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Abstract

Background

India began COVID-19 vaccination in January 2021, initially targeting healthcare and front-
line workers. The vaccination strategy was expanded in a phased manner and currently cov-
ers all individuals aged 18 years and above. India experienced a severe second wave of
COVID-19 during March—June 2021. We conducted a fourth nationwide serosurvey to esti-
mate prevalence of SARS-CoV-2 antibodies in the general population aged >6 years and
healthcare workers (HCWs).
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Methods and findings

We did a cross-sectional study between 14 June and 6 July 2021 in the same 70 districts
across 20 states and 1 union territory where 3 previous rounds of serosurveys were con-
ducted. From each district, 10 clusters (villages in rural areas and wards in urban areas)
were selected by the probability proportional to population size method. From each district,
a minimum of 400 individuals aged >6 years from the general population (40 individuals
from each cluster) and 100 HCWs from the district public health facilities were included. The
serum samples were tested for the presence of IgG antibodies against S1-RBD and nucleo-
capsid protein of SARS-CoV-2 using chemiluminescence immunoassay. We estimated the
weighted and test-adjusted seroprevalence of IgG antibodies against SARS-CoV-2, along
with 95% Cls, based on the presence of antibodies to S1-RBD and/or nucleocapsid protein.
Of the 28,975 individuals who participated in the survey, 2,892 (10%) were aged 69 years,
5,798 (20%) were aged 10—17 years, and 20,285 (70%) were aged >18 years; 15,160
(52.3%) participants were female, and 21,794 (75.2%) resided in rural areas. The weighted
and test-adjusted prevalence of IgG antibodies against S1-RBD and/or nucleocapsid protein
among the general population aged >6 years was 67.6% (95% CI 66.4% to 68.7%). Sero-
prevalence increased with age (p <0.001) and was not different in rural and urban areas (p
=0.822). Compared to unvaccinated adults (62.3%, 95% CI 60.9% to 63.7%), seropreva-
lence was significantly higher among individuals who had received 1 vaccine dose (81.0%,
95% Cl 79.6% to0 82.3%, p <0.001) and 2 vaccine doses (89.8%, 95% CIl 88.4% t0 91.1%, p
<0.001). The seroprevalence of IgG antibodies among 7,252 HCWs was 85.2% (95% Cl
83.5% t0 86.7%). Important limitations of the study include the survey design, which was
aimed to estimate seroprevalence at the national level and not at a sub-national level, and
the non-patrticipation of 19% of eligible individuals in the survey.

Conclusions

Nearly two-thirds of individuals aged >6 years from the general population and 85% of
HCWs had antibodies against SARS-CoV-2 by June—July 2021 in India. As one-third of the
population is still seronegative, it is necessary to accelerate the coverage of COVID-19 vac-
cination among adults and continue adherence to non-pharmaceutical interventions.

Author summary

Why was this study done?

« Earlier nationwide COVID-19 serosurveys conducted in India indicated an increase in
seroprevalence from 0.73% (95% CI 0.34% to 1.13%) in May-June 2020 to 6.6% (95%
CI 5.8% to 7.4%) in September—October 2020 and 24.1% (95% CI 23.0% to 25.3%) in
December 2020-January 2021.

o India began COVID-19 vaccination in January 2021, initially targeting healthcare and
frontline workers. The vaccination strategy was expanded in a phased manner and cur-
rently covers all individuals aged 18 years and above.

« India witnessed a severe second wave of COVID-19 in March—June 2021.
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What did the researchers do and find?

o The fourth nationwide serosurvey indicated that about two-thirds of India’s population
aged >6 years had antibodies against SARS-CoV-2 by June-July 2021.

« Seroprevalence increased with age, but was not different in urban slum, urban non-
slum, and rural areas.

o Seroprevalence was significantly higher among individuals who had received 2 doses of
COVID-19 vaccine compared to unvaccinated individuals.

« About 85% of healthcare workers working in district-level health facilities had antibod-
ies against SARS-CoV-2.

What do these findings mean?

o The substantial seroprevalence of anti-SARS-CoV-2 antibodies in the Indian population
should provide some measure of protection against future waves of COVID-19 in the
country.

o About one-third of the population in India did not have detectable antibodies against
SARS-CoV-2 by June-July 2021. It is therefore necessary to accelerate the coverage of
COVID-19 vaccination among adults.

