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SARS-CoV-2 was first detected in late December 2019, however, 

n the few months that followed, the resultant COVID-19 disease 

as developed into a devastating pandemic around the world [1] . 

his has led to a race to produce a safe and efficacious vaccine 

n record time. In less than a year, BNT162b2, an mRNA-based 

accine developed by BioNTech-Pfizer [2] , became the first ever 

pproved COVID-19 vaccine in December 2020. However, this co- 

ncided with the emergence of multiple variants. These variants, 

hough originated from different countries such as United King- 

om, South Africa, Brazil, India and United States of America in five 

ifferent continents, have now spread globally, resulting in second 
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nd third waves of COVID-19 cases around the world. In order to 

rioritize the global monitoring and research to guide the ongoing 

esponse to the pandemic, the World Health Organization (WHO), 

n partner with various authorities worldwide, prompted the char- 

cterization of specific Variants of Interest (VOIs) and Variants of 

oncern (VOCs) [3] . As of 15 th June 2021, four VOCs have been 

efined as they are associated with one or more of the follow- 

ng features: increase in transmissibility, increase in virulence, and 

ecrease in effectiveness of available diagnostics, vaccines or ther- 

peutics. These include the Alpha (B.1.1.7), Beta (B.1.351), Gamma 

P.1) and Delta (B.1.617.2) variants. In addition to these four VOCs, 

nother seven strains were classified as VOIs, including Epsilon 

B.1.427/B.1.429), Zeta (P.2), Eta (B.1.525), Theta (P.3), Iota (B.1.526), 

appa (B.1.617.1) and Lambda (C.37) [3] . 

Since the FDA issued the emergency use authorization (EUA) of 

he COVID-19 vaccines in late 2020, more than 2.89 billion vac- 

ine shots have been administered globally as of June 27 2021 [4] , 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Figure 1. SARS-CoV-2 lineages prevalent in Singapore in January to May 2021. 

The number of cases infected by various SARS-CoV-2 variants collected from Jan- 

uary to May 2021 in Singapore with genomes sequenced and shared via GISAID are 

shown in both (A) timeline presentation and ( B ) Pie chart with percentages of each 

variant indicated 
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mong which a significant portion of the total shots came from the 

NT162b2, an mRNA-based vaccine developed by BioNTech-Pfizer. 

owever, the rapid evolution of SARS-CoV-2 variants has raised se- 

ious concerns in viral escape from vaccine-elicited immunity. Even 

n countries with an active mRNA-based COVID-19 vaccine pro- 

ram, there is a surge in the number of COVID-19 cases associ- 

ted with the Delta variant (B.1.617.2) [ 1 , 3 ]. Immune sera, collected

rom individuals vaccinated with the BNT162b2 vaccine in USA, 

ave strong neutralizing capacitiy against SARS-CoV-2 WA-1/2020 

eference strain and the Alpha variant (B.1.1.7), and moderate neu- 

ralizing capacitiy against the Beta (B.1.351) strain [5] . Though it 

as still able to confer protection against symptomatic infection, 

accination with BNT162b2 in Europe and in the USA seems to 

ave induced less potent neutralizing antibody responses against 

he newly emerged Delta variant B.1.617.2 [6] . 

Since receiving the first batch of COVID-19 vaccines in Decem- 

er 2020, Singapore has kick-started its mass vaccination drive. 

owever, following the first detection of the Delta variant in March 

021, the number of cases has increased sharply and soon it be- 

ame the dominant local strain (45.7%), which accounted for the 

ecent third wave of COVID-19 sporadic outbreak ( Figure 1 ) [7] . 

mong this third wave of COVID-19 cases was a number of vac- 

ine breakthrough cases [7] . It remains to be determined whether 

sian populations vaccinated with the BNT162b2 vaccine might re- 

ain vulnerable to the COVID-19 disease when confronted with 

he variants, such as the Delta variant. To answer this question, 

e first screened a set of plasma samples obtained from 50 study 

articipants (22-69 years of age) of various Asian ethnicities (Sup- 

lementary Table 1), collected prior to vaccination (Before) and at 

he median 71 days after the second immunization with BNT162b2 
2 
After), for their specific IgG against the full length WT SARS-CoV- 

