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This study investigates correlates of anti-S1 antibody response following
COVID-19 vaccination in a U.S. population-based meta-cohort of adults parti-
cipating in longstanding NIH-funded cohort studies. Anti-S1 antibodies were
measured from dried blood spots collected between February 2021-August
2022 using Luminex-based microsphere immunoassays. Of 6245 participants,
mean age was 73 years (range, 21-100), 58% were female, and 76% were non-
HispanicWhite. Nearly 52% of participants received the BNT162b2 vaccine and
48% received the mRNA-1273 vaccine. Lower anti-S1 antibody levels are asso-
ciated with age of 65 years or older, male sex, higher body mass index,
smoking, diabetes, COPD and receipt of BNT16b2 vaccine (vs mRNA-1273).
Participants with a prior infection, particularly those with a history of hospi-
talized illness, have higher anti-S1 antibody levels. These results suggest that
adults with certain socio-demographic and clinical characteristics may have
less robust antibody responses to COVID-19 vaccination and could be prior-
itized for more frequent re-vaccination.

COVID-19 was the third leading cause of death in the U.S. in 2020 and
20211. COVID-19 vaccination is an important public health intervention
to prevent infection and attenuate illness severity2,3. The primary
mechanism of messenger RNA (mRNA) vaccines, BNT162b2 (Pfizer-
BioNTech) andmRNA-1273 (Moderna), is the production of antibodies
against the spike protein of SARS-CoV-24. Some studies have shown
differential antibody responses to vaccination and waning antibody

levels over time5–7. Variation in vaccine-induced antibody response
may be clinically significant since lower humoral responses to SARS-
CoV-2 vaccines are predictive of higher risk for breakthrough infec-
tions and severeCOVID-19 clinical outcomes6,8–10. Hence, identification
of individuals at risk of lower vaccine-induced antibody response and
faster antibody waning could inform personalized vaccination
strategies.
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Most prior studies on vaccine immunogenicity leveraged clinical
trials or highly selected cohorts (e.g., health-careworkers and residents
of long-term care facilities)6,11–13. A general-population study conducted
in the United Kingdom (UK), where themajority of individuals received
the AstraZeneca vaccine, observed lower rates of post-vaccination
seropositivity in older adults, males, and those with chronic health
conditions5,14,15. However, the determinants of post-vaccination anti-
body response, including magnitude and durability of antibody levels,
have not been comprehensively investigated in multi-ethnic, diverse,
population-based U.S. samples where mRNA vaccines predominate.

This study aimed to identify correlates of anti-S1 IgG antibody
levels after COVID-19 vaccination with mRNA vaccines in the Colla-
borative Cohort of Cohorts for COVID-19 Research (C4R)16. C4R is a
national prospective study of U.S. adults participating in 14 long-
itudinal cohort studies that collectively constitute a large, well-char-
acterized, population-based sample. Anti-S1 IgG antibody levels were
measured by serosurvey and examined with respect to pre-pandemic
and pandemic-era socio-demographic and clinical factors. Correlates
of antibody levels over the period of time since vaccination were
elucidated.

Results
Participant characteristics
There were 6245 participants who received two doses of a mRNA
COVID-19 vaccine with measured anti-S1 IgG antibody levels (Table 1,
Supplementary Fig. 1). The mean time between the first vaccine dose
and serosurvey was 4.0months (SD 1.7; range 0.1–7.1). Mean agewas 73
years (range, 21–100), 76.9% of participants were aged ≥65 years, 58.3%
were female, 76.4% self-identified as non-Hispanic White, 17.6% as Afri-
can American/Black, 3.1% as Asian, 2.0% as American Indian, and0.9% as
Hispanic/Latino. 51.8% of participants received the BNT162b2 vaccine
and 48.2% received the mRNA-1273 vaccine. Infection prior to ser-
osurvey was self-reported in 18% of C4R participants and 4.8% self-
reported infection after vaccination but before serosurvey participa-
tion. Of note, compared to the participants eligible for this report, C4R
participants who self-reported vaccination but did not complete
the serosurvey were younger, more racially and ethnically diverse, and
less likely to have received the mRNA-1273 vaccine (Supplementary
Table 1).

Antibody responses
Among the samples, 97% showed antibody reactivity above the
laboratory threshold used to confirm prior SARS-CoV-2 exposure
(Supplementary Table 2). Nonetheless, there was a large range of
continuous antibody levels across the sample (Table 1). Participants in
the highest quartile of anti-S1 levels were more likely to be female,
younger, recipients of the mRNA-1273 vaccine, and report prior
infection (Table 1). Antibody levels were highest at 60 days following
thefirst vaccinedose, afterwhichantibody levelswaned, on average, at
a rate of 21% per month (Fig. 1). Of note, based on current vaccine
recommendations, 60 days following the first vaccine dose corre-
sponds to 32 (BNT162b2) to 39 (mRNA-1273) days following the sec-
ond dose.

Correlates of antibody response
Both unadjusted and multivariable-adjusted models consistently
demonstrated associations between antibody levels and several par-
ticipant characteristics (Table 2). For correlates that were significantly
associated with antibody levels in multivariable-adjusted models,
associations with antibody levels were plotted over time since the first
vaccine dose using linear splines (Figs. 2–4).