Introduction

With more than 30 million cases (21,961 cases per million population) and 0.48 million deaths
(289 per million population) as of 5 July 2021, India has the second largest number of COVID-
19 cases reported globally [1]. India experienced a severe second wave of COVID-19 in
March-June 2021, affecting all states of India [2]. Repeated cross-sectional serosurveys in the
same geographical location are useful to monitor the trends of seroprevalence over time and to
provide evidence for public health decision-making to plan the response [3]. Serial serosurveys
conducted in 70 districts spread across 20 Indian states and 1 union territory (hereafter
referred to collectively as states) prior to the introduction of COVID-19 vaccination indicated
that the seroprevalence in India increased from 0.73% (95% CI 0.34% to 1.13%) in May-June
2020 to 6.6% (95% CI 5.8% to 7.4%) in September-October 2020 and 24.1% (95% CI 23.0% to
25.3%) in December 2020-January 2021 [4-6]. About 25% of healthcare workers (HCWSs)
working in sub-district health facilities in these 70 districts had evidence of IgG antibodies
against SARS-CoV-2 in December 2020-January 2021 [6]. The previous nationwide serosur-
veys in the general population were conducted among individuals aged 10 years and above
and do not provide information about seroprevalence among children below 10 years of age.
On 16 January 2021, India initiated COVID-19 vaccination with BBV152 (Covaxin; Bharat
Biotech International, Hyderabad) and ChAdOx1 nCoV-19 (Covishield, Serum Institute of India,
Pune) for healthcare and frontline workers. The vaccination strategy was expanded in a phased
manner to cover individuals aged 60 years and above and those between 45 and 59 years with
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specified comorbidities (phase 2, 1 March 2021), all individuals aged 45 years and above (phase 3,
1 April 2021), and all individuals aged 18 years and above (phase 4, 1 May 2021) [7].

We conducted the fourth round of national serosurvey to estimate the age-specific preva-
lence of SARS-CoV-2 antibodies in the general population and among HCWs.

Methods

This study is reported as per the Strengthening the Reporting of Observational Studies in Epi-
demiology guidelines (S1 STROBE Checklist). The study had a protocol with analysis plan (S1
Protocol).

Study design and participants

We conducted a cross-sectional survey between 14 June and 6 July 2021 in the same 70 dis-
tricts spread across 21 Indian states where 3 previous rounds of serosurveys were conducted
[4-6]. We planned to enrol 28,000 participants from the general population with 19,600 indi-
viduals aged >18 years, 6,800 children aged 10-17 years, and 2,800 children aged 6-9 years (S1
Protocol). From each district, we selected 10 clusters (wards in urban areas and villages in
rural areas) using the probability proportional to population size method. The survey teams
selected 4 random starting points within each of the selected clusters. Starting from a random
starting point, the teams visited consecutive households and listed all household members
aged 6 years and above who were permanent residents of the area. Eligible individuals present
in the household were invited to participate in the survey. From each random location, at least
10 consenting individuals (1 aged 6-9 years, 2 aged 10-17 years, and 7 aged >18 years) were
enrolled in the survey. Enrolment of a minimum number of individuals in each age group
ensured that the overall distribution of the sampled population was comparable to the age
structure of the population in India [8]. Thus, a minimum of 40 individuals from each cluster
and 400 individuals from each district were enrolled.

We planned to enrol 7,000 HCWs (S1 Protocol). We enrolled at least 100 HCWs from each
of the 70 districts selected for the general population survey. All of the HCWs (doctors, nurses,
para medical staff, and lab staft) working in the district headquarters hospital of the selected
study district and present on the day of the visit of the survey team were invited to participate
in the survey, and consenting HCW s were enrolled in the study. If the sample size of 100 could
not be achieved in the district headquarters hospital, the team selected the nearest sub-district-
level public health facility to enrol additional HCWss.

Procedures

We interviewed eligible consenting participants to collect information about demographic
details, history of symptoms suggestive of COVID-19 (e.g., fever, cough, shortness of breath,
sore throat, new loss of taste or smell, fatigue) since 1 January 2021, COVID-19 testing, and
COVID-19 vaccination. Three millilitres of venous blood was collected from each participant,
and serum samples were transported to the ICMR-National Institute of Epidemiology, Chen-
nai, under cold chain.

We tested the serum samples for the presence of IgG antibodies against SI-RBD (ADVIA
Centaur XP/XPT, Siemens Healthineers, Munich, Germany) and nucleocapsid protein
(Abbott ARCHITECT, Abbott Laboratories, Abbott Park, IL, US) of SARS-CoV-2 using
chemiluminescence immunoassay, as per the manufacturers’ instructions. The Siemens assay
is a quantitative antibody assay with an analytical measuring interval of 0.50-150.0; samples
with an index value of >1 are considered as reactive. The assay has sensitivity of 96.4% (95%
CI 92.7% to 98.5%) 21 days after PCR confirmation of SARS-CoV-2 infection, and specificity
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0£99.90% (95% CI 99.64% to 99.99%) [9]. The Abbott assay for IgG antibodies against nucleo-
capsid protein is a qualitative assay and has a sensitivity of 100.0% and specificity of 99.6% 14
days after PCR confirmation [10]. As a part of quality control, 10% of positive serum samples
and an equal number of negative serum samples were re-tested using the same assay.

