
1

Vol.:(0123456789)

Scientific Reports |        (2023) 13:19331  | https://doi.org/10.1038/s41598-023-46800-x

www.nature.com/scientificreports

Higher Delta variant‑specific 
neutralizing antibodies prevented 
infection in close contacts 
vaccinated with ancestral mRNA 
vaccines during the SARS‑CoV‑2 
Delta wave
Yun Shan Goh 1, Siew‑Wai Fong 1, Matthew Zirui Tay 1, Angeline Rouers 1, Zi Wei Chang 1, 
Jean‑Marc Chavatte 2, Pei Xiang Hor 1, Chiew Yee Loh 1, Yuling Huang 1, Yong Jie Tan 1, 
Bei Wang 3, Eve Zi Xian Ngoh 3, Siti Nazihah Mohd Salleh 3, Raphael Tze Chuen Lee 4,5, 
Georgina Lim 6, NCID Study Group 7*, COVID-Study Group 1*, Sebastian Maurer‑Stroh 1,2,4,5,8,9, 
Cheng‑I Wang 3, Yee‐Sin Leo 7,8,10,11,12, Raymond T. P. Lin 2,13, Meng Chon Lam 6, 
David C. Lye 7,8,10,11, Barnaby Edward Young 7,10,11,17, Lisa F. P. Ng 1,14,15,17 & 
Laurent Renia 1,10,16,17*

Identification of the risk factors and the high-risk groups which are most vulnerable is critical in 
COVID-19 disease management at a population level. Evaluating the efficacy of vaccination against 
infections is necessary to determine booster vaccination strategies for better protection in high-risk 
groups. In this study, we recruited 158 mRNA-vaccinated individuals during the Delta wave of SARS-
CoV-2 infections in Singapore and examined the antibody profiles of infected individuals. We found 
that, despite high exposure due to communal living conditions in proximity, 4% of individuals (6/158) 
had PCR-confirmed infections and 96% (152/158) remained uninfected. Time-course analysis of the 
antibody profile at the start and the end of quarantine period showed Delta-specific boosting of anti-
spike antibody response in 57% of the uninfected individuals (86/152). In the remaining 43% of the 
uninfected individuals (66/152) with no Delta-specific antibody boost, we found a higher Delta-specific 
antibody response at the start of quarantine period, which correlated with higher Delta pseudovirus 
neutralizing capacity. Our findings indicate that a higher basal variant-specific antibody response 
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in the mRNA-vaccinated individuals contributes to better protection against infections by the new 
emerging SARS-CoV-2 variants.

COVID-19 vaccines have been essential in bringing the pandemic under control. They have shown to be highly 
efficacious against severe diseases1,2. However, breakthrough infections do occur. Exposure to infected individuals 
is a major risk factor3. Hence, many studies on breakthrough infections are in healthcare settings4–6, where the 
workers are a high-risk group. In Singapore, workers living in dormitories have been identified as a high-risk 
group due to communal living conditions in proximity within the dormitories7. In this high-risk group, exposure 
to infected cases is high and over an extended period of time. Evaluating the efficacy of vaccination against infec-
tions is necessary to determine booster vaccination strategies for better protection in this high-risk group. In 
this study, we studied the spike-specific antibody profile of two infected individuals and their 156 close contacts 
and investigated the potential contributory role of antibody in protection against infection.

Results
mRNA‑vaccinated close contacts of infected cases remained largely uninfected following 
exposure
Workers living in dormitories have been identified as a high-risk group in Singapore due to communal living 
conditions in proximity within the dormitories7. As part of routine surveillance, we identified two individuals 
with confirmed infection (by PCR) and their 156 close contacts during the Delta wave of SARS-CoV-2 infections 
in Singapore. Upon identification of the two PCR-positive individuals, we recruited all 158 individuals into a 
prospective study and followed them for a 14-days quarantine period. All individuals were mRNA-vaccinated 
(Table 1). Blood samples were collected as soon as possible after confirmation of infection by PCR. Blood samples 
were also collected from the 156 close contacts at the start of the study. A second blood sample was collected 
from all 158 individuals at the end of the quarantine. Out of these 158 individuals (Fig. 1A), 2/158 (1%) were 
PCR-positive at the start of quarantine. Both individuals were isolated and received full medical treatment 
immediately. By the end of the quarantine follow-up period, an additional 4/158 (3%), who were initially PCR-
negative at the start of quarantine, were found to be PCR-positive Delta cases and were isolated for full medical 
treatment immediately. All PCR-positive cases were confirmed as Delta cases by direct sequencing. As a result, 
a total of 152/158 (96%) individuals remained PCR-negative at the end of quarantine.

