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Abstract

Background Data suggest that antibody responses following COVID-19 vaccines are a correlate of protection. Some stud-
ies, including the clinical trials of COVID-19 mRNA vaccines, did not stratify and evaluate whether antibody responses to
COVID-19 vaccines differed between the sexes or with aging. This gap in research is particularly relevant for older popula-
tions such as nursing home residents (NHR). We hypothesized that sex differences in vaccine-induced antibody responses
may intersect with age and be diminished among older adults residing in nursing homes.

Methods We analyzed serum samples from 638 NHRs collected serially after the primary two-dose series and three sub-
sequent booster doses of mRNA SARS-CoV-2 vaccinations. We analyzed anti-Spike IgG and neutralizing antibody titers
to the Wuhan and Omicron BA.4/5 variant strains. Mixed-effects models predicting log-transformed titers were estimated
to compare responses across vaccine doses, focusing on sex-differential responses. For detected post-dose sex differences,
additional sample times were analyzed to assess the duration of the difference.

Results Following the primary series, female NHRs with a prior history of SARS-CoV-2 infection had significantly higher
Wauhan anti-Spike antibodies and neutralizing antibody titers than male NHRs with differences persisting up to nine months
post-vaccination. Subsequent monovalent booster doses and a bivalent booster dose eliminated this disparity. We did not
detect any differential response to the Omicron BA.4/5 variant.

Conclusions The blunting of sex differences in antibody response observed following the primary series by the 1st booster
dose underscores the importance of booster vaccination in this population.
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Background

Coronavirus disease 2019 (COVID-19) vaccines have
played a vital role in mitigating the global impact of the
pandemic. Examining the intricacies of vaccine efficacy and
safety, an increasingly important factor has come to light
- the role of biological sex differences in the immunologi-
cal response to these vaccines, particularly among vulner-
able populations such as nursing home residents (NHRs).
Historically, there has been an acknowledgment of the sub-
stantial influence of sex differences on immune responses
to various infections and vaccines [1-4]. The emergence of
the COVID-19 pandemic and the subsequent rollout of vac-
cines have provided a unique opportunity to explore these
disparities in greater detail, often overlooked in clinical tri-
als [5-7].

Previous studies suggest that sex-based differences in
the immune response to COVID-19 may significantly affect
disease outcomes [8—10]. However, we lack comprehensive
studies focusing on this topic within the specific context of
NHRs. Generally, females exhibit heightened inflamma-
tory, antiviral, and humoral immune responses compared
to males, with roles for genes and sex steroid hormones,
like estradiol [11, 12]. Similarly, the immune response in
older persons, especially females, shows a progressive
decline, highlighting the intricate interaction of sex and
age in immune function [13—15]. This decline in immune
function with aging, known as immunosenescence, particu-
larly affects the efficacy of vaccines and increases suscep-
tibility to infections and poorer health outcomes in older
populations. Furthermore, sex differences in COVID-19
outcomes, with males exhibiting more severe illness, have
prompted investigation into differential immune responses
[16-18]. These findings collectively emphasize the need
for a nuanced understanding of sex-specific immunological
responses to COVID-19 vaccines among distinct popula-
tions such as institutionalized older adults.

In a previous study involving a cohort of NHRs and
healthcare workers, we showed that female NHRs elicited a
higher T-cell response than male NHRs following repeated
mRNA vaccinations [19]. This current study investigates
whether there are variations in humoral immune responses
to COVID-19 vaccines between male and female NHRs. We
aim to contribute to the growing body of knowledge sur-
rounding biological sex differences in humoral responses to
COVID-19 vaccines, specifically focusing on NHRs, who
are susceptible to severe COVID-19 outcomes due to their
advanced age and underlying health conditions.
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Methods
Ethical approval

This study was approved by the Western-Copernicus
Group Institutional Review Board with protocol num-
ber STUDY20211074. All participating residents or their
legally authorized representatives provided informed con-
sent to be enrolled. The study is in accordance with the 1964
Declaration of Helsinki and its later amendments.

Study design and study population

The current analysis is part of an ongoing study [20-24]
in which NHRs are consented and serially sampled before
and after each SARS-CoV-2 vaccine dose. Participants were
recruited from 18 nursing homes in Ohio and 16 nursing
homes in Rhode Island. Comorbidity and functional sta-
tus were added to the study data collection, based on chart
review of subject health records at the time of enrollment,
after the study began. Thus, these variables were collected
for most, but not all, of the subjects. Residents who received
SARS-CoV-2 mRNA vaccines [(BNT162b2 (Pfizer-BioN-
Tech) or mRNA-1273 (Moderna)] were included, and those
who received other vaccines were excluded. Participants
typically received their first monovalent booster dose 8-9
months after the primary vaccination series, and their sec-
ond monovalent booster 4 to 6 months after the first booster.
In this current study, we report results from blood samples
obtained at time points following vaccination: approxi-
mately 14 days, 6 months, and 9 months post-primary vac-
cination series; and 14 days post-first, second monovalent
booster, and post-bivalent booster (Fig. 1). The primary vac-
cination series and the first and second monovalent boost-
ers were Wuhan-based mRNA vaccines while the bivalent
booster consisted of Wuhan and Omicron BA.4/5 strains.
All samples were collected between December 2020 and
December 2022. In the setting of breakthrough infection
during the study, the subject’s samples collected from the
breakthrough through the next vaccine dose were excluded
from this analysis.

