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Rapid decline in vaccine-boosted neutralizing
antibodies against SARS-CoV-2 Omicron variant
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e Vaccine boost substantially increases Omicron neutralizing
antibody titers

e Boosted neutralization titers to Omicron but not prototypic
D614G decline rapidly

e Ad26.COV2.Sis better as prime or boost with mRNA vaccines
than as homologous boost

e Omicron sublineages exhibit 5-12 times reduced
neutralization by mRNA-1273 boost sera
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In brief

Following COVID-19 vaccine prime and
boost, Lyke et al. find higher Omicron
neutralization titers for homologous
mRNA boost and heterologous mRNA
and Ad26.COV2.S boost compared with
homologous Ad26.COV2.S boost. Omi-
cron titers rapidly decline by day 91
compared with prototypic D614G. Mod-
erate differences in neutralization (<3-
fold) were noted among Omicron
sublineages.
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SUMMARY

The Omicron variant of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) exhibits reduced
susceptibility to vaccine-induced neutralizing antibodies, requiring a boost to generate protective immunity.
We assess the magnitude and short-term durability of neutralizing antibodies after homologous and heterol-
ogous boosting with mRNA and Ad26.COV2.S vaccines. All prime-boost combinations substantially increase
the neutralization titers to Omicron, although the boosted titers decline rapidly within 2 months from the peak
response compared with boosted titers against the prototypic D614G variant. Boosted Omicron neutraliza-
tion titers are substantially higher for homologous mRNA vaccine boosting, and for heterologous mRNA and
Ad26.COV2.S vaccine boosting, compared with homologous Ad26.COV2.S boosting. Homologous mRNA
vaccine boosting generates nearly equivalent neutralizing activity against Omicron sublineages BA.1,
BA.2, and BA.3 but modestly reduced neutralizing activity against BA.2.12.1 and BA.4/BA.5 compared
with BA.1. These results have implications for boosting requirements to protect against Omicron and future
variants of SARS-CoV-2. This trial was conducted under ClincalTrials.gov: NCT04889209.

INTRODUCTION BA.4 and BA.5 sublineages, which share identical spike se-

quences, are rapidly becoming the dominant variants in the

The severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) Omicron variant (B.1.1.529) is currently the dominant
circulating variant in the COVID-19 pandemic. An unusually large
number of mutations, including ~30 in the spike protein, resulted
in increased transmissibility, partial resistance to natural- and
vaccine-induced immunity, and increased vaccine breakthrough
infections.'™ The Omicron wave was initially dominated by the
BA.1 sublineage and, more recently, was dominated by subline-
ages BA.2 and the closely related BA.2.12.1. A fourth subline-
age, BA.3, remains relatively rare, whereas the more recent
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pandemic. These Omicron sublineages share a subset of spike
mutations but individually also contain unique spike mutations.”
A single homologous vaccine boost after a primary series of
either the BNT162b2 (Pfizer-BioNTech) or mRNA-1273 (Mod-
erna) vaccines generates high titers of neutralizing antibodies
to Omicron;>" however, little is known about the durability of
the response and the impact of heterologous vaccine boosting.
As part of an ongoing study evaluating homologous and heterol-
ogous booster vaccines,® we assessed the magnitude and
short-term durability of neutralizing activity against Omicron.

Cell Reports Medicine 3, 100679, July 19, 2022 © 2022 The Authors. 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrm.2022.100679&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢ CelPress Cell Reports Medicine

Janet I. Archer,?° Sonja Crandon,?' Jillian A. Zemanek,® Elizabeth R. Brown,® Kathleen M. Neuzil," David S. Stephens,’®
Diane J. Post,?' Seema U. Nayak,2' Mehul S. Suthar,22 Paul C. Roberts,2" John H. Beigel,2'-2* David C. Montefiori,®-23.24.*

and the DMID 21-0012 Study Group
of Atlanta, Atlanta, GA, USA

10Department of Pediatrics, University of Pittsburgh School of Medicine, Pittsburgh, PA, USA

11Department of Medicine, University of Washington, Seattle, WA, USA

12Sealy Institute for Vaccine Sciences, University of Texas Medical Branch, Galveston, TX, USA

13NYU Langone Vaccine Center and Division of Infectious Diseases and Immunology, Department of Medicine, NYU Grossman School of

Medicine, New York, NY, USA

14Cincinnati Children’s Hospital Medical Center, Division of Infectious Diseases, University of Cincinnati College of Medicine, Cincinnati, OH,

USA

15NYU Langone Hospital —Long Island Vaccine Center Research Clinic and Division of Infectious Disease, Department of Medicine, NYU