Variant spike‑specific antibody response was rapidly induced following exposure
Using a flow cytometry-based assay (SFB) that measures antibody response against full-length Spike as a marker 
of previous infection or exposure8, we found antibody response against WT Spike in all 158 individuals at the 
start of quarantine (Fig. 1B). However, the antibody response against Delta Spike was significantly lower than the 
antibody response against WT Spike (Fig. 1B). A total of 9/158 individuals (6%) did not have antibodies against 
Delta Spike. Using the Delta SFB assay, we observed a statistically significant difference in antibodies against 
Delta Spike between the start and the end of quarantine (Fig. 1C). Out of the 152 uninfected individuals, Delta-
specific boosting of anti-spike antibody response was observed in 57% of the individuals (86/152) while there 
was no Delta-specific antibody boost in the remaining 43% of the individuals (66/152). We then stratified all 
158 individuals into three groups by PCR status and Delta Spike IgG seroconversion at the end of the quarantine 
period (Fig. 1D): (1) PCR-positive and Delta Spike IgG-seroconverted (n = 6), (2) PCR-negative and Delta Spike 
IgG-seroconverted (n = 86) and (3) PCR-negative without Delta Spike IgG-seroconversion (n = 66). Delta Spike 
IgG-seroconversion was defined as having an increase of Delta-Spike IgG binding of > 6.3% (mean + 3SD of 22 
pre-COVID-19 unvaccinated healthy controls)8. The Delta Spike-IgG response were significantly higher at the 
end of the quarantine for the groups with Delta-Spike IgG-seroconversion (Fig. 1D).

Table 1.   Demographic information of study cohort.

N = 158

Age, median (range), years 34 (23–54)

Gender, n (%)

 Male 158 (100)

 Female 0 (0)

Ethnicity, n (%)

 Chinese 0 (0)

 Indians 153 (96.8)

 Malays 0 (0)

 Others 5 (3.2)

Prior infection, n (%)

 With prior infection 52 (32.9)

 With no prior infection 106 (67.1)
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Higher basal variant spike‑specific neutralizing antibody response found in uninfected close 
contacts
We compared the antibody response against Delta Spike at the start of the quarantine between the three groups 
and found that the proportion of PCR-negative individuals without Delta Spike IgG-seroconversion had a sig-
nificantly higher baseline antibody response against Delta Spike at the start of the quarantine, compared with 
PCR-negative individuals with a Delta Spike IgG-seroconversion (Fig. 2A). It is worth noting that the PCR-
positive individuals with a Delta Spike IgG-seroconversion group also had a lower baseline antibody response 
against Delta Spike than PCR-negative individuals with a Delta Spike IgG-seroconversion, though it did not 
reach statistical significance. The general trend, where the baseline IgG response against Delta Spike at the start 
of the quarantine is lowest in PCR-positive and Delta Spike IgG-seroconversion-positive group, followed by 
PCR-negative and Delta Spike IgG-seroconversion-positive group, and lastly PCR-negative and Delta Spike IgG-
seroconversion- negative group, was also observed with the Delta pseudovirus neutralization data. PCR-negative 
individuals without Delta Spike IgG-seroconversion had a significantly higher baseline antibody response at the 
start of the quarantine, compared with PCR-positive individuals with a Delta Spike IgG-seroconversion (Fig. 2B). 