Participants were deemed “infection prior” if they had a
prior SARS-CoV-2 infection at the time of each sampling
based on: (1) Prior documentation in their medical chart of
a positive polymerase chain reaction (PCR) or antigen test;
or (2) An increase in SARS-CoV-2 antibody levels beyond
variation of the assay, that could not be explained by vac-
cination e.g. rise in spike-specific and N-antigen-specific
antibodies.
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Analyzed Primary Primary 1st 2nd Bivalent
doses Series [ Series =1 Monovalent Monovalent Booster
Dose 1 Dose 2 Booster Booster
Analyzed Post-Primary Series: 14 (14,14) Post-1st Post-
samples M6 Post-Primary Series: 183 (179,185) | Monovalent: Monovalent: Bivalent:
M9 Post-Primary Series: 263 (259,272) 16 (15,33) 20 (14,30) 15 (14,21)

Fig. 1 Timeline of analyzed doses and days to sampling. Serum sam-
ples were collected serially from participants after mRNA vaccination.
This analysis focuses on the post-vaccine draws following a 2-dose
mRNA Primary Series and three subsequent booster doses. The mon-

Anti-spike assay

We assessed vaccine-induced antibody response using bead-
multiplex immunoassay for anti-spike for SARS-CoV-2
wild-type (Wuhan-Hu-1, “Wuhan”) strain and BA.4/5
variants as previously described [20]. Stabilized full-
length spike protein (aa 16-1230, with furin site mutated
and recombinant SARS-CoV-2 S(1-1208)-2P-3 C-His8-
TwinStrep) from Wuhan and SARS-CoV-2 S-2P(1-
1208)-3 C-His8-TwinStrep BA.5 from Omicron BA.4/5
variants and full-length N (aal-419) from Wuhan, obtained
from the Frederick National Laboratory (FNL) were conju-
gated to magnetic microbeads (Luminex) and Magpix assay
system (BioRad, Inc). Anti-Wuhan spike IgG levels were
measured and calculated in Binding Antibody Units (BAU)/
mL based on the FNL standard, and anti-spike BA.4/5 are
shown in arbitrary units (AU)/mL. Values between 0 and 1
were considered to be 1, reflecting the assumed precision of
the assay.

SARS-CoV-2 pseudovirus neutralization assay

We produced lentiviral particles pseudotyped with spike
protein based on the Wuhan and BA.4/5 strains as previ-
ously described to define the neutralizing activity of vaccine
recipients’ sera against coronaviruses [25]. We performed
three-fold serial dilutions that ranged from 1:12 to 1:8748
and added 50-250 infectious units of pseudovirus for 1 h.
50% pseudoviral neutralizing antibody titers (pNT50) val-
ues were calculated by taking the inverse of the 50% inhibi-
tory concentration value for all samples with a pseudovirus
neutralization value of 80% or higher at the highest serum
concentration. The lower limit of detection (LLD) of this
assay is 1:12 dilution.

ovalent boosters are Wuhan-based while the bivalent booster contains
Wuhan and Omicron BA4/5. Post-vaccine draws and the median (IQR)
days following vaccine dose are indicated. Not all analyzed subjects
received all listed doses. M6: Month 6, M9: Month 9

Statistical analysis

Our cohort was summarized overall and by vaccine dose,
illustrating the changing size and makeup of the vaccinated
and sampled subjects (Table 1, Supplemental Table 1). Age
distributions and time since prior vaccination dose were
summarized as medians with interquartile ranges (IQR)
(Table 1; Fig. 1). Categorical variables were summarized
with counts and percentages. Differences in functional sta-
tus and comorbidities between male and female subjects
were summarized using standardized mean differences to
quantify imbalance between the sex groups.

Separate models predicting vaccine response by dose,
sex, prior infection, and all interactions of these 3 variables
were estimated for each combination of strain (Wuhan and
BA.4/5) and assay (anti-spike antibodies and neutralizing
titers). As some subjects were sampled repeatedly, mixed-
effects linear regression models predicting log-transformed
titers were estimated to adjust for correlated outcomes
within subjects using random intercepts. Model assump-
tions were checked and marginal mean sex differences were
tested using model contrasts for each dose combination and
prior SARS-CoV-2 infection.

For doses with detected sex differences post-vaccination,
we analyzed additional samples from the post-vaccination
subjects obtained before the next dose to test if the observed
sex differences persisted over time using the modeling
approach described above. Samples obtained 150-210 days
and 240-300 days post-vaccine were grouped as 6-month
and 9-month post-dose samples, respectively.

For those subjects with infections before the post-pri-
mary series sample, we compared the available dates of
prior infections between males and females using a Wil-
coxon rank sum test. To assess for possible sex differences
in attrition over time due to death, we identified subjects
with a study withdrawal due to death in the year following
primary series vaccination and compared death rates by sex
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Table 1 Demographics of nursing home residents (NHRs), overall and by vaccine dose

Any Post-primary Post-1st monova-  Post-2nd monova- Post-
analyzed series lent booster lent booster bivalent
dose booster
Female N subjects 308 60 157 120 133
Age 78 (70,88) 83 (73, 88.5) 78 (70, 86) 78.5 (69.8, 88) 76 (68,
87)
Race/Ethnicity: 254 (82%) 52 (87%) 127 (81%) 97 (81%) 106 (80%)
White Non-Hispanic
Race/Ethnicity: 49 (16%) 6 (10%) 28 (18%) 20 (17%) 26 (20%)
Black Non-Hispanic
Race/Ethnicity: Hispanic 3 (1%) 1 (2%) 1 (1%) 2 (2%) 0 (0%)
Race/Ethnicity: Other/Missing 2 (1%) 1 (2%) 1 (1%) 1 (1%) 1 (1%)
Prior infection - 28 (47%) 81 (52%) 83 (69%) 101 (76%)
Male N subjects 330 92 224 81 128
Age 74 (67, 83) 75 (70, 83) 74 (68, 83) 74 (66, 81) 73 (66,
78.25)
Race/Ethnicity: 258 (78%) 79 (86%) 177 (79%) 60 (74%) 92 (72%)
White Non-Hispanic
Race/Ethnicity: 61 (18%) 13 (14%) 39 (17%) 17 (21%) 31 (24%)
Black Non-Hispanic
Race/Ethnicity: Hispanic 5(2%) 0 (0%) 4 (2%) 2 (2%) 2 (2%)
Race/Ethnicity: Other/Missing 6 (2%) 0 (0%) 4 (2%) 2 (2%) 3 (2%)
Prior infection - 41 (45%) 113 (50%) 49 (60%) 92 (72%)

using a Fisher’s exact test. To assess for possible sex dif-
ferences before Primary Series vaccination, we compared
the geometric mean titers (GMT) of males and females with
available samples using a t-test of the log-transformed titers,
stratifying tests on assay, and prior infection.

