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In brief

Dashdorj et al. examined antibody

responses in COVID-19-vaccinated

Mongolian participants. Antibodies

blocking ACE2-RBD binding across

SARS-CoV-2 variants were highest

among Pfizer/BioNTech vaccinees,

followed by AstraZeneca, Sputnik V, and

then Sinopharm vaccinees. Breakthrough

infections in June through July of 2021

were predominantly the Alpha variant and

induced higher blocking antibodies

across vaccination groups.
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SUMMARY
Different SARS-CoV-2 vaccines are approved in various countries, but fewdirect comparisons of the antibody
responses they stimulate have been reported.We collected plasma specimens in July 2021 from 196Mongo-
lian participants fully vaccinatedwith one of four COVID-19 vaccines: Pfizer/BioNTech, AstraZeneca, Sputnik
V, and Sinopharm. Functional antibody testing with a panel of nine SARS-CoV-2 viral variant receptor binding
domain (RBD) proteins revealedmarked differences in vaccine responses, with low antibody levels and RBD-
ACE2blockingactivity stimulatedby theSinopharmandSputnik V vaccines in comparison to theAstraZeneca
or Pfizer/BioNTech vaccines. The Alpha variant caused 97% of infections in Mongolia in June and early July
2021. Individuals who recover from SARS-CoV-2 infection after vaccination achieve high antibody titers in
most cases. These data suggest that public health interventions such as vaccine boosting, potentially with
more potent vaccine types, may be needed to control COVID-19 in Mongolia and worldwide.
Several different vaccines for SARS-CoV-2 have been

approved for use in various countries and are being actively de-

ployed in an effort to combat the COVID-19 pandemic, but few

direct comparisons of the antibody responses they stimulate

have been reported. Many viral variants have arisen since the

initial months of the pandemic, and are in circulation with

different geographical distributions and susceptibility to anti-

body responses elicited to Wuhan-Hu-1 antigens (Garcia-Bel-

tran et al., 2021; Hoffmann et al., 2021; Muik et al., 2021; Planas

et al., 2021a; Röltgen et al., 2021; Supasa et al., 2021). Break-

through infections with SARS-CoV-2 in previously vaccinated

individuals, together with data from the clinical trials supporting

regulatory approval of the vaccines, indicate that there are dis-

parities in the amount of protection against infection that they

provide (AlQahtani et al., 2021; Khoury et al., 2021; Wall et al.,
1738 Cell Host & Microbe 29, 1738–1743, December 8, 2021 ª 2021
This is an open access article under the CC BY-NC-ND license (http://
2021). Beginning on February 23, 2021, Mongolia carried out

a vigorous campaign of vaccination of its citizens and achieved

a high rate of 61.4% of the total population fully vaccinated,

with an additional 6.3% having received a single dose, as re-

ported in official Mongolian state news agency data (https://

montsame.mn/en). The adult population has primarily been

vaccinated with the Sinopharm vaccine (89.2% of vaccinated

adults). In the summer of 2021, widespread outbreaks of

SARS-CoV-2 infection were reported in Mongolia, with 86

cases per 100,000 in mid-June, decreasing to approximately

40 cases per 100,000 at the end of July; these cases included

many vaccinated individuals. The viral variants responsible for

these infections are currently unknown.

We collected plasma specimens in a five-day period from July

3, 2021 to July 7, 2021 fromMongolianparticipantswho hadbeen
The Author(s). Published by Elsevier Inc.
creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Vaccine-induced antibody blocking of RBD-ACE2 binding for different viral variants

(A) Percentage blocking of ACE2 binding to RBD of specified viral variants by plasma antibodies of recipients of Pfizer/BioNTech, AstraZeneca, Sputnik V, and

Sinopharm vaccines is shown. Significance of differences between pairwise combination of vaccine groups was calculated by Wilcoxon test with Bonferroni

correction to adjust for multiple hypothesis correction (*, **, and *** indicate p < 0.05, p < 0.01, and p < 0.001 respectively).

