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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 significantly

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 significantly 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 influenced immune responses.

Discussion: These findings 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

efficacy 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 specific 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 efficacy wane within the

first 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 identified 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 efficacy clinical trials of the original

formulations, leading to significant gaps in our understanding of

the new vaccine platforms’ effectiveness, duration of imparted
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immunity, and safety of repeated COVID-19 booster doses in this

vulnerable population (11, 12). Furthermore, significant 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 significantly

correlate with neutralizing activity against highly related virus types,

highlighting the relevance of measuring specific antibody levels to

evaluate vaccine-induced immunity (36). In addition, the quality or

avidity (strength of binding) of these antibodies is an important

factor influencing 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

influence 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, specifically Multiple Myeloma (MM) (N= 64), non-

MM hematological cancers (N=15), breast cancer (N=56), and

other solid cancers (N=86). Details about specific 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 five (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 specifics (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 Pfizer) 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 significant 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

significant differences were noted compared to healthy

participants (Supplementary Table S3).

Significantly 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
Frontiers in Immunology 03
BAU/mL) (Supplementary Figure S1A). At 6-months post-second

dose (Supplementary Figure S1B), individuals with hematological

cancers had a significantly 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 significantly 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 significant

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%.
frontiersin.org

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
significantly 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 influence 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, significantly 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 significance was not

observed when compared to matched healthy controls

(Supplementary Table S3).

No significant differences were observed in anti-spike IgG level

between any cancer cohort and healthy participants who received

five doses (Supplementary Table S3).

Anti-nucleocapsid IgG levels were also examined to determine

the extent and influence of potential unreported prior COVID-19

infections (Supplementary Table S5). Significantly 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 significant difference in avidity for the other doses or

timepoints (Figure 2).

Individuals with hematological cancers did not exhibit

significant differences in avidity at 1-month post-second dose

(Supplementary Figure S2A); however, avidity levels at 6-months

post-second dose were significantly 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 significantly

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). Specifically, the MM cohort

demonstrated significantly 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 significant at

1-month, but were no longer significant 6-months post-fourth dose

of vaccines (Supplementary Table S4). The non-MM hematological

cancer subcohort demonstrated significantly 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 significant at 6-months post-fourth

dose but not at 1-month. No other significant differences between

the non-MM subcohort and the healthy control cohort were

observed across doses or timepoints (Figure 2).

No significant differences in anti-spike IgG avidity development

were observed in any cancer cohort that received five 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 significant 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 significantly 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
frontiersin.org

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
66.4%, respectively (Supplementary Figure S3B). There was no

significant 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 significant differences

between the decreases for the four-dose cohorts (Figure 3C). The

non-MM hematological cancer cohort did not show significant

differences in IgG level decrease rates across doses.
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Individuals with hematological cancers receiving two doses

exhibited a significantly 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% confidence intervals (95% CI). Box plots show median (horizontal bar), the first 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 Influence of age
Cohorts were further divided and analyzed by age (younger

defined as <65 years; older defined as ≥ 65 years old), sex (male or

female), and vaccine manufacturer (mRNA-1273 from Moderna or

BNT162b2 from Pfizer) 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 significant

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 significantly 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% confidence intervals (95% CI). Box plots show median (horizontal bar), the first 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 first and third quartiles (Q1 and Q3). The p values indicate the significance 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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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 first and third quartiles (Q1 and Q3). The p values indicate the significance 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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No other significant differences were observed for two-dose

recipients at any age or timepoint (Supplementary Figure S5).

Anti-spike IgG levels at 1-month post-third dose of the vaccine

were significantly lower than those of the healthy participants in

both age groups, with 1941 BAU/mL (p=0.0258) in the younger

hematological cohort and 7685 BAU/mL in the younger healthy

cohort and 1966 BAU/mL (p=0.0130) in the older hematological
Frontiers in Immunology 09
cohort and 7686 BAU/mL in the older healthy cohort

(Supplementary Figure S5A). There were no other significant

differences in IgG levels between the hematological cancer and

healthy cohorts for either age group at 6-months post-third dose

(Supplementary Figure S5B).

At 6-months post fourth dose, older individuals with

hematological cancers exhibited lower anti-spike IgG levels
FIGURE 5

Anti-SARS-CoV-2 spike IgG levels post vaccination in serum samples from cancer and healthy cohorts within different age groups (<65 years old and ≥

65 years old). Comparison of serum anti-spike IgG levels in healthy, multiple myeloma, non-MM hematological cancer and solid cancer cohorts within
different age groups 1-month (A) and 6-months (B) post-vaccination. Anti-spike IgG levels were presented as Geometric Mean (GM) with 95%
confidence intervals (95% CI). Box plots show median (horizontal bar), the first and third quartiles. Differences assessed by non-parametric Wilcoxon rank
sum test. *p<0.05, **p<0.01.
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compared to healthy participants, with 1877 BAU/mL (p=0.0150)

and 4405 BAU/mL, respectively (Supplementary Figure S5B). There

were no other significant differences in IgG levels between the

hematological cancer and healthy cohorts for either age group or

timepoint post-fourth dose (Supplementary Figure S5).

Dividing individuals by both age and MM or non-MM resulted

in relatively low sample sizes, limiting the power of the analyses.

Younger patients with MM had levels of 1339 BAU/mL (p=0.0043)

and older patients with MM had levels of 1854 BAU/mL (p=0.0134)

at 1-month post-third dose compared to 7685 BAU/mL younger

healthy participants and 7686 BAU/mL older healthy participants

at 1-month post-third dose (Figure 5A). A significantly lower anti-

spike IgG level was observed in older individuals with MM 1-month

post-fourth dose; however, this cohort had a limited sample size of n

= 4. Older individuals with non-MM hematological cancers in the

older group at 6-months post-fourth dose also exhibited lower

antibody levels compared to healthy participants; however, this

cohort had a limited sample size of n = 3 (Figure 5B).

No significant differences in avidity development were found in

the solid cancer cohort compared to healthy participants in either

age group across all vaccine doses at either timepoint (Figure 6).

In the younger hematological cohort, the avidity at 1-month

post-third dose (4.7 M, p<0.0001), and post-fourth dose (4.4 M,

p<0.001) were significantly lower than those of the healthy

participants, which were 5.5 M after three doses and 5.9 M after

four doses (Supplementary Figure S6A). In older individuals with

hematological cancers, the avidity in patients who received three

doses was significantly lower at 1-month (4.2 M, p=0.0012),

compared to older healthy participants with 5.3 M at 1-month

(Supplementary Figure S6A).

