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ABSTRACT
Background. Two-dose mRNA vaccines reduce COVID-19 related hospitalization and mortality, but
immune protection declines over time. As such, third vaccine doses are now recommended, particularly
for older adults. We examined immune response durability up to six months after two vaccine doses,
and immunogenicity after a third vaccine dose, in 151 adults ranging in age from 24 to 98 years.

Methods. Specimens were collected from 81 healthcare workers (median age 41 years), 56 older adults
(median 78 years) and 14 COVID-19 convalescent individuals (median 48 years), at one, three and six
months following the second vaccine dose, and from 15 HCW, 28 older adults and 3 convalescent
individuals at one month following a third vaccine dose. Binding antibodies to the SARS-CoV-2 spike
receptor binding domain were quantified using a commercial immunoassay. Virus neutralizing activity
was assessed using a live SARS-CoV-2 infection assay.

Results. Compared to healthcare workers, older adults displayed ~0.3 log10 lower peak binding
antibodies one month after the second vaccine dose (p<0.0001) and modestly faster rates of antibody
decline thereafter (p=0.0067). A higher burden of chronic health conditions was independently
associated with faster rates of antibody decline after correction for age, sociodemographic factors, and
vaccine-related variables. Peak neutralizing activity was 4-fold lower in older adults one month after
the second vaccine dose (p<0.0001) and became undetectable in the majority of individuals by six
months. One month after a third vaccine dose, binding antibodies and neutralizing activities surpassed
peak values achieved after two doses in both healthcare workers and older adults, and differences
between these groups were no longer statistically significant. Compared to both naïve groups,
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convalescent individuals displayed slower rates of binding antibody decline (p<0.006) and maintained
higher neutralizing activity six months after the second vaccine dose.

Conclusions. Immune responses to two-dose COVID-19 mRNA vaccines are overall weaker in older
adults, and also decline more quickly over time, compared to younger adults. A third COVID-19
mRNA vaccine dose enhanced binding and neutralizing antibodies to levels higher than those observed
after two vaccine doses, but the rate of decline of these responses should be monitored, particularly in
older adults with a higher burden of chronic health conditions.
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INTRODUCTION
Older adults are at increased risk of lethal coronavirus disease 2019 (COVID-19) following
infection with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 1-3. While two-dose
COVID-19 vaccine regimens elicit immune responses that can protect against hospitalization and death
in most cases 4-7, weaker vaccine-induced immunity is observed in certain groups including the elderly
8-16

, leading to the recommendation that these populations be prioritized for third vaccine doses to

maximize protection 17-19. Vaccine-induced antibody responses also decline naturally in all individuals,
which may lead to an increased risk of breakthrough SARS-CoV-2 infections 20-22, particularly with the
more transmissible Omicron variant (B.1.1.529) 23-27. As such, booster vaccine doses are broadly
recommended to maintain protection 28-30.
We and others have shown that older age is associated with weaker antibody responses to two
widely available mRNA vaccines, Comirnaty (BNT162b2; Pfizer/BioNTech) and Spikevax (mRNA1273; Moderna) 6,7,15,16. Specifically, we previously characterized longitudinal humoral responses up to
three months after the second COVID-19 vaccine dose in a cohort of 151 adults 24 to 98 years of age
that includes COVID-19 naïve as well as convalescent individuals 31. Here, we further characterize
binding and neutralizing antibody responses in this cohort six months following the second vaccine
dose, allowing us to estimate binding antibody decay rates over time. We also assess humoral
responses one month following a third COVID-19 vaccine dose in a subset of participants.
METHODS
Study design. We conducted a prospective longitudinal cohort study in British Columbia, Canada, to
examine SARS-CoV-2 specific humoral responses following vaccination with COVID-19 mRNA
vaccines Comirnaty (BNT162b2; Pfizer/BioNTech) or Spikevax (mRNA-1273; Moderna). Our cohort
of 151 individuals included 81 healthcare workers (HCW) and 56 older adults (including 18 residents
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of long-term care or assisted living facilities) who were COVID-19 naive at study entry, and 14
COVID-19 convalescent individuals (including 8 HCW and 6 older adults), where prior COVID-19
was determined by the presence of anti-SARS-CoV-2 N antibodies at study entry (see below).