(legend continued on next page)
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fully vaccinated with one of four COVID vaccines: Pfizer/Bio-

NTech (BNT162b2), AstraZeneca (ChAdOx1-S), Sputnik V

(Gam-COVID-Vac), and Sinopharm (BBIBP-CorV). Participants

were recruited by public announcement, and volunteers were

enrolledafter signing theconsent formapprovedby theEthicsRe-

viewBoard at theMinistry of Health of Mongolia. Antibodies were

analyzed in the plasmas of 196 participants divided between the

vaccine groups (47, 50, 45, and 54 individuals for Pfizer/Bio-

NTech, AstraZeneca, Sputnik V, and Sinopharm, respectively)

and selected to balance age, sex, and time after second vaccine

dose (Figure S1A). We measured antibody blocking of angio-

tensin-converting enzyme 2 (ACE2) host receptor protein binding

to SARS-CoV-2 spike receptor binding domains (RBDs) fromnine

viral variants of concern or interest, according to CDC and WHO

definitions, using an electrochemiluminescence (ECL) assay plat-

form from Meso Scale Diagnostics. The RBDs that were tested

were (with RBD amino acid changes fromWuhan-Hu-1 in paren-

theses): Alpha (N501Y), Beta (K417N, E484K, N501Y), Gamma

(K417T, E484K, N501Y), Delta (L452R, T478K), Epsilon (L452R),

Eta/Iota/Zeta (E484K), Kappa (L452R, E484Q), B.1.526.2

(S477N), and P.3 (E484K, N501Y) as well as Wuhan-Hu-1. Anti-

body blocking of ACE2 binding to each RBD for each vaccine

type is shown in Figure 1A. Wuhan-Hu-1 RBD-ACE2 blocking re-

sults are also displayed as a function of time of sample collection

after vaccination (Figure S1B). RBD-ACE2 blocking antibody re-

sults for participants of different ages (< 60 or R 60 years) and

sexes are shown in Figure 1B.We additionallymeasured the con-

centration of IgG antibodies binding to RBD, spike (S) and nucle-

ocapsid (N) antigens of Wuhan-Hu-1 SARS-CoV-2 in all speci-

mens (Figure S1C), using a plasma dilution of 1:5,000 to ensure

that measured antibody concentrations were within the linear

range of the ECL assay (Figure S1D). Results from RBD-ACE2

blocking antibody assays and anti-RBD IgG binding assays

have been shown to be correlatedwith neutralizing antibody titers

from pseudotyped viruses displaying SARS-CoV-2 spike and

authentic SARS-CoV-2 virus (Feng et al., 2021; Gilbert et al.,

2021; Röltgen et al., 2020). We reconfirmed these previously

reported correlations between RBD-ACE2 blocking antibody re-

sults, anti-RBD IgG antibody concentration, and virus neutraliza-

tion for a subsetof sampleswithaWuhan-Hu-1spikepseudovirus

neutralization assay (Figure S1E). We further found that the ACE2

blocking and anti-RBD IgG assays used in this study are corre-

lated with authentic SARS-CoV-2 virus neutralization results, in

plasma specimens from Pfizer-BioNTech vaccine recipients

from our recent publication (Arunachalam et al., 2021) (Fig-

ure S1F). High RBD-ACE2 blocking antibody values are associ-

ated with detectable neutralizing titers in the authentic SARS-

CoV-2 virus neutralization assay.

RBD-ACE2 blocking antibody activity was strikingly different

between the vaccines tested. Within each vaccine group, differ-

ences were also observed in antibody activity for the different

viral variant antigens, although these were smaller than the dif-

ferences between the vaccine groups. The Pfizer/BioNTech vac-

cine elicited the strongest RBD-ACE2 blocking antibody activity,
(B) Blocking antibody responses stratified by participant age (< 60 years, orR 60

female) was calculated by Wilcoxon test (* and ** indicate p < 0.05 and p < 0.01

(C) RBD-ACE2 blocking antibody responses for 99 participants with confirmed SA

for samples from the same individual are connected with a line.
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followed by the AstraZeneca vaccine, then Sputnik V, with the

