses of vaccine exhibited a signi�cantly slower avidity
development at both time points compared to healthy individuals. In contrast,
individuals with solid cancers exhibited similar antibody levels and avidity
compared to healthy participants. Factors including age, sex and vaccine
received also in�uenced immune responses.

Discussion: These �ndings suggest the need for customized vaccination
strategies for vulnerable populations.
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1 Introduction

Coronavirus disease 2019 (COVID-19), caused by infection
with severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), has spread rapidly since December 2019. Studies have
shown that individuals diagnosed with cancer face increased risks of
developing severe COVID-19 disease and COVID-associated death
compared to healthy populations (1–4). Differences in COVID-19
adverse outcomes and survival rates across various cancer subtypes
further highlight the need for customized prevention, care, and
treatment for individuals with cancer (5–7).

Roughly a year into the pandemic, emergency use authorization
(EUA) was granted to two novel messenger ribonucleic acid (mRNA)
SARS-CoV-2 vaccines based on studies demonstrating their safety and
ef�cacy in healthy volunteers (8–12). These new vaccines were
particularly novel given their use of mRNA-vaccine technology, as
historically most approved vaccines have been protein-based. Once
the SARS-CoV-2 vaccines became available, experts advised that
individuals with cancer be given priority for COVID-19 vaccination,
but no other speci�c guidance was distributed until later, when
individuals with immunocompromising conditions were
recommended to receive additional doses (10, 13). Multiple variants
of concern (VOC) have emerged as the pandemic progressed, evading
the protection provided by the original vaccines (14–16). In response
to this, updated formulations have been produced and authorized,
including a bivalent booster to target the original strain and the highly
transmissible omicron variants (EUA approved late 2022), an updated
monovalent vaccine targeting XBB.1.5 omicron variant of BA.2 (EUA
approved September 2023), and an updated monovalent vaccine
targeting the KP.2 variant of the omicron JN.1 lineage (EUA
approved August 2024) (17–20). The updated formulations have
provided additional protection as the virus evolved. However, a
better understanding of the immunogenicity of the updated
formulations in both healthy and vulnerable populations (such as
patients with cancer) is still needed.

Various studies have demonstrated that vaccine-induced
circulating antibody levels and vaccine ef�cacy wane within the
�rst 3-6 months of vaccination in both healthy individuals and
people diagnosed with cancer, resulting in a need for booster doses
regardless of the viral variant in circulation (21–23). In addition,
individuals with cancer have been identi�ed as developing poor
responses to initial primary vaccination (two doses), but additional
doses will usually improve their serum anti-spike IgG levels and
infection rates (24–27). As of October 31, 2024, the CDC has
recommended that individuals with a weakened immune system
stay up to date with the latest vaccination recommendations
(currently three doses of the 2024-2025 formulation for
individuals with immunocompromising conditions if they are
previously unvaccinated, one dose if previously fully vaccinated
with three doses of older formulations) and as well as receive an
additional dose of the 2024-2025 formulation 6 months after the
last dose (28). However, individuals with cancer were not included
in the initial safety and ef�cacy clinical trials of the original
formulations, leading to signi�cant gaps in our understanding of
the new vaccine platforms’ effectiveness, duration of imparted
Frontiers in Immunology 02
immunity, and safety of repeated COVID-19 booster doses in this
vulnerable population (11, 12). Furthermore, signi�cant differences
in vaccine responses have been reported depending on cancer types,
treatments received, and vaccine regimens (29–32). Thus,
evaluating the immune response to COVID-19 vaccination in
individuals with cancer is essential to better inform vaccination
schedules and recommendations in these populations.

While no correlate of protection (CoP) or minimum level of
antibody has been established to determine vaccine effectiveness,
neutralizing antibody titers and binding antibody levels are well
recognized as immunological markers that correlate with protection
against severe disease (33–35). Anti-spike IgG levels signi�cantly
correlate with neutralizing activity against highly related virus types,
highlighting the relevance of measuring speci�c antibody levels to
evaluate vaccine-induced immunity (36). In addition, the quality or
avidity (strength of binding) of these antibodies is an important
factor in�uencing the overall immune response, as higher avidity is
generally associated with more effective neutralization and
protection (37, 38). This study aims to evaluate and compare the
level and the quality (avidity) of antibody responses to different
numbers of doses of SARS-CoV-2 mRNA-based vaccines in
individuals with cancer compared to healthy individuals. The
in�uence of age, sex, and vaccine formulation on the level and
quality (avidity) of circulating antibodies were also evaluated.
2 Results