At 6-months, avidity development was consistently lower in

younger individuals with hematological cancers for all doses

(Supplementary Figure S6B) as compared to the healthy group.

Avidity measurements in these younger donors were 2.9 M

(p=0.0012) after two doses, 4.6 M (p<0.001) after three doses and

4.4 M (p<0.0001) after four doses, while younger healthy donor sera

had avidity measurements of 4.1 M after two doses, 5.5 M after

three doses, and 5.9 M after four doses (Supplementary Figure S6B).

In older individuals with hematological cancers, the avidity in

donors who received three doses was significantly lower at 6-

months (4.6 M, p=0.0231), compared to the older healthy

participants with 5.2 M at 6-months (Supplementary Figure S6B).

The MM subcohort exhibited similar trends to the

hematological cohort except in younger patients at 1-month post-

fourth dose, which were not significantly different from healthy

participants, however this cohort had a limited sample size of n = 4

(Figure 6A). Additionally, younger individuals with non-MM

hematological cancer exhibited 4.5 M (p<0.001) at 1 month and

4.4 M (p<0.001) at 6 months post-fourth dose, which were

significantly lower than younger healthy individuals who had 5.9

M at 1 month and 5.9 M at 6 months (Figures 6A, B).

In addition, we investigated the dynamics of antibody levels and

avidity within the same age group. While no significant differences

in antibody levels were observed between cancer and healthy

controls within each age group, younger MM patients showed a
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significantly lower increase in avidity following the second dose

(10.2%, p=0.0368) compared to younger healthy individuals

(46.2%). This difference was not observed in the older subgroup

or following other vaccine doses (Supplementary Table S6).

2.5.2 Influence of sex
Comparison of anti-spike IgG levels in females and males

revealed notable differences by sex within each cohort (Figure 7).

In individuals with solid cancers, significantly higher antibody levels

were identified in males at 6-months post-fourth dose, with a

geometric mean of 10721 BAU/mL (p=0.0034), compared to

healthy males who had 4401 BAU/mL. No statistical significance

was observed for females nor males at other timepoints or dose

numbers (Figure 7).

No significant differences were observed post-second dose for

any cohort except at 6-months in females with hematological

cancers, who exhibited a lower response of 190 BAU/mL

(p=0.0131) compared to healthy females who had 1127 BAU/mL

(Supplementary Figure S7).

Significantly lower antibody responses were observed in females

with hematological cancers 1-month post-third dose (1691 BAU/

mL, p=0.0018), compared to healthy females (7557 BAU/mL)

(Supplementary Figure S7A). Males with hematological cancers

exhibited lower anti-spike IgG levels of 2504 BAU/mL (p=0.0234)

at 1-month post-third dose as well, while the antibody levels in

healthy males were 8154 BAU/mL (Supplementary Figure S7A).

Significantly lower anti-spike IgG levels were also observed in

females with hematological cancers at both 1-month and 6-

months post-fourth dose, while the sample size was n = 9

(Supplementary Figure S7). However, no significance was

identified in males with hematological cancers at 6-months post-

fourth dose (Supplementary Figure S7B). When looking into

specific cancer subtypes, similar trends were observed in the MM

cohort, while no significance was observed for the non-MM

hematological cancer cohort (Figure 7).

No significant differences were found in the avidity measures of

sera from the solid cancer cohort males or females when compared to

healthy participants (Figure 8). There was no significant difference in

avidity 1-month post-second dose for either females or males with

hematological cancer. Significantly lower avidity was observed in

females (but not males) with hematological cancer at 6-months post-

second dose of vaccine (Supplementary Figure S8B). Significantly

lower avidity was observed in the hematological cancer cohort in both

sex groups at 1-month and 6-months following three and four doses

of vaccine (Supplementary Figure S8). A similar trend was observed

for the MM cohort except for males post-fourth dose, while males

with non-MM hematological cancers post-fourth dose exhibited

lower avidity with a limited sample size of n = 7 (Figure 8).

We also examined the dynamics of antibody levels and avidity

by sex, within each cohort. Although antibody levels did not differ

significantly between cancer cohorts and healthy controls within

each sex group, female MM patients exhibited a significantly lower

increase in avidity after the second dose (4.7%, p=0.0247) compared

to female healthy individuals (58.8%), as shown in Supplementary

Table S7.
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2.5.3 Influence of vaccine manufacturer
Anti-spike IgG levels and avidities were also studied in

individuals based on their most recent dose for BNT162b2 or

mRNA-1273 (Figure 9).

There was no statistical difference when comparing individuals

with solid cancers to healthy individuals, regardless of the vaccine

received (Figure 9).
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Individuals with hematological cancers exhibited significantly

lower antibody levels at 1-month in the BNT162b2 vaccine group

for all doses compared to healthy participants (Supplementary Figure

S9A). Specifically, at 1-month post-second dose, the anti-spike IgG

level in the hematological cancer cohort was 661 BAU/mL (p=0.0084)

compared to 2648 BAU/mL in healthy participants (Supplementary

Figure S9A). Similarly, significantly lower antibody levels persisted in
FIGURE 6

Anti-SARS-CoV-2 spike IgG avidity post vaccination in serum samples from cancer and healthy cohorts within different age groups (<65 years old and ≥

65 years old). Comparison of serum anti-spike IgG avidity in healthy, multiple myeloma, non-MM hematological cancer and solid cancer cohorts within
different age groups 1-month (A) and 6-months (B) post-vaccination. Anti-spike IgG avidity was presented as Geometric Mean (GM) with 95%
confidence intervals (95% CI). Box plots show median (horizontal bar), the first 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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the hematological cancer cohort in the BNT162b2 group 1-month

post-third dose (1608 BAU/mL, p<0.0001) and post-fourth dose (3377

BAU/mL, p=0.0411), while healthy individuals had 7211 BAU/mL

and 7392 BAU/mL, respectively (Supplementary Figure S9A).

At 6-months, anti-spike IgG levels in people with hematological

cancers in the BNT162b2 group were 181 BAU/mL (p=0.0035) after

two doses and 1800 BAU/mL (p=0.0032) after four doses, both of
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which were significantly lower than those of healthy participants,

who had 976 BAU/mL after two doses and 4584 BAU/mL after four

doses. No significant differences were observed between the cancer

cohorts compared to healthy participants 6-months post-third dose,

and no significant differences were identified in individuals with

hematological cancers who received the mRNA-1273 vaccine

compared to healthy participants (Supplementary Figure S9).
FIGURE 7

Anti-SARS-CoV-2 spike IgG levels post vaccination in serum samples from cancer and healthy cohorts within different sex groups. Comparison of
serum anti-spike IgG levels in healthy, multiple myeloma, non-MM hematological cancer and solid cancer cohorts within different sex groups 1-
month (A) and 6-months (B) post-vaccination. Anti-spike IgG levels were presented as Geometric Mean (GM) with 95% confidence intervals (95%
CI). Box plots show median (horizontal bar), the first and third quartiles. Differences assessed by non-parametric Wilcoxon rank sum test. *p<0.05,
**p<0.01.
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Similar trends can be observed in the individuals with MM

(Figure 9). Recipients of the BNT162b2 with non-MM

hematological cancers did have significantly lower IgG levels at 6-

months post-fourth dose of 2003 BAU/mL (p=0.0310) compared to

healthy participants at 4584 BAU/mL (Figure 9).