lowest levels from Sinopharm (Figure 1A). Differences between

the vaccine responses were highly significant for most viral

variant antigens, although differences between the Sputnik V

and AstraZeneca did not always reach significance. RBD-

ACE2 blocking antibody activity for RBD antigens of viral variants

of concern or interest showed a consistent hierarchy of

decreased blocking, with the greatest decrease for the Beta,

Gamma, and P.3 variants and more modest decreases for the

other variants (Figure 1B), similar to previously reported results

(Garcia-Beltran et al., 2021; Röltgen et al., 2021). Median times

of sampling after second vaccination were between 2 and

3 months for all vaccines (Figure S1A); we note that some

Sputnik V recipient plasmas were collected at later time points

after the second vaccine dose compared to the other vaccines,

but plotting RBD-ACE2 blocking as a function of time after the

booster dose indicated that this had little effect on the results

(Figure S1B). Anti-RBD and anti-spike binding assay data were

similar to RBD-ACE2 blocking antibody results, with decreasing

antibody concentrations from Pfizer/BioNTech to AstraZeneca

to Sputnik V to Sinopharm (Figure S1C). The age of vaccine re-

cipients and proportions of males and females in each group

were comparable (Figure S1A). RBD-ACE2 blocking antibody

median values were lower for males than females for the

Pfizer/BioNTech and Sinopharm vaccines, but not for the

AstraZeneca and Sputnik V vaccines (Figure 1B).

Testing for antibodies to SARS-CoV-2 N antigen assessed for

evidence of prior infection, since the Pfizer/BioNTech mRNA

vaccine and the AstraZeneca and Sputnik V adenoviral vectored

vaccines do not contain or produce N antigen. Most recipients of

the Sinopharm vaccine, which contains inactivated SARS-CoV-2

viruses, showed the expected increased levels of anti-N anti-

bodies compared to other vaccine recipients (Figure S1C),

although most were below the cutoff for seroconversion in this

assay. The anti-N IgG assay results also identified some partic-

ipants with evidence of prior infection among the other vaccine

recipients who had no reported history of infection (5, 8, and 4 in-

dividuals for Pfizer/BioNTech, AstraZeneca, and Sputnik V,

respectively). Very high amounts of anti-N IgG well above the

cutoff for seroconversion were observed in three Sinopharm in-

dividuals. Pre-vaccination specimens were not available for par-

ticipants to further evaluate evidence of infection prior to vacci-

nation, but the Sinopharm and Sputnik V recipients with the

highest anti-N antibodies had significantly higher ACE2-blocking

antibody activity than others in their vaccination groups, sug-

gesting that these individuals had a combination of infection

and vaccination. To further evaluate the serological effects of

combined SARS-CoV-2 infection and vaccination, an additional

cohort of 99 participants who had been vaccinated outside of

this study and then had documented SARS-CoV-2 infections

were recruited (1, 21, 4, and 73 recipients of Pfizer/BioNTech,

AstraZeneca, Sputnik V, and Sinopharm vaccines, respectively)

(Figure S1G) and analyzed with the RBD-ACE2 blocking anti-

body assay (Figure 1C). RBD-ACE2 blocking antibody activity
years) and sex. Significance between two groups (age groups and male versus

respectively).

RS-CoV-2 infection post-vaccination with the indicated vaccines. Data points
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was very high in almost all of these individuals, with amedian of >

99% blocking against all variants except the Beta, Gamma, and

P.3 variants. While most AstraZeneca and Sinopharm recipients

showed high levels of RBD-ACE2 blocking activity, a few

showed lower blocking activity against most variants after

testing positive for infection post-vaccination (Figure 1C).

