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ABSTRACT
Objectives We sought to understand the demographic 
and clinical factors associated with variations in 
longitudinal antibody response following completion of 
two- dose regiment of BNT162b2 vaccination.
Design This study is a 10- month longitudinal cohort study 
of healthcare workers and serially measured anti- spike 
protein IgG (IgG- S) antibody levels using mixed linear 
models to examine their associations with participant 
characteristics.
Setting A large, multisite academic medical centre in 
Southern California, USA.
Participants A total of 843 healthcare workers met 
inclusion criteria including completion of an initial two- 
dose course of BNT162b2 vaccination, complete clinical 
history and at least two blood samples for analysis. 
Patients had an average age of 45±13 years, were 70% 
female and 7% with prior SARS- CoV- 2 infection.
Results Vaccine- induced IgG- S levels remained in the 
positive range for 99.6% of individuals up to 10 months 
after initial two- dose vaccination. Prior SARS- CoV- 2 
infection was the primary correlate of sustained higher 
postvaccination IgG- S levels (partial R2=0.133), with a 
1.74±0.11 SD higher IgG- S response (p<0.001). Female 
sex (beta 0.27±0.06, p<0.001), younger age (0.01±0.00, 
p<0.001) and absence of hypertension (0.17±0.08, 
p=0.003) were also associated with persistently higher 
IgG- S responses. Notably, prior SARS- CoV- 2 infection 
augmented the associations of sex (−0.42 for male sex, 
p=0.08) and modified the associations of hypertension 
(1.17, p=0.001), such that infection- naïve individuals with 
hypertension had persistently lower IgG- S levels whereas 
prior infected individuals with hypertension exhibited 
higher IgG- S levels that remained augmented over time.

Conclusions While the IgG- S antibody response remains 
in the positive range for up to 10 months following 
initial mRNA vaccination in most adults, determinants 
of sustained higher antibody levels include prior SARS- 
CoV- 2 infection, female sex, younger age and absence 
of hypertension. Certain determinants of the longitudinal 
antibody response appear significantly modified by prior 
infection status. These findings offer insights regarding 
factors that may influence the ‘hybrid’ immunity conferred 
by natural infection combined with vaccination.

INTRODUCTION
Exposure to SARS- CoV- 2 or its subunits, via 
natural infection or vaccination, can elicit a 
humoral immune response that is measur-
able in the circulation and correlated with 
relative protection from future infections.1–4 
Recent studies have indicated that this 
quantifiable humoral response wanes over 
time—as soon as 3–6 months following either 

STRENGTHS AND LIMITATIONS OF THIS STUDY
 ⇒ Evaluation of demographic and clinical characteris-
tics associated with variable longitudinal antibody 
response following BNT162b2 vaccination.

 ⇒ Among the longest follow- up studies of COVID- 19 
vaccine- associated humoral immune response.

 ⇒ Large, diverse study cohort.
 ⇒ Prospective study design.
 ⇒ Assessment of humoral, but not T- cell- mediated an-
tibody response.
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natural infection or initial administration of a SARS- 
CoV- 2 vaccine.5–7 While certain population subsets may 
experience more or less durable immunity from an initial 
natural or vaccine exposure, the demographic and clin-
ical characteristics that may influence temporal variations 
in provoked humoral immune response currently remain 
unclear.8

Given lack of clarity regarding the factors that could 
promote accelerated versus delayed decline in acquired 
SARS- CoV- 2 immunity, along with concern for immu-
nocompromised persons at the highest risk for oppor-
tunistic infections, governments worldwide have made 
provisions to offer additional ‘booster’ vaccine doses.9–11 
Amidst roll- out of the booster vaccinations, there remains 
equipoise regarding their appropriateness for individ-
uals suspected of having more robust immunity following 
initial vaccination—including those recovered from prior 
SARS- CoV- 2 infection and younger healthy persons. In 
fact, emerging data suggest that individuals who have 
been both fully vaccinated and previously infected with 
SARS- CoV- 2 are likely to benefit from a ‘hybrid immunity’ 
that offers durable protection from infection in terms of 
both strength and longevity.12–15

To improve our understanding of the longitudinal 
immune response following initial SARS- CoV- 2 vaccina-
tion—and the factors associated with variations in this 
response—we examined the demographic and clin-
ical correlates of anti- spike IgG antibody (IgG- S) levels 
measured serially in a large cohort of fully vaccinated 
adults.