A sensitivity analysis was performed, adding further
adjustments to the models predicting post-dose log-trans-
formed titers across four vaccine doses. In these models,
we considered age as a covariate and facility as an addi-
tional random effect with subjects nested within nursing
home facilities. The results of these models addressing pos-
sible confounding factors were compared to the previously
described models.

Results were considered statistically significant at a
two-sided alpha of 0.05. All analyses were performed in R
version 4.2.2 using smd, nlme and emmeans packages for
summaries, models and contrast estimation.

Results

Our study involved 638 NHRs in total throughout the study
and reports on 60 or more NHRs of each sex for each of the
4 vaccine doses. The study cohort changed over time due
to new enrollment and discharge from NH or withdrawal/
death, and vaccines received and sample availability varied
among subjects. Subjects were followed longitudinally to
the extent that their enrollment, vaccination, and availabil-
ity for sample draws permitted. Across all time points, the
participants were predominantly of white ethnicity. Female

@ Springer

NHRs had a median age of 76 to 83 and were older than the
male NHRs, with a median age range of 73 to 75 (Table 1).
In addition to advanced age, this cohort had a high burden
of comorbidities and reduced functional status (Supple-
mental Table 1). Comorbidities and functional status were
not collected from some of the earliest enrolled subjects
in our study; thus, these data are missing for 29% of the
post-primary series cohort. Among subjects with available
functional status, many more male NHRs were completely
independent. Among those in the cohort with available
comorbidity data, we observed higher rates of chronic
obstructive pulmonary disease (COPD) and heart failure
among males. Female NHRs had more dementia while the
rates of diabetes mellitus and immunosuppressive illnesses
or immunomodulatory medications were similar between
sexes (Supplemental Table 1). After the primary vaccina-
tion series, similar rates of SARS-CoV-2 infection were
observed across both sexes at each vaccine dose (Table 1).
We detected sex differences in antibody responses fol-
lowing the primary vaccination series among subjects with
prior SARS-CoV-2 infection such that the observed geo-
metric mean titer (GMT) of Wuhan anti-Spike antibodies in
females was 3.2 times higher than that of males (2431 vs.
755, model-adjusted ratio=2.83, p=0.007) and the GMT of
Wuhan neutralizing titers was 2.8 times that of males (1742
vs. 623, model-adjusted ratio=2.61, p=0.004) (Table 2).
These sex differences were not detected before initial vac-
cination among subjects with available pre-vaccine samples
(n=151), though pre-vaccine responses were often at or
below the assay lower limits of detection, and higher GMTs
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Table 2 GMT by assay, vaccine dose, prior infection status for male & female nursing home residents with model-estimated ratio female to male

and model p-values

Vaccine dose Strain SARS-  Assay GMT (95% CI), GMT (95% CI), Crude  Adjusted Ratio Mod-
CoV-2 Female Male Ratio,  (95% CI), F/M elP-
Status F/M value
Post-Primary Wuhan  Naive Neutralizing Titer 85 108 0.79 0.96 0.892
Series (50,143) (74,158) (0.53,1.75)
Anti-Spike Antibody 131 (62,275) 234 (145,378) 0.56 0.67 0.227
(0.35,1.29)
Prior Neutralizing Titer 1742 (844,3595) 623 2.8 2.61 0.004
(319,1218) (1.35,5.02)
Anti-Spike Antibody 2431 (1212,4875) 755 (403,1413) 3.22 2.83 0.007
(1.34,5.99)
Post-1st Wuhan  Naive Neutralizing Titer 381 (207,701) 433 (314,596) 0.88 0.97 0.897
Monovalent (0.56, 1.65)
Anti-Spike Antibody 1745 (1115,2731) 2055 (1414,2986)  0.85 0.87 0.551
(0.55,1.37)
Prior Neutralizing Titer 1336 (786,2271) 995 (666,1487) 1.34 1.36 0.291
(0.77,2.41)
Anti-Spike Antibody 6521 (4772,8912) 7521 (5786,9774)  0.87 0.83 0.408
(0.54,1.29)
Post-2nd Wuhan  Naive Neutralizing Titer 891 (503,1579) 827 (484,1413) 1.08 0.9 0.76
Monovalent (0.45,1.79)
Anti-Spike Antibody 1642 (870,3098) 1571 (877,2815) 1.05 0.93 0.851
(0.44,1.97)
Prior Neutralizing Titer 1427 (1043,1952) 1271 (856,1886) 1.12 1.25 0.489
Titer (0.66,2.35)
Anti-Spike Antibody 3979 (3018,5246) 2769 (1914,4006) 1.44 1.3 0.326
(0.77,2.2)
Omicron Naive Neutralizing Titer 232 (113,475) 177 1.31 1.14 0.742
BA.4/5 (89,353) (0.51,2.54)
Anti-Spike Antibody 990 (562,1743) 1333 (888,2000) 0.74 0.68 0.181
(0.38,1.2)
Prior Neutralizing Titer 1074 (697,1654) 957 (498,1840) 1.12 1.34 (0.66,2.71) 0.41
Anti-Spike Antibody 2707 (1958,3744) 2247 (1705,2961) 1.2 1.05 0.828
(0.69,1.58)
Post-Bivalent Wuhan  Naive Neutralizing Titer 1532 (884,2656) 2015 (1305,3111)  0.76 0.89 0.774
(0.4,1.97)
Anti-Spike Antibody 2605 (1556,4360) 3630 (2404,5480) 0.72 0.72 (0.35,1.49) 0.38
Prior Neutralizing Titer 2975 (2118,4178) 2277 (1371,3782) 1.31 1.02 (0.58,1.81) 0.937
Anti-Spike Antibody 3100 (2414,3980) 3626 (2736,4807) 0.85 0.92 0.714
(0.6,1.41)
Omicron Naive Neutralizing Titer 1187 (558,2524) 982 (539,1789) 1.21 1.63 (0.66,3.98) 0.279
BA.4/5 Anti-Spike Antibody 1046 (707,1547) 1354 (956,1917) 0.77 0.71 (0.41,1.24) 0.224
Prior Neutralizing Titer 2434 (1709,3466) 1630 (936,2840) 1.49 1.44 (0.74,2.79) 0.271
Anti-Spike Antibody 1361 (1104,1678) 1522 (1165,1989)  0.89 0.92 (0.66,1.28) 0.622