Ethics approval. Written informed consent was obtained from all participants or their authorized
decision makers. This study was approved by the University of British Columbia/Providence Health
Care and Simon Fraser University Research Ethics Boards.

Participants and sampling. Participants were recruited at facilities operated by Providence Health Care
(Vancouver) and from the community. Serum and plasma were collected prior to vaccination, one
month after the first dose, one, three and six months after the second vaccine dose, and one month
following a third vaccine dose. Specimens were processed same-day and frozen until analysis.

Data sources and immune measures. Sociodemographic data (age, sex, ethnicity), chronic health
conditions and COVID-19 vaccination information were collected by self-report and confirmed
through medical records where available. Chronic health conditions were defined as hypertension,
diabetes, asthma, obesity (defined as having a body mass index ≥30), chronic diseases of lung, liver,
kidney, heart or blood, cancer, and immunosuppression due to chronic conditions or medication, to
generate a total score ranging from 0-11 per participant. Vaccine-induced responses were assessed
using a commercial assay to detect total antibodies targeting the spike receptor binding domain (RBD)
and an in-house virus neutralization assay to detect antibodies that prevent SARS-CoV-2 infection of
target cells.
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Binding antibody assays. We measured total binding antibodies against SARS-CoV-2 nucleocapsid
(N) and spike (S) RBD in serum using the Roche Elecsys Anti-SARS-CoV-2 and Anti-SARS-CoV-2 S
assays, respectively, on a Cobas e601 module analyzer (Roche Diagnostics). Following SARS-CoV-2
infection, both anti-N and anti-RBD assays should be positive, whereas post-mRNA vaccination only
the anti-RBD should be positive, allowing identification of convalescent individuals. Both tests are
electro-chemiluminescence sandwich immunoassays, and report results in arbitrary units/mL (U/mL),
calibrated against an external standard. For the S assay, the manufacturer indicates that AU values can
be considered equivalent to international binding antibody units (BAU) as defined by the World Health
Organization 32. For the S assay, sera were tested undiluted, with samples above the upper limit of
quantification (ULOQ) re-tested at 1:100 dilution, allowing a measurement range of 0.4 - 25,000
U/mL.

Live virus neutralization assay. Neutralizing activity in plasma was examined using a live SARS-CoV2 infectivity assay in a Containment Level 3 facility. Assays were performed using isolate USAWA1/2020 (BEI Resources) and VeroE6-TMPRSS2 (JCRB-1819) target cells. Viral stock was
adjusted to 50 TCID50/200 µl in Dulbecco’s Modified Eagle Medium in the presence of serial 2-fold
dilutions of plasma (from 1/20 to 1/2560), incubated at 4°C for 1 hour and then added to target cells in
96-well plates in triplicate. Cultures were maintained at 37°C with 5% CO2 and the appearance of viral
cytopathic effect (CPE) was recorded three days post-infection. Neutralizing activity is reported as the
highest reciprocal plasma dilution able to prevent CPE in all three replicate wells. Samples exhibiting
only partial or no neutralization at the lowest dilution of 1/20 were coded as having a reciprocal
dilution of "10", defined as below the limit of quantification (BLOQ) in this assay.
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Statistical analysis. Comparisons of binary variables were performed using Fisher’s exact test.
Comparisons of continuous variables were performed using the Mann-Whitney U-test (for unpaired
data) or Wilcoxon test (for paired data). Multiple linear regression was employed to investigate the
relationship between sociodemographic, health and vaccine-related variables and humoral outcomes.
Variables included age (per year increment), sex at birth (female as reference group), ethnicity (nonwhite as reference group), number of chronic health conditions (per number increment), type of mRNA
vaccine received (Comirnaty as reference group), sampling date following the most recent vaccine dose
(per day increment), interval between first and second vaccine doses (per day increment) and COVID19 convalescent status at study entry (COVID-19 naive as reference group). Half-lives of binding
antibodies in serum were calculated by fitting exponential decay curves to antibody concentrations
measured at one, three and six months after the second vaccine dose (for individuals with only two
measurements available, the half-life was estimated by assuming exponential decay between these two
points). All statistical tests were two-tailed, with p<0.05 considered statistically significant. Analyses
were conducted using Microsoft Excel and Prism v9.2.0 (GraphPad).