We also separately estimated the performance of the 2 assays by testing 100 pre-pandemic
sera samples collected as a part of acute fever surveillance during 2016 and 140 samples from
patients with laboratory-confirmed COVID-19 collected 30-240 days after PCR confirmation
[11]. We estimated a specificity of 99.0% (95% CI 94.6% to 100.0%) and sensitivity of 80.0%
(95% CI 72.4% to 86.3%) for the S1-RBD assay and a specificity of 100% (95% CI 96.4% to
100%) and sensitivity of 61.4% (95% CI 52.8% to 69.5%) for the nucleocapsid protein assay in
detecting historical infection.

Data analysis

The characteristics of study participants were described as proportions. Individuals whose
serum sample was positive for IgG antibodies against S1-RBD and/or nucleocapsid protein
were considered as seropositive. We calculated design weights as the product of the inverse
of the sampling fraction for the selection of districts and the selection of clusters within
each district. We estimated the weighted seroprevalence of IgG antibodies, along with 95%
confidence intervals (Cls), using a random-effects model to account for cluster sampling
(S3 Text). The weighted seroprevalence was further adjusted for the joint sensitivity and
specificity of the 2 assays using the sensitivities and specificities estimated by the manufac-
turer [12]. In addition to the analysis prespecified in the protocol, we conducted a sensitivity
analysis estimating seroprevalence using the lowest sensitivity and specificity of the 2 assays
estimated through the external validation studies, as well as considering the sensitivity and
specificity estimated during in-house validation (S1 Text). We also estimated seropreva-
lence by selected demographic and COVID-19-related characteristics of the study
participants.

We estimated the total number of individuals infected with SARS-CoV-2 at the national
level. To estimate the total number of children infected with SARS-CoV-2, we applied the
weighted seroprevalence of IgG antibodies against SARS-CoV-2 among children aged 6-17
years to the total population of children aged 6-17 years. To estimate the total number of infec-
tions among individuals aged >18 years, we considered 2 scenarios. First, we applied the
weighted seroprevalence of IgG antibodies against SARS-CoV-2 among unvaccinated individ-
uals aged >18 years to the total population of unvaccinated individuals aged >18 years. Sec-
ond, we applied the weighted seroprevalence of IgG antibodies against SARS-CoV-2 among
unvaccinated individuals to the total population aged >18 years. The infection-to-case ratio
(ICR) was calculated by dividing the estimated number of SARS-CoV-2 infections by the
cumulative number of COVID-19 cases reported in India 1 and 2 weeks before the median
survey date (23 June 2020), assuming IgG antibodies start appearing between 5 and 15 days
post-infection [13].

Protection of human participants

Written informed consent was obtained from individuals aged >18 years. For children aged
between 7 and 17 years, we obtained assent from the children and written consent from their
parents or guardians, while only parental consent was obtained for children aged 6 years. The
Institutional Human Ethics Committee of the ICMR-National Institute of Epidemiology,
Chennai, approved the study protocol.
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Fig 1. Flowchart of participant enrolment.

https://doi.org/10.1371/journal.pmed.1003877.9001

Results
Seroprevalence among the general population

The survey teams visited 16,074 households from 700 clusters in 70 Indian districts. Of the
35,561 individuals aged >6 years residing in these households, 28,975 (81.5%) consented to
participated in the survey (Fig 1).

Of the 28,975 individuals who participated in the survey, 2,892 (10%) were aged 6-9 years,
5,798 (20%) were aged 10-17 years, and 20,285 (70%) were aged >18 years; 15,160 (52.3%)
participants were female, and 21,794 (75.2%) resided in rural areas (Table 1). In total, 4,372
(15.1%) of the 28,956 individuals with data on COVID-19 testing reported being previously
tested for COVID-19, of whom 782 (17.9%) reported a positive test result. Of the 20,268 adult
participants with data on vaccination, 5,038 (24.8%) and 2,631 (13.0%) reported receipt of 1
and 2 doses of COVID-19 vaccines, respectively, while the remaining 12,599 (62.2%) were
unvaccinated. Most vaccinated individuals (n = 6,945, 90.6%) had received the Covishield vac-
cine (Table 1). The median interval between the receipt of the first dose and the date of sample
collection was 36 days (IQR 14-68), and between receipt of the second dose and sample collec-
tion was 60 days (IQR 34-98).

Of the 28,975 sera tested, 11,289 (38.9%) had IgG antibodies against nucleocapsid protein,
18,388 (63.5%) had antibodies against S1-RBD, and 19,336 (66.7%) had antibodies against
nucleocapsid protein and/or S1-RBD. The weighted prevalence of IgG antibodies against
S1-RBD and/or nucleocapsid protein was 67.6% (95% CI 66.4% to 68.7%) after adjusting for
assay characteristics (Table 2). The weighted prevalence of IgG antibodies against nucleocapsid
protein was 38.3% (95% CI 37.0% to 39.5%) (Table 2). Anti-nucleocapsid-protein (anti-N)
seropositivity was not different by age, gender, or area of residence (S1 Table). Also, around
one-third of the individuals vaccinated with Covishield had anti-N IgG antibodies.