Long Island School of Medicine, Mineola, NY, USA

16Department of Medicine, Emory University School of Medicine, Atlanta, GA, USA

17Hope Clinic of Emory Vaccine Center, Atlanta, GA, USA

18Seattle Children’s Research Institute, University of Washington School of Medicine, Seattle, WA, USA
19Department of Pediatrics, University of Washington School of Medicine, Seattle, WA, USA

20FHI360, Durham, NC 27701, USA

21Division of Microbiology and Infectious Diseases, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Be-

thesda, MD, USA

22Emory Vaccine Center, Yerkes National Primate Research Center, Department of Pediatrics, Department of Microbiology and Immunology,

Emory School of Medicine, Emory University, Atlanta, GA, USA

23Duke Human Vaccine Institute, Duke University Medical Center, Durham, NC, USA

24These authors contributed equally
25| ead contact

*Correspondence: klyke@som.umaryland.edu (K.E.L.), ratmar@bcm.edu (R.L.A.), monte@duke.edu (D.C.M.)

https://doi.org/10.1016/j.xcrm.2022.100679

RESULTS

Samples from six groups with ~50 participants per vaccine
group who received either homologous primary/booster combina-
tions (MRNA1273, 50 and 100 ug; BNT162b2; Ad26.COV2.S)
(Figures 1A-1D) or two heterologous primary-booster combina-
tions (Ad26.COV2.S prime-BNT162b2 boost; BNT162b2 prime-
Ad26.COV2.S boost) were assessed for neutralizing activity
(Table S1). The groups were inoculated in successive stages,
and mean boost intervals ranged from 16.4 to 28.5 weeks. Base-
line (day 1 pre-boost) pseudovirus neutralization antibody
(PsVNA) titers to the prototypic D614G variant (Wuhan-1 contain-
ing a single D614G spike mutation) were detected in 78% to 100%
of participants, with geometric mean titers (GMTs) of 31 to 378
across the different vaccine groups. PsVNA titers to Omicron
were detected in 4.3% to 92% of participants across the vaccine
groups, with GMTs of only 7 to 29 (Figures 1A-1F; Tables S2 and
S3). The boost increased the PsSVNA GMTs to above 1,000 for
the D614G variant and above 200 for Omicron at day 29 for all
groups except the homologous prime-boost Ad26.COV2.S group
(D614G GMT 123 and Omicron GMT 27). Day 29 GMTs were 2.8-
to 5.8-fold lower for Omicron compared with the D614G variant
across the vaccine groups. We also evaluated GMTs to D614G
at day 15. Titers peaked at either day 15 (Figure 1A-1C and 1E;
Tables S2 and S3) or 29 (Figures 1D and 1F) and differed by less
than 1.4-fold between the two time points. In an additional subset
evaluation, PsVNA titers to Omicron sublineages BA.2 and BA.3
were similar to BA.1, whereas sublineages BA.2.12.1 and BA.4/
BA.5 were 1.5 and 2.5 times less susceptible than BA.1, respec-
tively, when assayed with serum samples from day 29 after homol-
ogous 50 ng mRNA-1273 boosting (Figure 2; Table S4).
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Between days 29 and 91, neutralizing GMTs among the groups
decreased 2.4- to 5.3-fold for Omicron and no more than 2.4-fold
for the D614G variant. Most of the decrease in Omicron neutral-
ization in the homologous 100 pg mMRNA-1273-boosted group
occurred rapidly by day 91 (5.3-fold) compared with day 181
(7.3-fold) (Figure 3; Table S3). Statistically significant evidence
of a steeper decline of PsVNA titers against Omicron relative to
D614G, during the same interval, was found for 5 of 6 groups
(p < 0.001 and adjusted for multiple comparisons). An exception
was the 50 ng mMRNA-1273-boosted group, which had similar de-
clines in PsVNA titers between days 29 and 91 (2.4-fold reduction
in neutralizing GMTSs) for both variants (p = 0.93) (Figures 1D;
Tables S2 and S3). In the two Ad26.COV2.S-boosted groups,
neutralizing GMTs to the D614G variant but not Omicron re-
mained stable, or slightly increased, between days 29 and 91
(Figures 1B and 1F). Results were similar between age groups.
Two participants reported a positive SARS-CoV-2 test (days 4
and 59). Three participants (including one with a positive SARS-
CoV-2 test) were noted to have an unusual increase in PsVNA ti-
ters from days 29 to 91 and one from days 91 to 181. Noimportant
differences were noted in any of the estimates or testing results
reported here following sensitivity analyses that excluded these
potentially biased results (Data S1).