RESULTS
Participant, vaccine and sampling details.
Longitudinal humoral responses up to three months after the second COVID-19 vaccine dose
were previously characterized in this cohort 31, which includes 81 healthcare workers (HCW), 56 older
adults (including 18 residents of long-term care or assisted living facilities), and 14 convalescent
individuals. Here, we further characterize humoral responses six months after the second vaccine dose,
and one month following a third vaccine dose.
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As described previously, the cohort is predominantly female (Table 1). HCW and older adults
were a median of 41 and 79 years old respectively, while the convalescent group comprised eight HCW
and six older adults (median 48 years of age). Older adults were predominantly (77%) of white
Ethnicity (compared to 46% of HCW) and had a higher burden of chronic health conditions (a median
of 1, IQR 0-2, range 0-5, compared to a median of 1, IQR 0-0, range 0-3 in HCW). All participants
received two doses of a COVID-19 mRNA vaccine between December 2020 and July 2021, where the
interval between doses extended up to 112 days as per Canada's decision to delay second vaccine doses
due to limited vaccine supply. A total of 141 (99% of HCW, 86% of older adults and 93% of
convalescent individuals) received Comirnaty as their first dose, while 10 participants received
Spikevax. Second dose distribution was very similar to the first, with 98% of HCW, 88% of older
adults and 93% of convalescent individuals receiving Comirnaty. Note that an additional three (3.7%)
HCW and two (3.6%) older adults developed anti-N antibodies at some point during follow-up,
consistent with a breakthrough SARS-CoV-2 infection. These participants were retained in their
original respective "COVID-19 naive at study entry" groups, as excluding them did not affect overall
results.
At the time of writing, 46 participants had received a third mRNA vaccine dose between
October and December 2021, on average 6-8 months following their second vaccine dose. Of these,
44% received Spikevax, though note that vaccine brand information is still pending for eight older
adults (Table 1). For participants who received Spikevax for their third vaccine dose, individuals aged
70 years or over received a full dose, whereas those under 70 years of age received a half dose, as per
Canada's guidelines.
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Lower RBD binding antibodies are associated with older age and number of chronic health
conditions, but older adults nevertheless mount strong responses to a third mRNA vaccine dose.
We measured total anti-RBD binding antibody concentrations in serum before and after
immunization with one, two and three COVID-19 vaccine doses using a commercial assay (Figure 1).
As reported previously 31, antibody concentrations in older adults were significantly lower than those in
HCW one month after the first vaccine dose (a median of 2.00 [IQR 1.75-2.25] log10 U/mL in HCW
versus a median of 1.50 [IQR 1.05-1.99] in older adults), as well as one month after the second vaccine
dose, a timepoint that should capture peak immune responses after a two-dose series (a median of 4.02
[IQR 3.88-4.25] in HCW versus a median of 3.74 [IQR 3.49-3.91] in older adults) (Mann-Whitney Utest; both p<0.0001). By three months following the second vaccine dose, antibody concentrations had
declined by ~0.4 log10 on average, to a median of 3.63 [IQR 3.44-3.83] in HCW versus a median 3.32
[IQR 3.04-3.56] in older Adults) (Mann-Whitney p<0.0001 for comparison between groups). By six
months following the second vaccine dose, binding antibody concentrations had declined by a further
~0.3 log10 on average, to a median of 3.30 [IQR 3.09-3.47] in HCW versus a median 2.96 [IQR 2.703.19] in older adults (p<0.0001). This further confirms that the binding antibody concentrations
induced by COVID-19 mRNA vaccines remain significantly lower in older compared to younger adults
at all time points following a two dose series.
By contrast, the binding antibody concentrations in COVID-19 convalescent individuals
remained consistently higher than those in HCW and older adults. At all timepoints after two doses, all
comparisons between convalescent individuals and older adults were statistically significant, and those
between convalescent individuals and HCW were significant in about half of comparisons. For
example, despite reductions in binding antibody concentrations over time in all individuals, at six
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months after the second vaccine dose, convalescent individuals maintained median responses of 3.50
(IQR 3.40-3.71) log10 (p=0.027 when compared to HCW; p<0.0001 when compared to older adults).
Multivariable analyses of binding antibody responses at one, three and six months following the
second vaccine dose, that adjusted for sex (as studies have reported more robust immune function in
females following pathogen infection and vaccination 33), ethnicity, number of chronic health
conditions, first-dose vaccine brand, dosing interval and day of specimen collection post-immunization
confirmed that older age remained negatively associated with antibody concentrations at one and three
months after the second vaccine dose (p=0.0067 and p=0.019, respectively, Table 2). One month
following the second vaccine dose for example, each decade of older age was associated with a 0.06
log10 lower binding antibody concentration. Furthermore, at both of these time points, a higher number
of chronic health conditions was also independently negatively associated with lower binding antibody
concentrations (p=0.011 and p=0.001, respectively). One month following the second vaccine dose for
example, each additional health condition was associated with an ~0.1 log10 lower response. By six
months following the second vaccine dose however, older age was no longer significantly associated
with binding antibody concentration. Rather, a higher number of chronic health conditions emerged as
the strongest correlate of lower responses at this timepoint, where each additional condition was
associated with an 0.14 log10 lower response (p=0.0001). A longer interval between first and second
vaccine doses was also associated with higher binding antibody responses, consistent with previous
reports 34-36. COVID-19 convalescent status was also associated with maintaining ~0.25 log10 higher
antibody concentrations at three and six months following the second vaccine dose (both p<0.05),
consistent with superior durability of "hybrid" immunity induced by infection followed by vaccination
37-39

