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CoV-2 among Indians.

Methods: We conducted a 6-month longitudinal study in vaccinated healthcare workers by serially
measuring quantitative anti-spike antibody at 3-weeks, 3-months and 6-months after the completion of
second dose. Geometric mean titer (GMT) and linear mixed models were used to assess the dynamics of
antibody levels at 6 months.

Results: Of the 481 participants, GMT of anti-spike antibody decreased by 56% at 6-months regardless of

Keywords:
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Covishield age, gender, blood group, body-mass index and comorbidities in 360 SARS-CoV-2 naive individuals but
Covaxin significantly more in hypertensives. Participants with past infection had significantly higher GMT at all
SARS-CoV-2 time points compared to the naive individuals. Among SARS-CoV-2 naive cohorts, a significantly higher
COVID-19 GMT was noted amongst the Covishield recipients at all time points, but there was a 44% decline in GMT

at 6-month compared to the peak titer period. Decline in GMT was insignificant (8%) in Covaxin re-
cipients at 6-month despite a lower GMT at all time points vs. Covishield. There was 5.6-fold decrease in
seropositivity rate at 6-month with both vaccines. Participants with type 2 diabetes mellitus have a lower
seropositivity rate at all the time points. Seropositivity rate was significantly higher with Covishield vs.
Covaxin at all time points except at 6-month where Covaxin recipients had a higher seropositivity rate
but no difference noted in propensity-matched analysis.
Conclusions: There is waning humoral antibody response following two doses of either vaccine at six
months. Covishield recipients had a higher anti-spike antibody GMT compared with Covaxin at all-time
points, however a significant decline in antibody titers was seen with Covishield but not with Covaxin at
6-months.
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1. Introduction

Vaccination against Severe Acute Respiratory Syndrome Coro-
navirus 2 (SARS-CoV-2) infection causing Coronavirus disease 2019
(CoVID-19) with ChAdOx1-nCOV (Covishield™) and BBV-152
(Covaxin™) in India started from January 16, 2021 following
Emergency Use Approval (EUA) by the Drug Controller General of
India. ChAdOx1-nCOV or AZD1222 or Covishield™, acquired from
Oxford University and AstraZeneca, manufactured by Serum Insti-
tute of India, Pune, is a recombinant replication-deficient chim-
panzee adenovirus-vectored vaccine encoding SARS-CoV-2 spike
antigen produced in genetically modified human embryonic kidney
(HEK) 293 cells. BBV-152 or Covaxin™ manufactured by Bharat
Biotech, Hyderabad in collaboration with Indian Council of Medical
Research, India, is a B-propiolactone inactivated whole virion vac-
cine having all SARS-CoV-2 proteins adjuvanted with imidazoqui-
noline, a Toll-like receptor 7/8 (TLR 7/8) agonist, to boost the
immune response. While each dose (0.5 ml) of Covishield contains
5 x 10'° viral spike particles, each 0.5 ml dose of Covaxin contains
6 pg dose of whole virion inactivated corona virus protein of strain
NIV-2020-770. The exact proportion of spike antigen in Covaxin is
not known. Available phase 3 randomized clinical trials (RCTs) of
both vaccines found them safe and significantly effective [1,2].
However, there is still a paucity of data in the real-world settings as
to how much and how long both these novel vaccines can elicit an
immune response both at humoral and cellular level. Long-term
antibody kinetics after the completion of both doses of Covishield
and Covaxin in Indians is even less well known. We have recently
reported the short-term anti-spike antibody humoral response af-
ter the first and second dose of both vaccines from Cross-sectional
Coronavirus Vaccine-induced Antibody Titre (COVAT) study [3].
Here, we report a longitudinal 6-month follow-up of humoral
antibody kinetics from COVAT study after the completion of the
second dose.

2. Methods
2.1. Study design and participants

Our report follows the Strengthening the Reporting of Obser-
vational Studies in Epidemiology (STROBE) reporting guideline for
cross-sectional studies [4]. COVAT study was a pan-India, cross-
sectional study approved by the ethical committee of Thakershy
Charitable Trust, Ahmedabad, Gujarat, India. Informed consent was
taken on Google-sheet from all the participants who volunteered to
participate in this study. Inclusion and exclusion criteria for this
study has already been published earlier [3]. Summarily, all adult
health care workers (HCWs) of >18 years of age who completed two
dose of either vaccine and had completed a total of four measured
anti-spike antibody titre until 6-month of second dose were
included in this analysis. Measurement of anti-spike antibody at
four time-points include — a. first sample: day 21 after the first dose
until the day before the second dose, b. second sample: day 21-28
of second dose, c. third sample: day 83—97 (3-months) of second-
dose and, d. fourth sample: day 173—187 (6-months) after the
second dose. An additional 7 days for collection of blood samples
was allowed due to sporadic lockdown at that point of time. Par-
ticipants who had past COVID-19 (recovered from the COVID-19 > 6
weeks before the first dose of either vaccine) were also included in
this study. Participants who acquired confirmed SARS-CoV-2
infection <6-week before the first dose of vaccine, and between
first dose and within 2-weeks of second dose of vaccine, were
excluded from this analysis.
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2.2. Measurements

All samples were collected as either serum or plasma using
EDTA vials from each participant and analyzed at Central laboratory
of Neuberg, Supratech at Ahmedabad, Gujarat, India. The IgG an-
tibodies to SARS-CoV-2 directed against the spike protein (S-anti-
gen, both S1 and S2 protein) were assayed with LIAISON® S1/S2
quantitative antibody detection kit (DiaSorin Saluggia, Italy) using
indirect chemiluminescence immunoassay (CLIA). The diagnostic
sensitivity of this kit has been reported to be 97.4% with a specificity
of 98.5% as per manufacturer's protocol. Antibody levels >15.0
arbitrary unit (AU)/mL were considered as sero-positive, while
antibody level <15 AU/mL were considered as seronegative, as per
the manufacturer's kit. This kit has found to have a concordance to
neutralizing antibody (NADb) done by Plaque Reduction Neutrali-
zation Test (PRNT) with a positive agreement of 94.4% and negative
agreement of 97.8% at a cut-off of >15 AU/mL. The lower and upper
limit of this quantitative spike antibody kit is 3.8 and 400 AU/mL
respectively, as per the manufacture's brochure [5].

Clinical data was collected from all eligible participants
including age, sex, blood groups, body mass index (BMI), past his-
tory of confirmed SARS-CoV-2 infection, any comorbidities, pres-
ence of diabetes mellitus (type 1 [T1IDM] and type 2 [T2DM]),
hypertension (HTN) including its duration and treatment received,
dyslipidemia, ischemic heart disease (IHD), chronic kidney disease
(CKD) and cancer. Data was collected for any adverse events post-
vaccination and subsequent SARS-CoV-2 infection including
breakthrough infections.