Anti-Spike Antibodies are measured in Binding Antibody Unit (BAU)/ml for Wuhan strain and Arbitrary Units (AU)/mL for BA.4/5; Neutral-
izing Titer is measured in 50% Pseudovirus Neutralizing Antibody Titers (pNT50). GMT: Geometric Mean Titer, CI: Confidence Interval, F:

Female, M: Male

were observed in female than male subjects with prior infec-
tion (Supplemental Fig. 1). The same subset of dose and
prior infection status were found to have significant sex
differences when considered in sensitivity models attempt-
ing to adjust for potential confounders with available data
(Supplemental Table 2).

Post-vaccination differences persisted and were statisti-
cally significant when examined in a linear mixed-effects

model, adjusted for repeated samples within subjects across
vaccine doses. When focusing on the post-vaccination time
points before the first monovalent booster in residents with
post-primary series data (n=152) using similar models,
we found that the sex-based difference in immunological
response among prior-infected subjects persisted at 6 months
(model estimated geometric mean titer ratio (GMTR)=4.2,
»=0.003) and 9 months for the spike protein (model

@ Springer
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estimated GMTR=16.3, p<0.001) and at 6 months for neu-
tralization titers (model estimated GMTR=2.8, p=0.014)
(Fig. 2). Among prior-infected NHRs sampled post-primary
series, there was no statistically significant difference in the
time elapsed since prior SARS-CoV-2 infection between
males and females with medians of 87 days and 84 days,
respectively (Wilcoxon p=0.55). Among 4 mortality events
in this post-primary series cohort observed in the year fol-
lowing primary series vaccination, 3 were men.

We did not detect sex differences in vaccine response as
measured by these assays to any of the three booster doses
examined stratified by prior SARS-CoV-2 infection; nor did
we detect sex differences in infection-naive subjects fol-
lowing the primary vaccination series (Fig. 3A). We also
did not detect sex differences when comparing Omicron
BA.4/5 anti-Spike antibodies and neutralizing titers for the
second monovalent booster and first bivalent booster doses
(Fig. 3B).

Discussion

Understanding biological sex differences in the immune
response to vaccination may help optimize vaccine efficacy
and develop targeted interventions. Our study investigated
the potential influence of biological sex on the humoral
response to COVID-19 mRNA vaccines among NHRs.
Notably, we observed a significant sex-based disparity
in antibody levels following the primary vaccination series
among prior SARS-CoV-2-infected residents, with females
exhibiting substantially higher levels of Wuhan anti-spike
antibodies and neutralizing titers compared to their male
counterparts. While this aligns with some evidence high-
lighting sex-based differences in immune responses to viral
infections and vaccinations [26-28], it remains unclear
why this disparity was not present among the SARS-CoV-2
infection-naive residents in our study, as reported by Sha-
piro et al. [29]. This may have been influenced by factors
such as different ages between naive and prior residents,
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Fig. 2 Anti-Wuhan Spike and neutralizing antibody titers over time
among female and male NHRs. The bar graphs show the kinetics of
anti-Spike (upper panel) and neutralizing (lower panel) antibodies
against the Wuhan strain across different time points among female
and male NHR. Wuhan anti-Spike is measured in BAU/mL. The lower
limit of detection of the neutralization assay was 1:12, while the upper
limit was 1:8748. Post-primary series sera were taken 2—4 weeks after
the 2nd vaccine dose, completing the primary series, while M6 and
M9 post-primary series sera were taken 6—8 months and 7-10 months
later, respectively. Bars and whiskers show GMT with 95% CI. Blue:
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Female, Red: Male. Naive subjects: no prior infection, Prior subjects
(previously infected). Male and female subjects were compared with
model contrasts after estimating mixed-effects linear models predict-
ing log-transformed titer with the interaction of sex, prior infection,
and sample time within strain and assay. *, **, *** are significance
levels of model contrasts with p<0.05, <0.01, <0.001 respectively.
BAU/ml: Binding Antibody Unit/ml, pNT50: Pseudoneutralization
titer 50, NHR: Nursing Home Residents, GMT: Geometric Mean Titer,
CI: Confidence Interval



Aging Clinical and Experimental Research (2025) 37:73

Page70f 10 73

A Post-Primary Series Post-1st Monovalent Post-2nd Monovalent Post-Bivalent B Post-2nd Monovalent Post-Bivalent
*x

10° °
& W z >3
10° : ; 23 10° 29
F e o T <33 g3
3 + 25 3 g g
10°1 ; g &> 10 S
1 e o

; 5 ) >
10°4 z2o 107 cz
I =1 5
104 £° 10'4 e
2
@

"k

3] 7 e
10 .
1024
10" o

il

(05.LNd) siepL
BuizifennaN ueynp
(05LNd) sieyL BuiziegnaN
/b8 uoIWO

Naive Prior Naive Prior Naive Prior Naive

Prior Naive Prior Naive Prior

Sex [E‘ Female E‘ Male

Fig. 3 Anti-Spike and Neutralizing Antibody titers against Wuhan
(Panel A) and Omicron BA.4/5 (Panel B) strains across booster doses
among female and male NHR. The bar graph shows the post-vacci-
nation anti-Spike and neutralizing antibody titers against the Wuhan
and Omicron strains across the boosters among female and male
NHR. Wuhan anti-Spike is measured in BAU/mL. Note, all figures
show post-boost titers except those for the post-primary series. The
lower limit of detection of the neutralization assay was 1:12, while the
upper limit was 1:8748. Post-vaccination sera were taken 2—4 weeks
after each dose. Bars and whiskers show GMT with 95% confidence

and comorbidities, among others. However, similar to our
findings, in a large multicenter study of NHRs, Trevisan et
al. did not observe any sex differences in antibody response
among naive residents who received 2 doses and prior-
infected residents who received only 1 dose of the mRNA
vaccines [30]. In contrast to the vaccination regimen in that
study, the prior-infected residents in our study received 2
doses of the mRNA vaccine. This additional antigenic expo-
sure could have provided a window to amplify the disparity
between the sexes in our study.