.
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In all participants, a third COVID-19 vaccine dose boosted binding antibodies to concentrations
that were at least ~0.3-0.4 log10 higher than peak values observed after two doses (these magnitudes are
conservative, as many samples returned values above the assay's upper limit of quantification [ULOQ])
(Figure 1). After the third vaccine dose, binding antibodies in HCW rose to a median of 4.36 [4.08 to
>ULOQ] while those in older adults rose to a median of 4.33 [4.14 to >ULOQ], a difference that was
not statistically significant (p=0.92). At the time of writing, only three convalescent participants had
completed a post-third dose visit, all of whom mounted strong responses. Due to relatively limited
numbers, multivariable analyses were not performed on post-third dose responses. Nevertheless, these
univariable analyses indicate that older adults mount strong binding antibody responses to a third
COVID-19 vaccine dose.

Weaker virus neutralizing activity is associated with age and chronic health conditions, but older
adults nevertheless mount strong responses to a third mRNA vaccine dose.
We performed live SARS-CoV-2 neutralization assays to quantify the ability of plasma to block
virus infection of target cells, which may involve spike epitopes located outside the RBD 40,41, at all
timepoints (Figure 2). In this stringent assay, neutralizing activity is reported as the highest reciprocal
plasma dilution capable of preventing viral cytopathic effects in all three replicate wells, where a
reciprocal dilution of "10" indicates no or limited neutralization. As previously reported, neutralization
activities following one vaccine dose were generally weak in COVID-19 naïve individuals, though one
dose induced substantial neutralization in convalescent individuals (median reciprocal dilution 320). By
contrast, two vaccine doses induced neutralizing activities in most participants, though at consistently
lower levels in older adults. One month after the second vaccine dose, the median reciprocal dilution
was 160 [IQR 80-160] in HCW versus 40 [IQR 20-80] in older adults (p<0.0001). By three months
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after the second vaccine dose, neutralization had declined by two-fold or greater on average, to a
median reciprocal dilution of 40 (IQR 20-80) in HCW versus a median of 20 (IQR BLOQ-40) in older
adults (p<0.0001). By six months after the second vaccine dose, neutralization activity had declined to
below the limit of quantification (BLOQ) in more than half of participants, including 60% of HCW and
87% of older adults (Mann-Whitney p=0.02 for comparison of neutralization values between groups).
Though declines in neutralizing activity were also observed in convalescent participants, this group
maintained significantly higher neutralization activities compared to HCW and older adults at all time
points following two-dose vaccination.
Multivariable analyses confirmed that older age remained negatively associated with
neutralization at one and three months after two-dose vaccination (p=0.019 and p=0.008, respectively,
Table 2). At 6 months after the second vaccine dose however, age was no longer independently
associated with poorer neutralization after adjustment for other factors. COVID-19 convalescent status
remained consistently associated with superior neutralization activity at all time points following twodose vaccination (all p≤0.0005).
A third COVID-19 vaccine dose boosted neutralization activities to higher levels than those
seen after two doses (Figure 1), with median activities in HCW rising to 160 [IQR 120-1920]. Of note,
median activities in older adults also rose to 160 [IQR 80-400], a difference that was not statistically
significant compared to HCW (p=0.7). Despite limited numbers, these results indicate that older adults
mount strong neutralization responses to a third COVID-19 vaccine dose.

Vaccine-induced binding antibody responses decline over time in all individuals, but faster in those
with a higher burden of chronic conditions.
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Longitudinal measurement of binding antibody concentrations following the second vaccine
dose allowed us to visualize response decay rates (Figure 3A). Assuming exponential decay, we
estimated the antibody concentration half-lives to be a median of 60 [IQR 52-75] days in HCW versus
a median of 53 [IQR 44-66] days in older adults (p=0.0067; Figure 3B). This suggests that, in addition