Figure 1.   Antibody response against WT and Delta Spike. (A) PCR status of cohort (n = 158). (B) Plasma 
samples of all 158 individuals collected at the start of the quarantine (n = 158) were screened for binding by 
SFB assay. IgG binding against full-length WT and Delta Spike were compared for all 158 individuals (n = 158). 
Line indicates median IgG response. Pie chart indicates the proportion with positive antibody response (in 
pink) and proportion with negative response (in blue). Number in pie chart indicates the proportion with 
negative response. Positive antibody response is defined as response above mean + 3SD of 22 pre-COVID-19 
unvaccinated healthy controls8. (C) Paired analysis of all 158 individuals at the start and end of the quarantine 
were performed for IgG binding against full-length Delta Spike. Dotted line indicates positive antibody 
response, defined as response above mean + 3SD of 22 pre-COVID-19 unvaccinated healthy controls8. Start, 
start of quarantine; End, end of quarantine. (D) The paired IgG responses at the start and the end of the 
quarantine of the 158 individuals in C were re-plotted, where the data points were stratified into three groups by 
PCR status and Delta Spike IgG seroconversion at the end of the quarantine period: (1) PCR-positive and Delta 
Spike IgG-seroconverted, PCR + Seroconv + (n = 6), (2) PCR-negative and Delta Spike IgG-seroconverted, PCR- 
Seroconv + (n = 86) and (3) PCR-negative without Delta Spike IgG-seroconversion, PCR- Seroconv- (n = 66). 
The IgG responses at start and end of the quarantine (from C) for the three groups were re-plotted. Start, start of 
quarantine; End, end of quarantine. Delta Spike IgG-seroconversion was defined as having an increase of Delta-
Spike IgG binding of > 6.3% (mean + 3SD of 22 pre-COVID-19 unvaccinated healthy controls). To compare 
between two groups, Mann Whitney U-tests were used. For paired analysis, Wilcoxon tests were used. *p < 0.05; 
**p < 0.01; ****p < 0.0001; ns, non-significant.
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We found a significantly strong correlation between anti-Delta Spike antibody binding and Delta pseudovirus 
neutralization at the start of the quarantine, where the level of anti-Delta Spike antibody positively correlated 
with the capacity to neutralize Delta pseudovirus (Fig. 2C).

Discussion
This study highlights the importance of vaccination in individuals who are in a high-risk group due to high 
exposure. Despite high exposure due to communal living conditions in proximity within the dormitories, 4% 
of individuals (6/158) had PCR-confirmed infections and 96% (152/158) remained uninfected. Time-course 
analysis of the antibody profile at the start and the end of quarantine period showed Delta-specific boosting of 
anti-spike antibody response in 57% of the uninfected individuals (86/152). The sizeable proportion of PCR-
negative individuals with a Delta Spike IgG-seroconversion is likely due to high exposure in the dormitories. The 
rapid induction of antibody response following exposure demonstrates efficient immune priming by vaccination. 
Interestingly, in the remaining 43% of the uninfected individuals (66/152) with no Delta-specific antibody boost, 
we found a higher Delta-specific antibody response at the start of quarantine period, which correlated with higher 
Delta pseudovirus neutralizing capacity. The lack of Delta-specific antibody seroconversion is unlikely due to 
low exposure as the workers recruited in the study were in proximity with each other. Seroconversion-negative 
uninfected individuals have been reported in the SARS-CoV-2 human challenge study9, despite being inoculated 
with WT SARS-CoV-2. Similarly, despite being in a high-risk group, a group of healthcare workers has remained 
seroconversion-negative and uninfected10. In the latter study, the authors found stronger, more multi-specific 
memory T cells against the early transcribed replication–transcription complex in the seroconversion-negative 
and uninfected individuals, compared with the seroconverted infected individuals. This may have contributed 
to control of infection. This study presents data from a specific demographic group of male individuals of Indian 
ethnicity as they are the only groups in large-sized communal living in Singapore. However, it agrees with earlier 
studies that found association between high neutralizing antibody levels with protection from infection2,11. Our 
findings indicate that a higher basal variant-specific antibody response may also contribute to better protection 
against infections by the new emerging SARS-CoV-2 variants.

Methods
Ethics statement and study population
The study was assessed by Singapore institutional review board, named “National Healthcare Group (NHG) 
Domain Specific Review Board (DSRB)” (under the purview of the Human Biomedical Research Act, Singapore). 
The study was approved under the IRB study number 2012/00917, entitled “A Multi-centred Prospective Study to 
Detect Novel Pathogens and Characterize Emerging Infections (The PROTECT study group). Written informed 
consent was obtained from all the participants. This is in accordance with Declaration of Helsinki.

As part of surveillance in high-risk groups, we identified two individuals with confirmed Delta infection (by 
PCR) in the migrant workers’ dormitories during the Delta wave of SARS-CoV-2 infections in Singapore through 
nasal swab sampling. The migrant workers shared rooms with an occupancy of 12–16 migrant workers. Shared 
facilities included kitchen, showering and toilet facilities. Prior to the start of the study, there was no restriction 
in movement within the dormitories. Upon identification, we recruited the two PCR-positive individuals and 
their 156 close contacts into a prospective study and followed them for a 14-days quarantine period. In addi-
tion to the nasal swab samples taken from the individuals at the start of the study, a second nasal swab sample 