Focus reduction neutralization testing (FRNT) was performed in
asubset of 20 participants (10 aged 18-55 years and 10 aged > 56
years) per study group. Overall, the titers and percentage of FRNT
responders, in the subset analysis, were lower compared with
PsVNA, although trends were similar between boosted groups
(Figure 4; Tables S5 and S6). At day 29 post-boost, detectable
FRNT titers to the D614G variant and Omicron were measured in
most participants, with the exception of homologous prime-boost
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Figure 1. Pseudovirus neutralization expressed as 50% inhibitory dilution (ID50) to the D614G variant and Omicron at day 1 (pre-booster) and

days 29 and 91 post-booster

(A) mRNA-1273 vaccine boosted with mRNA-1273 100 pg.
(B) Ad26.COV2.S vaccine boosted with Ad26.COV2.S.

(C) BNT162b2 vaccine boosted with BNT162b2.

(D) mRNA-1273 vaccine boosted with mRNA-1273 50 ng.
(E) Ad26.COV2.S vaccine boosted with BNT162b2.

(F) BNT162b2 vaccine boosted with Ad26.COV2.S.

Each group consisted of ~50 participants (n = ~25 age 18-55 years old; n = ~25 age > 56 years old); the actual number of samples assayed for each study are
shown at the top of each panel as gray text. The PsVNA (neutralizing antibody [nAb]) results for the D614G variant were previously reported for all groups except
the homologous 50 ng mRNA-1273-boosted group. Values and colored text represent the geometric means; error bars represent 95% confidence intervals of
ID50 titers. The geometric mean fold reduction in ID50 for Omicron relative to the D614G variant is depicted in black text for days 29 and 91 post-booster. Tech-

nical duplicates were performed.

Ad26.COV2.S (D614G GMT 110 and Omicron GMT 11.7). Titers to
Beta and Delta variants were intermediate to those of the D614G
variant and Omicron, with titers to Beta being lower than those
against Delta (Tables S7). There was a general concordance be-
tween the FRNT and PsVNA assays in how they rank ordered
the 50% inhibitory dilution (ID50) neutralizing antibody (nAb) titers
against the D614G and Omicron variants but with a marked reduc-
tion in Omicron titers in the FRNT assay (Figure S1).

DISCUSSION

Although homologous mMRNA boosting and heterologous boosting
with mRNA or Ad26.COV2.S vaccines elicited high PsVNA titers to
Omicron BA.1, the response waned substantially within 3 months
from the boost. Nonetheless, neutralization titers were approxi-

mately 2 times higher 6 months after an mRNA-1273 boost (day
181) than they were at day 1, a time point approximately
3.5 months after the second inoculation (Figure 3A), suggesting
modest improvement in durability of the response. The PsVNA
response to Omicron BA.1 after homologous Ad26.COV2.S
boosting was low and short lived, which contrasts with high
PsVNA titers when a single inoculation of Ad26.COV2.S was
used as either a prime or a boost with an mRNA vaccine. Addition-
ally, the PsVNA titers to Omicron sublineages BA.1, BA.2, and
BA.3 measured in sera after a homologous 50 ng mRNA-1273
boost were similar to one another, being 5 to 6.1 times lower
than against D614G, while the BA.2.12.1 and BA.4/BA.5 neutrali-
zation titers were 7.5 and 12.4 times lower than against D614G.
This suggests that Omicron is gaining increased neutralization
resistance over time.
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Figure 2. Neutralization of Omicron sublineages BA.1, BA.2, BA.2.12.1, BA.3, and BA.4/BA.5

Omicron sublineage neutralization titers (ID50) in serum samples obtained before (day 1) and 29 days after homologous mRNA-1273 boosting (50 pg) in 16 study
participants who received two inoculations of mMRNA-1273 (100 ng) under emergency-use authorization. Box plots represent median (horizontal line within the
box) and 25th and 75th percentiles (lower and upper borders of the box), with the whiskers drawn to the value nearest to, but within, 1.5x interquartile range
above and below the borders of the box and individual results depicted in open circles. GMTs are shown above each box plot. The fold change neutralization titers
relative to D614G are depicted in black text at the bottom of the panels. Technical duplicates were performed.

In most cases, the boosted PsVNA titers against the D614G  ogous boost (Figure 1B) or as a heterologous boost after
variant declined more slowly than those against Omicron BA.1, BNT162b2 vaccination (Figure 1F). The Ad26.COV2.S vaccine
perhaps reflecting greater maturation of humoral immunity be- has been associated with greater durability of nAb responses
tween closely matched vaccine and variant spike proteins.” This  compared with mRNA vaccines,'® and while this was also true
was particularly evident when Ad26.COV2.Swas usedasahomol-  for post-boost neutralization titers to the D614G variant, the
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Figure 3. Six month durability of SARS-CoV-2 pseudovirion neutralizing antibody titers after three inoculations of mMRNA-1273 (100 pug dose)
Results for participants with available PsVNA data up to day 181 visit (n = 49), from participants who received the two standard inoculations of MRNA-1273 100 pg
and were boosted with mRNA-1273 (100 pg).