Lower antibody levels were observed in older participants, men,
and participants with a history of obesity, smoking, diabetes, or COPD
(Fig. 2, Table 2). AIAN and Asian race were associated with a lower and
greater antibody response, respectively, compared to Non-Hispanic

White race. However, the confidence intervals were wide in the setting
of relatively small sample sizes for these groups. In models testing for
differences in the slope of anti-S1 IgG waning, the rate of antibody
decline increasedmonotonically in smokers. Current smokers realized
an anti-S1 IgG decline that was 6.8% per month (95% CI, 1.0–12.1)
greater than never smokers, adjusting for other covariates. Other
socio-demographic and pre-pandemic clinical factors were not con-
sistently associated with rate of antibody waning (Supplementary
Table 3).

With respect to vaccine history, receipt of themRNA-1273 vaccine
was associatedwith a higher antibody responsecompared to receipt of
the BNT162b2 vaccine (Fig. 3). The BNT162b2 vaccine was also asso-
ciated with faster antibody waning versus the mRNA-1273 vaccine
(Supplementary Table 3).

Compared to uninfected participants, those with a self-reported
historyof infectionprior to vaccination showedhigher antibody levels,
particularly those with a history of hospitalization with COVID-19
(Fig. 4). Anti-nucleocapsid antibody level, an objective marker of nat-
ural infection, was also associated with higher anti-S1 IgG. Infections
occurring after vaccination (sometimes called “breakthrough” infec-
tions), but prior to the serosurvey, were not associated with antibody
levels after multivariable adjustment (Fig. 4, Table 2). Infections after
vaccination were associated with a lesser rate of antibody waning, as
was higher anti-nucleocapsid antibody titer (Supplementary Table 3),
which could be due to the fact that time since vaccination does not
correspond to time sincemost recent SARS-CoV-2 antigen exposure in
this group.

Sensitivity analyses
Results were similar in complete case analyses (Supplementary
Table 4) and in models excluding cases of self-reported infection that
lacked confirmatory testing (Supplementary Table 5). Findings were
also consistent in models using different approaches to assess
potential cohort heterogeneity, including models adjusting for cohort
(Supplementary Table 6) and stratified models that were restricted to,
or excluded, the three cohorts (ARIC, FHS, REGARDS) contributing the
largest number of participants to the main analysis (Supplementary
Fig. 2a–d).

Discussion
Antibody responses to COVID-19 vaccination varied according to
socio-demographic and clinical characteristics in a large, multi-ethnic,
US population-based cohort, in which all participants received mRNA-
based vaccines. Male sex, obesity, smoking history, diabetes, and
COPD were associated with significantly lower antibody responses.
Moreover, even after accounting for clinical conditions, smoking was
associated with both lower peak antibody responses to vaccination
and faster antibody waning. A history of SARS-CoV-2 infection and
receipt of the mRNA-1273 vaccine were associated with higher anti-
body responses.Ourfindings suggest clinical characteristics that could
be used to inform recommendations regarding re-vaccination.

Compared to prior studies, many of which included individuals
with limited information on pre-pandemic health conditions9,14,15,17, our
work is distinguished by its use of prospectively-collected pre-pan-
demic and pandemic-era risk factor data in racially and ethnically
diverse U.S. cohorts. Our study design reduces the potential role of
confounding by unmeasured pre-pandemic phenotypes and enhances
generalizability to the U.S. population. C4R findings also extend
knowledge regarding real-world population responses to mRNA vac-
cines. UK population-based studies were comprised mostly of indivi-
duals who received the BNT162b2 or ChAdOx1 vaccines; in contrast,
our study sample included participants who received mRNA vaccines,
and approximately half received themRNA-1273 vaccine15,17. Compared
to BNT162b2, themRNA-1273 vaccinewas associatedwith substantially
higher antibody responses and slower antibody waning. Whether this
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Table 1 | Baseline characteristics of 6245 C4R participants with serology results from February 2021 through August 2022

Characteristic Overall Anti-S1 quartiles

Quartile 1 Quartile 2 Quartile 3 Quartile 4

No. of participants 6245 1562 1561 1561 1561

Anti-S1 antibody, mean (SD), MFI (log-transformed) 8.4 (1.3) 6.6 (1.0) 8.1 (0.3) 9.0 (0.2) 9.9 (0.3)

Natural log transformed-anti-N antibody, mean (SD), MFI 4.7 (1.1) 4.3 (0.8) 4.5 (0.9) 4.7 (1.0) 5.3 (1.5)

Age, no. (%)

Less than 65 years 1448 (23.2%) 235 (15%) 374 (24%) 430 (27.5%) 409 (26.2%)

65–79 years 3182 (51%) 868 (55.6%) 846 (54.2%) 747 (47.9%) 721 (46.2%)

80 years and greater 1615 (25.9%) 459 (29.4%) 341 (21.8%) 384 (24.6%) 431 (27.6%)

Female sex, no. (%) 3643 (58.3%) 784 (50.2%) 906 (58%) 964 (61.8%) 989 (63.4%)

Self-reported race or ethnicity, no. (%)

Non-Hispanic White 4773 (76.4%) 1219 (78%) 1172 (75.1%) 1196 (76.6%) 1186 (76%)

American Indian and Alaskan Native 125 (2%) 30 (1.9%) 22 (1.4%) 26 (1.7%) 47 (3%)

Asian 193 (3.1%) 28 (1.8%) 51 (3.3%) 66 (4.2%) 48 (3.1%)