2.3. Statistical analysis

Standard descriptive statistics were used to present the de-
mographic characteristics of patients included in this study. Cate-
gorical data are shown in counts and percentages whereas
quantitative antibody levels data are presented in geometric mean
titer (GMT) with 95% confidence interval (CI). Differences in de-
mographic and clinical characteristics between groups were
computed using Chi-square test for categorical variables. Linear
mixed models were fitted to examine the anti-spike antibody ki-
netics over the 6-month period after receipt of the second vaccine
dose and to associate these changes with the demographic char-
acteristics and co-existing conditions of the study participants. The
dependent variable was first log-transformed. The covariates in the
linear mixed model analysis included sex, age group (<60 years and
>60 years), body-mass index (BMI; the weight in kilograms divided
by the square of the height in meters), co-existing co-morbid
conditions, diabetes status, duration of diabetes, hypertension
status, duration of hypertension, dyslipidemia, ischemic heart dis-
ease, type of vaccine etc. Time was modeled as a linear trend from
the receipt of the second dose up to 6 months. The estimated effects
of covariates are presented as ratios of means with 95% confidence
intervals on the original logarithmic scale of the anti-spike anti-
bodies. Cochran's Q test is used to determine if there are differences
on a dichotomous dependent variable i.e., the seropositivity rate
(defined as yes or no) between different time points of antibody
titer measurement after second dose of vaccination. Repeated
measures ANOVA with post-hoc adjustment method is used to
evaluate for any significant differences in antibody titer measure-
ments between different time points within similar cohort. We
took into account both Greenhouse Geiser correction and Huynh-
Feldt correction, in case the assumption of sphericity was violated
by Mauchly's test of sphericity. One-way ANOVA (analysis of vari-
ance) with post-hoc test has been used to find the significance of
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study parameters between three cohort of patients viz. SARS-CoV-2
naive, breakthrough infection and past infection. A propensity
score was generated taking into consideration age, sex and BMI of
the SARS-CoV-2 naive cohorts after two complete doses of either
vaccine to eliminate the bias that could have creeped in due to the
convenience sampling method. Multiple binary logistic regression
analysis was carried out to identify the independent predictors of
breakthrough infection. A two-sided p value of less than 0.05 was
considered to indicate statistical significance. Entire statistical
analysis was carried out with Statistical Package for Social Sciences
(SPSS Complex Samples) Software Version 22.0 for windows, SPSS
Inc., Chicago, IL, USA, with Microsoft Word and Excel being used to
generate graphs and tables.

3. Results

Data collection for this analysis started since the January 16,
2021 (first day of vaccination amongst HCW) until November 15,
2021 (data-lock date). Of the 515 vaccinated health care workers
who were eligible for the study, 481 were selected for this analysis
who had completed results from all 4 blood samples until 6-month
follow-up, after the completion of second dose. Of the 481 partic-
ipants, 64 had breakthrough SARS-CoV-2 infection (positive RT-
PCR/RAT result for SARS-CoV-2, >2-weeks after the second dose),
while 57 participant had a confirmed past history of COVID-19 (6-
weeks before the first dose of vaccine). Supplementary Fig. 1
summarizes the patients’ disposition for this 6-month longitudi-
nal follow-up analysis. The demographic characteristics and data
on coexisting conditions in the study participants are provided in
Supplementary Table 1 for all the three groups-a. SARS-CoV-2 naive
until data-lock date, b. Participants with breakthrough infection
and, c. Participant with past history of COVID-19 before first dose of
vaccine.

3.1. Mixed-model analysis of variables associated with anti-spike
antibody titers after two doses of vaccine in SARS-CoV-2 naive
cohorts

As mentioned in methodology, a linear mixed model was fitted
to examine the anti-spike antibody kinetics over the 6-month
period (time was modeled as a linear trend) in SARS-CoV-2 naive
individuals (N = 360) to study the change with the demographic
characteristics and with associated co-morbidities of the study
participants. Our analysis found that in the peak periods (defined as
day 21 through 28 after the receipt of second dose of vaccine) a
significantly lower anti-spike antibody titers was associated with
participants with age >60 years and participants having any co-
morbidities compared to age <60 years and individuals without
comorbidities, but no such difference was noted at the end-of-
study period (defined as day 180 through 187 after receipt of the
second dose). There was no difference noted in the anti-spike
antibody titers at the peak and at the end-of-study period with
regard to gender, body-mass index and blood group. While no
significant difference in antibody titre was noted in participants
with T2DM, dyslipidemia, ischemic heart disease vs. without these
comorbidities, a significantly lower anti-spike antibody titer was
seen in the hypertensive subjects at the end of study period (but
not in the peak period). Notably, while a higher anti-spike antibody
titer was noted amongst the Covishield recipients at the peak titer
period (factor 1.62; 95% CI, 1.15—2.26), this was no longer significant
at the end-of-study period (factor 1.37; 95% CI, 0.77—1.59). Similar
findings were noted in the mixed model analysis of propensity
matched (age, Sex and BMI) cohorts (n = 41, in each group) who
took either Covishield or Covaxin. Propensity matched analysis
found a significantly higher anti-spike antibody titre amongst the
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Covishield recipients during the peak period (factor 1.72; 95% CI,
1.18—2.63) compared to Covaxin but not at the end-of-study period
(factor 1.46; 95% CI, 0.83—1.67). Table 1 summarizes the findings
from mixed model analysis.

Collectively, there was a trend of decline in antibody titre in all
participants over time but it was significantly lower at the end of 6-
months in hypertensive vs. normotensive participants.

3.2. Trend in anti-spike antibody GMT between SARS-CoV-2 naive,
those with breakthrough infection and individuals with past history
of COVID-19 after the first dose of vaccine until 6-months after the
second dose