This disparate increase in antibody response among prior-
infected female residents persisted up to 9 months after
the primary vaccination series, as observed in studies that
reported sex differences in antibody response among this
population [29]. This observation highlights the sustained
impact of sex on vaccine-induced antibody production and
suggests that the sex-based differences are not merely tran-
sient but may persist over an extended period after primary
vaccination having implications on vaccine effectiveness
and durability [31]. Remarkably, sex-based differences
in the persistence of antibody responses to influenza vac-
cination were associated with variations in the longevity
of vaccine-induced immunity between males and females
[32—34]. Thus, this persistence of differences in the immune
response to COVID-19 vaccination may have implications

intervals. Blue: Female, Red: Male. Naive subjects: no prior infection,
Prior subjects: previously infected. Male and female subjects were
compared with model contrasts after estimating mixed-effects linear
models predicting log-transformed titer with the interaction of sex,
prior infection, and vaccine dose within strain and assay. *, **, *%*
are significance levels of model contrasts with p<0.05, <0.01, <0.001
respectively. BAU/ml: Binding Antibody Unit/ml per milliliter for
Wauhan and arbitrary units (AU)/mL for BA.4/5, pNT50: Pseudoneu-
tralization titer 50, NHR: Nursing Home Residents, GMT: Geometric
Mean Titer, CI: Confidence Interval

for the duration of protection against SARS-CoV-2, espe-
cially in high-risk populations such as NHRs.

Interestingly, these sex-based differences in antibody
response were not observed following booster doses,
regardless of prior SARS-CoV-2 infection. This absence of
sex differences in response to booster doses suggests that
additional doses may effectively bridge potential immune
response gaps between sexes and equalize immunity in both
sexes [6, 29, 35]. This leveling effect of the booster doses
has also been reported among younger populations, where
disparities in vaccine-induced antibody response due to age
and sex, after the initial primary vaccination series, were
found to be mitigated by a booster dose [36, 37]. Similarly,
we did not detect differences between sexes to the Omicron
BA.4/5 variant for the second monovalent booster and first
bivalent booster doses.

Our study found similar rates of prior SARS-CoV-2 infec-
tion and time elapsed since COVID-19 infection in both
sexes across each vaccine dose. While we see a trend for
a higher pre-vaccination GMT among previously infected
women than in men, this difference did not reach statistical
significance (Anti-Spike p-value=0.17; Neutralizing Titer
p-value=0.063, Supplemental Fig. 1). This offers a reason-
able explanation for the prior infection difference because
the women started at a higher antibody titer. Shapiro, et al.
previously reported that before vaccination with influenza,
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older women start the respiratory viral season at higher
influenza antibody levels than older men [38]. It is well
established that females including older populations gener-
ally mount more robust and durable immune responses to
infections and vaccinations that can result in these higher
titers than men [39, 40].

We note important limitations of our study. Sex-specific
comorbidities and frailty can influence antibody response
among institutionalized older adults [29, 30]. We did not collect
comorbidities and functional status for some of the early enroll-
ees in our study. Among those with available comorbidity data,
most post-primary series male subjects we recruited lived in a
state Veterans home. This presents both a distinct population
and a different electronic health record for review than males
in other community nursing homes. We still need to interpret
findings at this timepoint with caution, as comorbidities may
be confounders that impact vaccine response [41]. Also, we did
not explore potential biological mechanisms that underlie the
observed sex differences, such as the role of sex hormones and
genetic factors, nor could we account for lifetime differences
in prior exposure to respiratory viruses. Females differ in tra-
ditional caregiver roles in raising children and grandchildren
and have been reported to present more often with clinical viral
respiratory infections than males [42] and therefore may have
different lifetime immune priming, including, perhaps other
beta coronaviruses. Such a scenario could explain both dif-
ferences in severity with SARS-CoV-2 infections [43] as well
as differential initial boosting with the primary series, i.e., dif-
ferent anamnestic responses. Thus we speculate that historical
viral exposure could provide a pool of memory cells available
for a booster response to primary SARS-CoV-2 vaccination or
infection. Also, Sex differences observed in our NHR popula-
tion with prior infection could reflect a sex difference in the
survivorship bias driven by higher mortality in male NHRs
than in NHR females infected in the pre-vaccine era [44].
Future research should delve deeper into these aspects to better
understand the reasons behind these differences.

In conclusion, our study underscores the dynamic nature
of sex-based differences in vaccine response and empha-
sizes the significance of booster doses in reducing these
disparities. While a sex disparity was initially observed
after the primary series, booster vaccinations effectively
mitigated differences. These findings have implications
for optimizing vaccine strategies in vulnerable populations
and provide insight into the influence of prior infection on
vaccine response in this specific context. Further research
is required to unravel these sex-based differences in under-
lying mechanisms and implications and investigate their
impact on COVID-19 outcomes.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s40520-0
25-02990-0.

@ Springer

Acknowledgements Thank you to these individuals for their sub-
stantial assistance in various parts of the study. Case Western Reserve
University: Debbie Keresztesy, Olajide Olagunju, Dennis Wilk, Car-
son Smith, Alexandra Paxitzis, Htin Aung, Micheal Payne, Ellen See.
Brown University & Brown Health: Clare Nugent, Elizabeth White,
Rosa Baier, Amy Recker, Joyce Sunday, Igor Vishnepolskiy, Evan
Dickerson, Laurel Holland, Shreya Kamojjala, Alex Pralea, Tiffany
Wallace, Lynn McNicoll.

Author contributions OAO, SLK, DHC, BMW, SG: Concept and De-
sign. OAO, AY, PS, DHC, BMW: Manuscript preparation. BMW: Data
analysis. OAO, NS, VR, YC, ABB, JB, CLK: Data collection. OAO,
SLK, YA, PAC, AN, RT, SR, NM, CLK, ABB, SG, DHC, BMW: Inter-
pretation and funding. All authors reviewed the manuscript.