Left: Values and colored text represent the geometric means; error bars represent 95% confidence intervals of ID50 titers. The geometric mean fold reduction in
ID50 for Omicron relative to D614G is depicted in black text for days 29,91, and 181 post-booster.

Right: Spaghetti plot by study day showing differences in PsVNA levels for D614G and Omicron. Box plots represent median (horizontal line within the box) and
25th and 75th percentiles (lower and upper borders of the box), with the whiskers drawn to the value nearest to, but within, 1.5x interquartile range above and
below the borders of the box. The geometric mean fold reduction in ID50 for Omicron relative to D614G is depicted in black text.
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Figure 4. Live virus focus-reduction neutralization expressed ID50 in Vero-TMPRSS2 cells to D614G, Beta, Delta, and Omicron variants at
days 1 (pre-booster) and 29 post-booster

(A) mRNA-1273 vaccine boosted with mRNA-1273 100 pg.

(B) Ad26.COV2.S vaccine boosted with Ad26.COV2.S.

(C) BNT162b2 vaccine boosted with BNT162b2.

(D) mRNA-1273 vaccine boosted with mRNA-1273 50 ng.

(E) Ad26.COV2.S vaccine boosted with BNT162b2.

(F) BNT162b2 vaccine boosted with Ad26.COV2.S.

Each point represents the GMT from two duplicates per specimen (within the same assay run). A value equivalent to half the lower limit of detection (LLOD = 20)
was assigned to observations with no detectable response. A specimen was considered as having a positive response if at least one of the duplicates was above
the LLOD. Box plots represent median (horizontal line within the box) and 25th and 75th percentiles (lower and upper borders of the box), with the whiskers drawn

to the value nearest to, but within, 1.5x interquartile range above and below the borders of the box.

post-boost response to Omicron BA.1 exhibited a rapid decline. It
remains to be determined whether the rate of decline of nAbs
against Omicron can be improved with additional homologous or
heterologous vaccine boosting or with a longer rest interval be-
tween inoculations.

Peak GMTs against D614G and Omicron were similar between
the 50 and 100 pg homologous mRNA-1273-boosted groups
(Figures 1A, 1D, 4A, and 4D). In a previous study of participants
primed with two inoculations of 100 ng mMRNA-1273 in the Mod-
erna phase 3 trial and subsequently boosted with either 50 or
100 ng mRNA-1273, GMTs against D614G and Omicron were
2.5 to 2.8 times higher in the 100 ng boosted group than in the
50 pg boosted group.” It is also noteworthy that Omicron neutral-
ization titers declined more slowly by day 91 in the 50 ug thaninthe
100 png homologous mRNA-1273-boosted group (Figures 1A and
1D). These differences in the magnitude and rate of decline of

nAbs may be partially explained by the boosting interval, which
was approximately 3 months longer in the half-dose mRNA-1273
group (3.5 versus 6.5 months) owing to the staged recruitment
study design.

These data support that homologous mRNA and heterol-
ogous boost combinations will increase humoral immunity
to Omicron as a strategy to mitigate risk from this and
possibly future variants. The kinetics of the nAb response
post-boost suggest a rapid decay in GMT to Omicron by
day 91 that is consistent with waning vaccine effective-
ness'"'2 and may impact decisions regarding the need for
additional boosters.

Limitations of the study

Limitations to this study include the lack of randomization to
study groups, the individual variability in boosting intervals,

Cell Reports Medicine 3, 100679, July 19, 2022 5
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and regional variability in SARS-CoV-2 transmission rates across
the study sites. Although this study focused solely on nAbs and
utilized a PsVNA assay correlated with vaccine efficacy,'® clin-
ical effectiveness against variants and an understanding of the
breadth of immune responses, including cell-mediated immu-
nity, are urgently needed.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Alexaflour-647 Novus Biologicals ab269823; RRID:AB_2892763

CR3022 Sigma-Aldrich ZHU1077; RRID:AB_2848080

Bacterial and virus strains

EHC-83E Mid-turbinate nasal swab SARS-CoV-2/human/USA/GA-EHC-083E/2020

B.1.617.2 Mid-turbinate nasal swab hCoV-19/USA/PHC658/2021

B.1.351 Dr. Andy Pekosz (John Hopkins hCoV-19/South Africa/KRISP-K005325/2020
University, Baltimore, MD)