METHODS
Study sample
We conducted serial serological assays from a longitu-
dinal cohort study of healthcare workers who received 
vaccination with Pfizer- BioNTech (BNT162b2) at our 
medical centre in Southern California, with study design 
and sampling procedures detailed previously.16 Briefly, 
participants completed surveys on medical history, expo-
sures and symptoms at baseline and at serial time points 
over the course of the study. All healthcare workers, 
including those recovered from prior COVID- 19 infec-
tion, were advised to receive a full vaccination course 
including two doses of mRNA vaccine according to local 
department of health and institutional policies. History 
of SARS- CoV- 2 infection prior to vaccination was deter-
mined based on self- report along with adjudication of 
medical records or confirmed presence of antibodies 
targeting the viral nucleocapsid protein (IgG(N)); given 
that the nucleocapsid protein is not produced by mRNA 
vaccination, elevated IgG(N) antibodies are considered 
indicative of prior infection. Participants were excluded 
if they received a vaccine other than BNT162b2, their 
SARS- CoV- 2 infection status could not be confirmed, 
they developed a breakthrough infection any time after 
14 days following second dose, or they did not provide 

at least two blood samples for serology following comple-
tion of their second vaccine dose.

Serology
Serological assays for antibodies to the receptor- binding 
domain (RBD) of the S1 subunit of the viral spike protein 
(IgG (S- RBD)) and IgG(N) were performed using the 
Abbott SARS- CoV- 2 IgG II assay and SARS- CoV- 2 IgG 
assay, respectively (Abbott Labs, Abbott Park, Illinois). 
Antibody levels were measured from plasma samples 
collected at the following time points: before or up to 3 
days after dose 1; within 7–21 days after dose 1; within 
7–21 after dose 2; and then at 8, 16, 24, 32 and 40 weeks 
after dose 2. We considered an IgG(N) signal to cut- off 
(S/C) index of ≥1.4 as denoting definitive seropositive 
status due to prior SARS- CoV- 2 exposure, based on a 
previously established threshold.17

Statistical analyses
For descriptive statistics, we used analysis of variance to 
test for differences between continuous normally distrib-
uted variables, Kruskal- Wallis rank- sum tests for non- 
normal continuous variables and χ2 test for categorical 
variables. We used mixed- effects linear modelling to esti-
mate the mean and 95% CI of log(10)IgG- S levels in rela-
tion to time since the date of complete vaccination (ie, 
dose 2), with time expressed using natural cubic splines. 
For longitudinal modelling, we used the Akaike informa-
tion criterion as a measure of best fit to select the optimal 
number of knots, which was optimised when using four 
knots placed at the 5th, 35th, 65th and 95th percentiles. 
We treated repeated measures for each participant as 
random effects and additionally adjusted for age, sex, race, 
ethnicity, obesity, hypertension and the Charlson Comor-
bidity Index18 calculated based on the combination of 
information collected from medical history surveys and 
the electronic health record.16 19 In secondary analyses, 
we repeated multivariable- adjusted mixed- effects regres-
sion analyses, including multiplicative interaction terms 
for any significantly associated demographic or clinical 
variables, to assess for potential effect modification of the 
anticipated relation between prior SARS- CoV- 2 infections 
on longitudinal log(10)IgG- S trajectory. We conducted all 
statistical analyses using R (V.4.1.1) and considered statis-
tical significance as a two- tailed p value <0.05.

Patient and public involvement
Patients and the public were not involved in the develop-
ment of this study.

RESULTS
A total of 1703 healthcare workers were enrolled in 
the source cohort between 30 November 2020 and 11 
November 2021. From the source cohort, we excluded 
from the present analysis a total of n=860 individuals 
based on the following criteria: SARS- CoV- 2 infection 
status could not be confirmed (n=14), developed a 
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breakthrough infection (n=27), did not provide at least 
two blood samples for serology following completion of 
their second vaccine dose and prior to a third vaccine 
dose (n=796) or did not receive the BNT162b2 vaccine 
(n=23). After exclusions, the final cohort for the present 
analysis included n=843 individuals (figure 1). Of these, 
n=59 (7.0%) had a history of SARS- CoV- 2 infection, all of 