 S protein expressed on the surface of the HEK293T cells, us- 

ng a S protein flow-based assay (SFB assay) [8] . In addition, the 

lasma samples were also subjected to evaluation for their specific 

nti-Nucleocapsid IgG levels by Elecsys® Anti-SARS-CoV-2 N im- 

unoassay. All study subjects were SARS-CoV-2 seronegative be- 

ore vaccination. Two doses of BNT162b2 vaccination elicited ro- 

ust anti-Spike IgG in all individuals (Supplementary Figure 1A), 

hile the anti-Necleocapsid IgG levels were not detectable across 

ll samples either before or after vaccination (Supplementary Fig- 

re 1B), indicating that all study subjects had not encountered 

ny prior SARS-CoV-2 infection and the anti-Spike responses were 

olely elicited by the BNT162b2 vaccination. The immune plasma 

amples were also tested against previously identified immun- 

dominant B-cell linear epitopes S14P5, S20P2 and S21P2 outside 

he RBD on the spike glycoprotein [9] . IgG levels against these 

hree epitopes increased after two doses of vaccination (Supple- 

entary Figure 1C), confirming recent study that reported an in- 

uction of antibodies against diverse regions of S protein following 

ARS-CoV-2 spike mRNA vaccination [10] . 

Following the confirmation of the development of a ro- 

ust vaccine-induced antibody response, we then generated the 

entivirus-based SARS-CoV-2 pseudoviruses bearing the Spike pro- 

eins of the Delta variant and examined the neutralizing capabil- 

ty of the vaccine-induced antibody response against the reference 

uhan strain (WT), the other VOCs (Alpha, Beta, Gamma), and an- 

ther two relevant VOIs – Kappa and Epsilon that contained the 

ame L452R mutation at the receptor binding domain (RBD) as 

he Delta variant ( Figure 2 A) [3] . Using CHO cells over-expressing 

uman ACE2 protein (CHO-ACE2), we found that the pseudovirus 

f all tested variants infected the cells more efficiently than the 

uhan reference strain (WT) ( ∗p < 0.0 0 01) (Supplementary Figure 

). This may explain the clinical observations of the enhanced in- 

ectivity and transmission of these SARS-CoV-2 variants in human 

opulation. Intriguingly, Wang et al. have showed similar luciferase 

LU values of B.1.1.7 and B.1.351 pseudovirus strains in relative to 

he D614G reference strain [11] , which is different from our experi- 

ental setting using the ancestral Wuhan strain as the benchmark, 

uggesting that the enhanced infectivity observed in our study was 

argely attributed to the D614G mutation across all tested vari- 

nts, which had been confirmed to be associated with confor- 

ational changes of Spike trimer and increased infectivity [12] . 

he neutralization potency against different variant strains can be 

learly differentiated when the plasma samples were applied at the 

:20 dilution. Overall, the antibody neutralization activities against 

.1.1.7, P.1 or B.1.429 strains were somewhat reduced compared to 

he WT strain, even though the reduction is statistically insignifi- 

ant ( Figure 2 B). This finding slightly differs from some recent re- 

orts showing significant drop in antibody neutralization efficacies 

gainst these strains [ 5 , 13 , 14 ]. We hypothesized that the genetic

ariations among different populations which can develop differ- 

nt antibody repertoires, may also contribute to the fine speci- 

city of antibody response observed in the current study. Corrob- 

rating with the recent report [5] , there was a significant drop in 

ntibody response against B.1.351 strain (average 57.1% neutraliza- 

ion compared to an average 76% neutralization against WT strain). 

he most prominent decline was detected in the neutralization po- 

ency against the Delta variant B.1.617.2 (average 37.4% neutraliza- 

ion) but not the Kappa variant B.1.617.1 (average 58% neutraliza- 

ion) ( Figure 2 B). As high as 74% of the plasma samples (37 out 50)

an be classified as either ‘Weak neutralizers’ or ‘Non-neutralizers”

gainst B.1.617.2 due to their inability to neutralize more than 50% 

f pseudovirus particles at the 20-fold plasma dilution ( Figure 2 C). 