B.1.1.529 Mid-turbinate nasal swab hCoV19/EHC_C19_2811C

Chemicals, peptides, and recombinant proteins

Methylcellulose Sigma-Aldrich Cat. #: M0512-250G
Critical commercial assays
Bright-Glo Luciferase Assay System Promega Cat# E2610

Opti-MEM

Life Technologies

Cat# 31,985,062

Experimental models: Cell lines

HEK 293T/17 cells
293T/ACE2 cell
VeroE6 C1008 cells

American Type Culture Collection
Drs. Michael Farzan and Huihui Mu
ATCC

Cat# CRL-11268
N/A
Cat# CRL-1586, RRID:CVCL_0574

Recombinant DNA

VRC5601: pHR’ CMV Luc Vaccine Research Center, NIH N/A
VRC5602: pCMV AR8.2 Vaccine Research Center, NIH N/A
VRC9260: TMPRSS2 Vaccine Research Center, NIH N/A
VRC7480 Vaccine Research Center, NIH N/A
VRC7480.D614G This paper N/A
VRC7480.0micron.BA.1 This paper N/A
VRC7480.0micron.BA.2 Genscript N/A
VRC7480.0micron.BA.3 Genscript N/A
VRC7480.0micron.BA.2.12.1 This paper N/A
VRC7480.0micron.BA.4/BA.5 Genscript N/A
Software and algorithms

GraphPad Prism 9.2.0 San Diego, CA N/A

Viridot Program
R Version 4.1.3

SAS Version 9.4

Katzelnick et al.’

R Foundation for Statistical Computing,
Vienna, Austria. URL https://www.R-project.org/

SAS Institute Inc., Cary NC, USA

https://github.com/leahkatzelnick/Viridot
N/A

N/A

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contacts Kirsten E.

Lyke (klyke@som.umaryland.edu).

Materials availability

All unique/stable reagents generated in this study are available from the lead contact with a completed Materials Transfer Agreement.

el Cell Reports Medicine 3, 100679, July 19, 2022


mailto:klyke@som.umaryland.edu
https://github.com/leahkatzelnick/Viridot
https://www.R-project.org/

Cell Reports Medicine ¢ CelPress

OPEN ACCESS

Data and code availability statement

® The safety and immunogenicity data reported in this study cannot be deposited in a public repository because they are being
collected and analyzed as part of the DMID 21-0012 study, which is ongoing and for which the dataset has not yet been locked.
To request access, contact the IDCRC Secondary Research Project Manager (IDCRC.sec.research@fredhutch.org, section 18
of IDCRC Manual of Procedures, https://idcrc.org/about/procedures/index.html). Summary statistics describing previously
published data is available at the NEJM: https://doi.org/10.1056/NEJMoa2116414.

® This paper does not report original code.

® Any additional information required to analyze the data reported in this paper is available from the Lead Contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

This phase 1/2 open-label, non-randomized, adaptive design, clinical trial was performed in sequential stages at ten U.S. clinical
sites.® Healthy adults (aged > 18 years) who had received a full Covid-19 vaccine regimen available under EUA (Ad26.COV2.S [Jans-
sen], mRNA-1273 [Moderna, Inc], or BNT162b2 [Pfizer/BioNTech]) at least 12 weeks earlier and reported no prior history of SARS-
CoV-2 infection or monoclonal antibody infusion, were eligible for inclusion. Participants were enrolled and assigned a booster
regimen until recruitment goals were met (approximately 50 participants per EUA prime group and ~150 per stage) in five sequential
stages. A sample size of 50 per group, 25 per age stratum, was targeted, consistent with Phase 1/2 studies. No tests of hypothesis for
comparison between groups were planned nor conducted. Six hundred and ninety-six adults were enrolled over five stages. Four
homologous primary/booster combinations (MRNA1273, 50-ug and 100-pg; BNT162b2; Ad26.COV2.S) (Figures 1A-1D) and two
heterologous primary-booster combinations (Ad26.COV2.S prime-BNT162b2 boost; BNT162b2 prime-Ad26.COV2.S boost)
(Figures 1E and 1F) representing 305 participants were selected to be reported here. Prime-boost intervals ranged from 3 (Stage
1) to 6.6 (Stage 5) months. Samples from available participants per group (~25 participants 18-55 years old and ~25 participants
> 56 years) were assayed. We determined 50% serum neutralizing antibody (NADb) titers using lentivirus-based PsVNA'? and live virus
FRNT.® PsVNA assays were performed in all participants (~50 per group) with the D614G variant (Wuhan-1 containing a single D614G
spike mutation) and Omicron (BA.1 sublineage) for Day 1 (pre-boost) and Days 15, 29 and 91 post-boost for all groups, in addition to
Day 181 post-boost for the homologous Moderna 100-pg group. Trial participants were predominantly non-Hispanic and white with
equal representation of male and females. A full description of the demographic information of study participants has previously been
reported.® A subset (n = 16) of serum samples from this later group, chosen from those with robust responses detected at Day 29,
was also assayed against the BA.2, BA.2.12.1, BA.3, and BA.4/BA.5 sublineage of Omicron. FRNT assays were performed in a sub-
set of 20 participants per group (10 participants aged 18-55 years and 10 participants aged >56 years), for the D614G, Beta (B.1.351),
Delta (B.1.617.2) and Omicron variants at Days 1 and 29.