Funding This work was supported by NIH A1129709-03S1, CDC 200-
2016-91773, U01 CA260539- 03, and VA BX005507-0. The sponsors
had no role in the decision for publication or the message presented.

Data availability Persons can contact the authors for access to the
dataset.

Declarations

Ethics approval and consent to participate This study was approved
by the Western-Copernicus Group Institutional Review Board (WCG
IRB). All participating residents or their legally authorized representa-
tives provided informed consent to be enrolled.

Consent for publication Not applicable.

Competing interests Stefan Gravenstein (S.G) and David H. Canaday
(D.H.C) receive investigator-initiated grants to their universities from
Pfizer to study pneumococcal vaccines and Sanofi Pasteur to study
influenza vaccines. S.G. also consults for Astra Zeneca, GlaxoSmith-
Kline, Janssen, Moderna, Novavax, Pfizer, Sanofi, Seqirus, and Vaxart
and has received honoraria for speaking engagements from Astra Ze-
neca, Janssen, Moderna, Novavax, Pfizer, Sanofi, and Seqirus.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

1. Cook IF (2008) Sexual dimorphism of humoral immunity with
human vaccines. Vaccine 26(29-30):3551-3555. https://doi.org/
10.1016/j.vaccine.2008.04.054

2. Ruggieri A, Anticoli S, D’ Ambrosio A et al (2016) The influence
of sex and gender on immunity, infection and vaccination. Annali
dell’Istituto Superiore Di Sanita 52(2):198-204. https://doi.org/1
0.4415/ANN_16 02 11


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.vaccine.2008.04.054
https://doi.org/10.1016/j.vaccine.2008.04.054
https://doi.org/10.4415/ANN_16_02_11
https://doi.org/10.4415/ANN_16_02_11
https://doi.org/10.1007/s40520-025-02990-0
https://doi.org/10.1007/s40520-025-02990-0

Aging Clinical and Experimental Research

(2025) 37:73

Page9of 10 73

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Fischinger S, Boudreau CM, Butler AL et al (2019) Sex differ-
ences in vaccine-induced humoral immunity. Semin Immuno-
pathol 41(2):239-249. https://doi.org/10.1007/s00281-018-072
6-5

Offord C (2023) Sex differences in immune responses to viral
infection. Accessed 2nd November https://www.the-scientist.co
m/features/sex-differences-in-immune-responses-to-viral-infecti
on-68466

Ciarambino T, Barbagelata E, Corbi G et al (2021) Gender differ-
ences in vaccine therapy: where are we in COVID-19 pandemic?
Monaldi archives for chest disease. 91(4). https://doi.org/10.4081
/monaldi.2021.1669

Jensen A, Stromme M, Moyassari S, Chadha AS, Tartaglia MC,
Szoeke C, Ferretti MT (2022) COVID-19 vaccines: consider-
ing sex differences in efficacy and safety. Contemp Clin Trials
115:106700. https://doi.org/10.1016/j.cct.2022.106700

Qi S, Ngwa C, Scheihing M (2021) Sex differences in the immune
response to acute COVID-19 respiratory tract infection. Biol Sex
Differ 12:66. https://doi.org/10.1186/s13293-021-00410-2
Oyebanji OA, Mylonakis E, Canaday DH (2023) Vaccines for
the prevention of coronavirus disease 2019 in older adults. Infect
Disease Clin 37(1):27-45. https://doi.org/10.1016/j.idc.2022.11.
002

Gadi N, Wu SC, Spihlman AP, Moulton VR (2020) What’s sex
got to do with COVID-19? Gender-based differences in the host
immune response to coronaviruses. Front Immunol 11:2147. http
s://doi.org/10.3389/fimmu.2020.02147

Kopel J, Perisetti A, Roghani A, Aziz M, Gajendran M, Goyal H
(2020) Racial and gender-based differences in COVID-19. Front
Public Health 8:418. https://doi.org/10.3389/fpubh.2020.00418
Fish E (2008) The X-files in immunity: sex-based differences pre-
dispose immune responses. Nat Rev Immunol 8:737-744. https:/
/doi.org/10.1038/nri2394

Harding AT, Heaton NS (2022) The impact of estrogens and their
receptors on immunity and inflammation during infection. Can-
cers (Basel) 14(4):909 Published 2022 Feb 12. https://doi.org/10.
3390/cancers14040909

Fink AL, Klein SL (2015) Sex and gender impact immune
responses to vaccines among the elderly. Physiology 30:408—416.
https://doi.org/10.1152/physiol.00035.2015

St. Clair LA, Chaulagain S, Klein SL, Benn CS, Flanagan KL
(2023) Sex-differential and non-specific effects of vaccines over
the life course. In: Klein SL, Roberts CW (eds) Sex and gender
differences in infection and treatments for infectious diseases.
Current Topics in Microbiology and Immunology, vol 441.
Springer, Cham. https://doi.org/10.1007/978-3-031-35139-6_9
Ciarambino T, Para O, Giordano M (2021) Immune system and
COVID-19 by sex differences and age. Women’s Health 17. https
://doi.org/10.1177/17455065211022262

Bai J, Chiba A, Murayama G, Kuga T, Tamura N, Miyake S
(2022) Sex, age, and ethnic background shape adaptive immune
responses induced by the SARS-CoV-2 mRNA vaccine. Front
Immunol 13:786586. https://doi.org/10.3389/fimmu.2022.78658
6

Scully EP, Haverfield J, Ursin RL et al (2020) Considering how
biological sex impacts immune responses and COVID-19 out-
comes. Nat Rev Immunol 20:442-447. https://doi.org/10.1038/s4
1577-020-0348-8

Takahashi T, Ellingson MK, Wong P et al (2020) Sex differences
in immune responses that underlie COVID-19 disease outcomes.
Nature 588:315-320. https://doi.org/10.1038/s41586-020-2700-3
Carson L, Smith E, Didion H, Aung et al (2024) Longitudinal
analysis of nursing home residents’ T cell responses after SARS-
CoV-2 mRNA vaccinations shows influence of biological sex and
SARS-CoV-2 infection history. J Infect Dis jiae234. https://doi.or
2/10.1093/infdis/jiae234