It is important to note that RBD-ACE2 blocking antibody assay

results are only a surrogate for potential protection of the individ-

ual from infection by SARS-CoV-2, as are the results from other

assays such as viral neutralization assays. Initial attempts to

evaluate decreases in risk of SARS-CoV-2 infection following

vaccination suggest that the results of surrogate assays, such

as anti-RBD or anti-spike IgG measurement, and neutralization

assays are well correlated with protection against symptomatic

infection (Feng et al., 2021; Gilbert et al., 2021).

The serological data from recipients of the four vaccines

tested suggested that Sinopharm recipients, who then

comprised 89.2% of vaccinated adults in Mongolia, as well as

the smaller number of individuals vaccinated with Sputnik V or

AstraZeneca vaccines could be particularly susceptible to

breakthrough infections. To assess whether viral variants that

are more resistant to antibodies elicited by Wuhan-Hu-1 anti-

gens are responsible for the ongoing wave of breakthrough in-

fections in Mongolia, we carried out viral genotyping with spike

N501Y, E484K, and L452R mutation-specific RT-qPCR on 182

nasopharyngeal swabs collected between June 18, 2021 and

July 5, 2021 from individuals with Sinopharm post-vaccination

SARS-CoV-2 infection. Viral genotyping showed that these in-

fections were dominated by Alpha variants with the N501Y mu-

tation, accounting for 97.3% (177/182) of cases tested. The other

samples were comprised of two samples with the L452R muta-

tion, consistent with several lineages including the Delta variant,

and three samples without N501Y, E484K, or L452R mutations,

unlikely to represent current variants of concern. Samples con-

taining N501Y were further tested for spike del69-70 by RT-

qPCR; this characteristic deletion was detected in all (177/177)

of these samples, confirming that Sinopharm post-vaccination

cases were caused primarily by the Alpha variant. The Alpha

variant has minimal evasion of antibody responses elicited by

Wuhan-Hu-1 antigens (Muik et al., 2021; Figure 1A), suggesting

that the breakthrough infections in Mongolia between June 18,

2021 and July 5, 2021 were related to the overall low antibody

levels to all variants in the Sinopharm-vaccinated population

rather than being driven by highly immune-evasive viral variants.

This direct comparison of vaccine-elicited functional antibody

responses to a panel of nine SARS-CoV-2 viral variant RBDs in-

dicates that there are marked differences in the serological re-

sponses generated by each vaccine, with relatively low antibody

concentrations and RBD-ACE2 blocking activity stimulated by

the Sinopharm and Sputnik V vaccines, intermediate levels for

the AstraZeneca vaccine, and the highest values for the Pfizer/

BioNTech vaccine. The reasons for the differences in the sero-

logical responses between these vaccine types are the subject

of intense research, but they are likely to include factors such

as the antigen doses provided or expressed by the recipient’s

cells, the anatomical distribution of antigen, adjuvant effects

and the degree of stimulation of innate immune mechanisms,

and the timing and nature of the priming and boost vaccinations,

among other possibilities.
Most individuals who recover from infection with SARS-CoV-2

after receiving any of the vaccines studied show elevated ACE2

blocking antibody activity comparable to that seen in uninfected

recipients of the Pfizer/BioNTech vaccine. Breakthrough infec-

tions in Mongolia in June and July 2021 are largely attributable to

the more infectious, but not highly immune-evasive, Alpha variant

(Davies et al., 2021; Planas et al., 2021b). Our data concerning the

breakthrough infections in recipients of the different vaccines are

not controlled for the degreeof exposure to virus after vaccination,

time since vaccination, or other clinical variables, and they cannot

beused to infer vaccine efficacy values for the four vaccines.How-

ever, a recent preprint analyzing health care records in Bahrain to

identify breakthrough infections for the same four vaccines we

evaluated found that, while all vaccines decreased infections

and mortality, Sinopharm vaccine recipients had a higher risk of

post-vaccination infections, hospitalizations, ICU admissions,

and deaths than Pfizer/BioNTech recipients (AlQahtani et al.,

2021); other recent studies have highlighted the value of antibody

measurements as correlates of vaccine-mediated protection

(Feng et al., 2021; Gilbert et al., 2021).