METHODS DETAILS

Cells

HEK 293T/17 cells (American Type Culture Collection, cat. no. CRL-11268) were used for transfection to produce spike-pseudotyped
viruses. The cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM) (Life Technologies) supplemented with 10% fetal
bovine serum. A 293T cell line stably overexpressing the human ACE2 cell surface receptor protein (293T/ACE2 cell line) was used as
targets for infection in the PsVNA. 293T/ACE2 cells were obtained from Drs. Michael Farzan and Huihui Mu (Scripps) and were main-
tained DMEM supplemented with 10% FBS and 3 pg/mL puromycin. VeroE6-TMPRSS2 cells used in the FRNT assay were gener-
ated and cultured as previously described.'®

Plasmids and viruses

SARS-CoV-2 spike-pseudotyped viruses were prepared by using a sequence-modified version of a plasmid (VRC7480) encoding
codon-optimized full-length spike of the ancestral Wuhan-1 strain. The D614G spike mutation was introduced by site-directed muta-
genesis. The omicron sublineage spike plasmids were either produced by site-directed mutagenesis or were synthesized by
GenScript using VRC7480 as template. All mutations were confirmed by full-length spike gene sequencing. Spike-pseudotyped vi-
ruses were produced in HEK293T/17 cells by transfection using Fugene 6 (Promega Cat#E2692) and a combination of spike plasmid,
lentiviral backbone plasmid (pCMV AR8.2) and firefly Luc reporter gene plasmid (pHR’ CMV Luc) in a 1:17:17 ratio in Opti-MEM (Life
Technologies) as described.'® The variant spike-pseudotyped viruses contained the mutations listed:

Variant Spike mutations
D614G D614G
Omicron (BA.1) AB7V, AB9-70, T95I, G142D, A143-145, A211, L212l, +214EPE, G339D, S371L, S373P, S375F, K417N,

N440K, G446S, S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y, Y505H, T547K, D614G, H655Y,
N679K, P681H, N764K, D796Y, N856K, Q954H, N969K, L981F

(Continued on next page)
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Continued
Variant Spike mutations
Omicron (BA.2) T191, A21-23, A24S, G142D, V213G, G339D, S371F, S373P, S375F, T376A, D405N, R408S, K417N,

N440K, S477N, T478K, E484A, Q493R, Q498R, N501Y, Y505H, D614G, H655Y, N679K, P681H, N764K,
D796Y, Q954H, N969K

Omicron (BA.3) AB7V, AB9-70, G142D, A143-145, A211, L212I, G339D, S373P, S375F, D405N, K417N, N440K, G446S,
S477N, T478K, E484A, Q493R, Q498R, N501Y, Y505H, D614G, H655Y, N679K, P681H, N764K, D796Y,
Q954H, N969K

Omicron (BA.2.12.1) T191, L24S, AP25, AP26, AA27, G142D, V213G, G339D, S371F, S373P, S375F, T376A, D405N, R408S,
K417N, N440K, L452Q, S477N, T478K, E484A, Q493R, Q498R, N501Y, Y505H, D614G, H655Y, N679K,
P681H, S704L, N764K, D796Y, Q954H, N969K

Omicron (BA.4/BA.5) T19I, L24S, AP25, AP26, AA27, G142D, V213G, G339D, S371F, S373P, S375F, T376A, D405N, R408S,

K417N, N440K, L452R, S477N, T478K, E484A, F486V, Q498R, N501Y, Y505H, D614G, HE55Y, N679K,
P681H, N764K, D796Y, Q954H, N969K

For the FRNT assay, the EHC-083E (SARS-CoV-2/human/USA/GA-EHC-083E/2020) variant was isolated and propagated as pre-
viously described.'® B.1.351 variant isolate (hCoV-19/USA/MD-HP01542/2021), kindly provided by Dr. Andy Pekosz (John Hopkins
University, Baltimore, MD), was propagated once in VeroE6-TMPRSS2 cells to generate a working stock. hCoV-19/USA/PHC658/
2021 (herein referred to as the B.1.617.2 variant) was derived from a nasal swab collected in May 2021."® hCoV19/EHC_C19_2811C
(referred to as the B.1.1.529 variant) was derived from a mid-turbinate nasal swab collected in December 2021. This SARS-CoV-2
genome is available under GISAID accession number EPI_ISL_7171744. All viruses used in the FRNT assay were deep sequenced
and confirmed as previously described.'®