A significant difference (p < 0.001) in the geometric mean
antibody titre was noted between the participants who were SARS-
CoV-2 naive, had breakthrough infection and with a past history of
COVID-19, during all the sampling time points as computed by one-
way ANOVA test. Amongst all fully vaccinated cohorts, there was a
significantly lower GMT in SARS-CoV-2 naive participants at 3- and
6-month (GMT 67.83 AU/mL; 95% CI, 67.24—68.15 AU/mL at 3-
month, and GMT 44.77 AU/mL; 95% CI, 44.09—45.23 AU/mL at 6-
month) versus those who had past history of COVID-19 (GMT
277.86 AU/mL; 95% CI, 276.19—278.22 AU/mL at 3-month, and GMT
205.24 AU/mL; 95% CI, 204.87—206.31 AU/mL at 6-month;
p < 0.001 for both time points) or who had breakthrough infection
(GMT 338.84 AU/mL; 95% CI, 337.77—339.16 AU/mL at 3-month, and
GMT 245.47 AU/mL; 95% CI, 245.29—245.54 AU/mL at 6-month;
p < 0.001 at both time points). Notably, there was no difference in
GMT between patients with past history of COVID-19 and break-
through infection both at 3-month (p = 0.397) and 6-month
(p = 0.369) after the second dose. When we analyzed the trend
in antibody titre for within-group difference across various time
points by repeated measures ANOVA, we found a significant in-
crease in GMT in SARS-CoV-2 naive cohort at 21-days and 3-
months after the second dose (both p < 0.001) but the GMT
returned to the baseline value (titre at 21-days after the first dose)
at 6-months (p = 0.177). In the breakthrough infection cohort, the
GMT increased significantly across all the subsequent sampling (21-
days and 3-months post-second dose, both p < 0.001), however
there was a significant (p < 0.001) dip in the antibody titre at 6-
months after second dose. For the participants with past history
of COVID-19, there was a nominally significant increase in GMT at
21-days after second dose (p = 0.049) compared to 21-days after
first dose (baseline value), and no significant difference noted
compared to baseline value at 3-months (p = 0.26) and 6-months
(p = 0.15) after the second dose. Overall, there was 41% decline in
anti-spike GMT at 6-month compared to peak period (21-days after
the second dose) in all 481 participants. In SARS-CoV-2 naive in-
dividuals, anti-spike GMT decreased by 56% at 6-month compared
to the peak period. Fig. 1 depicts the mean GMT at all time points
across all groups. For the Covishield recipients, the anti-spike GMT
increased significantly from baseline (21-days post-first dose) to
21-days post-second dose (p < 0.001) but it dipped significantly at
3- and 6-months post-second dose (p < 0.001 for all timepoint
comparison). In case of Covaxin recipients, the GMT of antibody
increased significantly from baseline (21-days post-first dose) to
21-days post-second dose (p < 0.001) but the GMT of antibody
plateaued at 3- and 6-months post-second dose (all p > 0.05) unlike
the Covishield recipient. Comparatively, anti-spike antibody GMT
was significantly higher at all time points in Covishield recipients
compared to Covaxin recipients, including at 6-months following
second dose. Interestingly, while there was a significant 44%
decline in the anti-spike antibody GMT in Covishield recipients at
6-months compared to the peak period (21-days after the second
dose), no significant (8%) decline in anti-spike GMT was observed in
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Table 1
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Mixed-model analysis of variables associated with anti-spike antibody titers after following two doses of vaccine in SARS-CoV-2 naive cohorts.

Variables (ratio of mean titer [95% CI])

Peak titer (21-days after second dose)

End of study titer (6-months after second dose)

Age group

<60 years Reference

>60 years 0.78 [0.66—0.98] **
Gender

Female Reference

Male 1.13 [0.94—1.35]
Body-mass index (BMI)

BMI <25 kg/m? Reference

BMI 25—29.9 kg/m? 0.95 [0.72—1.33]
BMI >30 kg/m? 0.92 [0.71-1.42]
Blood Group

AB+ Reference

A+ 1.13 [0.70—-1.79]
B+ 1.39 [0.91-2.10]
0+ 1.52 [0.91-1.94]
A- 1.83 [0.62—3.28]
B- 1.23 [0.58—2.82]
AB- 0.81 [0.44—1.87]
0- 1.14 [0.57-2.31]

Co-morbidities

Any co-morbidities 0.88 [0.71—-0.96] **

No co-morbidities Reference

Type 2 Diabetes Mellitus (T2DM)

Yes, T2DM 0.88 [0.76—1.35]
No, T2DM Reference
Duration of T2DM

Duration <5 years Reference
Duration 5—10 years 1.26 [0.37—4.24]
Duration >10 years 0.56 [0.23—1.36]
Hypertension (HTN)

Yes, HTN 0.95 [0.83—1.31]
No, HTN Reference
Duration of HTN

Duration <5 years Reference
Duration 5—10 years 0.82 [0.15—-11.42]
Duration >10 years 0.76 [0.26—5.64]
Dyslipidaemia

Yes, Dyslipidaemia 0.72 [0.40—6.13]
No, Dyslipidaemia Reference
Ischemic Heart Disease (IHD)

Yes, IHD 0.82 [0.46—1.43]
No, IHD Reference
Vaccine type (SARS-CoV-2 naive, N = 360)

Covishield 1.62 [1.15-2.26] **
Covaxin Reference
Vaccine type (SARS-CoV-2 naive, propensity-matched, n = 41)

Covishield 1.72 [1.18—-2.63] **
Covaxin Reference

Reference
0.87 [0.67—1.98]

Reference
0.91 [0.68—1.16]

Reference
0.78 [0.33—14.82]
0.83[0.471-11.83]

Reference

1.11 [0.64—2.49]
1.07 [0.69—-2.98]
1.19 [0.64—-2.01]
0.69 [0.20—2.30]
1.09 [0.46—3.08]
1.31 [0.48—5.94]
1.16 [0.42—3.23]

0.77 [0.62—1.07]
Reference

0.77 [0.63—1.39]
Reference

Reference
1.87 [0.02—18.67]
0.84 [0.03—19.86]

0.46 [0.15—0.77] **
Reference

Reference
1.44 [0.65—-3.17]
1.01 [0.49—-1.86]

0.82 [0.45—6.61]
Reference

2.93 [0.53—4.60]
Reference

1.37 [0.77—-1.59]
Reference

1.46 [0.83—1.67]
Reference

“The peak period was defined as days 21 through day 28 after the receipt of second dose of vaccine, whereas end of study was defined as day 180 through days 187 after the
receipt of second dose; **P < 0.05; SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2.

Covaxin recipients at 6-months. This finding is unique in light of
significant and consistent greater generation of anti-spike antibody
GMT with Covishield compared to the Covaxin at all time points
(21-days post-first dose until 6 month post-second dose of vac-
cine). Fig. 2 depicts the GMT with either vaccine in overall and
propensity-matched SARS-CoV-2 naive individuals. Table 2 sum-
marizes the findings between the three groups.

Collectively, these findings suggest a greater antibody response
following vaccination in those who had SARS-CoV-2 infection
either before the first dose or after the second dose compared to
infection naive individuals, which is an expected finding. Impor-
tantly, this longitudinal study also showed that anti-spike antibody
decreased by 56% at 6-months as compared to the peak period in
SARS-COV-2 naive cohorts. Despite a significantly greater GMT of
anti-spike antibody in Covishield recipients at all time point
compared to Covaxin in SARS-CoV-2 naive cohorts, there was a
significant 44% decline in anti-spike antibody in the former group
compared to the later (nonsignificant 8%). And, a similar significant

decline (45%) with Covishield while no apparent decline (11%) with
Covaxin was also noted in propensity matched (N = 41, in each arm)
SARS-CoV-2 naive cohorts.