Individuals with solid cancers who received BNT162b2 vaccine

showed significantly lower avidity at 1-month post-third dose (5.0
Frontiers in Immunology 13
M, p=0.0017) than healthy participants (5.4 M). However, no

significant differences were found in the solid cancer cohort in

other doses and timepoints when compared to the healthy

cohort (Figure 10).

Additionally, significantly lower avidity was observed in

individuals with hematological cancer at 6-months post-second

dose of BNT162b2 vaccine (3.1 M, p=0.0189), compared to
FIGURE 8

Anti-SARS-CoV-2 spike IgG avidity post vaccination in serum samples from cancer and healthy cohorts within different sex groups. Comparison of
serum anti-spike IgG avidity in healthy, multiple myeloma, non-MM hematological cancer and solid cancer cohorts within different sex groups 1-
month (A) and 6-months (B) post-vaccination. Anti-spike IgG avidity was presented as Geometric Mean (GM) with 95% confidence intervals (95% CI).
Box plots show median (horizontal bar), the first 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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healthy participants (4.0 M). No other significant differences were

observed for either vaccine at either timepoint post-second dose

(Supplementary Figure S10).

Significantly lower avidity was observed at both 1-month and 6-

months following the third dose in the hematological cancer cohort

in both vaccine groups (Supplementary Figure S10). In BNT162b2
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group, the avidity in individuals with hematological cancer were 4.5

M (p<0.0001) at 1-month post-third dose and 4.6 M (p<0.0001) at

6-months post-third dose, while healthy participants had 5.4 M at

1-month and 5.4 M at 6-months. In the mRNA-1273 group, the

avidity in individuals with hematological cancer were 4.3 M

(p<0.001) at 1-month post-third dose, and 4.5 M (p=0.0013) at 6-
FIGURE 9

Anti-SARS-CoV-2 spike IgG levels post vaccination in serum samples from cancer and healthy cohorts within different vaccine groups. Comparison
of serum anti-spike IgG levels in healthy, multiple myeloma, non-MM hematological cancer and solid cancer cohorts within different vaccine groups
1-month (A) and 6-months (B) post-vaccination. Anti-spike IgG levels were presented as Geometric Mean with 95% confidence intervals (95% CI).
Box plots show median (horizontal bar), the first and third quartiles. Differences assessed by non-parametric Wilcoxon rank sum test. *p<0.05,
**p<0.01, ****p<0.0001.
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months post-third dose, while healthy participants had 5.6 M at 1-

month and 5.5 M at 6-months. Individuals with hematological

cancer who received BNT162b2 vaccine also exhibited significantly

lower avidity at both 1-month (4.7 M, p=0.0035) and 6-months

post-fourth dose (4.7 M, p=0.0011) compared to healthy

participants who had 5.7 M at 1-month and 5.8 M at 6-months

(Supplementary Figure S10).
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The MM cohort exhibited significantly lower avidity compared

to healthy participants at 1- and 6-months post-third doses for both

vaccines, 6-months post-second and post-fourth dose of BNT162b2

and 1-month post fourth dose of mRNA-1273 (Figure 10). No

significant differences were observed in the non-MM hematological

cancer group except in BNT162b2 recipients 1-month and 6-

months post-fourth dose (Figure 10).
FIGURE 10

Anti-SARS-CoV-2 spike IgG avidity post vaccination in serum samples from cancer and healthy cohorts within different vaccine groups. Comparison
of serum anti-spike IgG avidity in healthy, multiple myeloma, non-MM hematological cancer and solid cancer cohorts within different vaccine
groups 1-month (A) and 6-months (B) post-vaccination. Anti-spike IgG levels were presented as Geometric Mean with 95% confidence intervals
(95% CI). Box plots show median (horizontal bar), the first 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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3 Discussion

The SARS-CoV-2 virus represented a major public health threat to

the world, with a special impact for those diagnosed with

immunocompromising conditions such as cancer. Studies have shown

that people diagnosed with cancer are more likely to experience severe

disease and even death due to COVID-19, and people with cancer

appear to develop weaker immune responses to vaccination against

SARS-CoV-2 compared to healthy recipients (1, 2, 39, 40). While

additional doses of the mRNA vaccines do appear to help mitigate

this difference, additional studies are needed to increase our

understanding of the immune responses of people with cancer to

multiple immunizations against COVID-19 (24, 25, 27). Several

studies also showed lower seroconversion rates and inferior antibody

levels in individuals with hematological cancers compared to those with

solid cancers and healthy individuals after primary vaccination and after

a booster dose (41–44). The advent of additional doses of the COVID-

19 vaccine to mitigate waning immunity and the development of more

recent and targeted vaccines to circulating viral variants present

additional questions concerning the safety and efficacy of repeated

mRNA vaccinations, especially since initial safety and efficacy

assessments did not explore the effects in patients with cancer (8, 9,

11, 12, 14, 15, 18). Comprehensive assessments of immune responses in

individuals with cancer to multiple mRNA vaccinations are key to

inform vaccine recommendations for these populations. This study

aims to investigate certain knowledge gaps by evaluating circulating

antibody responses (levels and avidity of anti-SARS-CoV-2 antibodies)

following mRNA vaccines, as well as their durability, in both cancer and

healthy cohorts at multiple time points following vaccination.

Our findings show an overall trend of consistently lower anti-

spike IgG levels in individuals with hematological cancers across

multiple doses and different timepoints following vaccination

compared to healthy individuals, indicating impaired immune

responses to the COVID-19 vaccines. However, these differences

were not observed in the solid cancer cohort. These results are in

line with other studies, which found that patients with

hematological cancers consistently exhibit lower immune

response to COVID-19 vaccines compared to patients with solid

cancers, and that patients with solid cancers had no significant

difference in immune response compared to healthy participants

following a third dose of vaccine (29, 45–48).