Live virus variant Spike mutations

EHC-083E D614G

B.1.351 L18F, D80A, D215G, L241-, L242-, A243-, K417N, E484K, N501Y, D614G, A701V
B.1.617.2 T19R, K77T, G142D, Del (E156-R158); Ins G, L452R, T478K, D614G, P681R, D950N
Omicron (BA.1) AB7V, AB9-70, T95I, G142D, A143-145, A212, N211l, +214EPE, G339D, S371L, S373P,

S375F, K417N, N440K, G446S, S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y,
Y505H, T547K, D614G, H655Y, N679K, P681H, N764K, D796Y, N856K, Q954H, N969K, L981F

Serum samples

As part of a larger study,® participants were enrolled with approximately equal numbers in two age strata (18-55 years and >56 years)
and the three EUA-dosed vaccine groups (N = 50/group) across multiple groups. Blood was collected for serum at Day 1 pre-vacci-
nation and days 15, 29, 91 and 181 following booster dosing, with follow-up planned to 12 months. Samples were processed within
8 h and aliquoted for cryopreservation prior to shipment to Fisher Bioservices (Germantown, MD). Serum samples were selected from
eligible persons (N = 50/group stratified into two age strata across six groups) who received the designated study booster vaccine, as
previously described. Only participants with sufficient serum collected to enable testing were considered for selection. Serum sam-
ples were sent to designated immunologic reference laboratories (Duke University for PsVNA and Emory University for FRNT) for
analysis. A subset of 16 participants with the highest response at Day 29 to D614G were selected from Group 13E (EUA mRNA-
1273 100mcg, boost mMRNA-1273 50mcg) to be assayed for Omicron sublineages (BA.1, BA.2, BA.2.12.1, BA.3, and BA.4/BA.5).
All serum samples were heat-inactivated for 30 min at 56°C prior to assay.

Pseudovirus neutralization assay

Neutralization of Spike-pseudotyped viruses was assessed in 293T/ACE2 cells as a function of reductions in firefly luciferase reporter
activity.'® All serum samples were assayed against Spike-pseudotyped SARS-CoV-2 D614G and Omicron (BA.1 sublineage). A sub-
set of samples was also assayed with Omicron sublineages BA.2, BA.2.12.1, BA.3 and BA.4/BA.5. Results are reported as Inhibitory
Dilution 50 (ID50); these values represent the serum dilution that reduces relative luminescence units (RLU) by 50% relative to the RLU
in the virus control wells after subtraction of background RLU. These assays were conducted under the oversight of the Quality
Assurance Unit for Duke Vaccine Immunogenicity Programs (QADVIP).