to mounting overall weaker responses to COVID-19 vaccination compared to younger adults, binding
antibody responses in older adults also wane more quickly.
By contrast, the median half-life in convalescent individuals was 74 [IQR 61-118] days, which
was significantly longer than that of HCW and older adults (both p≤0.006; Figure 3B). In
multivariable analyses however, older age did not remain a significant independent correlate of shorter
antibody half-life (Table 3). Rather, each additional chronic health condition was associated with a ~6
day shorter antibody half-life (p=0.0046), suggesting that chronic health conditions that can accumulate
with age, rather than age itself, is the primary driver of the rate of binding antibody waning in
circulation over time. Notably, COVID-19 convalescent status was associated with a 34-day longer
antibody half-life after adjustment for other factors (p<0.0001), consistent with improved durability of
hybrid immunity 37-39. We did not attempt to estimate neutralization half-lives, as this activity had
already declined to undetectable levels in 48% of older adults by three months after the second vaccine
dose, and in 67% of all participants by six months after this dose.
DISCUSSION
Our followup study confirms that binding and neutralizing antibody activities induced by
COVID-19 mRNA vaccines are significantly weaker in older adults at all time points following a twodose immunization series. In multivariable analyses, a higher number of chronic health conditions was
also consistently independently associated with a weaker binding antibody response after two COVID19 vaccine doses, while a longer interval between first and second vaccine doses was consistently
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associated with higher binding antibody responses, as previously reported 34-36. We also showed that
binding antibody responses decline more rapidly over time in older adults, which can be attributed to a
higher number of chronic health conditions in this group. Notably, by six months following the second
vaccine dose, neutralizing responses in most individuals had declined to below the limit of
quantification in our assay, supporting recent public health decisions to offer third vaccine doses,
particularly to priority populations, on or before this time.
By contrast, binding and neutralizing antibody responses in COVID-19 convalescent
individuals who subsequently received two COVID-19 mRNA vaccine doses remained higher than
those of COVID-19 naïve individuals of all ages, and that neutralization antibody responses waned at a
slower rate, consistent with superior magnitude and durability of "hybrid" immunity induced by
infection followed by vaccination 37-39. Finally, our data revealed that a third COVID-19 vaccine dose,
which was received on average between 6-8 months after the second vaccine dose, significantly
enhanced binding and neutralizing antibodies in all groups, to levels higher than those observed after
two vaccine doses.
Our study has several limitations. As the precise immune correlates of protection for SARSCoV-2 transmission and disease severity remain incompletely characterized 42, the implications of our
results on individual-level protection from SARS-CoV-2 infection and COVID-19 remain uncertain.
We did not investigate vaccine-induced T-cell responses, which may play critical roles in protection
against severe COVID-19, particularly in the context of variants 43-50. Furthermore, our assays tested
only the ancestral SARS-CoV-2 strain (Wuhan or USA-WA1/2020); assessments of SARS-CoV-2
variants including Omicron are in progress. Our study was not designed nor powered to investigate
potential differences in immune responses between the two mRNA vaccines 51,52. Finally, at the time of
writing, post-third dose data were available for only a subset of participants, and at a single time point.
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In conclusion, while the observation of strong binding and neutralizing antibody responses to
third COVID-19 vaccine doses in older adults, including residents of long-term care, are encouraging,
it will be important to closely monitor the decline in these responses over time in this population.
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Table 1. Participant characteristics (n=151)
Healthcare
Workers
(n=81)
41 [35-51]
61 (75%)
37 (46%)
0 [0-0]
80 (99%)
79 (98%)
97 [91-102]
10/15 (67%)
259 [218-266]
80 (99%)
79 (98%)
28 [27-30]
81 (100%)
29 [29-32]
79 (98%)
90 [90-91]
78 (96%)
181 [179-182]
15 (19%)
30 [30-32]