Lower avidity levels were observed at 1-month after vaccination

in sera from participants with hematological cancers who received

three and four doses of vaccine compared to healthy individuals. By

6-months, avidity in the hematological cancer patients was

significantly lower across all vaccine doses (two, three, and four

doses). Solid cancer patients developed avidity levels after

vaccination comparable to the healthy population. A similar trend

was observed in the MM cohort, which was the main subset of the

hematological cancer cohort. In individuals with solid cancer,

comparable avidity development was observed across different

immunizations and timepoints except for lower avidity at 1-

month following three doses compared to healthy controls.

Studies have shown that the effectiveness of currently available

vaccines decrease with time, and this decrease correlates in part
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with decreasing serum IgG levels. In contrast, avidity typically

increases with time, potentially due to a “honing” of the immune

response where increasingly scarce antigen selects for B cells with

the ability to bind tightly to the target antigen (49). A protective

humoral response would depend upon not only the quantity of

circulating antibody, but also the quality of those antibodies. In this

report, we investigated whether people with cancer experience

similar rates of decreasing serum IgG antibody content compared

to the healthy vaccine recipients and found that people with

hematological cancers demonstrated a significantly smaller

decrease in IgG levels over 6 months after two or three doses.

Similar observations were made within the MM cohort when it was

separately analyzed from the hematological cancer cohort. The MM

cohort appeared to be the main driver of the findings, as it was the

major hematological cancer type in our study. There were no

significant differences in the decay rates after two, three or four

doses in the solid cancer cohort when compared to healthy controls.

These results suggest that people with hematological (particularly

MM), but not solid cancers, experience a lower decrease rate in

immunity after vaccination compared to the healthy population.

These findings may be partly related to undocumented exposures of

the virus that may have led to a more long-lasting response. In

addition, the lower decrease rate in MM cohort compared to the

healthy cohort could reflect their lower peak antibody responses

post-vaccination, as individuals with higher initial responses could

exhibit a steeper relative decline (50, 51).

Although serum anti-spike IgG levels decayed over time, anti-

spike IgG avidity increased from 1-month to 6-months in the two-

dose group, where individuals with hematological cancer exhibited

a significantly lower avidity increase rate compared to healthy

controls. As a result, while avidity was similar at 1-month post-

second dose, it was significantly lower at 6-months in the

hematological cancer cohort when compared to healthy controls.

Avidity levels remained stable and relatively flat from 1 to 6-months

in both the three and four-dose groups, in the hematological cancer

and the healthy cohorts, although avidity was higher in the healthy

group. No significant differences in avidity change were found

between the solid cancer and the healthy cohorts. The different

avidity dynamics in the two-dose group and the booster-dose

groups (both three- and four-dose groups) indicate enhanced

avidity over time, with repeated exposure to antigen and possibly

cross-reactivity following booster vaccination. Previous studies have

suggested that booster doses further expand memory B cell pool,

leading to enhanced cross-reactivity and cross neutralizing capacity

against diverse SARS-CoV-2 variants, including Omicron (52).

However, in this study we did not assess cross-neutralization or

variant-specific binding.

The distinct patterns of the serological response between

individuals with hematological cancers and individuals with solid

cancers could be associated with the immune dysregulation

resulting from the cancer type and also, the different treatment

approaches. For example, one study found that individuals with

chronic lymphocytic leukemia (CLL) had the lowest response to

primary series vaccination among different hematological cancers.

In this study, individuals with MM also showed reduced response
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rates while individuals with Hodgkin lymphoma had the highest

response rate compared to other hematological cancer cohorts (53).

These results may be explained in part by the disease-associated

immunosuppression related to the inhibition of B-cell expansion

and dysfunctional antigen presentation in individuals with CLL or

MM (54–56). Some data indicates that, in contrast to individuals

with hematological cancers, individuals with solid cancers have

similar immune landscape to healthy individuals following SARS-

CoV-2 infection. Specifically, less impairment of B cell and CD4+ T

cells have been observed in individuals with solid cancers compared

to individuals with hematological cancers (57). Solid cancer

subtypes could play a role in the immune response to vaccination

as well. Some studies have reported that individuals with lung

cancer could have significantly lower antibody responses to

vaccination than breast cancer patients, which could in part be

attributed to hormonal influences on immune function (58). The

solid cancer cohort in our study includes a substantial number of

individuals with breast cancer, which could influence the overall

findings of the serological response in the solid cancer cohort.

Besides the cancer type, active treatment can also be responsible for

weakened immune responses. B cell subset perturbations have been

reported to be more pronounced during active therapy (59). B cell

depleting therapies, such as anti-CD38 and anti-BCMA treatment

commonly used in treating MM, have shown a detrimental effect on

antibody levels and may result in impaired B cell differentiation,

decreased plasmablasts and plasma cells and compromised T cell

response (60–62). Treatment information in our study was very

limited, and therefore, we cannot exclude the possibility that some

patients in the hematological cohort had received such therapies,

which may have contributed to the impaired antibody responses

observed. Moreover, one study suggested that preserved CD8+ T

cells in these individuals with B-cell deficiency could possibly help

reducing mortality (57).

While the overall trends were similar when comparing cancer

cohorts to the general healthy group, some differences were no

longer significant when comparisons were restricted to age- and

sex- matched healthy controls. Given that advanced age and male

sex are known risk factors for higher mortality in COVID-19

infection within the general population, results were further

stratified by age and sex (63, 64). According to CDC, more than

half of the COVID hospitalizations occurring between October

2023 and December 2023 occurred in older adults, and additional

boosters are recommended for those aged 65 years or older (28, 65).

An age-dependent decrease of vaccine-induced neutralizing

antibodies has been reported in older adults and the same trend

has been found for spike-specific IgG memory B cells and CD4+ T

cells and CD8+ T cells (66). Dietz et al. also reported a similar

decrease in anti-spike IgG level and CD4+ T cells in older

individuals (67). However, the influence of vaccine doses and age

has not been well characterized in cancer patients. Our results

showed that both younger (< 65 years old) and older (≥ 65 years

old) individuals with hematological cancers exhibited lower anti-

spike IgG antibody 1-month after receiving three doses, but by 6-

months, their levels were not significantly different from those of

healthy controls, which indicated that three doses of vaccination
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might help maintain anti-spike IgG levels in the individuals with

hematological cancers. Additionally, older individuals with

hematological cancers had significantly lower antibody responses

than those of the healthy cohort 6-months after receiving four

doses, suggesting that additional boosters might not be as effective

in maintaining antibody levels in the older hematological cancer

cohort. As for avidity, younger individuals in the hematological

cohort who received three doses and four doses showed lower

avidity at both 1-month and 6-months. This same trend was seen in

these patients at 6-months after receiving two doses. In contrast,

older patients demonstrated lower avidity at both time points only

when receiving three doses. Similar trends were observed in the MM

cohort. In contrast to the hematological cancer cohort, individuals

with solid cancers, showed comparable antibody levels and avidity

in both age groups. When receiving three doses, they exhibited even

higher levels of anti-spike IgG than healthy individuals in the

younger age group at 6-months.