whom survived index infection (with only 5% requiring 
hospitalisation) and were considered to have recovered 
successfully (without persistent or recurrent symptoms). 
Among participants for whom the date of first positive 
SARS- CoV- 2 PCR was available (n=28), the average time 
from prior infection to first vaccine dose was 139 days 
(range: 14–292 days). The demographic and clinical 
characteristics of our study sample (table 1) revealed no 
clinically important differences in age, sex or comorbid-
ities between individuals with and without prior infec-
tion. Slightly more individuals with history compared 
with individuals without a history of COVID- 19 reported 
working on a hospital ward where patients with COVID- 19 
were cared for (32.2% vs 18.1%, p=0.013). Differences 
between included and excluded as well as between older 
and younger participants are displayed in online supple-
mental tables 1 and 2.

In spline analyses of the longitudinal trajectory of 
response in log(10)IgG- S levels following vaccination, 
we observed that 99.6% of all healthcare worker partic-
ipants had repeated values that remained within the 
positive reference range of ≥log(10)50 AU/mL over the 

Figure 1 Cohort development flow diagram.

Table 1 Study sample characteristics

Total sample
No prior
SARS- CoV- 2 infection

Prior
SARS- CoV- 2 infection P value*

n 843 784 59

Age in years, median (IQR) 41.66 (35.19, 52.80) 41.89 (35.25, 53.00) 38.72 (34.93, 49.31) 0.169

Age in years (range) 20.37–87.26 20.37–87.26 23.52–76.87   

Male sex, n (%) 256 (30.4) 239 (30.5) 17 (28.8) 0.903

Non- white race, n (%) 405 (48.0) 372 (47.4) 33 (55.9) 0.262

Hispanic ethnicity, n (%) 86 (10.2) 73 (9.3) 13 (22.0) 0.004

Obesity, n (%) 103 (12.2) 92 (11.7) 11 (18.6) 0.175

Hypertension, n (%) 128 (15.2) 122 (15.6) 6 (10.2) 0.355

Charlson Comorbidity Index, median (IQR)† 0.00 (0.00, 1.00) 0.00 (0.00, 1.00) 0.00 (0.00, 1.00) 0.572

Work environment‡   

  ICU, COVID- 19 unit 135 (16.1) 126 (16.2) 9 (15.3) 1.00

  ICU, non- COVID- 19 unit 133 (15.9) 129 (16.5) 4 (6.8) 0.073

  Ward, COVID- 19 unit 160 (19.1) 141 (18.1) 19 (32.2) 0.013

  Ward, non- COVID- 19 unit 204 (24.3) 193 (24.7) 11 (18.6) 0.37

  Emergency department /urgent care 98 (11.7) 94 (12.1) 4 (6.8) 0.315

  Outpatient clinic 215 (25.6) 206 (26.4) 9 (15.3) 0.082

  Office 129 (15.4) 119 (15.3) 10 (16.9) 0.873

  Work from home 61 (7.3) 57 (7.3) 4 (6.8) 1.00

  Other 185 (22.1) 177 (22.7) 8 (13.6) 0.142

  Unknown 74 (8.8) 71 (9.1) 3 (5.1) 0.423

*P value comparing those with versus without prior SARS- CoV- 2 infection.
†The Charlson Comorbidity Index weights the clinical conditions into a single score to predict 10- year survival: age, myocardial infarction, 
heart failure, peripheral vascular disease, stroke, dementia, chronic obstructive pulmonary disease, connective tissue disease, peptic ulcer 
disease, liver disease, diabetes mellitus, hemiplegia, chronic kidney disease, solid tumour, leukaemia, lymphoma and AIDS.
‡Participant- provided work environment. Participants could select multiple environments if they worked in more than one location.
ICU, intensive care unit.
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entire follow- up period of up to 40 weeks (figure 2). The 
number of blood samples available each week, stratified 
by prior COVID- 19 status, is presented in online supple-
mental figure 1. In multivariable- adjusted models exam-
ining demographic and clinical correlates of longitudinal 
IgG- S levels, we found that prior SARS- CoV- 2 infection 
was associated with substantially higher antibody levels 
with prior infected individuals exhibiting an almost 1.7- 
fold higher SD in log(10)IgG- S levels compared with 
never infected individuals (table 2). Whereas younger 
age and female sex were also significantly associated with 

higher IgG- S levels over the duration of the study period, 
prior SARS- CoV- 2 infection was the predominant deter-
minant with the largest model partial R2 value of 0.134. 
These results indicate that 13.4% of the observed varia-
tion in longitudinal IgG- S levels was attributable to prior 
infection status even after accounting for other covariates 
in the model that include age, sex, race, ethnicity, hyper-
tension, obesity and the Charlson comorbidity burden 
index.