African American/Black 1098 (17.6%) 271 (17.3%) 302 (19.3%) 258 (16.5%) 267 (17.1%)

Hispanic 56 (0.9%) 14 (0.9%) 14 (0.9%) 15 (1%) 13 (0.8%)

Education attainment, no. (%)

Less than high school 245 (3.9%) 52 (3.3%) 60 (3.8%) 57 (3.7%) 76 (4.9%)

High school 1358 (21.7%) 336 (21.5%) 303 (19.4%) 329 (21.1%) 390 (25%)

College 1218 (19.5%) 328 (21%) 359 (23%) 299 (19.2%) 232 (14.9%)

Beyond college 3424 (54.8%) 846 (54.2%) 839 (53.7%) 876 (56.1%) 863 (55.3%)

Study cohort, no. (%)

ARIC 1705 (27.3%) 253 (16.2%) 286 (18.3%) 491 (31.5%) 675 (43.2%)

CARDIA 144 (2.3%) 34 (2.2%) 49 (3.1%) 36 (2.3%) 25 (1.6%)

COPDGene 444 (7.1%) 144 (9.2%) 132 (8.5%) 93 (6%) 75 (4.8%)

FHS 1138 (18.2%) 127 (8.1%) 258 (16.5%) 326 (20.9%) 427 (27.4%)

JHS 34 (0.5%) 7 (0.4%) 6 (0.4%) 14 (0.9%) 7 (0.4%)

MASALA 145 (2.3%) 12 (0.8%) 40 (2.6%) 57 (3.7%) 36 (2.3%)

MESA 215 (3.4%) 77 (4.9%) 65 (4.2%) 52 (3.3%) 21 (1.3%)

PrePF 72 (1.2%) 24 (1.5%) 18 (1.2%) 16 (1%) 14 (0.9%)

REGARDS 2087 (33.4%) 811 (51.9%) 649 (41.6%) 418 (26.8%) 209 (13.4%)

SARP 48 (0.8%) 14 (0.9%) 12 (0.8%) 9 (0.6%) 13 (0.8%)

SHS 117 (1.9%) 28 (1.8%) 20 (1.3%) 24 (1.5%) 45 (2.9%)

SPIROMICS 96 (1.5%) 31 (2%) 26 (1.7%) 25 (1.6%) 14 (0.9%)

Smoking status, no. (%)

Never 2839 (45.5%) 634 (40.6%) 709 (45.4%) 766 (49.1%) 730 (46.8%)

Former 2828 (45.3%) 764 (48.9%) 692 (44.3%) 667 (42.7%) 705 (45.2%)

Current 578 (9.2%) 164 (10.5%) 160 (10.3%) 128 (8.2%) 126 (8.0%)

Body mass index, kg/m2, no. (%)

<25 kg/m2 1602 (25.7%) 403 (25.8%) 394 (25.2%) 390 (25%) 415 (26.6%)

25–29.9 kg/m2 2455 (39.3%) 584 (37.4%) 612 (39.2%) 639 (40.9%) 620 (39.7%)

30–35 kg/m2 1357 (21.7%) 338 (21.6%) 357 (22.9%) 325 (20.8%) 337 (21.6%)

>35 kg/m2 831 (13.3%) 237 (15.2%) 198 (12.7%) 207 (13.3%) 189 (12.1%)

Hypertension, no. (%) 3430 (54.9%) 969 (62%) 842 (53.9%) 804 (51.5%) 815 (52.2%)

Diabetes, no. (%) 1202 (19.2%) 383 (24.5%) 288 (18.4%) 256 (16.4%) 275 (17.6%)

Cardiovascular disease, no. (%) 700 (11.2%) 223 (14.3%) 188 (12%) 149 (9.5%) 140 (9%)

Chronic obstructive pulmonary disease, no. (%) 602 (9.6%) 198 (12.7%) 157 (10.1%) 134 (8.6%) 113 (7.2%)

Asthma, no. (%) 750 (12%) 215 (13.8%) 187 (12%) 165 (10.6%) 183 (11.7%)

Chronic kidney disease, no. (%) 156 (2.5%) 40 (2.6%) 40 (2.6%) 40 (2.6%) 36 (2.3%)

COVID-19 infection prior to serosurvey, no. (%)

No infection 4823 (77.2%) 1316 (84.3%) 1236 (79.2%) 1215 (77.8%) 1056 (67.6%)

Infection prior to vaccine—not hospitalized 910 (14.6%) 155 (9.9%) 230 (14.7%) 238 (15.2%) 287 (18.4%)

Infection prior to vaccine—hospitalized 214 (3.4%) 41 (2.6%) 41 (2.6%) 52 (3.3%) 80 (5.1%)

Infection after vaccine—not hospitalized 298 (4.8%) 50 (3.2%) 54 (3.5%) 56 (3.6%) 138 (8.8%)
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may be due to differences in dosing between the two mRNA vaccines
for the primary series (mRNA-1273: 100mcg/dose; BNT162b2: 30mg/
dose), differences in the recommended dosing schedule, or other
differences in vaccine formulations merits further investigation. Our
findings may also have implications for dosing considerations relating
to additional “booster” vaccines, since Moderna decreased the
“booster” dose to 50mcg. Unfortunately, we did not have sufficient
data to assess the antibody response to three ormore doses of vaccine
in this study; we intend to investigate this in the futureusing additional
follow-up in C4R, which will yield repeated measures on vaccinations
and antibody responses.