Figure 2.   Higher Delta-specific antibody in uninfected vaccinated individuals. Plasma samples were screened 
for (A) IgG binding against full-length Delta and (B) Delta pseudovirus neutralization at the start of the 
quarantine. The samples were classified into three groups: (1) PCR-positive and Delta Spike IgG-seroconverted 
(n = 6 for both assays), (2) PCR-negative and Delta Spike IgG-seroconverted (n = 86 and n = 30 for Delta-Spike 
binding and Delta pseudovirus neutralization respectively) and (3) PCR-negative without Delta Spike IgG-
seroconversion (n = 66 and n = 29 for Delta-Spike binding and Delta pseudovirus neutralization respectively). 
To compare between groups at the start of the quarantine, points in A are re-plotted points from Fig. 1D (start 
of quarantine). Kruskal–Wallis and post hoc tests using Dunn’s multiple comparison tests were used to compare 
multiple groups. (C) Correlation analysis between Delta spike-specific IgG responses and Delta pseudovirus 
neutralization at the start of the quarantine. Non-parametric Spearman test was used for correlation analysis. 
*p < 0.05.
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was taken at the end of the quarantine period to identify any additional PCR-positive infections following the 
quarantine period. All PCR-positive swab samples were confirmed as Delta cases by direct sequencing. All 
PCR-positive individuals were isolated and received full medical treatment immediately. All individuals were 
mRNA-vaccinated (Table 1).

A cohort of two infected individuals and 156 close contacts (Table 1), aged 23–54 (median age = 34), were 
recruited in Aug 2021 during the Delta variant wave. All 156 close contacts live in communal living conditions in 
proximity to the two infected individuals in the dormitories. All 158 individuals were vaccinated at least 14 days 
prior to the start of the study, defined in Singapore as either (1) two doses of mRNA primary vaccination (Pfizer/
BioNTech BNT162b2 or Moderna mRNA-1273) or (2) one dose of mRNA vaccine after prior SARS-CoV-2 infec-
tion. Blood samples were collected as soon as possible after confirmation of infection by PCR. Blood samples 
were also collected from the 156 close contacts. The time interval between the last vaccine dose and the first 
blood sample collection ranges from 20 to 199 days (median = 97.5 days). A second blood sample was collected 
from all 158 individuals at the end of the 14-days quarantine.

Spike protein flow cytometry‑based assay (SFB assay) for antibody detection
The SFB assay was performed as previously described8,12. The pTT5LnX-CoV-SP (expressing SARS-CoV-2 Spike 
protein, Genbank: YP_009724390.1) was used as a template plasmid to generate Spike gene of Delta (B.1.617.2) 
using QuickChange Lightning MultiSite-Directed Mutagenesis Kit (Agilent)13. Cells, expressing spike protein 
of either WT or Delta, were seeded at 1.5 × 105 cells/well in 96-well V-bottom plates. Cells were incubated with 
human serum (diluted 1:100 in 10% FBS) followed by a secondary incubation with a double stain, comprising 
Alexa Fluor 647-conjugated anti-human IgG (1:500 dilution) and propidium iodide (1:2500 dilution). Cells were 
acquired using BD Biosciences LSR4 and analyzed using FlowJo (Tree Star). Positive antibody response is defined 
as response above mean + 3SD of 22 pre-COVID-19 unvaccinated healthy controls8. The assay was performed 
as two independent experiments, each with technical duplicates.

Pseudovirus neutralization assay
Pseudoviruses were generated and tittered as previously described14 using a third-generation lentivirus system. 
The pseudotyped lentivirus neutralization assay was performed as previously described13–16, with modifications. 
A stable cell line expressing human ACE2, CHO-ACE217, was used. Four-fold serially diluted heat‐inactivated 
samples (1:5 to 1:5120) were incubated with pseudovirus expressing Delta Spike (5 ng p24 per well), before 
being added to pre‐seeded CHO‐ACE2 cells in duplicate. After 48 h, cells were lysed, and luciferase activity was 
quantified on GloMax Luminometer (Promega).

Statistical analysis
Statistical analysis was performed using GraphPad Prism 9. To compare between antibody response against WT 
and Delta Spike, Mann–Whitney U-test was used. To compare between multiple groups, Kruskal–Wallis tests 
and post hoc tests using Dunn’s multiple comparison tests were used. For paired analysis, Wilcoxon tests were 
used. For correlation analysis between anti-Delta Spike antibody and Delta pseudovirus neutralization, spearman 
correlation was used. p < 0.05 was considered statistically significant.

Data availability
Data are available from the corresponding author upon request.
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