Variable

Older Adults
(n=56)

Age in years, median [IQR]a
78 [73-83]
Female Sex, n (%)
38 (68%)
White/Caucasian Ethnicity, n (%)
43 (77%)
Chronic health or immunosuppressive conditions, median [IQR]
1 [0-2]
Comirnaty, First mRNA Vaccine, n (%)
48 (86%)
Comirnaty, Second mRNA Vaccine, n (%)
46 (82%)
Time between first and second doses in days, median [IQR]
76 [45-85]
b
Comirnaty, Third mRNA Vaccine, n (%)
7/28 (25%)*
Time between second and third dose in days, median [IQR]
205 [158-247]
Specimens collected pre-vaccine, n (%)
49 (88%)
Specimens collected one month after first dose, n (%)
49 (88%)
Day of specimen collection one month after first dose, median [IQR] days
30 [28-32]
Specimens collected one month after second dose, n (%)
55 (98%)
Day of specimen collection one month after second dose, median [IQR] days
29 [29-31]
Specimens collected three months after second dose, n (%)
53 (95%)
Day of specimen collection three months after second dose, median [IQR] days
90 [89-92]
Specimens collected six months after second dose, n (%)
40 (71%)
Day of specimen collection six months after second dose, median [IQR] days
176 [167-182]
Specimens collected one month after third dose, n (%)
28 (50%)
Day of specimen collection one month after third dose, median [IQR] days
30 [29-32]
a
IQR, interquartile range
b
At time of writing, 3rd dose data were only available for a subset of participants, so denominators are shown.
* Vaccine brand information is pending for 8 Older Adults
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COVID-19
Convalescent
(n=14)
48 [36-87]
10 (71%)
7 (50%)
0 [0-1]
13 (93%)
13 (93%)
112 [87-118]
3/3 (100%)
164 [149-180]
13 (93%)
13 (93%)
31 [28-32]
14 (100%)
32 [30-36]
13 (93%)
90 [87-91]
10 (71%)
180 [179-181]
1 (21.4%)
30 [29-30]

Table 2: Multivariable analyses of the relationship between sociodemographic, health and vaccine-related variables on immunogenicity measures
following two-dose COVID-19 mRNA vaccination
1 mo after 2nd dose