Relative to UK data, our C4R data show peak antibody levels
occurring at approximately 60 days and antibody waning was evident

by 90 days. This suggests that the U.S. peak was sooner than in the
Virus Watch and REACT-2 cohorts, in which the peak occurred closer
to 90 days after the first dose, but later than in the ONS cohort, in
which the peak occurred approximately 28 days after the first
dose14,15,17. Nonetheless, the timing of the peak antibody response in
C4R was similar to that observed in a longitudinal U.S.-based study of
BNT162b2 recipients6. In our U.S.-based cohort, waning occurredmore
rapidly relative to the U.K. population, in which anti-spike IgG levels
showednoobvious sign ofwaning by 90days.Of note, longer intervals
between the first and second dose implemented in the U.K.
(8–12 weeks) versus in the U.S. (3–4 weeks) have been hypothesized to
provoke a more durable immune response; this issue deserves more
careful attention in future research studies. The faster waning

Table 1 (continued) | Baseline characteristics of 6245 C4R participants with serology results from February 2021 through
August 2022

Characteristic Overall Anti-S1 quartiles

Quartile 1 Quartile 2 Quartile 3 Quartile 4

Vaccine type, no. (%)

BNT162b2 mRNA (Pfizer-BioNTech) 3237 (51.8%) 1080 (69.1%) 823 (52.7%) 702 (45%) 632 (40.5%)

mRNA-1273 (Moderna) 3008 (48.2%) 482 (30.9%) 738 (47.3%) 859 (55%) 929 (59.5%)

Time between first vaccination dose and serosurvey collection,
mean (SD), months

4 (1.7) 5 (1.5) 4.6 (11.5) 3.8 (1.6) 2.8 (1.5)

ARIC Atherosclerosis Risk in Communities Study, CARDIA Coronary Artery Risk Development in Young Adults, COPDGene Genetic Epidemiology of Chronic Obstructive Pulmonary Disease, FHS
FraminghamHeart Study, JHS Jackson Heart Study,MASALAMediators of Atherosclerosis in South Asians Living in America,MESAMulti-Ethnic Study of Atherosclerosis,MFImedian fluorescence
intensity, PrePF Preclinical Pulmonary Fibrosis, REGARDS Reasons for Geographic and Racial Differences in Stroke, SARP Severe Asthma Research Program, SHS Strong Heart Study, SPIROMICS
Subpopulations and Intermediate Outcomes in COPD Study.
Data presented are from multiple imputation and numbers are rounded to whole integer and percentages are rounded to nearest tenth decimal point.
Chronic kidney disease defined as estimated glomerular filtration rate below 45 mL/min/1.73m2.

Fig. 1 | Anti-S1 IgG levels by COVID-19 infection history over time between first
dose of vaccine and antibody measurement. The plot of predicted anti-S1 anti-
body levels generated from generalized additive model with smoothing splines
adjusted for age, sex, race/ethnicity, smoking history, education attainment, body
mass index, diabetes, cardiovascular disease, asthma, chronic obstructive

pulmonary disease, anti-N, COVID-19 infection history, dried blood spot batch, and
vaccine type. The vertical line indicates the 60-day mark. The X-axis was truncated
at 30 days to ensure the inclusion of participants who had dried blood spot col-
lection after receiving the second vaccine dose. Lighter color bands indicate 95%
confidence intervals.
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Table 2 | Correlates of anti-S1 IgG levels after COVID-19 vaccination in unadjusted and multivariable adjusted analyses

Unadjusted Multivariable-adjusted

Correlates Estimated mean percent difference in anti-S1
IgG level (95% confidence interval)

P-value Estimated mean percent difference in anti-S1
IgG level (95% confidence interval)

P-value

Age

Less than 65 years 0.0 (ref) 0.0 (ref)

65–79 years −28.9 (−34.5 to −22.7) 6.32e10−16 −20 (−25.5 to −14) 1.19e10−9

80 years and greater −28.2 (−34.6 to −21.1) 6.13e10−12 −40.2 (−45.1 to −34.8) 1.45e10−31

Sex

Female 0.0 (ref) 0.0 (ref)

Male −23.9 (−28.8 to −18.6) 1.39e10−15 −21.9 (−26.1 to −17.6) 1.40e10−18

Race/ethnicity

Non-Hispanic white 0.0 (ref) 0.0 (ref)

American Indian or Alaskan Native 22.1 (−3.5 to 54.8) 0.10 −26.2 (−40.3 to −8.8) 0.005

Asian 30.0 (7.3 to 57.5) 0.007 35 (15.6 to 57.8) 1.57e10−4

Black 1.3 (−7.1 to 10.6) 0.77 4.4 (−3.1 to 12.4) 0.26

Hispanic 2.6 (−27.7 to 45.8) 0.88 10 (−17.1 to 45.8) 0.51

Education attainment

College or beyond 0.0 (ref) 0.0 (ref)

Less than high school 12.9 (−5.1 to 34.2) 0.17 0.5 (−12.7 to 15.7) 0.94

High school 5.9 (−2.7 to 15.1) 0.18 −0.4 (−7 to 6.7) 0.90

Some college −15.6 (−22.7 to −7.9) 1.49e10−4 −1.4 (−8.1 to 5.9) 0.70

Smoking history

Never 0.0 (ref) 0.0 (ref)