In secondary analyses, we found that the interac-
tion between age and prior infection status on longitu-
dinal IgG- S levels was non- significant (beta 0.37, p=0.10, 
figure 3, online supplemental table 3), although, in 
exploratory analyses stratified by prior infection status, 
older age was significantly associated with lower IgG- S 
response among infection- naïve individuals whereas no 
significant age- based association was seen in prior infected 
individuals (online supplemental table 4). This is similar 
to the interaction of male sex with prior infection (beta 
−0.42, p=0.08, figure 4, online supplemental table 3), with 
stratified analysis demonstrating that male sex compared 
with female sex was associated with greater magnitude of 
difference in IgG- S level in prior infected (beta −0.72 (SE 
0.33), p=0.032) compared with never infected individuals 
(beta −0.24 (SE 0.06), p<0.001) (online supplemental 
table 4). Notably, we observed a significant interaction 
between hypertension and prior infection (beta 1.17, 
p=0.001, figure 5, online supplemental table 3), with 
hypertension significantly associated with lower IgG- S 
levels in never infected persons (beta −0.23 (SE 0.08), 
p=0.005) while concurrently related to higher IgG- S levels 
in prior infected individuals (beta 0.96 (SE 0.50), p=0.06) 

Figure 2 Longitudinal trajectory of IgG- S antibody levels following completed BNT162b2 vaccination. Multivariable- adjusted 
longitudinal trajectories are shown for individuals with a history of prior COVID- 19 infection (orange line) and for those without 
prior COVID- 19 infection (green line). Longitudinal estimates with 95% confidence limits (shaded areas) are adjusted for age, 
sex and hypertension.

Table 2 Clinical and demographic correlates of longitudinal 
anti- spike IgG antibody response following complete initial 
mRNA vaccination

Beta* SE P value Partial R2

Prior SARS- CoV- 2 
infection

1.74 0.11 <0.001 0.134

Age (year) −0.01 0.00 <0.001 0.016

Male sex −0.27 0.06 <0.001 0.013

Non- white race −0.00 0.06 0.99 0.000

Hispanic ethnicity 0.02 0.10 0.80 0.000

Obesity 0.03 0.09 0.77 0.000

Hypertension −0.17 0.08 0.041 0.003

Charlson 
Comorbidity Index

−0.02 0.03 0.56 0.000

*Beta values represent increase in 1 SD of log(10)IgG- S level 
per presence (vs absence) of a categorical variable or per unit 
increment of continuous variable.
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in stratified analysis (online supplemental table 4). Simi-
larly, age and sex demonstrated a significant interaction, 
such that older age (above the median cohort age of 42 
years) was associated with lower antibody levels among 
males compared with females (online supplemental table 
3). Analyses stratified by age, sex and prior infection status 
demonstrated concordant results (online supplemental 

table 5). The number of blood samples available each 
week, stratified by age, sex and hypertensive status, is 
presented in online supplemental figure 1.

Figure 3 Longitudinal trajectory of IgG- S antibody levels following completed BNT162b2 vaccination by prior infection status 
and age. Multivariable- adjusted longitudinal trajectories are shown for individuals with a history of prior COVID- 19 infection and 
for those without prior COVID- 19 infection, including an interaction for age (above vs below median cohort age). Longitudinal 
estimates with 95% confidence limits (shaded areas) are adjusted for sex and hypertension.