3 mo after 2nd dose

Humoral
measure

Variable

anti-RBD

Age (per year)

Abs

Male sex

(log10)

white Ethnicity

0.098

-0.056 to 0.25

0.21

# chronic cond. (per add'l)

-0.096

-0.17 to -0.022

0.011

Spikevax as first dose

0.25

-0.038 to 0.54

0.088

Dose interval (per day)

0.0034

0.00011 to 0.0067

Days since 2nd dose

0.0039
0.16

COVID-19 convalescent

6 mo after 2nd dose

Estimate

95% CI

p-value

Estimate

95% CI

p-value

Estimate

95% CI

p-value

-0.0061

-0.010 to -0.0017

0.0067

-0.0047

-0.0085 to -0.00077

0.019

-0.0027

-0.0074 to 0.0021

0.27

0.012

-0.14 to 0.17

0.88

0.089

-0.052 to 0.23

0.21

0.057

-0.088 to 0.21

0.44

0.15

0.012 to 0.29

0.033

0.070

-0.075 to 0.21

0.34

-0.11

-0.18 to -0.047

0.001

-0.14

-0.21 to -0.070

0.0001

0.32

0.054 to 0.59

0.019

0.25

-0.057 to 0.55

0.11

0.043

0.0054

0.0025 to 0.0083

0.0003

0.0050

0.0019 to 0.0080

0.0015

-0.026 to 0.033

0.80

0.015

-0.0098 to 0.040

0.24

-0.00057

-0.011 to 0.0094

0.91

-0.087 to 0.42

0.20

0.23

0.0081 to 0.46

0.042

0.25

0.0061 to 0.50

0.045

Viral

Age (per year)

-0.018

-0.033 to -0.0030

0.019

-0.020

-0.034 to -0.0052

0.008

-0.0049

-0.020 to 0.010

0.52

neut

Male sex

-0.33

-0.85 to 0.18

0.21

0.22

-0.30 to 0.75

0.40

0.25

-0.20 to 0.71

0.27

(log2)

white Ethnicity

-0.075

-0.59 to 0.43

0.77

0.27

-0.24 to 0.78

0.30

-0.024

-0.48 to 0.44

0.92

# chronic cond. (per add'l)

-0.10

-0.34 to 0.14

0.42

-0.16

-0.40 to 0.095

0.22

0.00081

-0.21 to 0.22

0.99

Spikevax as first dose

0.86

-0.098 to 1.82

0.078

0.71

-0.30 to 1.7

0.17

0.92

-0.053 to 1.89

0.064

Dose interval (per day)

0.0066

-0.0044 to 0.018

0.24

-0.00046

-0.011 to 0.010

0.93

0.0036

-0.0057 to 0.013

0.45

Days since 2nd dose

0.0040

-0.094 to 0.10

0.94

-0.066

-0.16 to 0.026

0.16

-0.0038

-0.036 to 0.028

0.81

1.64

0.81 to 2.47

0.0001

1.84

1.0 to 2.7

<0.0001

1.50

0.68 to 2.32

0.0005

COVID-19 convalescent

*for viral neutralization, reciprocal plasma dilutions were log2 transformed prior to multivariable analysis.
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Table 3: Multivariable analysis of the relationship between sociodemographic, health and vaccine-related variables on serum antibody half-life
following two-dose COVID-19 mRNA vaccination
Outcome measure
Ab half-life after two vaccine doses
(in days)

Variable
Age (per year)
Male sex
white Ethnicity
# chronic conditions (per add'l)
Spikevax as first dose
Dose interval (per day)
COVID-19 convalescent