When data was stratified by sex, lower anti-spike IgG levels

were observed in both females and males with hematological

cancers 1-month after three doses of vaccine. By 6-months, lower

antibody levels were observed in females who received two doses or

four doses, but not in males. Both female and male hematological

cancer cohorts showed lower avidity than the healthy cohort at

three and four doses. A similar trend was observed in MM cohort.

Individuals with solid cancers demonstrated antibody levels and

avidity similar to or sometimes even higher than those of healthy

individuals. Male sex is identified as a risk factor associated with

higher COVID-19 mortality (68). Females generally exhibit higher

antibody responses to various vaccinations, including COVID-19

(69–71). There is a lack of studies comparing immune responses to

vaccination in individuals with cancer and healthy controls,

stratified by sex. Our results indicate that there is a diminished

antibody response to SARS-CoV-2 vaccine in females with

hematological cancers post-fourth dose when compared to

healthy females; a relationship that was not observed in males.

These results may indicate that vaccination strategies may have to

be optimized for cancer and immunocompromised patients, taking

into account age and sex to optimize efficacy. In addition, we

observed that younger and female healthy individuals showed

significantly higher avidity increases after the second dose,

compared to individuals with MM, but this difference was not

observed in the older or male subgroups. This is consistent with

evidence that age and sex are determinants of the immune response

to vaccines and suggests that these factors may influence

antibody function.

We also investigated the impact of the two mRNA vaccines

approved in the US on the serological response in individuals with

cancer based on their most recent vaccine dose. mRNA-1273 has

been shown to induce higher anti-spike antibody levels in healthy

individuals and cancer patients when compared to the BNT162b2

vaccine (21, 72, 73). In our study, consistently lower responses were

observed in individuals with hematological cancers, particularly

those with MM, in the BNT162b2 group. Within the mRNA-1273

group, no significant differences were observed in individuals with

hematological cancers compared to healthy participants at both 1-
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month and 6-months, potentially due to the small sample size in the

mRNA-1273 group. Additionally, no significant differences were

identified between individuals with solid cancers and healthy

individuals in either vaccine groups. In terms of avidity, sera from

the hematological cancer cohort, receiving either vaccine, showed

significantly lower avidity compared to the healthy individuals, but

there were no differences in the patterns observed between the two

vaccines in the hematological cancer cohort.

Despite these important findings, this study has some

limitations. In various groups, sample sizes were modest,

particularly for the non-MM hematological cancer cohort and

mRNA-1273 cohort. The sample number became even smaller

when we further stratified each cohort by age and sex. Thus,

future studies with larger numbers are warranted. Furthermore,

when the influence of vaccine manufacturer was investigated, only

information on most recent vaccine dose was available for most

participants, which limited the power of the analyses and the ability

to determine the extent to which variant-adapted vaccines

contributed to the observed immune responses, particularly in

later time points among cancer patients. In addition, cancer

treatment information was not consistently available to allow us

to evaluate the influence of cancer treatment on immune responses

to vaccination. A more comprehensive and standardized collection

of treatment data will be essential in future studies to evaluate how

different cancer therapies influence the quality and durability of

vaccine responses. Moreover, our study was limited to binding

assays based on the ancestral spike protein, which have cross-

reactivity across different variants, but do not differentiate between

variant-specific responses. Future studies including evaluation of

neutralizing antibody responses and cellular immune response

analyses targeting the relevant variants will be important to

understand how functional and cellular variant-specific responses

may be affected in cancer populations.

This study contributes to a better understanding of how cancer

type and key determinants of immune response such as age and sex

influence the antibody response (both level and quality) to two,

three, and four doses of vaccine at two different time points post-

administration. Our comparisons between cancer cohorts and

healthy individuals demonstrated that individuals with

hematological cancers, especially with MM, exhibited diminished

anti-spike IgG level and avidity across two, three and four doses

compared to healthy individuals. Meanwhile, comparable antibody

levels and avidity were observed in individuals with solid cancers

following different doses of boosters. Our study also demonstrated

that the patterns of immune response when comparing the

hematological cohort to healthy controls may vary based on

factors such as age, sex, and vaccine, highlighting the complexity

of immunogenicity and vaccine efficacy in cancer patients. Our

findings align with various studies showing that individuals with

hematological cancers have a reduced response to COVID-19

vaccines (74–76). The marked difference in serological response

to vaccination between individuals with hematological and solid

cancers highlights the higher risk of infection and disease severity

faced by individuals with hematological cancers. Additional studies

are needed to investigate if these patients may benefit from
Frontiers in Immunology 18
alternative vaccine regimens or personalized vaccination strategies

to achieve adequate protection.
4 Materials and methods

4.1 Samples

Serum samples from cancer cohort (n = 221) were obtained

through three SeroNet capacity building centers (CBC) including

University of Minnesota (Medical Protocol HRP-590), Icahn School

of Medicine at Mount Sinai (Protocol Number STUDY-16-01215),

and the Feinstein Institutes for Medical Research (Institutional

Review Board #20-1007) and the samples were collected under

approved protocols. Serum samples from healthy donors (n = 352)

were drawn from these same three sites as well as from

Occupational Health Services, Frederick National Laboratory for

Cancer Research, Frederick MD, under the Research Donor

Protocol OH99CN046. Participants were enrolled between

January 2021 and January 2023, and sample collection occurred

between January 2021 and August 2024. Most sample collections

occurred approximately 1 month after completion of the primary

series or booster doses, followed by additional collections around

month 6 post-vaccination. Specifically, sera from participants were

collected around 1-month post-vaccination (Range: 9-52 days;

Mean ± SD: 33.8 ± 9.1 days) and around 6-months post-

vaccination (Range: 158-202 days; Mean ± SD: 182.0 ± 7.9 days).