The overall seropositivity in states ranged between 44.3% (Kerala) and 80.0% (Madhya Pra-
desh) (S2 Table). The seropositivity rate was heterogenous among the 70 districts, ranging
between 40.5% (Ernakulam, Kerala) and 86.8% (Buxar, Bihar) (S3 Table). Compared to
December 2020-January 2021, the seropositivity rate among unvaccinated individuals aged 10
years and above in June-July 2021 had increased by 1.2- to 1.9-fold in 21 (30.0%) districts, 2-
to 3-fold in 31 (44.3%) districts, and >3-fold in 18 (25.7%) districts (S4 Table).

Seroprevalence showed a rising trend with age (p < 0.001). Among children aged 6-9 years
and 10-17 years, respectively 57.2% (95% CI 55.0% to 59.4%) and 61.6% (95% CI 59.8% to
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Table 1. Participant characteristics.

Characteristic General population, n (%) | Healthcare workers, n (%)
Age n =28,975 n=7,252
6-9 years 2,892 (10.0) —

10-17 years 5,798 (20.0) —

18-44 years 12,522 (43.2) 5,133 (70.8)
45-60 years 5,545 (19.1) 1,997 (27.5)
>60 years 2,218 (7.7) 122 (1.7)
Gender n =28,975 n=7,252
Male 13,783 (47.6) 3,523 (48.6)
Female 15,160 (52.3) 3,722 (51.3)
Other 32(0.1) 7 (0.1)
Area of residence n=28,975 —

Rural 21,794 (75.2) —

Urban non-slum 5,266 (18.2) —

Urban slum 1,915 (6.6) —
COVID-19-related symptoms n = 28,975 n=7,252
History of COVID-19 symptoms since January 2021 1,748 (6.0) 925 (12.8)
COVID-19-related treatment n=1,729 n =925
Medical care sought for symptomatic cases 574 (33.2) 558 (60.3)
History of hospitalisation 140 (24.4) 171 (30.6)
COVID-19 contact n = 28,956 n=7,252
History of contact with a known COVID-19 case 2,129 (7.3) 4,562 (62.9)
COVID-19 testing n = 28,956 n=7,252
Previously tested for COVID-19 4,372 (15.1) 4,892 (67.4)
Previous positive COVID-19 test 782 (17.9) 1,354 (27.7)
COVID-19 vaccination status among adults n = 20,268 n=7,252

0 dose 12,599 (62.2) 759 (10.5)

1 dose 5,038 (24.8) 972 (13.4)
2 doses 2,631 (13.0) 5,521 (76.1)
Type of vaccine n=7,669 n = 6,493
Covaxin 587 (7.7) 498 (7.7)
Covishield 6,945 (90.6) 5,973 (92.0)
Sputnik 18 (0.2) 6(0.1)
Don’t know 119 (1.6) 16 (0.2)

https://doi.org/10.1371/journal.pmed.1003877.t001

63.3%) had antibodies against SARS-CoV-2. The seroprevalence among adults was 66.7%
(95% CI 65.3% to 68.0%) for individuals aged 18-44 years and 77.6% (95% CI 76.1% to 79.0%)
for individuals aged 45-60 years. Seroprevalence was not different in rural, urban non-slum,
and urban slum areas (p = 0.822). Among the 487 unvaccinated individuals with a history of
laboratory-confirmed COVID-19 infection, 88.0% (95% CI 83.0% to 91.8%) had detectable
antibodies against SARS-CoV-2 (Table 3).

Compared to the seroprevalence in unvaccinated adults, seroprevalence was significantly
higher among individuals who received 1 dose (81.0%, 95% CI 79.6% to 82.3%, p = 0.001) or 2
doses (89.8%, 95% CI 88.4% to 91.1%, p = 0.001) of COVID-19 vaccine. This difference was
observed across all age groups, both genders, and all areas of residence among the individuals
in the general population (Table 3). Seroprevalence was higher among individuals who
reported receipt of Covishield (85.2%, 95% CI 83.8% to 86.5%) than among those who
reported receipt of Covaxin (80.2%, 95% CI 76.1% to 83.8%) (p = 0.004) (Table 3). After 1
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Table 2. Seroprevalence (percent) of IgG antibodies against SARS-CoV-2, India, June-July 2021.

Measure General population aged >6 years Healthcare workers
Anti-N Anti-S1-RBD Anti-N and/or anti-S-RBD | Anti-N Anti-S1-RBD Anti-N and/or anti-S-RBD
antibodies antibodies antibodies antibodies antibodies antibodies
Number of individuals tested | 28,975 28,975 28,975 7,252 7,252 7,252
Number positive 11,289 18,388 19,336 2,305 6,112 6,186
Unweighted prevalence®, 38.9 (37.9- 63.5 (62.3-64.6) 66.7 (65.6-67.8) 31.8 (29.7- 84.3 (82.5-85.9) 85.3 (83.6-86.8)
percent (95% CI) 40.1) 34.0)
Weighted prevalence™*, 38.5 (37.3- 64.4 (63.2-65.6) 66.6 (65.3-67.9) — — —
percent (95% CI) 39.7)
Adjusted prevalence™**, 38.3 (37.0- 66.8 (65.5-68.0) 67.6 (66.4-68.7) 31.5 (29.4- 87.4 (85.6-89.1) | 85.2 (83.5-86.7)
percent (95% CI) 39.5) 33.7)

*Adjusted for clustering.
**Weighted for design weights.
*** Adjusted for test performance.