Estimate
0.13
7.09
5.53
-6.02
-1.61
-0.00019
34.42
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95% CI
-0.12 to 0.37
-1.74 to 15.91
-3.26 to 14.31
-10.16 to -1.89
-17.86 to 14.64
-0.18 to 0.18
20.18 to 48.65

p-value
0.30
0.11
0.22
0.0046
0.85
0.99
<0.0001

Figure 1

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

1

<0.0001

<0.0001

0.3

0.06

0.027

<0.0001

<0.0001

0.9

<0.0001

ULOQ

4
3
2
1
0
81

55

14

79

53

13

78

Convalescent

HCW

Older Adults

Convalescent

HCW

Older Adults

Convalescent

HCW

Older Adults

Convalescent

HCW

pre-vax
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1 mo
after 1st

1 mo
after 2nd

3 mo
after 2nd

40

10

15

28

3

Convalescent

13

Older Adults

49

HCW

79

Convalescent

13

Older Adults

n=80 49

HCW

-1

LLOQ

Older Adults

Anti-RBD antibody conc (log10)

5

<0.0001

6 mo
after 2nd

1 mo
after boost
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Figure 1. Longitudinal binding antibody responses to spike RBD following one, two and three
COVID-19 vaccine doses. Binding antibody responses to the SARS-CoV-2 spike RBD in serum, in
HCW (blue circles) and older adults (orange circles) who were COVID-19 naive at study entry, as well
as COVID-19 convalescent individuals (black circles) at six timepoints: prior to vaccination, one
month following the first dose, one, three and six months following the second vaccine dose, and one
month following the third or booster vaccine dose. The numbers of participants analyzed are indicated
at the bottom of the plot. Red bars and whiskers represent the median and IQR. P-values were
computed using the Mann-Whitney U-test (for comparisons between groups) or the Wilcoxon matched
pairs test (for comparisons across time points within a group) and are uncorrected for multiple
comparisons. LLOD: lower limit of detection. ULOQ: upper limit of quantification.
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Figure 2

<0.0001

0.09
<0.0001
<0.0001

4096

0.08

1

0.009

<0.0001

<0.0001

0.002

0.001

0.7

0.02

<0.0001

ULOQ

2048
1024
512
256
128
64
32
16

LLOQ

pre-vax
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HCW
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8
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n=19 12

HCW

4
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8
Older Adults

neutralization: reciprocal dilution
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Figure 2. Longitudinal live virus neutralization activity in plasma following one, two and three
COVID-19 vaccine doses. Viral neutralization activities, defined as the lowest reciprocal plasma
dilution at which neutralization was observed in all triplicate assay wells, in HCW (blue circles) and
older adults (orange circles) who were COVID-19 naive at study entry, as well as COVID-19
convalescent participants (black circles) at six timepoints: prior to vaccination, one month following
the first dose, one, three and six months following the second vaccine dose, and one month following
the third or booster vaccine dose. Plasma samples showing neutralization in fewer than three wells at a
1/20 dilution were coded as having a reciprocal dilution of 10, corresponding to the lower limit of
quantification (LLOQ) in this assay. The highest dilution tested was 1/2560, which corresponds to the
upper limit of quantification (ULOQ) in this assay. The numbers of participants analyzed are indicated
at the bottom of the plot; note that only a subset of pre-vaccine plasma samples was assayed for this
activity. Red bars and whiskers represent the median and IQR. P-values were computed using the
Mann-Whitney U-test (for comparisons between groups) or the Wilcoxon matched pairs test (for
comparisons across time points within a group) and are uncorrected for multiple comparisons.
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Figure 3
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Figure 3: Decay rates and half-lives of serum binding antibody responses to spike RBD following
two COVID-19 vaccine doses. Panel A: Temporal declines in serum binding antibody responses to
spike-RBD following two COVID-19 vaccine doses in HCW (blue) and older adults (orange) who
were COVID-19 naive at study entry, as well as COVID-19 convalescent participants (black circles).
ULOQ: upper limit of quantification. Panel B: Binding antibody half-lives following two COVID-19
vaccine doses, calculated by fitting an exponential curve to each participant's available longitudinal
measurements shown in panel A. The numbers of participants analyzed are indicated at the bottom of
the plot. Red bars and whiskers represent the median and IQR. P-values were computed using the
Mann-Whitney U-test and are uncorrected for multiple comparisons.
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