Former −12.3 (−18.1 to −5.9) 2.27e10−4 −9.7 (−14.8 to −4.3) 5.72e10−4

Current −17.6 (−26.8 to −7.0) 0.002 −19.3 (−26.9 to −11.0) 1.81e10−5

Body mass index

<25 kg/m2 0.0 (ref) 0.0 (ref)

25–29.9 kg/m2 3.4 (−5.1 to 12.6) 0.44 6.8 (−0.3 to 14.6) 0.06

30–34.9 kg/m2 −0.8 (−10.1 to 9.3) 0.87 3.3 (−4.7 to 11.9) 0.44

>35 kg/m2 −10.3 (−19.9 to 0.4) 0.06 −12.0 (−20.0 to −3.1) 0.009

Diabetes

No 0.0 (ref) 0.0 (ref)

Yes −21.0 (−27.4 to −14.1) 3.56e10−8 −12.7 (−18.7 to −6.3) 1.79e10−4

Hypertension

No 0.0 (ref) 0.0 (ref)

Yes −17.1 (−22.4 to −11.3) 3.78e10−8 −3.9 (−9.2 to 1.7) 0.17

Cardiovascular disease

No 0.0 (ref) 0.0 (ref)

Yes −23.7 (−35.1 to −10.4) 0.003 −6.8 (−15.6 to 3.0) 0.17

Chronic kidney disease

No 0.0 (ref) 0.0 (ref)

Yes −7.7 (−27.8 to 17.9) 0.52 −10.2 (−25.8 to 8.7) 0.27

Asthma

No 0.0 (ref) 0.0 (ref)

Yes −12.2 (−24.0 to 1.4) 0.08 −7.6 (−16.5 to 2.2) 0.13

Chronic obstructive pulmonary disease

No 0.0 (ref) 0.0 (ref)

Yes −29.4 (−38.9 to −18.5) 1.49e10−5 −18.3 (−26.8 to −8.7) 5.69e10−4

Log-transformed anti-N MFI (per 1-unit
increment)

42.2 (38.3 to 46.2) 1.50e10−129 37.4 (33.2 to 41.8) 1.01e10−64

COVID-19 infection prior to serosurveycollection

No infection 0.0 (ref) 0.0 (ref)

Infection prior to vaccine-not
hospitalized

52.3 (38.0 to 68.0) 4.40e10−16 58.7 (44.5 to 74.2) 2.42e10−20

Infection prior to vaccine-
hospitalized

67.0 (35.4 to 106.1) 4.90e10−6 80.9 (51.1 to 116.4) 2.32e10−9

Infection after vaccine 90.4 (57.6 to 130.0) 3.40e10−9 −0.7 (−17.2 to 19.2) 0.94
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observed in our sample may also be attributable to the fact that C4R
participants are older and have more comorbidities linked to immu-
nosenescence. Another important distinction between data collected
in C4R vs.U.K. cohorts relates to the timing of serological assessments:
published U.K. studies occurred primarily in 2021, while C4R results
span from mid-2021 to mid-2022.

Our work confirms that antibody responses are higher in per-
sons with a history of both vaccination and natural infection, or
“hybrid” immunity. History of hospitalized infection was associated
with the highest antibody levels, followed by non-hospitalized
infection prior to vaccination. Non-hospitalized infection following
vaccination (“breakthrough”) was associated with higher antibody
responses versus non-infection in unadjusted analyses. The lack of
statistical significance in the multivariable-adjusted analyses may be
due to the relatively small number of post-vaccination infections in
the sample, and thus limited power. The stronger association of
hospitalized versus non-hospitalized infection with antibody
response is consistent with prior literature showing augmented

antibody production following severe COVID illness18–20. Of impor-
tance, prior literature has also found that a subset of severely
affected patients mount lower antibody responses, which has been
hypothesized to contribute to impaired clearance of and recovery
from SARS-CoV-2 in some individuals. Associations between post-
vaccination and post-infection antibody responses and post-acute
sequelae of SARS-CoV-2 infection (PASC) warrant further
investigation.

Many of the factors associated with lower anti-S1 IgG MFI in this
report are known to increase risk of severe acute COVID-1921–23, and
are also known to impact innate immune system dysfunction which is
implicated as a risk factor for SARS-CoV-2 infection and poor clinical
trajectories24. Our findings support the hypothesis that the associa-
tions of older age, male sex, obesity, diabetes and COPD with more
severe acute COVID-19 could be partially mediated by an impaired
immune response to SARS-CoV-2. Clinical trials and observational
studies, including ours, have confirmed that additional vaccine doses
are associated with higher antibody responses25,26. Higher anti-S1

Table 2 (continued) | Correlates of anti-S1 IgG levels after COVID-19 vaccination in unadjusted and multivariable adjusted
analyses

Unadjusted Multivariable-adjusted

Correlates Estimated mean percent difference in anti-S1
IgG level (95% confidence interval)

P-value Estimated mean percent difference in anti-S1
IgG level (95% confidence interval)

P-value

COVID-19 vaccine type

BNT162b2 mRNA (Pfizer-BioNTech) 0.0 (ref) 0.0 (ref)

mRNA-1273 (Moderna) 77.9 (66.7 to 89.8) 1.06e10−66 90.4 (80.6 to 100.6) 5.19e10−123