2.1 Demographic characteristics of the
study participants

The levels of anti-SARS-CoV-2 IgG antibodies were
investigated in the sera of healthy participants (n=352) and
individuals with cancer (N=221). Individuals with cancer were
further grouped into hematological cancer (N=79) and solid
cancer (N=142) cohorts. The cancer cohorts were further divided
by cancer type, speci�cally Multiple Myeloma (MM) (N= 64), non-
MM hematological cancers (N=15), breast cancer (N=56), and
other solid cancers (N=86). Details about speci�c cancer types in
each group are listed in Supplementary Table S1 and collected
treatment information is listed in Supplementary Table S2.
Demographic information, including age and sex of participants,
are shown in Table 1. All participants received two (primary series)
to �ve (primary and up to three booster) doses of mRNA SARS-
CoV-2 vaccine as listed in Table 1. Due to the timing of participant
enrollment, vaccination speci�cs (beyond number of doses) of most
participants were only available for the last dose received.
Consequently , when analyzing the effects of vaccine
manufacturer, individuals were grouped based on the vaccine
(mRNA-1273 from Moderna or BNT162b2 from P�zer) of the
last dose received. Sera from participants were collected and
analyzed at 1-month post-last dose and 6-months post-last dose.
In the two-dose cohort of this study, only samples from healthy
participants and individuals with MM were available for the two-
dose cohort.
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2.2 Anti-SARS-CoV-2 IgG antibody levels
after vaccination

No samples were available in the solid cancer cohort for two
doses at any timepoint. No signi�cant differences in spike IgG levels
were observed in the solid cancer cohort compared to healthy
participants across any available time points (Figure 1).
Additionally, when the solid cancer cohort was divided into the
breast cancer subgroup and other solid cancer subgroups, no
signi�cant differences were noted compared to healthy
participants (Supplementary Table S3).

Signi�cantly lower anti-spike IgG levels were observed at 1-
month post-second dose in individuals with hematological cancers
(736 BAU/mL, p=0.0188) compared to healthy participants (2744
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BAU/mL) (Supplementary Figure S1A). At 6-months post-second
dose (Supplementary Figure S1B), individuals with hematological
cancers had a signi�cantly lower anti-spike IgG level at 231 BAU/
mL (p=0.135) compared to 850 BAU/mL in healthy individuals 6-
months post-second dose (Supplementary Figure S1B).

IgG levels at 1-month post-third and fourth dose in the
hematological cancer cohort were 1954 BAU/mL (p<0.001) and
3582 BAU/mL (p=0.0102), respectively (Supplementary Figure
S1A). These levels were both signi�cantly lower than in the
healthy cohort, which were 7685 BAU/mL 1-month post-third
dose and 8805 BAU/mL 1-month post-fourth dose. No signi�cant
differences were observed in the individuals with hematological
cancer 6-months post-third dose compared to healthy cohorts.
Geometric mean IgG level at 6-months post-fourth dose was
TABLE 1 Demographics of study participants.

Participants
Hematological cancer Solid cancer

Healthy
Control Total

Total Multiple
Myeloma

Non-MM
hematological Total Breast

Cancer
Other
solid

N 79 64 15 142 56 86 352 573

Age

Mean (SD) 65.2 (9.8) 65.9 (8.7) 62.0 (13.3) 63.7 (9.0) 62.4 (9.0) 64.5 (8.9) 47.0 (14.0) 53.4(14.7)

Range 28 - 84 43 - 84 28 - 81 41 - 81 43 - 76 41 - 81 19-77 19 - 84

Sex

Female 44 (55.7%) 37 (57.8%) 7 (46.7%) 107 (75.4%) 56 (100.0%) 51 (59.3%) 258 (73.3%) 409 (71.4%)

Male 35 (44.3%) 27 (42.2%) 8 (53.3%) 35 (24.6%) 0 (0.0%) 35 (40.7%) 94 (26.7%) 164 (28.6%)

Race

American Indian or
Alaska Native

0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 1 (0.3%) 1 (0.2%)

Asian 3 (3.8%) 3 (4.7%) 0 (0.0%) 3 (2.1%) 1 (1.8%) 2 (2.3%) 48 (13.6%) 54 (9.4%)

Black or
African American

11 (13.9%) 11 (17.2%) 0 (0.0%) 2 (1.4%) 1 (1.8%) 1 (1.2%) 24 (6.8%) 37 (6.5%)