3.3. Trend in seropositivity rate in SARS-CoV-2 naive cohorts

Overall, there was a significant (5.6-fold) decline in the sero-
positivity rate over a period of six months after the second dose in
SARS-CoV-2 naive cohort. Reduction in seropositivity at the 6-
month was noted in relation to all the studied clinical de-
mographic parameters (p < 0.001) regardless of the type of vaccine
received. The seropositivity rate in the age group <60 years is
significantly higher at all the time points compared to the age >60
years. Similarly, participants with T2DM have a lower seropositivity
rate at all the time points compared to those without. No difference
in seropositivity was noted at any of the time points with regard to
gender, BMI, blood group, presence or absence of HTN (including its
duration), dyslipidemia and IHD. Although Covishield recipients
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Trend in Antibody Titre until 6-month of Second-dose
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Fig. 1. GMT of anti-spike antibody over 6-months in all participants, SARS-CoV-2 infection naive cohorts, cohorts having past history of COVID-19 and cohorts with breakthrough

infection.

Trend in Antibody Titre until 6-month of Second-dose in SARS-CoV-2 naive cohorts: Vaccine-wise
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Fig. 2. GMT of anti-spike antibody over 6-month with Covishield and Covaxin in SARS-CoV-2 infection naive and propensity-matched naive cohorts.

have higher seropositivity rate both at 21-days and 3-months after
the second dose, a significantly (P = 0.009) higher seropositivity
rate in Covaxin recipients (38%) was noted at six months compared
to Covishield recipient (22%). However, in the propensity-matched

analysis there was no significant (p = 0.24) difference in seropos-
itivity rate at 6-months between the two vaccines. Table 3 sum-
marizes the findings on trend of seropositivity rate in SARS-CoV-2

naive individuals.
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Table 2
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Geometric mean titre (GMT) of anti-spike antibody in SARS-CoV-2 naive, breakthrough infection and individuals with past history of COVID-19 after first dose of vaccine until

6-month after the second dose.

Antibody titer, Geometric Mean (95% CI) in AU/mL

First sample, Second sample,

Third sample,

Fourth sample, P

21 days post-V1 21 days post-V2

3-months post-V2

6-months post-V2

Total cohort;N = 481 97.72 117.18 100 69.18 P <0.001; d-<0.001, e — <0.001, f- <0.001, g
(96.45—97.87) (116.54—117.65) (98.94—100.52) (68.95—69.33) - 0.005, h - <0.001, i -<0.001

SARS-CoV-2 40.22 102.98 67.83 44.77 P <0.001; d-<0.001,e — <0.001,f-0.177,g -
naive;N = 360 (39.62—40.89) (101.59-103.22) (67.24—-68.15) (44.09—-45.23) <0.001, h - <0.001, i - <0.001

Breakthrough 37.15 93.32

infection; N=64  (37.03, 37.26) (93.21-93.46)
Past history of COVID- 240.28 303.71

19; N =57 (238.76—240.01) (302.94-304.02)

338.84

277.86

(337.77-339.16)

(276.19-278.22)

245.47 P <0.001; d-<0.001, e — <0.001, f- <0.001, g
(245.29-245.54) - <0.001, h - <0.001, i - <0.001
205.24 P <0.001; d - 0.049, e — 0.262, f - 0.146, g -

(204.87—-206.31) 0.149, h - <0.001, i - <0.001

p* p <0.001; a-<0.001,b- p<0.001;a-<0.001,b- p<0.001; a-<0.001,b- p<0.001; a-<0.001,b -

0.370, ¢ - <0.001
SARS-CoV-2 naive cohorts, N = 360

0.684, ¢ - <0.001

<0.001; ¢ - 0.397

<0.001; c - 0.369

Covishield recipients 61.93 132.88 112.78 73.83 P <0.001; d-<0.001,e — <0.001,f-0.012, g -
(54.85—69.52) (122.88—144.40) (100.23—126.89) (64.54—84.47) <0.001, h - <0.001, i - <0.001

Covaxin recipients 16.17 50.11 50.81 46.27 P < 0.001; d - <0.001, e — <0.001, f - 0.002,
(10.96—23.87) (37.30-67.31) (33.46—-77.15) (31.18—68.68) g —0.201, h - 0.891,i - 0.634

p* <0.001 <0.001 <0.001 0.010

Propensity-matched SARS-CoV-2 naive cohorts, N = 41

Covishield recipients 56.93 128.94 111.83 71.28 P <0.001; d-<0.001,e — <0.001, f-0.019, g -
(53.74—60.28) (124.48—-130.65) (108.98—124.83) (63.4—83.47) <0.001, h - <0.001, i - <0.001

Covaxin recipients 18.72 53.83 51.31 47.73 P <0.001;d-<0.001, e — <0.001, f-0.004, g -
(14.68—25.11) (39.07-66.18) (34.96—-76.74) (34.78—69.92) 0.840, h - 0.392, i- 0.296

p* <0.001 <0.001 <0.001 0.021

p* < 0.05 considered as statistically significant when p computed by ANOVA test followed by post-hoc Bonferroni test; a: p value between SARS-CoV-2 naive and past history
of COVID-19, b: p value between SARS-CoV-2 naive and breakthrough infection, c: p value between past history of COVID-19 and breakthrough infection; AND.

P** < 0.05 considered as statistically significant when p computed by repeated measures ANOVA followed by post-hoc test; d: p value between first and second samples, e: p
value between first and third samples, f: p value between first and fourth samples, g: p value between second and third samples, h: p value between second and fourth

samples, i: p value between third and fourth samples.

V1: first dose of vaccine; V2: Second dose of vaccine; CI: Confidence interval; SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2; COVID-19: Coronavirus disease

2019; AU: Arbitrary unit.

3.4. Breakthrough infections and its correlation to demographic
characteristics, comorbidities and vaccine type

Overall, in the span of 6-months, 64 participants had break-
through infections >2-weeks after the second dose of vaccine but
all were mild to moderate (definition criteria published earlier [3])
in nature, regardless of the vaccine type. There was no significant
difference (p = 0.86) in breakthrough infection rate between Cov-
ishield (54/407, 13.3%) and Covaxin (10/74, 13.5%) recipients. Mul-
tiple logistic regression analysis to identify the independent
predictors could not pin point any demographic or clinical factor
that may have any significant association to breakthrough in-
fections including the vaccine type. Supplementary Table 2 sum-
marizes the results from multiple logistic regression analysis.