Limitations of this study include its retrospective observational

design without randomized assignment of individuals to vaccine

groups, the lack of pre-vaccination plasma samples, and the

lack of plasma specimens following vaccination but before infec-

tion in the 99 individuals with documented breakthrough infec-

tions. While samples from breakthrough infection cases were

collected continuously as they were reported, the limited number

of samples precludes evaluation of vaccine efficacy in this study.

Our serological analysis focused on RBD-binding antibodies and

RBD-ACE2 blocking antibodies and does not evaluate other po-

tential antibody-mediated immunologicalmechanismsorTcell re-

sponses that may play a role in vaccine efficacy. We observed

lowermedian valuesofRBD-ACE2blocking inmales than females

for the Pfizer and Sinopharm vaccines. Although there are signifi-

cant sex-related differences in health outcomes in Mongolia,

including a 9.6 year shorter life expectancy at birth in males than

females, per recent reports from the World Bank (https://

documents1.worldbank.org/curated/en/153011608186666637)

and the Mongolian Center for Health Development (http://hdc.

gov.mn/media/uploads/2021-05/Health_Indicator_2019_ENG.

pdf), definitive evaluation of sex-related differences in vaccine re-

sponses in this population will require further study with trials de-

signed to address this topic.

In summary, our data indicate that there are major differences

in the magnitude of functional antibody responses stimulated by

the four vaccines studied and suggest that additional public

health interventions such as booster vaccine doses, potentially

with the more potent vaccine types, may be needed to further

control the COVID-19 pandemic in Mongolia and worldwide.

However, faced with the public health crisis of increasing

SARS-CoV-2 infections and limited supply or distribution of the

most effective vaccines, widespread vaccinationwith a lower-ef-

ficacy vaccine may still represent a route to decreasing infec-

tions, hospitalizations, and mortality.

STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:
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Biological samples

Plasma samples from 196 vaccinated

individuals

ND Dashdorj, Ulaanbaatar, Mongolia http://www.onomfoundation.org

Plasma samples from 99 individuals with
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ND Dashdorj, Ulaanbaatar, Mongolia http://www.onomfoundation.org
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individuals with breakthrough infections
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Chemicals, peptides, and recombinant proteins
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Sodium Chloride Sigma-Aldrich Cat# S9888
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Penicillin/Streptomycin/Glutamine Life Technologies Cat# 10367-016

0.05% Trypsin-EDTA GIBCO Cat# 25300054

Dulbecco’s Phosphate-Buffered Saline,

without Calcium and Magnesium

Cytiva Cat# SH30028.03

Critical commercial assays
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SuperScript� III Platinum� One-Step
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Deposited Data

Demographic data and

electrochemiluminescence data
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Wang et al., 2021 PMID: 34037430

del69_70_FWD CATTAAATGGTAGG

ACAGGGTTA; final conc. 360 nM

Wang et al., 2021 PMID: 34037430
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Wang et al., 2021 PMID: 34037430
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REAGENT or RESOURCE SOURCE IDENTIFIER

del69_70_MT_HEX TTGGTCCCAGA

GATAGCATG; final conc. 80 nM; 5’

Mod: HEX; 3’ Mod: BHQ-1
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Laboratory of Jesse Bloom lab (Provided by

Laboratory of Peter Kim); Crawford

et al., 2020
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(pHDM-IDTSpike_fixK)

Laboratory of Jesse Bloom lab (Provided by

Laboratory of Peter Kim); Crawford

et al., 2020

BEI Cat# NR-51514

Gag-Pol plasmid (pHDM-Hgpm2) Laboratory of Jesse Bloom lab (Provided by

Laboratory of Peter Kim); Crawford

et al., 2020

BEI Cat# NR-52517

Tat plasmid (pHDM-Tat1b) Laboratory of Jesse Bloom lab (Provided by

Laboratory of Peter Kim); Crawford

et al., 2020

BEI Cat# NR-52518

Rev plasmid (pRC-CMV_Rev1b) Laboratory of Jesse Bloom lab (Provided by

Laboratory of Peter Kim); Crawford

et al., 2020

BEI Cat# NR-52519

Software and algorithms

R base packages (for statistical analysis) R Foundation for Statistical Computing,

Vienna, Austria; RStudio Team (2020).