Time between vaccine and serosurvey
collection (per 30 days)

−26.4 (−27.7 to −25.1) 1.35e10−239 −17.7 (−19.7 to −15.8) 3.40e10−58

MFI median fluorescence intensity.
Chronic kidney disease defined as estimated glomerular filtration rate below 45mL/min/1.73m.
Multivariable adjusted results arise from a linear regression model including all variables present in this table.
Statistical significance was assessed using two-sided tests. P-values are reported without adjustment for multiple comparisons.
Results from 6245 C4R participants with serology results from February 2021 through August 2022.

a b c

d e f

Fig. 2 | Anti-S1 IgG levels over time between first vaccine dose and serosurvey
by socio-demographicandclinical correlates.Plot of predictitedanti-S1 antibody
levels by A age, B sex, c body mass index, D smoking history, E diabetes, and
F chronic obstructive pulmonary disease. Predicted anti-S1 antibody levels gener-
ated from generalized additive model with smoothing spline since vaccination

adjusted for age, sex, race/ethnicity, smoking history, education attainment, body
mass index, diabetes, cardiovascular disease, asthma, chronic obstructive pul-
monary disease, anti-N, COVID-19 infection history, dried blood spot batch, and
vaccine type, except for those risk factors of primary interest that are stratified
(A–F). Lighter color bands indicate 95% confidence intervals.
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responses to vaccines have been shown to be correlated with a lower
risk of future infection9. Taken together, our results suggest that
additional (or higher) vaccine doses should be particularly encour-
aged for individuals at risk of lower anti-S1 responses to vaccination,

including older individuals and those with obesity, diabetes, and/or
COPD27–29. Future research will be important to determine if more
frequent vaccination or higher dosing in these vulnerable groups are
effective in preventing severe COVID-19.

Fig. 3 | Anti-S1 IgG levels over time between first vaccine dose and dried blood
spot collection by receipt of BNT162b2mRNA (Pfizer-BioNTech) ormRNA-1273
(Moderna) vaccine. Predicted anti-S1 antibody levels generated from generalized
additivemodel with smoothing spline since vaccination adjusted for age, sex, race/

ethnicity, smoking history, education attainment, body mass index, diabetes, car-
diovascular disease, asthma, chronic obstructive pulmonary disease, anti-N,
COVID-19 infection history, and dried blood spot batch. Lighter color bands indi-
cate 95% confidence intervals.

a b

Fig. 4 | Anti-S1 IgG levels over time between first vaccine dose and serosurvey
by severity of acute infection. A Unadjusted anti-S1 IgG levels by acute infection
severity and time between first vaccine dose and dried blood spot collection
categorized by quartiles in complete case cohort of participants with infection
history and anti-S1 levels (n = 3995). Quartile 1 (no infection [n = 1298], non-
hospitalized post-vaccine infection [n = 59], non-hospitalized pre-vaccine infection
[n = 68], hospitalized pre-vaccine infection [n = 18]), Quartile 2 (no infection
[n = 1,069], non-hospitalized post-vaccine infection [n = 47], non-hospitalized pre-
vaccine infection [n = 97], hospitalized pre-vaccine infection [n = 20]), Quartile 3
(no infection [n = 620], non-hospitalized post-vaccine infection [n = 52], non-
hospitalized pre-vaccine infection [n = 119], hospitalized pre-vaccine infection
[n = 32]), Quartile 4 (no infection [n = 294], non-hospitalized post-vaccine infection
[n = 57], non-hospitalized pre-vaccine infection [n = 119], hospitalized pre-vaccine