4. Discussion

In this cross-sectional longitudinal study, there was a significant
waning of humoral response within 6 months after receipt of the
second dose of both Covishield and Covaxin vaccine in 360 SARS-
CoV-2 naive cohort of HCWs, regardless of age, sex, BMI and
comorbidities. While we observed a 56% decrease in anti-spike
antibody GMT at 6-month after an initial peak following comple-
tion of second dose, hypertensive cohorts had significantly less
GMT at all time points vs. normotensive participants. Similarly,
people with T2DM had significantly less seropositivity to anti-spike
antibody at all time points. Our findings are in concordance to
several other studies conducted with different vaccines adminis-
tered globally. A prospective longitudinal study (N = 3808) from
Israel found a similar rapid decline in humoral response following
BNT162b2 (Pfizer-Biotech) vaccine within 6-months after the two
complete doses [6]. Another 6-month study of BNT162b2 (Pfizer-

Biotech) vaccine from Israel (N = 2653) demonstrated a decrease in
antibody titer by up to 38% each subsequent month, while 16.1%
subjects had antibody levels below the seropositivity threshold at
6-month after the two complete doses [7]. Similar waning of
antibody was seen in a 20-week sentinel surveillance study
(N = 33,533) conducted with inactivated CoronaVac vaccine from
Chile [8]. In a cross-sectional longitudinal study of 552 participants
from England and Wales there was a significant decline in anti-
spike antibody both with ChAdOx1 (five-fold decline) and
BNT162b2 (two-fold decline) at 10-weeks after two complete doses
of either vaccine [9]. From the Indian vaccine study standpoint, a
prospective longitudinal study from India involving 122 HCWs
found a substantial decline in levels of anti-spike antibody (S1
subunit) at 6-month compared to the peak values (one month)
after the second dose of the Covishield vaccine, suggesting a
sharper decay rate of 72% [10]. Another longitudinal cohort study
involving 533 HCWs that compared humoral response in both
Covishield and Covaxin recipients found a 2- and 4-fold decrease in
anti-spike antibody titer respectively, at 6 months, when measured
as median value (95% IQR) [11]. Contrarily, few other studies
showed different results with other vaccines. A sustained GMT of
anti-spike antibody was observed at the 6-month despite some
decline when compared to the initial peak after the two doses of
mRNA-1273 (Moderna) vaccine in 33 healthy adults [12]. A study of
20 participants who took one or two doses of Ad26.COV2.S (John-
son & Johnson) vaccine showed a durable humoral and cellular
responses at 8-months [13]. A comparative 8-month kinetic study
showed differential immune responses induced by two mRNA and
Ad26.COV2.S (Johnson & Johnson) vaccines. While both BNT162b2
(Pfizer-Biotech) and mRNA-1273 (Moderna) vaccines had evoked
higher peak anti-spike antibody after the two-doses initially
(Moderna > Pfizer-Biotech), it declined sharply by 8 months. In
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P* value

0.012

0.001

0.240

Table 3

Trend in seropositivity rate in SARS-CoV-2 naive cohort.
Variable Second sample,21 days post-V2 Third sample,3-months post-V2 Fourth sample,6-months post-V2 P*
Overall seropositivity, n/N (%) 342/360 (95.0) 311/360 (86.4) 259/360 (71.9) <0.001
Age
<60 years, n/N (%) 295/306 (96.4) 271/306 (88.6) 238/306 (77.8) <0.001
>60 years, n/N (%) 4754 (87) 40/54 (74.1) 21/54 (38.9) <0.001
P# value 0.010 0.008 0.016
Sex
Female, n/N (%) 142/148 (95.9) 130/148 (87.8) 34/148 (23) <0.001
Male, n/N (%) 200/212 (94.3) 181/212 (85.4) 55/212 (25.9) <0.001
P# value 0.625 0.536 0.537
Body-mass index (BMI)
BMI <25 kg/m?, n/N (%) 245/257 (95.3) 221/257 (86) 60/257 (23.3) <0.001
BMI 25—29.9 kg/m?, n/N (%) 59/63 (93.7) 56/63 (88.9) 17/63 (27) <0.001
BMI >30 kg/m?, n/N (%) 38/40 (95) 34/40 (85) 12/40 (30) <0.001
P* value 0.860 0.798 0.597
Co-morbidities
Any Co-morbidities, n/N (%) 78/84 (92.9) 67/84 (79.8) 29/84 (34.5) <0.001
No Co-morbidities, n/N (%) 264/276 (95.7) 244/276 (88.4) 60/276 (21.7) <0.001
P* value 0.389 0.048 0.021
Blood group
A + ve, n/N (%) 69/74 (93.2) 67/74 (90.5) 20/74 (27) <0.001
B + ve, n/N (%) 96/100 (96) 87/100 (87) 26/100 (26) <0.001
AB + ve, n/N (%) 17/19 (89.5) 15/19 (78.9) 7/19 (36.8) <0.001
O + ve, n/N (%) 137/144 (95.1) 122/144 (84.7) 31/144 (21.5) <0.001
A-ve, n/N (%) 6/6 (100) 6/6 (100) 1/6 (16.7) <0.001
B-ve, n/N (%) 8/8 (100) 6/8 (75) 3/8 (37.5) <0.001
AB-ve, n/N (%) 2/2 (100) 2/2 (100) 0/2 (0) <0.001
0-ve, n/N (%) 7/7 (100) 6/7 (85.7) 1/7 (14.3) <0.001
P* value 0.389 0.197 0.080
Type 2 diabetes mellitus (T2DM)
Yes, T2DM, n/N (%) 31/37 (83.8) 27(37 (73) 16/37 (43.2) <0.001
No, T2DM, n/N (%) 311/323 (96.3) 284/323 (87.9) 250/323 (77.4) <0.001
P# value 0.006 0.017 0.007
Duration of T2DM
Duration <5 years, n/N (%) 6/6 (100) 5/6 (83.3) 2/6 (33.3) <0.001
Duration 5—10 years, n/N (%) 16/21 (76.2) 14/21 (66.7) 10/21 (47.6) <0.001
Duration >10 years, n/N (%) 9/10 (90) 8/10 (80) 4/10 (40) <0.001
P# value 0.001 0.046 0.042
Hypertension (HTN)
Yes, HTN, n/N (%) 62/67 (92.5) 5267 (77.6) 21/67 (31.3) <0.001
No, HTN, n/N (%) 280/293 (95.6) 259/293 (88.4) 68/293 (23.2) <0.001
P# value 0.348 0.029 0.208
Duration of HTN
Duration <5 years, n/N (%) 22/22 (100) 18/22 (81.8) 5/22 (22.7) <0.001
Duration 5—-10 years, n/N (%) 28/32 (87.5) 24/32 (75) 12/32 (37.5) <0.001
Duration >10 years, n/N (%) 12/13 (92.3) 10/13 (76.9) 4/13 (30.8) <0.001
P# value 0.148 0.116 0325
Dyslipidaemia
Yes, Dyslipidaemia, n/N (%) 18/19 (94.7) 15/19 (78.9) 6/19 (31.6) <0.001
No, Dyslipidaemia, n/N (%) 324/341 (95.0) 296/341 (86.8) 83/341 (24.4) <0.001
P# value 0.973 0.579 0.662
Ischemic Heart Disease (IHD)
Yes, IHD, n/N (%) 8/8 (100) 6/8 (75) 3/8 (37.5) <0.001
No, IHD, n/N (%) 334/352 (94.9) 305/352 (86.6) 86/352 (24.4) <0.001
P# value 0.999 0.299 0.414
Vaccine type
Covishield, n/N (%) 295/299 (98.7) 277/299 (92.6) 66/299 (22.1) <0.001
Covaxin, n/N (%) 47/61 (77) 34/61 (55.7) 23/61 (37.7) <0.001
P* value <0.001 <0.001 0.009
Vaccine type (Propensity matched)
Covishield, n/N (%) 39/41 (95.12) 37/41 (90.24) 11/41 (26.82) <0.001
Covaxin, n/N (%) 31/41 (75.61) 24/41 (58.54) 16/41 (39.02) <0.001