his observation provided a plausible explanation for the recent 

urge in the cases associated with B.1.617.2 in Singapore ( Figure 1 ). 

nterestingly, when we applied correlation analysis of percentages 



B. Wang, Y.S. Goh, S.-W. Fong et al. The Lancet Regional Health - Western Pacific 15 (2021) 100276 

Figure 2. Pseudovirus neutralization capacity of 50 plasma samples from BNT162b2 (Pfizer-BioNTech) vaccinees against SARS-CoV-2-Spike pseudoviruses bearing the 

Wuhan reference strain or the other 6 variant strains. ( A ) Amino acid changes (point mutations or deletions) relevant to the Wuhan reference strain of different SARS-CoV- 

2 variants, including B.1.1.7 (Alpha), B.1.351 (Beta), P.1 (Gamma), B.1.617.1 (Kappa), B.1.617.2 (Delta), and B.1.429 (Epsilon). Orange filled boxes: changes at the receptor binding 

domain (RBD); Grey filled boxes: changes outside the RBD. ( B ) 50 plasma samples from BNT162b2 vaccinees collected 68 to 77 days (median 71 days) after the second dose 

of vaccination were tested at 1:20 dilutions for their neutralization potency against Wuhan reference strain (WT) or the other 6 variant strains. Statistical analysis was carried 

out to compare any two different pseudoviruses using Kruskal-Wallis tests followed by post hoc Dunn’s multiple comparisons tests ( ∗∗∗ P ≤ 0.0 01, ∗∗∗∗ P ≤ 0.0 0 01). Only the 

comparison between the Wuhan reference strain (WT) and each of the other 6 variant strains plus that between the B.1.617.1 strain and the B.1.617.2 strain were shown in 

the figure. (C) Each individual plasma sample was arbitrarily defined as either ‘Strong neutralizer (red bar)’, or ‘Moderate neutralizer (pink bar)’, or ‘Weak neutralizer (grey 

bar)’ or ‘Non-neutralizer (black bar)’ if the percentage of neutralization at the 1:20 dilution is higher than 80%, between 50% to 80%, between 20 to 50%, and lower than 

20%, respectively. The numbers indicated the combined percentage of ‘Weak neutralizers’ and ‘Non-neutralizers’ (0-50% neutralization) out of total 50 plasma samples for 

each different pseudovirus strains. ( D ) Comparison of EC50 values of neutralization between WT (black circles), and the B.1.617.2 strain (brown circles) pseudoviruses from 

15 selected donor samples of either high responders against the B.1.617.2 strain (filled circles, n = 7) or low responders against the B.1.617.2 strain (empty circles, n = 8). 

Statistical analysis was carried out using paired two-tailed t-test ( ∗∗∗∗ P ≤ 0.0 0 01). 
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f neutralization among 50 plasma samples between WT strain 

nd each of the 6 variant strains, we have observed significant lev- 

ls of correlation of the data points across all 6 variants (Supple- 

entary Figure 3). This proportional changes in antibody neutral- 

zation efficiency of variant strains were also reported by another 

ecent study in comparing the B.1.617.1 Kappa variant and the ref- 

rence Victoria strain [15] . A further analysis on the effects of gen- 

er, age and ethnicity did not callout any significant correlations 

ith any of these factors for all 7 tested strains (Supplementary 

igure 4). Previous studies have reported that male COVID-19 pa- 

ients are more at risk for worse outcomes and high fatality than 

emales, suggesting differential immune responses between two 

exes to SARS-CoV-2 infection [16] . However, we did not observe 

ny gender differences in antibody responses in our study. This is 

ikely due to the limitation of this study as most of study subjects 

ncluded in the current study are females (82%, Supplementary Ta- 

le 1) and hence there is an imbalanced gender distribution. In ad- 

ition, the discrepancy between our finding and another recent re- 

ort which showed that increased age significantly correlated with 

educed neutralizing antibody titers [6] may be due to the small 

ample size in the current study. 
3 
To further quantify the differences in neutralizing potency 

gainst B.1.617.2 strain compared to the ancestral strain, we se- 

ected 7 high responders (70-88% neutralization against B.1.617.2 

seudovirus at 1:20 dilution) and 8 low responders (0-32% neu- 

ralization against B.1.617.2 pseudovirus at 1:20 dilution) on a full 

ose neutralization curve analysis (Supplementary Figure 5). The 

esults showed an average 9.9-fold drop in EC 50 in high respon- 

ers (5.1 to 16.7-fold) and 14.7-fold drop in low responders (9.2 to 

13.9-fold), which combined to confer an average 10.9-fold drop in 

he 15 selected study participants ( Figure 2 D). 