RStudio: Integrated Development for R.

RStudio, PBC, Boston, MA

https://www.rstudio.com/products/

rstudio/download/

ggplot2 package (for graphs) Wickham, H. (2009) ggplot2: elegant

graphics for data analysis. Springer

New York.

https://cran.r-project.org/web/

packages/ggplot2/index.html

Other

Syringe filter unit, 0.45 mm, polyethersulfone Milipore Sigma Cat# SLHP033RS

BD Luer-lock general use syringe Fisher Scientific Cat# 22-124-969

96-well white-walled, clear bottom plates

(Grenier Bio-One CellStar Microplate)

Fisher Scientific Cat# 07-000-167

96-well U-bottom clear plates (Corning

Costar Assay plate)

Corning Cat# 3788

ll
OPEN ACCESSBrief Report
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to, and if reasonable will be fulfilled by, the lead con-

tact, Dr. Scott Boyd (sboyd1@stanford.edu).

Materials availability
This study did not generate new unique reagents.
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Data and code availability
d Demographic data and electrochemiluminescence data for this study are available in a file at Mendeley Data: https://doi.org/

10.17632/hy3zm69f57.1.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Recruitment and informed consent of research participants
Research participants were recruited by public announcement. Informed consent for research participation and collection of blood

and nasopharyngeal swab specimens was obtained, with research volunteers signing a consent form approved by the Ethics Review

Board at the Ministry of Health of Mongolia. Blood specimens were collected in a five-day period from July 3 to 7, 2021. Of the initial

794 participants enrolled in the study, 196 participants (111 females and 85 males, aged 20-85) balanced according to age, sex and

time post-second vaccine dose were selected for serological analysis, with 47, 50, 45 and 54 recipients of the Pfizer/BioNTech,

AstraZeneca, Sputnik V and Sinopharm vaccines, respectively. Research participants were healthy at the time of sample collection

and had no known history of immunodeficiency. No other procedures ormedicationswere recorded. An additional 99 participants (67

females and 32 males, aged 20-72) who had a history of SARS-CoV-2 infection after vaccination (1, 21, 4 and 73 recipients of the

Pfizer/BioNTech, AstraZeneca, Sputnik V and Sinopharm vaccines, respectively) confirmed by real-time PCR or rapid diagnostic

testing (RDT), were also studied with serological assays. Average time between infection and sample collection was 18 days (range

from 7 to 63 days). Demographic data for this study are available at Mendeley Data: https://doi.org/10.17632/hy3zm69f57.1.

Care and maintenance of cell lines
Human embryonic kidney (HEK293T) and human ACE2-expressing HeLa cells were cultured at 37 �C, 5% CO2, in DMEM (Cytiva)

supplemented with 10% FBS (Sigma-Aldrich), 10 mMHEPES (Sigma-Aldrich), and Penicillin-Streptomycin-Glutamine (Life Technol-

ogies). At 90%confluence, cells were washedwith Dulbecco’s Phosphate-Buffered Saline, without calcium andmagnesium (Cytiva),

and chemically dissociated by 0.05% trypsin-EDTA with Phenol Red (GIBCO). Cells were gently pipetted and sub-cultured at a 1:5-

1:10 ratio.