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Canaday DH, Carias L, Oyebanji OA et al (2021) Reduced
BNT162b2 messenger RNA vaccine response in severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2)-naive nurs-
ing home residents. Clin Infect Dis 73(11):2112-2115. https://doi
.org/10.1093/cid/ciab447

Nugent C, Abul Y, White EM et al (2023) Second monovalent
SARS-CoV-2 mRNA booster restores Omicron-specific neutral-
izing activity in both nursing home residents and health care
workers. Vaccine 41(22):3403-3409. https://doi.org/10.1016/j.v
accine.2023.04.034

Canaday DH, Oyebanji OA, White EM et al (2023) SARS-CoV-2
antibody responses to the ancestral SARS-CoV-2 strain and Omi-
cron BA. 1 and BA. 4/BA. 5 variants in nursing home residents
after receipt of bivalent COVID-19 vaccine—Ohio and Rhode
Island, September—November 2022. Morb Mortal Wkly Rep
72(4):100. https://doi.org/10.15585/mmwr.mm?7204a4

Oyebanji OA, Abul Y, Wilson BM et al (2023 Aug) Neutraliza-
tion and binding antibody response to second bivalent COVID-19
vaccination in nursing home residents. ] Am Geriatr Soc 17. http
s://doi.org/10.1111/jgs.18557

Oyebanji OA, Sundheimer N, Ragavapuram V et al (2024)
Avidity maturation of humoral response following primary and
booster doses of BNT162b2 mRNA vaccine among nursing home
residents and healthcare workers. GeroScience https://doi.org/10.
1007/s11357-024-01215-y

Garcia-Beltran WF, Lam EC, Astudillo MG et al (2021) COVID-
19-neutralizing antibodies predict disease severity and survival.
Cell 184(2):476-488e11. https://doi.org/10.1016/j.cell.2020.12.0
15

Flanagan KL, Klein SL, Skakkebaek NE et al (2011) Sex differ-
ences in the vaccine-specific and non-targeted effects of vaccines.
Vaccine 29(13):2349-2354. https://doi.org/10.1016/j.vaccine.201
1.01.071

Flanagan KL, Fink AL, Plebanski M, Klein SL (2017) Sex and
gender differences in the outcomes of vaccination over the life
course. Annu Rev Cell Dev Biol 33:577-599. https://doi.org/10.1
146/annurev-cellbio-100616-060718

Brigger D, Guntern P, Jonsdottir HR, Pennington LF, Weber B,
Taddeo A, Zimmer G, Leborgne NGF, Benarafa C, Jardetzky TS,
Eggel A (2023) Sex-specific differences in immune response to
SARS-CoV-2 vaccination vanish with age. Allergy 78:1683—
1686. https://doi.org/10.1111/all.15652

Shapiro JR, et al (2022 Aug 15) Association of frailty, age, and
biological sex with severe acute respiratory syndrome coronavi-
rus 2 messenger RNA Vaccine-Induced immunity in older adults.
Clin Infect Dis 775(Suppl 1):S61-S71. https://doi.org/10.1093/ci
d/ciac397

Trevisan C, Raparelli V, Malara A et al (2023) Sex differences in
the efficacy and safety of SARS-CoV-2 vaccination in residents
of long-term care facilities: insights from the GeroCovid Vax
study. Intern Emerg Med 18(5):1337-1347. https://doi.org/10.1
007/311739-023-03283-y

Ludivine Grzelak Aurélie, Velay Y, Madec et al (2021 Sep 15)
Sex differences in the evolution of neutralizing antibodies to
severe acute respiratory syndrome coronavirus 2. J Infect Dis
224(6):983-988. https://doi.org/10.1093/infdis/jiab127

Shapiro JR, Morgan R, Leng SX, Klein SL (2022) Roadmap for
sex-responsive influenza and COVID-19 vaccine research in
older adults. Front Aging 3:836642. https://doi.org/10.3389/fragi
.2022.836642

Wang C, Lashua LP, Carter CE, Johnson SK, Wang M, Ross TM,
Ghedin E, Zhang B, Forst CV (2022) Sex disparities in influenza:
A multiscale network analysis. Iscience 25(5). https://doi.org/10.
1016/j.i5¢1.2022.104192

Potluri T, Fink AL, Sylvia KE et al (2019) Age-associated changes
in the impact of sex steroids on influenza vaccine responses in