No samples were available in solid-tumor cancer cohort for two

doses at any timepoint.
4.2 Sample preparation

Peripheral blood samples were collected by venipuncture using

serum separator tubes. Blood was allowed to clot upright at room

temperature for 30-60 minutes, then centrifuged at 1,300 × rcf for

20 minutes at room temperature. The serum was carefully removed,

aliquoted into sterile cryovials. Samples were immediately stored in

a -80°C freezer following processing. Blood collected in serum tubes

was processed and frozen the same day as collection. The serum

samples were kept at -80°C until testing. Prior to testing, the

samples were aliquoted and heat-inactivated at 56°C for 30-60

minutes to minimize freeze-thaw events of the sample.
4.3 Enzyme-linked immunosorbent assays

Anti-SARS-CoV-2 spike IgG levels in sera were measured using

standardized enzyme-linked immunosorbent assays (ELISA) in all

cancer groups and were compared to levels measured in the healthy

control cohort. ELISA assay used in this study was based on the full-

length spike protein of the original Wuhan SARS-CoV-2 strain.

Anti-spike IgG levels were presented as Geometric Mean (GM) with

95% confidence intervals (95% CI).
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ELISA assays used to quantify human serum IgG antibodies to

the SARS-CoV-2 antigens were performed at room temperature as

follows: Maxisorp 96-well plates (Thermo-Scientific Cat# 439454)

were coated with 100 mL recombinant SARS-CoV-2 Spike protein

sourced from the Protein Expression Laboratory at Frederick

National Laboratory for Cancer Research (FNLCR) at a

concentration of 0.3 µg/mL in phosphate-buffered saline (PBS).

After coating for a minimum of 24 h at 4°C, assay plates were

washed with 300 mL PBS-Tween buffer three times and blocked with

300 mL PBS-Tween 0.2% and 4% skim milk (BD, Cat# 232100) for

90 minutes (min) to minimize nonspecific binding. After the

blocking buffer was removed, heat-inactivated samples were

tested with appropriate in-well dilution series. Plates were

incubated for 60 min with the samples at room temperature.

Subsequently, the plate was washed and then incubated for 60

min with 100 mL goat anti-human IgG HRP-conjugate (Seracare,

Cat# 5220-0390, Milford, MA, USA) at room temperature.

Following the incubation, the plate was washed, and then

developed with 100 mL 3,3,’5,5’-tetramethylbenzidine (TMB) 2-

component substrate (Seracare, Cat# 5120-0049, 5120-0038) for

25 min. The reaction was stopped with 100 mL 0.36 N sulfuric acid

and the absorbance was read at 450 nm and 620 nm using a

SpectraMax plate reader (Molecular Devices, San Jose, CA, USA).

Data analyses were performed using SoftMax Pro GxP 7.0.3.

Reportable values for IgG quantitative ELISA are binding

antibody units per milliliter (BAU/mL), based on a standard

calibrated to the World Health Organization (WHO)

International Standard (77).
4.4 Avidity enzyme-linked immunosorbent
assays

The avidity of serum SARS-CoV-2 spike IgG antibodies was

assessed with a chaotrope ELISA. Avidity assay used in this study

was based on the full-length spike protein of the original Wuhan

SARS-CoV-2 strain. Anti-spike IgG avidity results were presented

as Geometric Mean (GM) with 95% confidence intervals (95% CI).

Avidity ELISA assays (chaotrope ELISA) are based on standard

ELISA tests for anti-SARS-CoV-2 Spike IgG but include an

additional step where bound analyte (antibody) is exposed to a

chaotropic agent that effectively breaks and elutes off weakly bound

antibody species: a “bind and break” ELISA. Urea was used as the

chaotropic agent in this study due to its experimental range and

minimal impact on the integrity of the assay plate coating. ELISA

assays to assess serum avidity were conducted with samples that

upon dilution in assay buffer produced optical densities (OD) in a

standard IgG ELISA of between 0.5 and 1.3 OD units at 450 nm;

with a target OD of 1.0. Each assay plate tested five serum samples

in duplicate. After each sample was incubated on the assay plate for

60 min at room temperature, the plates were washed and incubated

with dilutions of urea ranging from 0 to 10 molar (M) for 15 min at

room temperature, followed by four washes in PBS-Tween. The
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plate was further developed as described for the quantitative IgG

assay, continuing with the conjugate antibody. Serum avidity

assessments are reported as Avidity Indices (AI80), the molar

concentration (M) of chaotrope required to reduce the optical

density of the sample to 80% that of untreated wells.

Additionally, each assay plate contained two system suitability

participants that were developed from well characterized serum

samples: one control with a known low avidity index, the other a

known high avidity index.
4.5 Data analysis

Cancer cohorts were compared to healthy participants using the

non-parametric Wilcoxon rank sum test due to a lack of normality

in the data. Analyses were performed separately for each dose with

all participants. The effects of participant age, sex, and vaccine

manufacturer on antibody level and avidity were investigated for

each dose separately. Since the effects of age, sex, and vaccine

manufacturer were not specific outcomes of interest, only within

group comparisons of the cancer cohorts and participants were

modeled and across group comparisons were not considered. Given

that individuals aged 65 or older represent the majority of current

COVID-19 hospitalizations and typically developed lower antibody

levels after vaccination, we divided the healthy and cancer cohort

into different age groups: the younger group (< 65 years old) and the

older group (≥ 65 years old) (Figure 5) (65, 78). Change in response

from 1-month to 6-months was modeled using percent change as a

single data point for each participant at a given dose. Anti-spike IgG

levels and avidity results were presented as Geometric Mean with

95% confidence intervals (95% CI). Percent change results were

reported as Median with the first and third quartiles (Q1 and Q3).
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R, et al. Antibody response after vaccination against SARS-CoV-2 in adults with
hematological Malignancies: a systematic review and meta-analysis. Haematologica.
(2022) 107:1840–9. doi: 10.3324/haematol.2021.280163

54. Jiang J, Xiang J, Chen M, Wan Y, Zhong L, Han X, et al. Distinct mechanisms of
dysfunctional antigen-presenting DCs and monocytes by single-cell sequencing in
multiple myeloma. Cancer Sci. (2023) 114:2750–60. doi: 10.1111/cas.15800
frontiersin.org