METHOD DETAILS

Electrochemiluminescence (ECL) IgG binding assay
Vaccine recipient plasma samples were heat-inactivated at 56 �C for 30 min. IgG antibodies targeting theWuhan-Hu-1 SARS-CoV-2

nucleocapsid (N), spike (S) and spike receptor binding domain (RBD) were detected usingMSDV-PLEXCoronavirus Panel 4 (IgG) kits

(Meso Scale Discovery) according to themanufacturer protocols. The kits measure samples in a 96-well plate bymultiplexed indirect

serology using patterned arrays of the target antigens and electrochemiluminescence (ECL) detection. Plasma samples were

analyzed in duplicate at a 1:5,000 dilution, detected with anti-human IgG antibodies labeled with an ECL label (SULFO-TAG), and

quantified with an MSDMESOQuickPlex SQ 120 instrument. Sample dilution of 1:5000 ensured that measured antibody concentra-

tions were within the linear range of the ECL assay (Figure S3A). In addition to test samples, each plate contained a blank well, three

positive control samples, and a 7-point calibration curve in duplicate generated by serial dilution of a reference standard. The cali-

bration sample data for each antigen was fit to a 4-parameter logistic (4-PL) model using 1/Y2 weighting. Antibody unit concentra-

tions (MSD AU/mL) for samples were calculated by backfitting ECL signals to the models.

ACE2-variant RBD antibody blocking assays
Antibodies blocking the binding of ACE2 protein to SARS-CoV-2 RBD for viral variants Alpha (N501Y), Beta (K417N, E484K, N501Y),

Gamma (K417T, E484K, N501Y), Delta (L452R, T478K), Epsilon (L452R), Eta/Iota/Zeta (E484K), Kappa (L452R, E484Q), B.1.526.2

(S477N) and P.3 (E484K, N501Y), and Wuhan-Hu-1were detected with MSD V-PLEX SARS-CoV-2 Panel 11 (ACE2) kits according

to the manufacturer’s protocols. Heat inactivated plasma samples from vaccinees were analyzed in duplicate at a dilution of 1:10.

Samples were added to wells of 96-well plates presenting arrays of the different RBDs and incubated to allow antibodies in the sam-

ples to bind. Human ACE2 protein conjugated with the SULFO-TAG label was then added to the wells. After incubating to let labeled

ACE2 bind to ACE2-binding sites that were not blocked by antibodies, the plates were read with a MESO QuickPlex SQ 120 instru-

ment. In addition to the test samples, each plate contained a 7-point calibration curve in duplicate generated by serial dilution of a

reference standard and a blank well. Results are reported as percent inhibition calculated based on the equation ((1 – Average Sam-

ple ECL Signal / Average ECL signal of blank well) x 100).

Production of SARS-CoV-2 pseudotyped lentivirus
As previously described by Crawford et al. (Crawford et al., 2020), HEK293T cells were transfected via calcium phosphate with a five-

plasmid 3rd generation lentiviral system composed of a lentiviral packaging vector (pHAGE_Luc2_IRES_ZsGreen-W), SARS-CoV-2

Wuhan-Hu-1 Spike plasmid (pHDM-IDTSpike_fixK), and 3 Helper plasmids containing Gag-Pol (pHDM-Hgpm2), Tat (pHDM-Tat1b),
e3 Cell Host & Microbe 29, 1738–1743.e1–e4, December 8, 2021
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and Rev (pRC-CMV_Rev1b). Briefly, HEK293T cells were plated in 10 cm tissue culture dishes and grown to 70% confluence in

DMEM supplemented with 10% FBS, Penicillin/Streptomycin/Glutamine, and 10 mM HEPES. Plasmids were combined in 500 mL

of water in the following quantities: 10 mg lentiviral packaging vector, 3.4 mg Spike plasmid, 2.2 mg each Helper plasmid. 500 mL

2X HEPES-Buffered Saline was added dropwise to the DNA mixture followed by 100 mL 2.5 M Calcium Chloride dropwise while

agitating the mixture to avoid clumping the DNA. After a 20 min incubation at room temperature, the transfection reaction was added

dropwise to the cells with gentle swirling. After 24 h incubation at 37�C, 5% CO2, media was gently aspirated from cells, spun down

(300 x g, 5 min) to remove cellular debris, then passed through a 0.45 mm filter, aliquoted, and stored at �80�C.