@ Springer


https://doi.org/10.1093/cid/ciab447
https://doi.org/10.1093/cid/ciab447
https://doi.org/10.1016/j.vaccine.2023.04.034
https://doi.org/10.1016/j.vaccine.2023.04.034
https://doi.org/10.15585/mmwr.mm7204a4
https://doi.org/10.1111/jgs.18557
https://doi.org/10.1111/jgs.18557
https://doi.org/10.1007/s11357-024-01215-y
https://doi.org/10.1007/s11357-024-01215-y
https://doi.org/10.1016/j.cell.2020.12.015
https://doi.org/10.1016/j.cell.2020.12.015
https://doi.org/10.1016/j.vaccine.2011.01.071
https://doi.org/10.1016/j.vaccine.2011.01.071
https://doi.org/10.1146/annurev-cellbio-100616-060718
https://doi.org/10.1146/annurev-cellbio-100616-060718
https://doi.org/10.1111/all.15652
https://doi.org/10.1093/cid/ciac397
https://doi.org/10.1093/cid/ciac397
https://doi.org/10.1007/s11739-023-03283-y
https://doi.org/10.1007/s11739-023-03283-y
https://doi.org/10.1093/infdis/jiab127
https://doi.org/10.3389/fragi.2022.836642
https://doi.org/10.3389/fragi.2022.836642
https://doi.org/10.1016/j.isci.2022.104192
https://doi.org/10.1016/j.isci.2022.104192
https://doi.org/10.1007/s00281-018-0726-5
https://doi.org/10.1007/s00281-018-0726-5
https://www.the-scientist.com/features/sex-differences-in-immune-responses-to-viral-infection-68466
https://www.the-scientist.com/features/sex-differences-in-immune-responses-to-viral-infection-68466
https://www.the-scientist.com/features/sex-differences-in-immune-responses-to-viral-infection-68466
https://doi.org/10.4081/monaldi.2021.1669
https://doi.org/10.4081/monaldi.2021.1669
https://doi.org/10.1016/j.cct.2022.106700
https://doi.org/10.1186/s13293-021-00410-2
https://doi.org/10.1016/j.idc.2022.11.002
https://doi.org/10.1016/j.idc.2022.11.002
https://doi.org/10.3389/fimmu.2020.02147
https://doi.org/10.3389/fimmu.2020.02147
https://doi.org/10.3389/fpubh.2020.00418
https://doi.org/10.1038/nri2394
https://doi.org/10.1038/nri2394
https://doi.org/10.3390/cancers14040909
https://doi.org/10.3390/cancers14040909
https://doi.org/10.1152/physiol.00035.2015
https://doi.org/10.1152/physiol.00035.2015
https://doi.org/10.1007/978-3-031-35139-6_9
https://doi.org/10.1177/17455065211022262
https://doi.org/10.1177/17455065211022262
https://doi.org/10.3389/fimmu.2022.786586
https://doi.org/10.3389/fimmu.2022.786586
https://doi.org/10.1038/s41577-020-0348-8
https://doi.org/10.1038/s41577-020-0348-8
https://doi.org/10.1038/s41586-020-2700-3
https://doi.org/10.1093/infdis/jiae234
https://doi.org/10.1093/infdis/jiae234

73

Page 10 of 10

Aging Clinical and Experimental Research

(2025) 37:73

35.

36.

37.

38.

39.

males and females. Npj Vaccines 4:29. https://doi.org/10.1038/s4
1541-019-0124-6

Brockman MA, Mwimanzi F, Lapointe HR et al (2022) Reduced
magnitude and durability of humoral immune responses to
COVID-19 mRNA vaccines among older adults. J Infect Dis
225(7):1129-1140. https://doi.org/10.1093/infdis/jiab592

Renna LV, Bertani F, Podio A et al (2023) Impact of BNT162b2
booster dose on SARS-CoV-2 anti-trimeric spike antibody
dynamics in a large cohort of Italian health care workers. Vac-
cines 11(2):463. https://doi.org/10.3390/vaccines11020463
Ebinger JE, Joung SY, Wang M et al (2023) Long-term durability
of antibody responses after SARS-CoV-2 vaccination and influ-
encing factors. J Intern Med 293:520-523. https://doi.org/10.111
1/joim.13601

Shapiro JR, Li H, Morgan R et al (2021) Sex-specific effects of
aging on humoral immune responses to repeated influenza vac-
cination in older adults. NPJ Vaccines 6(1):147. https://doi.or
2/10.1038/s41541-021-00412-6. PMID: 34887436; PMCID:
PMC8660902

Tadount F, Kiely M, Assi A et al (2024) Sex differences in the
immunogenicity and efficacy of seasonal influenza vaccines:
A Meta-analysis of randomized controlled trials. Open Forum
Infect Dis 11(5):0fae222. https://doi.org/10.1093/ofid/ofae222.
PMID: 38737434; PMCID: PMC11088355

@ Springer

40.

41.

42.

43.

44.

Yanicke S, Ucar D (2023) Sex differences in immune system
aging and responsiveness to vaccination. Public Policy Aging
Rep  33(4):125-127.  https://doi.org/10.1093/ppar/prad027.
PMID: 38155932; PMCID: PMC10751359

Harboe ZB, Hamm SR, Pérez- Alos L et al (2022) Antibody
responses and risk factors associated with impaired immunologi-
cal outcomes following two doses of BNT162b2 COVID- 19 vac-
cination in patients with chronic pulmonary diseases. BMJ Open
Resp Res 9:¢001268. https://doi.org/10.1136/bmjresp-2022-0012
68

Groeneveld JM, Ballering AV, van Boven K et al (2020) Sex dif-
ferences in incidence of respiratory symptoms and management
by general practitioners. Fam Pract 37(5):631-636. https://doi.or
2/10.1093/fampra/cmaa040

Pradhan A, Olsson PE (2020) Sex differences in severity and
mortality from COVID-19: are males more vulnerable? Biol Sex
Differ 11:53. https://doi.org/10.1186/s13293-020-00330-7
Panagiotou OA, Kosar CM, White EM et al (2021) Risk factors
associated with all-cause 30-Day mortality in nursing home resi-
dents with COVID-19. JAMA Intern Med 181(4):439-448. https
://doi.org/10.1001/jamainternmed.2020.7968

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.


https://doi.org/10.1093/ppar/prad027
https://doi.org/10.1136/bmjresp-2022-001268
https://doi.org/10.1136/bmjresp-2022-001268
https://doi.org/10.1093/fampra/cmaa040
https://doi.org/10.1093/fampra/cmaa040
https://doi.org/10.1186/s13293-020-00330-7
https://doi.org/10.1001/jamainternmed.2020.7968
https://doi.org/10.1001/jamainternmed.2020.7968
https://doi.org/10.1038/s41541-019-0124-6
https://doi.org/10.1038/s41541-019-0124-6
https://doi.org/10.1093/infdis/jiab592
https://doi.org/10.3390/vaccines11020463
https://doi.org/10.1111/joim.13601
https://doi.org/10.1111/joim.13601
https://doi.org/10.1038/s41541-021-00412-6
https://doi.org/10.1038/s41541-021-00412-6
https://doi.org/10.1093/ofid/ofae222

	﻿COVID-19 booster doses reduce sex disparities in antibody responses among nursing home residents
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Ethical approval
	﻿Study design and study population
	﻿Anti-spike assay
	﻿SARS-CoV-2 pseudovirus neutralization assay
	﻿Statistical analysis

	﻿Results
	﻿Discussion
	﻿References