Caucasian 54 (68.4%) 39 (60.9%) 15 (100.0%) 136 (95.8%) 53 (94.6%) 83 (96.5%) 245 (69.6%) 435 (75.9%)

Multirace 0 (0.0%) 0 (0.0%) 0 (0.0%) 1 (0.7%) 1 (1.8%) 0 (0.0%) 14 (4.0%) 15 (2.6%)

Other 11 (13.9%) 11 (17.2%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 16 (4.5%) 27 (4.7%)

Unknown 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 4 (1.1%) 4 (0.7%)

Ethnicity

Hispanic or Latino 3 (3.8%) 3 (4.7%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 24 (6.8%) 27 (4.7%)

Not Hispanic
or Latino

23 (29.1%) 9 (14.1%) 14 (93.3%) 142 (100.0%) 56 (100.0%) 86 (100.0%) 328 (93.2%) 493 (86.0%)

Not Reported 53 (67.1%) 52 (81.2%) 1 (6.7%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 53 (9.2%)

Dose

2 24 (25.8%) 24 (32.9%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 31 (7.4%) 55 (8.1%)

3 38 (40.9%) 34 (46.6%) 4 (20.0%) 26 (16.1%) 13 (20.3%) 13 (13.4%) 244 (58.0%) 308 (45.6%)

4 23 (24.7%) 13 (17.8%) 10 (50.0%) 41 (25.5%) 14 (21.9%) 27 (27.8%) 82 (19.5%) 146 (21.6%)

5 8 (8.6%) 2 (2.7%) 6 (30.0%) 94 (28.4%) 37 (57.8%) 57 (58.8%) 64 (15.2%) 166 (24.6%)
Data are n (%) where n represents the number of participants in each group. Due to rounding, not all variables add up to 100%.
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signi�cantly lower with 2017 BAU/mL (p<0.001) in the
hematological cancer cohort compared to 5385 BAU/mL in
healthy participants (Supplementary Figure S1B).

The MM hematological cancer subcohort demonstrated the
same trend as the hematological cohort, showing lower levels of
anti-spike IgG levels at 1-month post-second (MM: 736 BAU/mL;
healthy: 2744 BAU/mL; p=0.0188), third (MM: 1606 BAU/mL;
healthy: 7685 BAU/mL; p<0.0001), and fourth (MM: 2215 BAU/
mL; healthy: 8805 BAU/mL; p<0.001) doses, and at 6-months post-
second (MM: 231 BAU/mL; healthy: 850 BAU/mL; p=0.0135), and
fourth (MM: 2192 BAU/mL; healthy: 5385 BAU/mL; p=0.0047)
dose (Figure 1). To minimize the in�uence of age and sex, analyses
were also conducted using age- and sex- matched healthy controls.
Similar trends in MM subcohort were observed, except for the post-
second dose comparisons (Supplementary Table S3).

For the non-MM subcohort, signi�cantly lower antibody
responses were only observed at 6-months post-fourth dose of
vaccine, with 1811 BAU/mL (p=0.0192) in the non-MM
hematological cancer cohort compared to 5385 BAU/mL in
healthy individuals (Figure 1B). However, the signi�cance was not
observed when compared to matched healthy controls
(Supplementary Table S3).

No signi�cant differences were observed in anti-spike IgG level
between any cancer cohort and healthy participants who received
�ve doses (Supplementary Table S3).

Anti-nucleocapsid IgG levels were also examined to determine
the extent and in�uence of potential unreported prior COVID-19
infections (Supplementary Table S5). Signi�cantly higher
proportions of individuals with detectable anti-nucleocapsid IgG
were observed in the MM subcohort at 1-month post-second dose
(33.3%; n = 8 of 24), and at 6-months post-fourth dose (69.2%; n = 9
of 13). In contrast, 6.5% (n = 2 of 31) of healthy participants had
IgG antibodies to nucleocapsid at 1-month post-second dose and
22.2% (n = 18 of 81) at 6-months post-fourth dose, suggesting a
higher percentage of previous COVID-19 infections in the MM
subcohort compared to healthy participants at these timepoints in
this study. Despite the increased incidence of prior infections, these
patients still showed diminished anti-spike IgG and avidity levels
compared to healthy participants, as previously mentioned.
2.3 Anti-SARS-CoV-2 IgG antibody avidity
levels after vaccination

Solid cancer cohort participants demonstrated lower serum IgG
avidity to SARS-CoV-2 spike at 1-month post-third dose (5.2 M,
p=0.0223) compared to healthy participants (5.5 M). No data was
available for the solid cancer cohort after two doses, and there was
no signi�cant difference in avidity for the other doses or
timepoints (Figure 2).