N, nucleocapsid protein.

https://doi.org/10.1371/journal.pmed.1003877.1002

dose, the seroprevalence was 80.8% (95% CI 75.7% to 85.0%) among Covaxin recipients and
82.0% (95% CI 80.3% to 83.6%) among Covishield recipients. Individuals who reported receipt
of 2 doses had higher seroprevalence, 86.3% and 90.3% for Covaxin and Covishield recipients,
respectively (Table 4).

Using the sensitivities and specificities estimated from the in-house validation and external
validation studies, the overall seroprevalence of IgG antibodies against SARS-CoV-2 was
73.2% (95% CI 71.9% to 74.4%) considering the joint sensitivity and specificity estimated from
the in-house validation and 68.0% (95% CI 66.8% to 69.1%) considering the joint sensitivity
and specificity estimated in external validation studies. We estimated that there were
642,751,546 to 807,395,611 SARS-CoV-2 infections in India by mid-June 2021. With
29,088,245 and 29,632,302 cases reported by 9 June and 16 June 2021, respectively, the number
of infections per reported COVID-19 case ranged between 21.7 and 27.8 (S5 Table).

Seroprevalence among HCWs

We enrolled 7,252 HCWs from the district public hospitals of the 70 districts selected for the
general population survey (Fig 1). Most HCWs (n = 5,133, 70.8%) were aged 18-44 years, and
51.3% (n = 3,722) were female. Of the 4,892 (67.4%) HCWs who reported a history of COVID-
19 testing, 1,354 (27.7%) had had a positive test result. Overall, 89.5% (n = 6,493) reported a his-
tory of COVID-19 vaccination, while the remaining individuals were unvaccinated (Table 1).

Of the 7,252 HCWs, 6,186 (85.3%) had antibodies against nucleocapsid protein and/or
S1-RBD, with a seroprevalence of 85.2% (95% CI 83.5% to 86.7%) after adjusting for assay
characteristics (Table 2). Seroprevalence did not differ by age group or gender (Table 3). Sero-
prevalence was higher among HCWs who reported receipt of 1 dose (87.7%, 95% CI 85.0% to
89.9%, p < 0.001) or 2 doses (88.6%, 95% CI 87.1% to 90.1%, p < 0.001) of COVID-19 vaccine
as compared to unvaccinated individuals (64.8%, 95% CI 60.1% to 69.2%) (Table 3). After one
dose the seroprevalence was 79.0% (95% CI 69.5% to 86.0%) among Covaxin recipients and
88.5% (95% CI 85.5% to 91.1%) among Covishield recipients (Table 5).

Discussion

The results from the fourth nationwide serosurvey indicate that about two-thirds of India’s
population aged 6 years and above had antibodies against SARS-CoV-2 by June-July 2021.
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Table 3. Seroprevalence of IgG antibodies against SARS-CoV-2 by selected characteristics, June-July 2021.