Pseudovirus neutralization assay
HeLa cells expressing human ACE2were plated on the inner 60 wells of a 96-well white-walled, flat clear bottom plates at a density of

5,000 cells per well (100 uL of a 50,000 cell/mL suspension). 200 mL of PBSwas placed in the outer wells to reduce evaporation during

incubation periods. After 24 h incubation at 37 �C, 5% CO2, media was replaced with 100 mL of pseudovirus/serum mixtures, with

virus only wells serving as a positive control and media only wells as a negative control. To prepare pseudovirus/serum mixtures,

serum was heat inactivated at 56 �C for 30 min, diluted 1:25 in media, then serial diluted by 2-fold. Pseudovirus was diluted 1:2

with media and supplemented with Polybrene at 1:1,000 to improve infection efficiency. Serum dilutions and pseudovirus was

then combined 1:1 for a final starting dilution of 1:50. After 48 h incubation, plates were read by replacing 50 mL of pseudovirus/serum

mixture with 50 mL Perkin Elmer BriteLite Plus Luciferase reagent. Plates were read by BioTek Synergy 2 plate reader.

SARS-CoV-2 variant genotyping
Total nucleic acids were extracted from 182 SARS-CoV-2 positive nasopharyngeal swab specimens (300 mL) using the Chemagic

Viral DNA/RNA 300 Kit on the Chemagic 360 extraction instrument (both from Perkin-Elmer, Waltham, MA) according to the manu-

facturer’s instructions.

Purified nucleic acid eluates were genotyped using a multiplex, mutation-specific RT-qPCR targeting N501Y, E484K, and L452R,

as previously described (Wang et al., 2021). A second confirmatory genotyping RT-qPCR assay was then used to identify the Alpha

variant in N501Ymutation-positive samples (n = 177) from the first multiplex reaction. For this assay we designed primers and a dual-

labeled hydrolysis probe targeting spike del69-70 (Table S2). The N501Y mutation was also included as a positive control, as this

Alpha variant confirmation assaywas run only on samples positive for N501Y in the first reaction. The del69-70mutation was selected

for Alpha variant confirmation given that 99.93% (929,411/930,076) of adequately covered [unidentified nucleotides (N) < 5%], full-

length SARS-CoV-2 sequences in GISAID (as of June 22, 2021) with N501Y and del69-70 belonged to the Alpha variant B.1.1.7 line-

age. Primers and probes for the spike P681Hmutation were also included in the reaction, but this target was not utilized in this study.

Primer/probe mix (1 mL, final concentration 360 nM each primer, 80 nM each probe) was combined with a one-step RT-qPCR

system (12.5 mL master mix + 0.5 mL Taq polymerase, SuperScript III Platinum One-Step qRT-PCR Kit, Invitrogen, Carlsbad),

nuclease-free water (6 mL), and template (5 mL) in a 25 mL reaction. All experiments were conducted on a BioRad CFX96 real-time

PCR instrument (BioRad, Hercules, CA, USA). One mutant control (pooled mutant ssDNA) and one wild-type control (whole-genome

synthetic RNA from Twist Bioscience, South San Francisco, CA) were included in each RT-qPCR experiment. Cycling conditions

were as follows: 52 �C for 15:00, 94 �C for 2:00, and then 45 cycles of 94 �C for 00:15, 59.0 �C for 00:40, and 68 �C for 00:20. Fluo-

rescence thresholds were manually set at 500 for both N501Y-FAM and del69-70-HEX.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis of RBD-ACE2 blocking assay
To assess for differences between pairwise combination of vaccine groups, significance was calculated using Wilcoxon test with

Bonferroni correction to adjust for multiple hypothesis correction. Significance between two groups (age groups and male versus

female) was calculated by Wilcoxon test. Statistical analyses were performed in R using base packages for statistical analysis

and the ggplot2 package for graphs. Statistical tests used are indicated in the respective figure legends.

Statistical analysis for pseudovirus neutralization assays
Luciferase readout values were normalized by the average positive and negative control values on each sample’s respective plate.

IC50 valueswere calculated by 4-point non-linear regressionwith a constraint of 0%set to the bottom of the fit and 100% for the top of

the fit.
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