Lastly, we performed correlation analyses to compare a series 

f self-developed and commercial assays on the anti-Spike an- 

ibody responses (binding or receptor blockade) with the pseu- 

ovirus neutralization assay against various SARS-CoV-2 variants. 

nterestingly, we could not detect any correlation between pseu- 

ovirus neutralization potency and the receptor blocking efficiency 

easured by the GenScript cPass TM SARS-CoV-2 Neutralization An- 

ibody Detection Kit [17] for all 7 SARS-CoV-2 variants tested in 

his study, except a weak correlation can be observed for WT strain 

 p = 0.028) (Supplementary Figure 6). This suggests that an im- 

unoassay using solely the RBD of the wildtype SARS-CoV-2 Spike 
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[  
rotein, even it is designed as a functional biochemical method 

ased on RBD/ACE2 receptor blocking, does not represent or ac- 

urately predict the neutralization potency against the SARS-CoV-2 

ariants in the real world. This is likely because all of these emerg- 

ng SARS-CoV-2 variants also mutated at regions outside the RBD 

uch as the N-terminal domain (NTD) and S2 domain, some of 

hich may attenuate or even abolish the neutralizing ability of the 

ntibodies recognizing the epitopes at or near the site of the mu- 

ations [10] . On the contrary, a moderately positive correlation can 

e detected when we compared pseudovirus neutralization data 

ith assays measuring antibody binding to full-length WT Spike 

roteins including our in-house SFB assay [8] (Pearson’s r = 0.425, 

 = 0.002) and the commercial Elecsys® Anti-SARS-CoV-2 S im- 

unoassay developed by Roche Diagnostics (Pearson’s r = 0.649, p 

 0.0 0 01). We also observed significant correlation with 3 variants 

sing SFB assay and across all 6 variants using Elecsys® Anti-SARS- 

oV-2 S immunoassay (Supplementary Figure 7), suggesting that 

he antibody binding assays involving the full-length Spike protein, 

ven though they are limited to the WT Spike sequence, may pro- 

ide a qualitative assessment of the level of neutralizing antibodies 

s well as a quick and sound prediction on the neutralizing capac- 

ty against various SARS-CoV-2 variants. More interestingly, IgG re- 

ponse against the potential immunodominant epitope S14P5 [9] , 

lso showed significant positive correlation with pseudovirus neu- 

ralization activity against 2 variants including the Alpha variant 

.1.1.7 (Supplementary Figure 8), which contains a single point mu- 

ation A570D in the region where the neutralizing peptide S14P5 

s localized. However, this point mutation does not appear to com- 

romise the performance of S14P5 epitope in estimating neutral- 

zation efficiency against the B.1.1.7 variant. 

Collectively, our results showed a prominent decline in neutral- 

zing antibody levels against the B.1.617.2 Delta variant, in line with 

he breakthrough infection in BNT162b2 vaccinated health care 

orkers in Singapore ( https://www.moh.gov.sg/news-highlights/ 

etails/ministerial-statement-11May ). It also suggested that the 

urrent vaccines may not be able to induce sufficient protection 

gainst the Delta variant among the current VOCs, highlighting an 

rgent need for further booster immunizations to the populations 

hat exhibited lower vaccine-induced immune responses against 

merging variants as well as developing next generation vaccines 

f broad-spectrum neutralization capacity. In addition, our compre- 

ensive comparative analyses on anti-Spike antibody responses be- 

ween different assays suggest a scenario of using full-length Spike 

rotein-based antibody binding assays as a fast screening step for 

he initial assessment of vaccine-elicited protection against both 

T SARS-CoV-2 strain and the emerging variants, although neu- 

ralization assays using either pseudoviruses or live viruses remain 

s the gold standard for monitoring levels of humoral immunity. 
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