Characteristic General population Healthcare workers
Number | Number positive (anti- | Weighted and test-performance- Number |Number positive (anti- | Test-performance-adjusted
tested N and/or anti-S1-RBD | adjusted seroprevalence, percent | tested N and/or anti-S1-RBD | seroprevalence, percent
antibodies) (95% CI) antibodies) (95% CI)
Age
6-9 years 2,892 1,635 57.2 (55.0-59.4) — — —
10-17 years 5,798 3,584 61.6 (59.8-63.3) — — —
1844 years 12,522 8,245 66.7 (65.3-68.0) 5,133 4,401 86.5 (84.9-88.0)
45-60 years 5,545 4,217 77.6 (76.1-79.0) 1,997 1,686 85.1(83.0-87.1)
>60 years 2,218 1,655 76.7 (74.6-78.7) 122 99 80.4 (71.9-86.8)
Gender
Male 13,783 9,018 65.8 (64.4-67.1) 3,523 3,024 86.2 (84.4-87.8)
Female 15,160 10,295 69.2 (67.9-70.5) 3,722 3,157 85.9 (84.1-87.6)
Other 32 23 83.4 (59.1-94.6) 7 5 66.4 (26.9-91.3)
Area of residence
Rural 21,794 14,398 66.7 (65.4-68.1) — — —
Urban non-slum 5,266 3,587 69.1 (66.6-71.6) — — —
Urban slum 1,915 1,351 71.0 (66.8-74.7) — — —
History of COVID-19-related symptoms since 1 January 2021
Yes 1,748 1,262 76.8 (74.4-79.0) 925 838 85.2 (83.6-86.8)
No 27,227 18,074 66.9 (65.7-68.1) 6,327 5,348 91.5(89.2-93.2)
Previously tested for COVID-19
Yes 4,372 3,196 78.7 (77.1-80.2) 4,892 4,194 86.9 (85.2-88.4)
No 24,584 16,127 65.6 (64.4-66.9) 2,360 1,992 84.2 (81.9-86.3)
Previous COVID-19 test result
Reported positive 782 674 88.9 (86.8-90.8) 1,354 1,275 94.8 (93.4-96.0)
for COVID-19
Reported negative | 3,419 2,425 75.2 (73.2-77.0) 3,395 2,789 83.3(81.1-85.3)
for COVID-19
Don’t know 171 97 71.1 (59.2-80.5) 143 130 90.1 (80.6-95.2)
COVID-19 vaccination status among adults
0 dose 12,599 7,758 62.3 (60.9-63.7) 759 507 64.8 (60.1-69.2)
1 dose 5,038 4,016 81.0 (79.6-82.3) 972 834 87.7 (85.0-89.9)
2 doses 2,631 2,331 89.8 (88.4-91.1) 5,521 4,845 88.6 (87.1-90.1)
Timing of blood sample collection
Less than 21 days 1,711 1,242 73.5 (70.6-76.2) 191 151 78.0 (70.7-83.9)
after first dose
21 days or more 3,327 2,774 85.9 (84.3-87.4) 781 683 89.8 (87.2-92.1)
after first dose
7 days or more 2,630 2,330 90.4 (88.9-91.7) 5,513 4,837 88.6 (87.1-90.1)
after second dose
Vaccine type
Covaxin 587 473 80.2 (76.1-83.8) 498 428 86.5 (82.7-89.5)
Covishield 6,945 5,751 85.2 (83.8-86.5) 5,973 5,229 88.6 (87.0-90.1)
Previously positive for COVID-19, by vaccination status
0 dose 487 402 88.0 (83.0-91.8) 140 116 83.6 (76.0-89.2)
1 dose 145 134 95.0 (90.6-97.4) 154 146 95.2 (90.4-97.7)
2 doses 150 138 94.0 (88.2-97.1) 1,060 1,013 96.1 (94.4-97.4)

N, nucleocapsid protein.

https://doi.org/10.1371/journal.pmed.1003877.t003
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Table 4. Seroprevalence of IgG antibodies against SARS-CoV-2 in the general population by vaccination status, June-July 2021.

Characteristic | Unvaccinated Vaccinated with 1 dose Vaccinated with 2 doses
Number |Number Cluster- and test- |Number | Number Cluster- and test- | Number |Number Cluster- and test-
tested positive (anti- |adjusted tested positive (anti- |adjusted tested positive (anti- |adjusted
N and/or anti- | seroprevalence, N and/or anti- | seroprevalence, N and/or anti- |seroprevalence,
S1-RBD percent (95% CI) S1-RBD percent (95% CI) S1-RBD percent (95% CI)
antibodies) antibodies) antibodies)
Age
18-44 years 8,986 5,381 60.8 (59.2-62.3) 2,426 1,896 80.4 (78.2-82.4) 1,096 958 89.1 (86.7-91.3)
45-60 years 2,701 1,778 67.0 (64.8-69.1) 1,830 1,521 85.5 (83.4-87.3) 1,013 917 91.9 (89.7-93.6)
>60 years 912 599 67.0 (63.6-70.4) 782 599 78.9 (75.4-82.0) 522 456 88.7 (85.4-91.5)
Gender
Male 10,040 5,962 59.6 (57.8-61.4) 2,598 2,050 81.0 (79.0-82.9) 1,136 999 89.4 (87.1-91.5)
Female 11,223 6,998 64.9 (63.2-66.4) 2,436 1,962 83.1(81.1-84.9) 1,493 1,330 90.7 (88.6-92.3)
Other 26 17 74.0 (44.9-90.8) 4 4 — 2 2 —
Area of residence
Rural 3,702 2,280 62.1 (60.5-63.7) 1,046 846 81.1(79.2-82.9) 515 459 90.1 (88.0-91.7)
Urban non- 16,236 9,832 63.6 (60.2-66.8) 3,603 2,840 83.2 (79.8-86.1) 1,941 1,716 90.4 (86.9-93.0)
slum
Urban slum 1,351 865 64.6 (59.0-69.8) 389 330 87.1(82.1-90.9) 175 156 90.9 (84.7-94.7)
Previous COVID-19 test result
Reported 487 402 86.0 (82.2-89.1) 145 134 94.7 (90.1-97.2) 150 138 93.8 (88.6-96.7)
positive for
COVID-19
Reported 1,732 1,051 62.9 (59.7-66.1) 962 739 80.1 (76.9-83.0) 724 634 89.4 (86.5-91.8)
negative for
COVID-19
Don’t know 119 58 60.2 (46.5-72.5) 36 28 84.1(67.5-93.1) 16 11 66.7 (37.4-87.0)
Vaccine type
Covaxin — — — 385 302 80.8 (75.7-85.0) 202 171 86.3 (80.4-90.8)
Covishield — — — 4,565 3,636 82.0 (80.3-83.6) 2,380 2,115 90.3 (88.5-91.8)