https://www.fda.gov/news-events/press-announcements/fda-takes-additional-action-fight-against-covid-19-issuing-emergency-use-authorization-second-covid
https://www.fda.gov/news-events/press-announcements/fda-takes-additional-action-fight-against-covid-19-issuing-emergency-use-authorization-second-covid
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-authorizes-additional-vaccine-dose-certain-immunocompromised
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-authorizes-additional-vaccine-dose-certain-immunocompromised
https://doi.org/10.1056/NEJMoa2119451
https://doi.org/10.1186/s12929-022-00853-8
https://doi.org/10.1186/s12929-022-00853-8
https://doi.org/10.1016/j.ebiom.2025.105634
https://doi.org/10.1056/NEJMoa2208343
https://doi.org/10.15585/mmwr.mm7242e1
https://www.fda.gov/news-events/press-announcements/fda-approves-and-authorizes-updated-mrna-covid-19-vaccines-better-protect-against-currently
https://www.fda.gov/news-events/press-announcements/fda-approves-and-authorizes-updated-mrna-covid-19-vaccines-better-protect-against-currently
https://doi.org/10.1016/S1473-3099(25)00058-1
https://doi.org/10.1080/21645515.2023.2215677
https://doi.org/10.3390/v14020312
https://doi.org/10.3390/v14020312
https://doi.org/10.1016/j.ccell.2022.02.011
https://doi.org/10.1016/j.ejca.2022.11.016
https://doi.org/10.7554/eLife.83694.sa2
https://doi.org/10.1101/2021.10.20.21265273
https://doi.org/10.1001/jamanetworkopen.2022.26335
https://www.cdc.gov/vaccines/covid-19/clinical-considerations/interim-considerations-us.htmlimmunocompromised
https://www.cdc.gov/vaccines/covid-19/clinical-considerations/interim-considerations-us.htmlimmunocompromised
https://doi.org/10.1158/0008-5472.CAN-21-3554
https://doi.org/10.1182/blood.2021011568
https://doi.org/10.1016/j.ccell.2021.06.014
https://doi.org/10.1038/s41541-025-01141-w
https://doi.org/10.1016/j.vaccine.2021.05.063
https://doi.org/10.1056/NEJMp2211314
https://doi.org/10.1038/s41591-021-01377-8
https://doi.org/10.1038/s41591-021-01377-8
https://doi.org/10.1038/s41467-021-22034-1
https://doi.org/10.1038/s41467-021-22034-1
https://doi.org/10.1007/s00430-023-00763-y
https://doi.org/10.1093/infdis/jiac492
https://doi.org/10.1016/j.ejca.2021.10.014
https://doi.org/10.1080/21645515.2024.2357424
https://doi.org/10.1016/j.ccell.2021.07.016
https://doi.org/10.3390/cancers15082266
https://doi.org/10.1016/j.ejca.2022.05.029
https://doi.org/10.1016/j.vaccine.2024.126547
https://doi.org/10.3390/vaccines11061017
https://doi.org/10.3390/vaccines10101613
https://doi.org/10.1200/JCO.21.01891
https://doi.org/10.3390/cancers13174312
https://doi.org/10.3390/vaccines12050516
https://doi.org/10.1126/science.abd7728
https://doi.org/10.1093/cid/ciab984
https://doi.org/10.1101/2022.02.14.480394
https://doi.org/10.3324/haematol.2021.280163
https://doi.org/10.1111/cas.15800
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
55. Motta M, Chiarini M, Ghidini C, Zanotti C, Lamorgese C, Caimi L, et al.
Quantification of newly produced B and T lymphocytes in untreated chronic
lymphocytic leukemia patients. J Transl Med. (2010) 8:111. doi: 10.1186/1479-5876-
8-111

56. Rawstron AC, Davies FE, Owen RG, English A, Pratt G, Child JA, et al. B-
lymphocyte suppression in multiple myeloma is a reversible phenomenon specific to
normal B-cell progenitors and plasma cell precursors. Br J Haematol. (1998) 100:176–
83. doi: 10.1046/j.1365-2141.1998.00525.x

57. Bange EM, Han NA, Wileyto P, Kim JY, Gouma S, Robinson J, et al. CD8(+) T
cells contribute to survival in patients with COVID-19 and hematologic cancer. Nat
Med. (2021) 27:1280–9. doi: 10.1038/s41591-021-01386-7

58. Wagner A, Garner-Spitzer E, Schötta AM, Orola M, Wessely A, Zwazl I, et al.
SARS-coV-2-mRNA booster vaccination reverses non-responsiveness and early
antibody waning in immunocompromised patients - A phase four study comparing
immune responses in patients with solid cancers, multiple myeloma and inflammatory
bowel disease. Front Immunol. (2022) 13:889138. doi: 10.3389/fimmu.2022.889138

59. Tamariz-Amador LE, Battaglia AM, Maia C, Zherniakova A, Guerrero C,
Zabaleta A, et al. Immune biomarkers to predict SARS-CoV-2 vaccine effectiveness
in patients with hematological Malignancies. Blood Cancer J. (2021) 11:202.
doi: 10.1038/s41408-021-00594-1

60. Aleman A, van Kesteren M, Zajdman AK, Srivastava K, Cognigni C, Mischka J,
et al. Cellular mechanisms associated with sub-optimal immune responses to SARS-
CoV-2 bivalent booster vaccination in patients with Multiple Myeloma. EBioMedicine.
(2023) 98:104886. doi: 10.1016/j.ebiom.2023.104886

61. Verhoeven D, Grinwis L, Marsman C, Jansen MH, Consortium TB, Van
Leeuwen EM, et al. B-cell targeting with anti-CD38 daratumumab: implications for
differentiation and memory responses. Life Sci Alliance. (2023) 6:1–15. doi: 10.26508/
lsa.202302214

62. Wagner A, Garner-Spitzer E, Auer C, Gattinger P, Zwazl I, Platzer R, et al.
Breakthrough infections in SARS-coV-2-vaccinated multiple myeloma patients
improve cross-protection against omicron variants. Vaccines (Basel). (2024) 12:1–21.
doi: 10.3390/vaccines12050518

63. Pijls BG, Jolani S, Atherley A, Derckx RT, Dijkstra JIR, Franssen GHL, et al.
Demographic risk factors for COVID-19 infection, severity, ICU admission and death:
a meta-analysis of 59 studies. BMJ Open. (2021) 11:e044640. doi: 10.1136/bmjopen-
2020-044640

64. Zhang JJ, Dong X, Liu GH, Gao YD. Risk and protective factors for COVID-19
morbidity, severity, and mortality. Clin Rev Allergy Immunol. (2023) 64:90–107.
doi: 10.1007/s12016-022-08921-5

65. CDC. Older Adults Now Able to Receive Additional Dose of Updated COVID-19
Vaccine cdc.gov (2024). Available online at: https://www.cdc.gov/media/releases/2024/
s-0228-covid.html (Accessed October 31, 2024).