Individuals with hematological cancers did not exhibit
signi�cant differences in avidity at 1-month post-second dose
(Supplementary Figure S2A); however, avidity levels at 6-months
post-second dose were signi�cantly lower (3.1 M, p=0.0044)
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compared to healthy participants (4.0 M) (Supplementary
Figure S2B).

The hematological cancer cohort also showed signi�cantly
impaired avidity at 1-month post-third dose (4.4 M, p<0.0001)
and post-fourth dose (4.7 M, p<0.0001) compared to the healthy
cohort 1-month post-third dose (5.5 M) and 1-month post-fourth
dose (5.8 M) (Supplementary Figure S2A). Patients with
hematological cancers demonstrated 4.6 M (p<0.0001) 6-months
post-third dose and 4.8 M (p<0.0001) 6-months post-fourth dose,
which were consistently lower than healthy participants at 5.4 M 6-
months post-third dose and 5.9 M post-fourth dose (Supplementary
Figure S2B).

When the hematological cancer cohort was divided into the
MM and non-MM hematological cancer subcohorts, impaired
avidity was observed in the MM subcohort for all timepoints after
three and four doses (Figure 2). Speci�cally, the MM cohort
demonstrated signi�cantly lower avidity at 1-month post-third
dose (4.3 M, p<0.0001) and post-fourth dose (4.7 M, p=0.0067)
and 4.5 M (p<0.0001) 6-months post-third dose and 4.8 M
(p=0.0044) 6-months post-fourth dose compared to the healthy
cohort at 5.5 M 1-month post-third dose and 5.8 M 1-month post-
fourth dose and 5.4 M 6-months post-third dose and 5.9 M post-
fourth dose (Figure 2). When compared to matched healthy
controls, these trends in the MM cohort remained signi�cant at
1-month, but were no longer signi�cant 6-months post-fourth dose
of vaccines (Supplementary Table S4). The non-MM hematological
cancer subcohort demonstrated signi�cantly lower avidity 1-month
post-fourth dose (4.8 M, p<0.001) and 6-months post-fourth dose
(4.7 M, p<0.001) compared to healthy participants with 5.8 M at 1-
month and 5.9 M at 6-months post-fourth dose. When compared to
matched healthy controls, the difference between non-MM cohort
and healthy cohort was still signi�cant at 6-months post-fourth
dose but not at 1-month. No other signi�cant differences between
the non-MM subcohort and the healthy control cohort were
observed across doses or timepoints (Figure 2).

No signi�cant differences in anti-spike IgG avidity development
were observed in any cancer cohort that received �ve doses as
compared to the healthy group (Supplementary Table S4).
2.4 Anti-spike IgG level decay rate and
avidity dynamics in the cancer cohorts

No signi�cant differences were observed for the serum IgG level
decay rate from 1-month to 6-months between the solid cancer
cohort and the healthy group across three or four doses (Figure 3).

Individuals with hematological cancer who received two doses
exhibited signi�cantly smaller decrease of anti-spike IgG levels from
1-month to 6-months, with a median percent change of 73.6%
(p=0.0315) in the hematological cancer cohort compared to 84.7%
in healthy participants (Supplementary Figure S3A). We also found a
smaller decrease from 1-month to 6-months in hematological cancer
cohort participants who received three doses when compared to the
healthy participants with median percent changes of 55.4% and
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66.4%, respectively (Supplementary Figure S3B). There was no
signi�cant difference in the decrease from 1-month to 6-months
for the four-dose cohorts (Supplementary Figure S3C). The MM
cohort exhibited the same trend as the greater hematological cancer
cohort, with decreases of 73.6% (p=0.0315) for MM two-dose
recipients compared to 84.7% for healthy participants (Figure 3A),
53.1% (p=0.0246) for MM three-dose recipients compared to 66.4%
for healthy participants (Figure 3B), and no signi�cant differences
between the decreases for the four-dose cohorts (Figure 3C). The
non-MM hematological cancer cohort did not show signi�cant
differences in IgG level decrease rates across doses.
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Individuals with hematological cancers receiving two doses
exhibited a signi�cantly lower increase rate in avidity
development from 1-month to 6-months with 9.1% (p=0.0146) in
hematological cancer cohort participants compared to 45.3% in
healthy participants (Supplementary Figure S4A). Avidity
maturation was similar between hematological cancer cohort and
healthy cohort receiving three doses and four doses of vaccine. No
differences in avidity increases were observed for the MM and non-
MM subcohorts except for the MM two-dose recipients, which
make up the entire hematological cancer cohort for that dose
number (Table 1, Figure 4).
FIGURE 1