Figure 4 Longitudinal trajectory of IgG- S antibody levels following completed BNT162b2 vaccination by prior infection status 
and sex. Multivariable- adjusted longitudinal trajectories are shown for individuals with a history of prior COVID- 19 infection and 
for those without prior COVID- 19 infection, including an interaction for sex. Longitudinal estimates with 95% confidence limits 
(shaded areas) are adjusted for age and hypertension.
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DISCUSSION
From our study of repeated serological measures 
performed in a large cohort with two- dose initial 
BNT162b2 vaccination, there were several key findings. 
First, we found that the vast majority of adults in our 
cohort maintained appropriate elevations of IgG- S anti-
body levels within the positive reference range up to 10 
months following initial complete vaccination. Second, 
the primary differentiator of antibody response trajec-
tory was prior SARS- CoV- 2 infection, with a relatively 
fixed magnitude of variance that lasted throughout the 
follow- up period. Finally, correlates of persistently higher 
longitudinal antibody response level included female 
sex, younger age and absence of hypertension in analyses 
adjusting for race, ethnicity and comorbidities. Intrigu-
ingly, the longitudinal effect of prior infection status was 
differentially modified by these associations—particularly 
hypertension status.

Extending from prior studies,5 6 we repeated serological 
measures up to 10 months following initial SARS- CoV- 2 
vaccination in a large cohort of adults who receive their 
BNT162b2 vaccinations according to the standardised 
two- dose schedule. While observing an initial peak and 
then steady decline in the absolute levels of IgG- S anti-
body response, as seen in other studies, we also found a 
relatively consistent pattern of longitudinal response that 
almost invariably involved levels remaining in the posi-
tive range during the follow- up period. Specifically, we 
found that the average trajectory of response in IgG- S 
antibody levels peaks within the first 2–8 weeks after the 
second vaccine dose and then declines towards a rela-
tive plateau—seen on the log10 scale—that lasts up to 
40 weeks. Notwithstanding continued reductions in the 

absolute IgG- S antibody levels, the relative plateau on the 
log scale signals an attenuation in the rate of decline and 
is consistent with the longitudinal patterns of postvacci-
nation antibody titre response that has been reported 
for other viruses (eg, influenza) and predicted for SARS- 
CoV- 2.20–22 Although the threshold of 50 AU/mL for 
absolute IgG- S antibody levels is validated with 99.5% 
specificity for detecting antibodies specific to the SARS- 
CoV- 2 spike protein, and the exact quantitative thresh-
olds that may correspond to effective immunity remain 
unclear, a relative plateau in the log10 scale presence of 
IgG- S offers some assurance of continued memory B cell 
activation potentially indicative of an even broader immu-
nological reserve.

In addition to the overall trajectory common to most 
participants, we found that the primary and persistent 
differentiator of antibody response trajectory was prior 
SARS- CoV- 2 infection. Extending from prior studies 
that examined serological responses up to 6 months 
after SARS- CoV- 2 vaccination,5 we observed a rela-
tively fixed magnitude of difference in provoked IgG- S 
levels—consistently higher in prior infected compared 
with never infected individuals—persisting beyond 10 
months. The absence of any indication that this differ-
ence is narrowing suggests that the ‘hybrid’ immunity 
obtained from the combination of natural infection and 
vaccination is likely to endure over time—a phenomenon 
consistent with recent findings of dynamic memory B cell 
activation and clonal turnover in individuals exposed to 
both natural infection and vaccine.12 Furthermore, and 
intriguingly, prior infected individuals had persistently 
elevated postvaccine antibody levels that did not differ 
by age—indicating minimal influence of age- related 

Figure 5 Longitudinal trajectory of IgG- S antibody levels following completed BNT162b2 vaccination by prior infection and 
hypertension status. Multivariable- adjusted longitudinal trajectories are shown for individuals with a history of prior COVID- 19 
infection and for those without prior COVID- 19 infection, including an interaction for sex. Longitudinal estimates with 95% 
confidence limits (shaded areas) are adjusted for age and sex.
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humoral deficiency on the ‘hybrid’ or dose- boosted 
effect.23 24 We recommend that the age- based results of 
our analyses be interpreted with caution, given the rela-
tively younger overall age range of our cohort. Additional 
studies in cohorts with older age ranges are needed to 
assess the generalisability of our findings. By contrast, 
the female advantage in antibody response to SARS- 
CoV- 2 vaccination has been previously reported,6 25 and 
in our cohort appeared accentuated by prior infection 
such that previously infected females tended to exhibit 
the most pronounced as well as persistently elevated anti-
body response. Females are known to generate antibody 
responses to a variety of viral vaccines that are almost 
twice as high as the responses seen in males.26 Augmenta-
tion and persistence of this sex difference in the setting of 
‘hybrid’ SARS- CoV- 2 exposure points to a female advan-
tage in at least humoral immunity that could represent a 
mechanistic contributor to the female advantage seen in 
COVID- 19- related outcomes.