66. Palacios-Pedrero M, Jansen JM, Blume C, Stanislawski N, Jonczyk R, Molle A,
et al. Signs of immunosenescence correlate with poor outcome of mRNA COVID-19
Frontiers in Immunology 22
vaccination in older adults. Nat Aging. (2022) 2:896–905. doi: 10.1038/s43587-022-
00292-y

67. Dietz LL, Juhl AK, Søgaard OS, Reekie J, Nielsen H, Johansen IS, et al. Impact of
age and comorbidities on SARS-CoV-2 vaccine-induced T cell immunity. Commun
Med (Lond). (2023) 3:58. doi: 10.1038/s43856-023-00277-x

68. Kragholm K, Andersen MP, Gerds TA, Butt JH, Østergaard L, Polcwiartek C,
et al. Association between male sex and outcomes of coronavirus disease 2019
(COVID-19)-A danish nationwide, register-based study. Clin Infect Dis. (2021) 73:
e4025–e30. doi: 10.1093/cid/ciaa924

69. Flanagan KL, Fink AL, Plebanski M, Klein SL. Sex and gender differences in the
outcomes of vaccination over the life course. Annu Rev Cell Dev Biol. (2017) 33:577–99.
doi: 10.1146/annurev-cellbio-100616-060718

70. Demonbreun AR, Sancilio A, Velez ME, Ryan DT, Pesce L, Saber R, et al.
COVID-19 mRNA vaccination generates greater immunoglobulin G levels in women
compared to men. J Infect Dis. (2021) 224:793–7. doi: 10.1093/infdis/jiab314

71. Ebinger JE, Joung S, Liu Y, Wu M, Weber B, Claggett B, et al. Demographic and
clinical characteristics associated with variations in antibody response to BNT162b2
COVID-19 vaccination among healthcare workers at an academic medical centre: a
longitudinal cohort analysis. BMJ Open. (2022) 12:e059994. doi: 10.1136/bmjopen-
2021-059994

72. Kelliher MT, Levy JJ, Nerenz RD, Poore B, Johnston AA, Rogers AR, et al.
Comparison of symptoms and antibody response following administration of moderna
or pfizer SARS-coV-2 vaccines. Arch Pathol Lab Med. (2022) 146:677–85. doi: 10.5858/
arpa.2021-0607-SA

73. La Verde N, Riva A, Cona MS, Gabrieli A, Cattaneo M, Fasola C, et al.
Immunogenicity of two doses of BNT162b2 and mRNA-1273 vaccines for solid
cancer patients on treatment with or without a previous SARS-CoV-2 infection. Int J
Cancer. (2023) 152:661–71. doi: 10.1002/ijc.34273

74. Thakkar A, Gonzalez-Lugo JD, Goradia N, Gali R, Shapiro LC, Pradhan K, et al.
Seroconversion rates following COVID-19 vaccination among patients with cancer.
Cancer Cell. (2021) 39:1081–90.e2. doi: 10.1016/j.ccell.2021.06.002

75. Herzog Tzarfati K, Gutwein O, Apel A, Rahimi-Levene N, Sadovnik M, Harel L,
et al. BNT162b2 COVID-19 vaccine is significantly less effective in patients with
hematologic Malignancies. Am J Hematol. (2021) 96:1195–203. doi: 10.1002/ajh.26284

76. Franchini M, Maggi F, Focosi D. COVID-19 vaccination in patients with
hematological Malignances. Vaccines (Basel). (2025) 13:1–16. doi: 10.3390/
vaccines13050465

77. Kemp TJ, Quesinberry JT, Cherry J, Lowy DR, Pinto LA, Miller MB. Selection,
characterization, calibration, and distribution of the U.S. Serology standard for anti-
SARS-coV-2 antibody detection. J Clin Microbiol. (2022) 60:e0099522. doi: 10.1128/
jcm.00995-22

78. Levin EG, Lustig Y, Cohen C, Fluss R, Indenbaum V, Amit S, et al. Waning
immune humoral response to BNT162b2 covid-19 vaccine over 6 months. New Engl J
Med. (2021) 385:E84–E. doi: 10.1056/NEJMoa2114583
frontiersin.org

https://doi.org/10.1186/1479-5876-8-111
https://doi.org/10.1186/1479-5876-8-111
https://doi.org/10.1046/j.1365-2141.1998.00525.x
https://doi.org/10.1038/s41591-021-01386-7
https://doi.org/10.3389/fimmu.2022.889138
https://doi.org/10.1038/s41408-021-00594-1
https://doi.org/10.1016/j.ebiom.2023.104886
https://doi.org/10.26508/lsa.202302214
https://doi.org/10.26508/lsa.202302214
https://doi.org/10.3390/vaccines12050518
https://doi.org/10.1136/bmjopen-2020-044640
https://doi.org/10.1136/bmjopen-2020-044640
https://doi.org/10.1007/s12016-022-08921-5
https://www.cdc.gov/media/releases/2024/s-0228-covid.html
https://www.cdc.gov/media/releases/2024/s-0228-covid.html
https://doi.org/10.1038/s43587-022-00292-y
https://doi.org/10.1038/s43587-022-00292-y
https://doi.org/10.1038/s43856-023-00277-x
https://doi.org/10.1093/cid/ciaa924
https://doi.org/10.1146/annurev-cellbio-100616-060718
https://doi.org/10.1093/infdis/jiab314
https://doi.org/10.1136/bmjopen-2021-059994
https://doi.org/10.1136/bmjopen-2021-059994
https://doi.org/10.5858/arpa.2021-0607-SA
https://doi.org/10.5858/arpa.2021-0607-SA
https://doi.org/10.1002/ijc.34273
https://doi.org/10.1016/j.ccell.2021.06.002
https://doi.org/10.1002/ajh.26284
https://doi.org/10.3390/vaccines13050465
https://doi.org/10.3390/vaccines13050465
https://doi.org/10.1128/jcm.00995-22
https://doi.org/10.1128/jcm.00995-22
https://doi.org/10.1056/NEJMoa2114583
https://doi.org/10.3389/fimmu.2025.1629473
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Circulating SARS-CoV-2 spike IgG antibody responses in cancer patients following multiple COVID-19 vaccination boosters
	1 Introduction
	2 Results
	2.1 Demographic characteristics of the study participants
	2.2 Anti-SARS-CoV-2 IgG antibody levels after vaccination
	2.3 Anti-SARS-CoV-2 IgG antibody avidity levels after vaccination
	2.4 Anti-spike IgG level decay rate and avidity dynamics in the cancer cohorts
	2.5 Assessment of participant age, sex, and vaccine manufacturer effects on anti-spike IgG antibodies and avidity
	2.5.1 Influence of age
	2.5.2 Influence of sex
	2.5.3 Influence of vaccine manufacturer


	3 Discussion
	4 Materials and methods
	4.1 Samples
	4.2 Sample preparation
	4.3 Enzyme-linked immunosorbent assays
	4.4 Avidity enzyme-linked immunosorbent assays
	4.5 Data analysis

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