P* computed by Cochran's Q test.
P# computed by chi-square test or Fischer's Exact test.

Anti-spike antibody levels >15.0 arbitrary unit (AU)/mL were considered as seropositive while antibody level <15 AU/mL were considered as seronegative, as per the

manufacturer's kit; V2- Second dose of vaccine.

contrast, one dose of Ad26.COV2.S (Johnson & Johnson) vaccine
induced lower antibody response initially, however, it was rela-
tively stable over the 8-months with minimal-to-no decline [14].
Our 6-month longitudinal cross-sectional study found that
people with past history of COVID-19 had significantly higher anti-

spike antibody GMT at all time points compared to SARS-CoV-2
naive individuals. This finding is concordant to several other
studies on the durability of humoral response in convalescent
persons and found anti-spike antibody levels decrease only
modestly at 8—10 months after the infection but remained
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significantly higher compared to SARS-CoV-2 naive individuals
[6,15—17]. Our study also found only a nominal increase in anti-
spike antibody GMT at the peak period (21-days of second dose)
in participants with past history of COVID-19, while no significant
GMT difference was noted at 3- and 6-months when compared to
baseline GMT at 21-days after the first dose. This may suggest that
second dose of vaccine did not boost anti-spike antibody GMT
further, compared to the first dose in participants who had a past
history of COVID-19. However, this finding remains speculative in
the absence of single dose vaccine comparator arm in our study.
Nevertheless, a small study (N = 59) from USA (Rush University,
Chicago) that compared one vs. two-dose of BNT162b2 (Pfizer-
Biotech) vaccine in people with past history of COVID-19 found a
significantly higher anti-spike antibody after one dose compared
with two doses in SARS-CoV-2 naive individuals, and the second
dose did not significantly increase anti-spike antibody compared to
the first dose [17]. We also demonstrated that despite a significant
increase in anti-spike antibody GMT with Covishield at all time
points (21-days post-first dose to 6-month post-second dose)
compared to Covaxin, there was a 44% decline in GMT over 6
months from the initial peak (21-days post first dose) in Covishield
recipients. However, in Covaxin recipients anti-spike antibody GMT
was relatively stable over the 6-months with minimal-to-no (8%)
decline despite a modest rise in anti-spike GMT at all time points.
Our finding is in contrary to the only other longitudinal study in
Indian HCWs that found Covaxin recipients had a 4-fold decrease in
median anti-spike antibody titer at 6-month compared with Cov-
ishield recipients who had 2-fold decline despite a significantly
higher median antibody titer with Covishield at all time points vs.
Covaxin [11]. As mentioned earlier, another Indian study reported a
72% decay rate in antibody titre at 6-month in Covishield recipient
[10]. The reason for this discrepancy of slow decay of antibody with
Covaxin in our study is not exactly known and needs to be studied,
however, at least one comparative Indian study found Covaxin
generating better cell-mediated immunity compared to Covishield
whilst Covishield found to be more effective in inducing humoral
immunity compared to Covaxin [18].

From an immunological standpoint, an eventual decay of
neutralizing antibody titers over the time following vaccination are
not unexpected. A decline of neutralizing antibody levels of 5—10%
with each passing year was also seen following vaccination against
mumps, measles and rubella [19,20]. Contrarily, a persistent in-
crease in memory B cells, long lived plasmablast and germinal B cell
responses over at least six months have been shown after mRNA
vaccination [21,22]. It should be noted that while good humoral
response in the form of neutralizing antibody titer may predict
some level of protection from symptomatic infection, cellular im-
munity is equally or perhaps more important in long term pro-
tection against severe disease [23]. From the vaccine effectiveness
standpoint, wanning of humoral antibody would likely translate to
reduction of vaccine efficacy. Indeed, a recent study of two dose of
BNT162b2 vaccine showed a decrease in protection by a factor of
four in a period of 4—7 months compared to its efficacy within <2-
months after the second dose [24,25]. While waning humoral
response at 6-month with these vaccines justify the need of
boosters for antibody mediated protection, no conclusive evidence
is yet available that suggest boosters augment the memory B and T
cell responses for long term protection against severe disease
[22,26].

To the best of our knowledge, this Pan-India cross-sectional
COVAT study would be the first of its kind that has involved HCWs
from 13 States and 22 cities and reporting a longitudinal anti-spike
antibody kinetics 6-month after the second dose of two different
vaccines in three different groups of participants-that include
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individuals who remained SARS-CoV-2 naive, participants with
breakthrough infections and people who had past history of COVID-
19 before the first dose of vaccine. However, we do acknowledge
several limitations. First, we have used a convenience sampling in
the present study which amounts to selection bias. Second, our
study had all health care workers, mostly healthy persons and
therefore they may not represent the general population. Third, we
did not have dilution and neat values for those sample that hit both
the upper and lower limit of kit value that assessed anti-spike
antibody. This could have likely underestimated the GMT in those
recipients who had undiluted plateaued value. Fourth, using mixed
model linear analysis may lead to loss in power to detect the sig-
nificant difference due to double fitting of the study parameter.
Fifth, we used a binary logistic regression to identify the indepen-
dent predictors of breakthrough infection but this model may miss
out any predictor variable which may have non-linear relationship
with the outcome variable. Sixth, we have measured only anti-
spike binding antibody and could not assess NAb and cell-
mediated immune response such as Th-1 and Th-2 dependent
antibody or cytokines (primarily due to the lack of standardized
commercial labs in India). Although a high correlation with spike
protein-based ELISA and different antibody classes to NAb have
been documented recently [27]. Finally, because of logistic issues
(due to lockdown) during pandemic we could not measure the
baseline anti-spike antibody titre prior to the first dose of vaccine.