Individuals with optimal interval between vaccination and blood sample collection (21 days or more after first dose, 7 days or more after second dose)

Covaxin
Covishield

223
3,045

186
2,535

84.3 (78.4-88.9)
84.8 (83.1-86.5)

201
2,380

170
2,115

86.3 (80.3-90.7)
90.3 (88.5-91.8)

N, nucleocapsid protein.

https://doi.org/10.1371/journal.pmed.1003877.t004

Seroprevalence increased with age. Seroprevalence was comparable in rural, urban non-slum,
and urban slum areas. The majority of HCWs working in district-level health facilities were
positive for IgG antibodies. These findings have important implications for the future trajec-
tory of COVID-19 in India.

The overall prevalence of IgG antibodies against SARS-CoV-2 increased from 24.1% in
December 2020-January 2021 to 67.6% in June-July 2021 (S6 Table). This increase in sero-
prevalence could be due to natural infection as well as COVID-19 vaccination. The seropreva-
lence among unvaccinated adults in June-July 2021 was 62.3%, compared to 24.3% in
December 2020-January 2021. This finding indicates that a large proportion of the increase in
seroprevalence was due to natural infection during the second wave of COVID-19 in India in
March-June 2021. Around 38% of individuals had anti-N antibodies indicating recent trans-
mission of SARS-CoV-2 [14]. During the second wave of COVID-19, more than 20 million
COVID-19 cases were reported from India [2], with the delta variant being a predominant cir-
culating variant of concern [15].
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Table 5. Seroprevalence of IgG antibodies against SARS-CoV-2 among healthcare workers by vaccination status, June-July 2021.

Characteristic | Unvaccinated Vaccinated with 1 dose Vaccinated with 2 doses
Number |Number Cluster- and test- |Number | Number Cluster- and test- | Number |Number Cluster- and test-
tested positive (anti- |adjusted tested positive (anti- |adjusted tested positive (anti- |adjusted
N and/or anti- | seroprevalence, N and/or anti- | seroprevalence, N and/or anti- |seroprevalence,
S1-RBD percent (95% CI) S1-RBD percent (95% CI) S1-RBD percent (95% CI)
antibodies) antibodies) antibodies)
Age
18-44 years 651 429 65.6 (60.5-70.5) 828 712 88.2 (84.8-91.0) 3,654 3,260 90.1 (88.5-91.5)
45-60 years 105 77 73.8 (63.3-82.0) 142 120 85.1(77.7-90.5) 1,750 1,489 86.1 (83.7-88.2)
>60 years 3 1 35.6 (3.8-87.4) 2 2 — 117 96 81.9 (73.2-88.2)
Gender
Male 343 230 66.0 (59.7-72.0) 451 392 88.3 (84.4-91.5) 2,729 2,402 88.7 (86.9-90.4)
Female 414 277 67.4(61.4-72.9) 521 442 87.1 (83.0-90.4) 2,787 2,438 88.5 (86.7-90.3)
Other 2 0 — — — — 5 5 —
Results of COVID-19 testing
Reported 140 116 85.0 (77.0-90.6) 154 146 95.6 (90.9-97.9) 1,060 1,013 96.3 (94.9-97.3)
positive for
COVID-19
Reported 267 156 58.7 (50.5-66.4) 491 408 85.9 (80.9-89.7) 2,637 2,225 85.4 (83.1-87.4)
negative for
COVID-19
Don’t know 16 11 71.9 (37.0-91.7) 15 15 — 112 104 92.1 (81.9-96.8)
Vaccine type
Covaxin — — — 127 96 79.0 (69.5-86.0) 371 332 89.0 (84.8-92.2)
Covishield — — — 841 734 88.5 (85.5-91.1) 5,132 4,495 88.6 (87.0-90.1)
Individuals with optimal interval between vaccination and blood sample collection (21 days or more after first dose, 7 days or more after second dose)
Covaxin — — — 103 81 83.8 (73.5-90.6) 368 329 88.9 (84.7-92.1)
Covishield — — — 675 599 91.0 (87.4-93.6) 5,127 4,490 88.6 (87.0-90.1)

N, nucleocapsid protein.

https://doi.org/10.1371/journal.pmed.1003877.t005

The increase in seroprevalence was observed in all age groups, including children aged 10-
17 years (2.2-fold) (S6 Table). Children aged 6-9 years were not covered during the previous
serosurveys. In June-July 2021, about 60% of children had evidence of antibodies against
SARS-CoV-2. The findings of high seropositivity among children in our study are consistent
with those of a recent study conducted in March-June 2021 among children from 5 sites in
India [16]. Among the 700 individuals aged <18 years surveyed in this study, 55.7% were
seropositive.