infection [n = 26]). B Predicted anti-S1 antibody levels by severity of acute infection
generated from generalized additive model with smoothing spline since vaccina-
tion adjusted for age, sex, race/ethnicity, smoking history, education attainment,
body mass index, diabetes, cardiovascular disease, asthma, chronic obstructive
pulmonarydisease, anti-N, driedblood spotbatch, and vaccine type (n = 6,245 from
multiple imputed cohort). No infection (n = 4823), non-hospitalized post-vaccine
infection (n = 298), non-hospitalized pre-vaccine infection (n = 910), hospitalized
pre-vaccine infection n = 214). For Fig. 4A, the bounds of the box shows the 25th and
75th percentiles, thick black line indicates the median, the vertical upper and lower
whiskers extended to the largest observed data point that falls within the 1.5 ×
interquartile range. Black dots indicate outlier values. For Fig. 4B, lighter color
bands indicate 95% confidence intervals.
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Strengths and limitations
Strengths of our study include a prospective, highly characterized,
multi-ethnic, US general population-based sample that has compre-
hensive pre-pandemic phenotyping; semi-quantitative assessment of
anti-S1 IgG responses using validated methods; an integrated defini-
tion of prior infection using self-report, hospital records, and anti-N
antibody response; and extended follow-up after vaccination. None-
theless, there are several limitations. First, information on neutralizing
antibodies was not available, nor were other immunoglobulin isotypes
(IgM, IgA) or measures of cellular immunity examined. Second, almost
all of our participants had antibody levels above the threshold for
“reactivity”30 and it is unknown to what extent variation of antibody
levels above that threshold is clinically meaningful. In future work, we
intend to test if differences in anti-S1 IgG levels are associated with
prospective risk of infection severity and PASC. Third, we did not have
repeated antibody measures to examine within-person temporal
trends in anti-S1 levels; nonetheless, our findings regarding antibody
trends over time since vaccination resemble those from longitudinal
vaccine trials with repeated measures. For example, although we only
captured the date of thefirst vaccine dose, theobserved antibody peak
was 30-40 days following the anticipated date of the second vaccine
dose, which is consistent with prior literature5–7. Fourth, for inter-
pretability, our analysis was limited to participants who had received
two doses of an approved vaccine. The dynamics and clinical sig-
nificance of antibody levels in unvaccinated individuals and in indivi-
duals with three or more doses remain important areas for further
investigation. Fifth, certain time-varying risk factors for differential
antibody response may be misclassified. Clinical conditions, and
smoking status, were measured several years prior to the serosurvey,
which may conservatively bias our estimates. Infection history was
defined primarily by self-report and could be subject to false-positive
or false-negative classification, with uncertain influence on our esti-
mates. We did not have data regarding health-related behaviors (e.g.,
masking and participation in large gatherings) that could correlate
with probability of subclinical, unreported infection. Nonetheless, our
models included anti-nucleocapsid antibody levels, which are an
objective, sensitive biomarker of potential prior clinical or subclinical
infection among vaccinated populations31. Results in a sensitivity
analysis limited to participants with a history of a positive COVID-19
test yielded similar results. Of note, the measures used in this study
were completed prior to the emergence of the Omicron variants,
whichmaydemonstrate different immunogenicity compared to earlier
variants; this is another important area for investigation in futurework.
Sixth, the meta-cohort was not directly representative of the U.S.
population and is subject to healthy volunteer bias, which likely biased
our results towards the null and limits generalizability to groups that
were relatively underrepresented, including younger adults and min-
oritized groups. Overall, the cohort was older and a significant pro-
portion had co-morbidities. While adverse associations with advanced
age were clearly shown, no consistent associations with race or eth-
nicity were observed, with the exception of higher and lower antibody
levels in participants reporting Asian and AIAN, respectively, versus
non-Hispanic White race. These subgroups were small, hence the
finding should be interpreted with caution, but it is somewhat con-
sistent with a prior study on higher antibody levels in Asian
participants32. Finally, cohort heterogeneity could influence our
results, yet C4R ascertained COVID-related exposures using standar-
dized measures16, pre-pandemic characteristics were harmonized fol-
lowing established protocols, and cohort-adjusted and cohort-
stratified sensitivity analyses yielded highly consistent results.

Conclusions
We identified differential anti-S1 antibody responses related to vac-
cine-related, socio-demographic, and clinical factors in a diverse U.S.
population sample. Our findings might help to identify subgroups of

adults who benefit frommore frequent vaccination or other COVID-19
prevention strategies. Strategies to optimize COVID-19 vaccine
responsiveness at the individual level, and deployment at the popu-
lation level, warrant further research and development.

Methods
Study Participants
To study the impact of the COVID-19 pandemic on US adults, C4R
aimed to perform standardized assessment of COVID-19 in partici-
pants in 14 longstanding NIH-funded prospective cohort studies (see
Supplementary Methods)16. All cohort participants who were alive on
March 1, 2020, and had not withdrawn consent for cohort participa-
tion, were considered eligible for C4R enrollment. Institutional review
board approval was obtained from all study sites. Informed consent
was obtained from each study participant.

Inclusion criteria for the present analysis were self-report of two
mRNA vaccinations for COVID-19 (BNT162b2 mRNA or mRNA-1273)
prior to submission of a valid dried blood spot (DBS) for serology
assay. We excluded participants who reported only one vaccination
prior to serosurvey completion, or were eligible for a third vaccination
prior to their date of serosurvey completion (Supplementary Fig. 1).

C4R serosurvey
The C4R serosurvey was accomplished via DBS, as previously
described16,30. Briefly, the DBS requires that several drops of whole
blood, from a finger prick or blood collection tube, be absorbed into a
specially designed card. Participants who consented to the serosurvey
completed the DBS at home or at an in-person exam. DBS samples
were shipped to the central laboratory at the University of Vermont.
The present study includes DBS samples collected between February
2021 and August 2022.

Serology assays were performed on DBS eluates by the Wads-
worthCenter, NewYork StateDepartment ofHealth (Albany, NY,USA),
using validated methods30. The assays were designed to detect IgG for
SARS-CoV-2 S1 protein, which may be induced by natural infection or
currently approved COVID-19 vaccines, and nucleocapsid (N) protein,
which is induced by natural infection only. Briefly, SARS-CoV-2 S1 and
N antigens (Sino Biological, Wayne, PA, USA) were covalently coupled
to Magplex-C microspheres (Luminex Corp., Austin, TX, USA) with
different bead regions coupled to the SARS-CoV-2 S1 and N antigens
(Sino Biological, Wayne, PA, USA).Median fluorescence intensity (MFI)
was analyzed using a FlexMap 3D instrument (Luminex Corp., Austin,
TX,USA). Five separate bead setswereusedover theperiodof analysis.

Antibody responsewas classified as reactive ornon-reactive based
on the mean and standard deviation (SD) of anti-S1 MFI values in
uninfected (pre-pandemic) DBS samples30. For each bead set, the
reactivity threshold was calculated as the mean + 6 SD of the unin-
fected (pre-pandemic) MFI. Samples above this threshold were classi-
fied as reactive.