5. Conclusions

In conclusion, this cross-sectional longitudinal study found-a)
Waning of anti-spike antibody titre over time regardless of age,
sex, BMI, comorbidities and type of vaccine but it was significantly
low in hypertensive cohort vs. normotensive at 6-month, b) Par-
ticipants with past history of COVID-19 had a significantly higher
anti-spike antibody titer at all time points compared to the SARS-
CoV-2 naive individuals after two doses of either vaccine, c¢) Sec-
ond dose of vaccine did only a little augmentation of spike antibody
titre compared to the first dose, d) Covishield recipients had
significantly higher anti-spike antibody titer at all time points until
6-month after two doses, e) There was a 56% decline in anti-spike
antibody GMT at 6-months compared to the peak period (21-days
after second dose) in SARS-CoV-2 naive individuals, f) There was
a44% decline in anti-spike antibody GMT at 6-months compared to
the peak period (at 21-days) after the second dose of Covishield, g)
There was a minimal-to-no reduction (8% decline) in anti-spike
antibody GMT at 6-months compared to the peak period (at 21-
days) after the second dose of Covaxin and similar findings were
noted in propensity-matched cohorts, h) There was 5.6-fold
reduction in seropositivity to anti-spike antibody at 6-month in
SARS-CoV-2 naive cohorts regardless of the vaccine received, i)
Despite a significant decline in seropositivity with both vaccines,
seropositivity was significantly higher with Covaxin compared to
Covishield at 6-month in SARS-CoV-2 naive cohorts, although no
significant difference was noted in propensity-matched cohorts, j)
No significant difference in breakthrough infection rate was noted
between Covishield and Covaxin recipients at 6-month.

Authorship

All authors meet the International Committee of Medical Journal
Editors (ICMJE) criteria for authorship and take responsibility for
the integrity of the work. They confirm that this paper will not be
published elsewhere in the same form, in English or in any other
language, including electronically.



A.K. Singh, S.R. Phatak, R. Singh et al.

Contribution of authors

AKS and SRP conceptualized, and designed the study. NKS, AG
and AS monitored the study and captured the data at all points of
time. AKS, KB, AS and RS conducted the statistical analysis. AKS and
RS wrote the first draft. AKS, KB and RS revised the manuscript. All
authors gave their intellectual inputs while preparing the manu-
script and agreed mutually to submit to this journal.

Funding
No funding received for this cross-sectional study.
Data sharing

All the authors are responsible for the originality of this study.
Original data can be shared from first author, if necessary, after a
reasonable request.

Declaration of competing interest

We hereby declare that we have no conflict of interest, related to
this article titled “Humoral Antibody Kinetics with ChAdOx1-nCOV
(Covishield™) and BBV-152 (Covaxin™) Vaccine among Indian
Healthcare workers: A 6-month Longitudinal Cross-sectional
Coronavirus Vaccine-induced Antibody Titre (COVAT) Study”

Acknowledgments

We would like to thank all the participants who volunteered for
this study. We express our sincere gratitude and acknowledgment
to our Indian regional coordinators for the smooth conduct of this
study that include (in alphabetical order) — Drs. Akash Kumar Singh
(Vadodara), Amit Gupta (Noida), Anuj Maheshwari (Lucknow),
Arvind Kumar Ojha (Kolkata), Bhavtharini (Erode), B. Harish Kumar
(Mysore), J] K Sharma (New Delhi), Jayant Panda (Cuttack),
Kavyachand Yalamudi (Guntur), Kiran Shah (Vadodara), M Gowri
Sankar (Coimbatore), Manohar KN (Bangalore), Meena Chhabra
(New Delhi), Pratap Jethwani (Rajkot), M Shunmugavelu (Trichy),
Rajiv Kovil (Mumbai), Sunil Gupta (Nagpur), Subhash Kumar
(Patna), Somnath (Hyderabad), Urman Dhruv (Ahmedabad). Our
heartfelt thanks to Ms. Roma Dave (Dietician) and Dr. Priya Phatak
(Ahmedabad) for keeping entire data up-to-date and confidential at
every step. Special thanks to Dr. Bhavini Shah, Dr. Sandip Shah, and
Dr. Krutarth Shah from Neuberg Supratech Laboratory, Ahmedabad,
for generously supporting our cause.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.dsx.2022.102424.

References

[1] Voysey M, Clemens SAC, Madhi SA, et al. Safety and efficacy of the ChAdOx1
nCoV-19 vaccine (AZD1222) against SARS-CoV-2: an interim analysis of four
randomised controlled trials in Brazil, South Africa, and the UK. Lancet
2021;397:99—-111.

Ella R, Reddy S, Blackwelder W, et al. Efficacy, safety, and lot to lot immu-
nogencity of an inactivated SARS CoV-2 vaccine (BBV152): a double-blind,
randomized, controlled phase 3 trial. online July MedRxiv. Preprint posted
2021;2.  https://doi.org/10.1101/2021.06.30.21259439.  2021;2021.06.30.
21259439.

2

Diabetes & Metabolic Syndrome: Clinical Research & Reviews 16 (2022) 102424

[3] Singh AK, Phatak SR, Singh R, et al. Antibody response after first and second-
dose of ChAdOx1-nCOV (Covishield) and BBV-152 (Covaxin) among health
care workers in India: the final results of cross-sectional coronavirus vaccine-
induced antibody titre (COVAT) study. Vaccine 2021;39(44):6492—509.

von Elm E, Altman DG, Egger M, et al. Strengthening the reporting of obser-

vational studies in epidemiology (STROBE) statement: guidelines for reporting

observational studies. BMJ 2007;335:806—8.

LIAISON SARS-CoV-2 S1/S2 IgG. The fully automated serology test for the

detection of SARS-CoV-2 IgG antibodies. liaisonr_sars-cov-2_s1s2_igg_

brochure.pdf.pdf (diasorin.com). Accessed on May 31, 2021.

Levin EG, Lustig Y, Cohen C, et al. Waning immune humoral response to

BNT162b2 covid-19 vaccine over 6 Months. N Engl ] Med 2021;385:e84.

https://doi.org/10.1056/NEJMo0a2114583.

Israel A, Shenhar Y, Green I, et al. Large-scale study of antibody titer decay

following BNT162b2 mRNA vaccine or SARS-CoV-2 infection. Vaccines

2022;10(1):64. https://doi.org/10.3390/vaccines10010064.