Earlier serosurveys indicated higher seroprevalence in urban slums and urban non-slum
areas than in rural areas [5,6]. This gradient in seroprevalence seems to have faded as of June-
July 2021, with comparable seroprevalence in rural and urban areas. The increased seropreva-
lence in rural areas observed in our survey indicates that infection in the second wave was
widespread in rural areas.

Phase 2 vaccination trials reported that 98.4% (95% CI 95.3% to 99.7%) of individuals vacci-
nated with BBV152 (Covaxin) [17] and 100% (95% CI 97.4% to 100.0%) of individuals vacci-
nated with Covishield [18] had seroconverted by 56 days after the second dose. An
observational multi-centre study among HCWs in India reported a seropositivity of 98.1%
among Covishield recipients and 80% among Covaxin recipients [19]. In another study of
antibody responses in a cohort of 45,965 adults from the general population in the United
Kingdom who received either the ChAdOx1 nCoV-19 (Covishield) or BNT162b2 (Pfizer-
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BioNTech) vaccine, authors estimated that about 6% of the participants were ‘low responders’
[20]. In our serosurvey, about 10%-14% of vaccinated individuals were found to be seronega-
tive even after receiving 2 doses of COVID-19 vaccine. The proportion of seronegative individ-
uals did not change when we considered only those individuals with the optimal interval
between the second dose and sample collection of 7 days or more. Because of the cross-sec-
tional nature of the study, we are not able to comment on whether this seronegativity among
fully vaccinated individuals was due to lower antibody response or a decline in antibodies.
Moreover, the possibility of misclassification of vaccination status cannot be ruled out, as the
information about vaccination was based on recall.

The estimated number of infections per reported case did not change between December
2020-January 2021 (27.1-26.7) and June-July 2021 (21.7-27.8). This reflects sustained testing
(around 210 million tests conducted between January-June 2021) of both symptomatic and
asymptomatic eligible individuals [6].

Seroprevalence studies can help predict the future course of the pandemic [3]. Prior to the
second wave of COVID-19 in India, about 75% of the population was seronegative [6]. The
serosurvey findings indicate that about one-third of the general population in India did not
have detectable antibodies against SARS-CoV-2 by June-July 2021. It is therefore likely that
more COVID-19 cases will occur in coming months, especially in areas where the proportion
of people without detectable antibodies is higher. The available evidence indicates that immu-
nity acquired through natural infection can last up to 1 year [21]. IgG antibodies against
S1-RBD show a high correlation with virus neutralisation titres, indicating the neutralising
nature of the antibodies [22,23]. Studies also indicate that re-infections among previously
infected individuals are less frequent [24]. It is thus reasonable to expect that a future surge of
cases in India would be smaller than the second wave. However, the immunity acquired
through natural infection as well as vaccination is expected to wane over time. Although
S1-RBD antibodies are considered to have a neutralising effect, the protective titre among the
seropositive individuals is not known. Further, COVID-19 cases could rapidly increase after
the emergence of escape variants [25]. It is therefore necessary to continue monitoring the
emergence of variants of concern.

Our study has certain limitations. First, our serosurvey was designed to estimate seropreva-
lence at the national level and might not have captured variation in seroprevalence within states
and districts. Second, approximately 19% of eligible individuals were not included in the survey
because they were not available in the household at the time of survey or they refused to partici-
pate. The age and gender distribution of the individuals who participated and who did not par-
ticipate in the survey was different (S7 Table). This, however, would not have affected our
seroprevalence estimates, as the age structure of the surveyed population was comparable to that
of India’s population. Third, IgG antibodies against SARS-CoV-2 wane over time [14,26]. In our
study, seropositivity to S1-RBD and nucleocapsid protein among unvaccinated individuals with
laboratory-confirmed COVID-19 was 82.4% and 63.4%, respectively. Hence, the observed sero-
prevalence might be an underestimate of the actual seroprevalence in the population.

In conclusion, our serosurvey findings indicate that nearly two-thirds of individuals aged
>6 years from the general population and 85% of HCWs had antibodies against SARS-CoV-2
as of June-July 2021 in India. As one-third of the population was still seronegative, it is neces-
sary to accelerate the coverage of COVID-19 vaccination among adults. COVID-19 cases in
India have been declining since May 2021. However, continued surveillance for COVID-19
cases is necessary to detect an upsurge of COVID-19 cases early. Ongoing genomic surveil-
lance for SARS-CoV-2 also needs to be strengthened to provide information about the emer-
gence of newer variants, including their ability to circumvent immunity conferred by natural
infection as well as vaccination. Finally, the high seroprevalence observed in the general
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population should not be a reason for complacency. We believe that there is a need for contin-
ued adherence to non-pharmaceutical interventions, such as avoiding gatherings, ensuring
social distancing, and using face masks in public places, to further reduce the transmission of
SARS-CoV-2 in India.
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