C4R questionnaires
C4R collected information on SARS-CoV-2 infection and vaccination
status via two waves of questionnaires conducted from April 2020
through February 2023; the current report includes data from ques-
tionnaires collected through August 2022. Questionnaires were
administered by telephone interview, electronic survey, in-person
examination, and/or mailed pamphlet. Participants were asked about
history of SARS-CoV-2 infection, SARS-CoV-2 testing, COVID-19 hos-
pitalization, COVID-19 vaccination status, date of first vaccine admin-
istration, number of vaccines received, and vaccine manufacturer.
Infectionswere dichotomized according towhether theywere, orwere
not, associated with hospitalization. Definite history of SARS-CoV-2
infection was classified based on self-report of a positive SARS-CoV-2
test, adjudication ofmedical records for a COVID-19 hospitalization, or
evidence of anti-nucleocapsid antibody reactivity on DBS; self-
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reported infections not meeting any of these criteria were classified as
probable (Supplementary Table 7). Both definite and probable cases of
infection were included in the main analyses, and a sensitivity analysis
was performed that excluded probable cases.

Pre-pandemic measures
C4R cohorts have performed longitudinal data collection on parti-
cipants for up to 51 years. C4R harmonized these data across
cohorts, as previously described16. Age, sex, and educational
attainment were self-reported. Race and ethnicity, which were self-
reported and categorized according to the 2000 Census
methods33,34, were included in this study to address specific knowl-
edge gaps about disparities in COVID-19 outcomes among members
of historically marginalized or underserved populations. Time-
varying risk factors were defined using the most recently collected
data by each cohort. Smoking status was self-reported as never,
former or current. Height, weight, blood pressure, fasting lipids and
blood glucose were measured using standardized protocols.
Hypertension was defined as a systolic blood pressure≥140mm Hg,
diastolic blood pressure≥90mm Hg, or antihypertensive medica-
tion use. Diabetes was defined as fasting blood glucose≥126mg/dL
or use of insulin or hypoglycemic medications. Chronic kidney dis-
ease was defined as estimated glomerular filtration rate (eGFR)
<45mL/min/1.73m2. Cardiovascular disease, asthma, and chronic
obstructive pulmonary disease (COPD) were identified via self-
report or by the ascertainment of relevant clinical events, confirmed
by medical record review, over cohort follow-up.

Statistical analysis
Natural log-transformed anti-S1 IgG level was regressed on candidate
risk factors, time-since-vaccination (defined as days from first vacci-
nation to serosurvey), and laboratory batch, using linear regression.
Associations with candidate risk factors were tested with and without
multivariable adjustment for other candidate risk factors under con-
sideration. For interpretability purposes, we exponentiated the beta
coefficient and presented the results as mean percent difference in
anti-S1 level in the comparison vs. reference group.

Generalized additive models were used to examine differences in
log-transformed anti-S1 IgG level over time-since-vaccination. Based
on prior literature and empiric data in this study5,7, we fitted linear
splines for the periods before and after the peak antibody level at 60
days-since-vaccination. Using the linear spline model, predicted anti-
body levels were plotted over time by risk factor strata. To test asso-
ciations of candidate risk factors with rate of antibody waning during
the second (post-60 day) period, we assessed the beta coefficient for
the interaction term, “risk factor×slope of time from vaccine to ser-
osurvey (per 30 days).” The beta coefficient was exponentiated with
positive coefficients indicating slower decline, and negative coeffi-
cients more rapid decline, in anti-S1 IgG levels.

Multiple imputation by chained equations was applied to handle
covariatemissing data (Supplementary Table 8). Ten imputed datasets
were created, and Rubin’s rule was applied to combine the estimates
from the imputed datasets35. Characteristics of complete cases were
similar to the imputed (primary) dataset (Supplementary Table 9).
Complete case analysis was performed as a sensitivity analysis.

To explore whether inclusion of a certain cohort or set of cohorts
was influential with respect to the overall results, we repeated themain
analysis using a “leave-one-out” approach by separately removing
participants in the three largest cohorts in this analysis (ARIC, FHS, and
REGARDS) from the pooled analysis sample. We also performed a
sensitivity analysis in which we only included participants from ARIC,
FHS, and REGARDS. Analyses were also repeated with exclusion of
participants reporting only one dose of vaccine. Results from all sub-
group analyses should be interpreted with caution due to the possi-
bility for type 1 or type 2 error.

All analyseswere conducted inR (R Statistical Foundation, Vienna,
Austria)16. R packages used for analysis include: “tidyverse”, “ggplot2”,
“arsenal”, “mice”, “mgcv”, and “lspline”. Two-sided p-values < 0.05
were considered statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data supporting the findings described in this manuscript are
available in the article and in the Supplementary Information. Data
harmonization forC4Rperformedusing SASStudio (SASData Science)
in Seven Bridges Platform. Raw deidentified data is available, upon
request and with appropriate consortium and cohort permissions, on
the C4R Analysis Commons. Preliminary responses to data requests
will bemadewithin 4weeks of receipt. C4RAnalysis Commons, hosted
on BioData Catalyst powered by Seven Bridges (https://accounts.sb.
biodatacatalyst.nhlbi.nih.gov/). Further information also available at
the C4R website: https://c4r-nih.org.

Code availability
Code for data cleaning and analysis is available, upon request and with
appropriate consortium and cohort permissions, on the C4R Analysis
Commons.
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