Sauré D, O'Ryan M, Torres JP, Zuniga M, Santelices E, Basso L. Dynamic IgG

seropositivity after rollout of CoronaVac and BNT162b2 COVID-19 vaccines in

Chile: a sentinel surveillance study. Lancet Infect Dis 2022 Jan;22(1):56—63.

https://doi.org/10.1016/S1473-3099(21)00479-5. Epub 2021 Sep 9. PMID:

34509185; PMCID: PM(C8428469.

Shrotri M, Navaratnam AMD, Nguyen V, et al. Spike-antibody waning after

second dose of BNT162b2 or ChAdOx1. Lancet 2021;398:385—7. https://

doi.org/10.1016/S0140-6736(21)01642-1. 10298.

[10] Mishra SK, Pradhan SK, Pati S, Sahu S, Nanda RK. Waning of anti-spike anti-
bodies in AZD1222 (ChAdOx1) vaccinated healthcare providers: a prospective
longitudinal study. Cureus 2021 Nov 25;13(11):e19879. https://doi.org/
10.7759/cureus.19879.

[11] Choudhary HR, Parai D, Chandra Dash G, et al. Persistence of antibodies
against spike glycoprotein of SARS-CoV-2 in healthcare workers post double
dose of BBV-152 and AZD1222 vaccines. Front Med 2021;8:778129. https://
doi.org/10.3389/fmed.2021.778129.

[12] Doria-Rose N, Suthar MS, Makowski M, et al. Antibody persistence through 6
Months after the second dose of mRNA-1273 vaccine for covid-19. N Engl ]
Med 2021 Jun 10;384(23):2259—-61.

[13] Barouch DH, Stephenson KE, Sadoff ], et al. Durable humoral and cellular
immune responses 8 Months after Ad26.COV2.S vaccination. N Engl ] Med
2021 Sep 2;385(10):951-3.

[14] Collier AY, Yu J, McMahan K, et al. Differential kinetics of immune responses
elicited by covid-19 vaccines. N Engl ] Med 2021;385(21):2010—2.

[15] Dan JM, Mateus ], Kato Y, et al. Immunological memory to SARS-CoV-2
assessed for up to 8 months after infection. Science 2021;371(6529):eabf4063.

[16] Vanshylla K, Di Cristanziano V, Kleipass F, et al. Kinetics and correlates of the
neutralizing antibody response to SARSCoV-2 infection in humans. Cell Host
Microbe 2021;29(6):917—-29. e4.

[17] Anderson M, Stec M, Rewane A, Landay A, Cloherty G, Moy ]. SARS-CoV-2
antibody responses in infection-naive or previously infected individuals after
1 and 2 doses of the BNT162b2 vaccine. JAMA Netw Open 2021;4(8):
e2119741.

[18] Sarraf TR, Maity S, Ghosh A, et al. Immunity to COVID-19 in India through
vaccination and natural infection. medRxiv preprint, posted November
2021;9. https://doi.org/10.1101/2021.11.08.21266055.

[19] Davidkin I, Jokinen S, Broman M, Leinikki P, Peltola H. Persistence of measles,
mumps, and rubella antibodies in an MMR-vaccinated cohort: a 20-year
follow up. ] Infect Dis 2008;197:950—6.

[20] Seagle EE, Bednarczyk RA, Hill T, et al. Measles, mumps, and rubella antibody
patterns of persistence and rate of decline following the second dose of the
MMR vaccine. Vaccine 2018;36:818—26.

[21] Turner JS, O'Halloran JA, Kalaidina E, et al. SARS-CoV-2 mRNA vaccines induce
persistent human germinal centre responses. Nature 2021;596:109—13.
10.1038/s41586-021-03738-2 pmid: 34182569.

[22] Goel RR, Painter MM, Apostolidis SA, et al. mRNA vaccination induces durable
immune memory to SARS-CoV-2 with continued evolution to variants of
concern. bioRxiv 2021. https://doi.org/10.1101/2021.08.23.457229 [Preprint.].

[23] Cevik M, Grubaugh ND, Iwasaki A, Openshaw P. COVID-19 vaccines: keeping
pace with SARS-CoV-2 variants. Cell 2021. S0092-8674(21)01057-6.

[24] Thomas SJ, Moreira ED Jr, Kitchin N, et al. Safety and efficacy of the BNT162b2
mRNA Covid-19 vaccine through 6 months. N Engl ] Med. DOI: 10.1056/
NEJMoa2110345.

[25] Goldberg Y, Mandel M, Bar-On YM, et al. Waning immunity after the
BNT162b2 vaccine in Israel. N Engl ] Med 2021;385(24):e85. https://doi.org/
10.1056/NEJMoa2114228.

[26] Scott J, Richterman A, Cevik M. Covid-19 vaccination: evidence of waning
immunity is overstated. BM] 2021 Sep 23;374:n2320. https://doi.org/10.1136/
bmj.n2320. PMID: 34556464.

[27] Marchi S, Viviani S, Remarque EJ, et al. Characterization of antibody response
in asymptomatic and symptomatic SARS-CoV-2 infection. PLoS One
2021;16(7):e0253977.

[4

(5

[6

(7

(8

[9


https://doi.org/10.1016/j.dsx.2022.102424
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref1
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref1
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref1
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref1
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref1
https://doi.org/10.1101/2021.06.30.21259439
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref3
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref3
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref3
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref3
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref3
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref4
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref4
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref4
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref4
https://doi.org/10.1056/NEJMoa2114583
https://doi.org/10.3390/vaccines10010064
https://doi.org/10.1016/S1473-3099(21)00479-5
https://doi.org/10.1016/S0140-6736(21)01642-1
https://doi.org/10.1016/S0140-6736(21)01642-1
https://doi.org/10.7759/cureus.19879
https://doi.org/10.7759/cureus.19879
https://doi.org/10.3389/fmed.2021.778129
https://doi.org/10.3389/fmed.2021.778129
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref12
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref12
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref12
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref12
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref13
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref13
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref13
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref13
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref14
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref14
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref14
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref15
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref15
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref16
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref16
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref16
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref16
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref17
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref17
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref17
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref17
https://doi.org/10.1101/2021.11.08.21266055
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref19
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref19
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref19
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref19
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref20
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref20
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref20
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref20
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref21
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref21
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref21
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref21
https://doi.org/10.1101/2021.08.23.457229
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref23
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref23
https://doi.org/10.1056/NEJMoa2114228
https://doi.org/10.1056/NEJMoa2114228
https://doi.org/10.1136/bmj.n2320
https://doi.org/10.1136/bmj.n2320
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref27
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref27
http://refhub.elsevier.com/S1871-4021(22)00038-8/sref27