Anti-SARS-CoV-2 spike IgG levels post vaccination in serum samples from cancer and healthy cohorts. Comparison of serum anti-spike IgG levels in
healthy, multiple myeloma, non-MM hematological cancer and solid cancer cohorts 1-month (A) and 6-months (B) post-vaccination. Anti-spike IgG
levels were presented as Geometric Mean (GM) with 95% con�dence intervals (95% CI). Box plots show median (horizontal bar), the �rst and third
quartiles. Differences assessed by non-parametric Wilcoxon rank sum test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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2.5 Assessment of participant age, sex, and
vaccine manufacturer effects on anti-spike
IgG antibodies and avidity

2.5.1 In�uence of age
Cohorts were further divided and analyzed by age (younger

de�ned as <65 years; older de�ned as � 65 years old), sex (male or
female), and vaccine manufacturer (mRNA-1273 from Moderna or
BNT162b2 from P�zer) of patients’ most recent dose to determine if
these factors had any effect on IgG levels or avidity development.
Frontiers in Immunology 06
Individuals with solid cancers in the younger group at 6-
months post-third dose of vaccine showed higher antibody levels
of 5824 BAU/mL (p=0.0293) compared to 3382 BAU/mL in
healthy participants (Figure 5B). No other signi�cant
differences were observed for solid cancers at any age, dose, or
timepoint (Figure 5).

In the hematological cohort, younger individuals with
hematological cancers exhibited 268 BAU/mL (p=0.0485) at 6-
months post-second dose, which was signi�cantly lower than
healthy individuals at 1005 BAU/mL (Supplementary Figure S5B).
FIGURE 2

Anti-SARS-CoV-2 spike IgG avidity post vaccination in serum samples from cancer and healthy cohorts. Comparison of serum anti-spike IgG avidity
in healthy, multiple myeloma, non-MM hematological cancer and solid cancer cohorts 1-month (A) and 6-months (B) post-vaccination. Anti-spike
IgG avidity was presented as Geometric Mean (GM) with 95% con�dence intervals (95% CI). Box plots show median (horizontal bar), the �rst and
third quartiles. Differences assessed by non-parametric Wilcoxon rank sum test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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FIGURE 3

Percent change in anti-spike IgG levels from 1 month to 6 months post vaccination in cancer and healthy cohorts. Comparison of percent change in
serum anti-spike IgG levels between 1 month and 6 months post-vaccination in individuals receiving 2 doses (A), 3 doses (B) and 4 doses (C) of
vaccine in healthy, multiple myeloma, non-MM hematological cancer and solid cancer cohorts. Percent change results were reported as Median
with the �rst and third quartiles (Q1 and Q3). The p values indicate the signi�cance levels of the percent change between 1 month and 6 months in
the cancer cohort, compared to the percent change observed in the healthy cohort with the corresponding doses. Solid red line represents the
connecting line of geometric mean titer at 1 month and 6 months in each cohort. Differences assessed by non-parametric Wilcoxon rank sum test.
Frontiers in Immunology frontiersin.org07

https://doi.org/10.3389/fimmu.2025.1629473
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Xue et al. 10.3389/fimmu.2025.1629473
FIGURE 4

Percent change in anti-spike IgG avidity from 1 month to 6 months post vaccination in cancer and healthy cohorts. Comparison of percent change
in serum anti-spike IgG avidity between 1 month and 6 months post-vaccination in individuals receiving 2 doses (A), 3 doses (B) and 4 doses (C) of
vaccine in healthy, multiple myeloma, non-MM hematological cancer and solid cancer cohorts. Percent change results were reported as Median
with the �rst and third quartiles (Q1 and Q3). The p values indicate the signi�cance levels of the percent change between 1 month and 6 months in
the cancer cohort, compared to the percent change observed in the healthy cohort with the corresponding doses. Solid red line represents the
connecting line of geometric mean titer at 1 month and 6 months in each cohort. Differences assessed by non-parametric Wilcoxon rank sum test.
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