Our results regarding the associations of hyperten-
sion with longitudinal antibody response are especially 
notable. Extending from prior studies focused on initial 
postvaccine effects,27 28 we found that presence of hyper-
tension was associated with an overall lower level antibody 
response that was consistent over time and persisted for 
up to 10 months. Intriguingly, we also found that among 
persons with prior SARS- CoV- 2 infection, the association 
of hypertension status on longitudinal IgG- S antibody 
response was reversed. In effect, longitudinal antibody 
levels are profoundly increased among hypertensive 
participants with prior COVID- 19 compared with those 
without prior COVID- 19. Previous studies have demon-
strated a more robust antibody response following native 
infection among hypertensive individuals—attributed 
to a combination of increased sympathetic drive and 
an underlying inflammatory state serving to enhance 
immune activation.29 30 These same factors have been 
hypothesised as contributors to the greater mortality 
risk seen among hypertensive patients with COVID- 19. 
In light of the lower antibody response to vaccination 
seen in hypertensives overall, the paradoxically higher 
response seen in hypertensives with prior COVID- 19 is 
similar to the trend seen for older aged individuals with 
prior infection. In both situations, a pre- existing relative 
deficiency in immune reserve is superseded by the effects 
of having been directly exposed to and then recovered 
from COVID- 19. Importantly, these effects appear to 
persist in the population over time.

Several limitations of this study merit consideration. 
First, all participants received the Pfizer- BioNTech 
(BNT162b2) vaccine, limiting generalisability to 
other vaccines, although variable waning of antibody 
levels following other SARS- CoV- 2 vaccines has been 
described.8 All participants were also healthcare workers 
with the greater risk for repeated SARS- CoV- 2 exposure 
via the work environment, which may or may not have 
influenced their long- term antibody response. There 
also exists potential bias in the study population, as not 

all participants provided longitudinal serology data, 
although there were negligible clinically meaningful 
differences between those with and without adequate 
serology data for inclusion. Importantly, all prior infected 
individuals in our study were survivors of COVID- 19 and 
were predominantly less severely affected with only 5% 
requiring hospitalisations, all of which lasted less than 5 
days, and none reporting continued or recurrent symp-
toms following recovery from the index infection. This 
issue is particularly important to consider when inter-
preting interaction analyses, as a provoked humoral 
immune response that is augmented to a level that is 
sufficient for countering infection is likely different from 
an exaggeration in response that may contribute to end- 
organ dysfunction or continued symptoms. Additionally, 
the majority of prior infected individuals had prevaccina-
tion antibody levels measured within a similar range to 
infection- naïve individuals, likely a result of the antibody 
decay that has been observed in prior studies of longi-
tudinal antibody response following natural infection.31 
Further studies are needed to assess longitudinal anti-
body response to vaccination administered within shorter 
time frames following prior infection. To accommodate 
healthcare worker availability for participation, plasma 
samples were collected within a 7–21 days period after 
each vaccine dose and the differences in timing within 
these sampling windows may have contributed to some 
variation in results. Because viral variant testing was not 
routinely conducted for participant samples, data on 
which variants contributed to confirmed infections were 
not available for analyses. We also do not address non- 
humoral- related immune protection, which may protect 
or predispose to future infections.

In summary, our findings indicate that completion of 
a two- dose mRNA vaccine regimen provokes an IgG- S 
antibody response that is enhanced and persistent 
among individuals with prior SARS- CoV- 2 infection when 
compared with those without prior infection. Further, 
our results demonstrate potential sex and hypertension- 
specific variations in the longitudinal response to single 
versus dual antigenic exposure that may guide more 
tailored assessments of individual- level risks for future 
infection. In particular, the role of hypertension as a 
potential potent modifier of antibody response, with 
divergent postvaccination effects between those with and 
without prior infection, may reflect key differences in 
physiologically mediated immune response among those 
with and without high blood pressure. These findings 
may allow for allocation of still limited vaccine resources 
by targeting individuals most likely to benefit from addi-
tional vaccine doses.
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