Live virus focus reduction neutralization (FRNT) assay

FRNT assays were performed as previously described.">'"'® Briefly, samples were diluted at 3-fold in 8 serial dilutions using DMEM
in duplicates with an initial dilution of 1:10 in a total volume of 60 pL. Serially diluted samples were incubated with an equal volume of
D614G, B.1.351, B.1.617.2 or B.1.1.529 (100-200 foci per well based on the target cell) at 37°C for 45 min in a round-bottomed
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96-well culture plate. The antibody-virus mixture was then added to VeroE6-TMPRSS2 cells and incubated at 37°C for 1 h. Post-in-
cubation, the antibody-virus mixture was removed and 100 pL of pre-warmed 0.85% methylcellulose (Sigma-Aldrich, #M0512-250G)
overlay was added to each well. Plates were incubated at 37°C for either 18 h (D614G, B.1.351, B.1.617.2) or 40 h (B.1.1.529) and the
methylcellulose overlay was removed and washed six times with PBS. Cells were fixed with 2% paraformaldehyde in PBS for 30 min.
Following fixation, plates were washed twice with PBS and permeabilization buffer (0.1% BSA and 0.1% Saponin in PBS) was added
to permeabilized cells for at least 20 min. Cells were incubated with an anti-SARS-CoV spike primary antibody directly conjugated to
Alexaflour-647 (CR3022-AF647) for 4 h at room temperature or overnight at 4°C. Cells were washed three times in PBS and foci were
visualized on an ELISPOT reader. Antibody neutralization was quantified by counting the number of foci for each sample using the
Viridot program.’ The neutralization titers were calculated as follows: 1 - (ratio of the mean number of foci in the presence of sera and
foci at the highest dilution of respective sera sample). Each specimen was tested in duplicate. The FRNT-50 titers were interpolated
using a 4-parameter nonlinear regression in GraphPad Prism 9.2.0. Samples that do not neutralize at the limit of detection at 50% are
plotted at 10 and was used for geometric mean and fold-change calculations.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statical support was provided by the Statistical Center for HIV/AIDS Research and Prevention (SCHARP) at the Fred Hutchinson
Cancer Research Center, University of Washington. Descriptive statistics, such as quantiles (min, max, median and 25th and 75th
percentiles) and Geometric Mean (GM) are reported for observations collected at each visit, along with percent of participants
with positive response. For post-boost visits, the Geometric Mean Fold Difference (GMFD), relative to baseline (Day 1, pre-boost)
levels are also provided, along with proportion of participants with a 2-fold (or higher) and a 4-fold (or higher) increase relative to base-
line. Neutralization titers reported as below the lower limit of detection (LLOD) were assigned a value equivalent to half the LLOD. For
FRNT, the unit of analysis was obtained as the Geometric Mean of the duplicate titers. Positive response (at the sample level) was
defined as titers above the LLOQ or at least one of the duplicate titers above the LLOQ. Ninety five percent confidence intervals (Cl)
for GM and GMFD are obtained based on a t-distribution. The fold change in the Omicron Antibody levels, relative to D614G, was
obtained for participants with positive response to D614G. The GM of this decrease fold is reported only for Day 29 and Day 91.
A statistical analysis was performed to compare the change in PsVNA titers against Omicron (ID50) from Day 29 to Day 91 to the
change in PsVNA titers (ID50) against D614G. A regression model on the change in titers was fit using Generalized Estimating Equa-
tions, to account for correlation of within-participant observations, and including the type of Pseudovirus and vaccine-boost com-
bination as predictors of interest, along with their interaction. Adjustment for the interval between collection times, which could differ
between participants, as also included. Estimates of the GMFD for both Omicron and D614G are provided for each group. Statistical
testing of decline for Omicron relative to D614F was performed, under a family-wise significance level of 1%, with adjustment for
multiple comparisons using the Hochberg approach.

Participants for whom a positive SARS-CoV-2 test has been reported, or for whom unexplained increase in titers, defined as
change of a highly outlier magnitude (2.5 times IQR above the 75th percentile) within the intervals reported here, were identified.
A sensitivity analysis was conducted by excluding these participants.

Details on statistical comparisons and sensitivity analyses
Potentially influential observations and sensitivity analyses
No participants reported receiving a booster vaccination outside of the study within the period reported. The following set of partic-
ipants were identified to have reported a positive SARS-CoV-2 test within the period reported or to show a highly outlier increase in
PsVNA titers after Day 29 (defined as 2.5 times the IQR above the 75" percentile of the change between visits, within their vaccination

group):

® One participant in Group 2E (MRNA-1273 100mcg prime-mRNA-1273 100mcg boost) showed a sharp increase in PsVNA levels
both against D614G and Omicron between Day 91 and Day 181, along with a sharp increase in Binding IgG Antibody levels to
the N-protein (N-protein data and Binding IgG data not included).

® One participant in Group 6E (BNT162b2 prime-Ad26.COV2.S prime) had a molecular positive test recorded 55 days post-
boost, with a subsequent molecular negative test recorded 59 days post-boost. This participant also showed a sharp increase
in PsVNA levels against D614G and Omicron between Day 29 and Day 91.

® One participant in Group 9E (BNT162b2 prime-BNT162b2 boost) had a molecular positive test reported 4 days post-boost,
although not showing any noticeable increase PsVNA levels relative to the rest of participants in the same group.

® One other participant in Group 9E (BNT162b2 prime-BNT162b2 boost) showed an outlier increase in PsVNA against D614G
from Day 29 to Day 91. However, no increase in PsVNA against Omicron, nor in their Binding IgG Antibody levels to the
N-protein, was observed.

® One participant in Group 13E (MRNA-1273 100mcg prime-mRNA-1273 50mcg boost) showed a sharp increase in PsVNA
against Omicron from Day 29 to Day 181, with moderate increase observed against D614G. Levels for Binding Ab show a sharp
increase, but this is observed between Day 1 and Day 15.
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A sensitivity analysis was performed by excluding the five participants identified above. The results from this sensitivity analysis,
relative to the analysis of the full set of participants, are as follows:

o Estimates of the Geometric Mean PSV-Ab levels fall between 90.7% and 108.7% of the estimates from the full set analysis.

® Fornon-baseline visits, estimates of the Geometric Mean Fold Change in PSVNA levels (relative to Baseline) fall between 89.1%
and 104.0% of the estimates from the full set analysis.

@ For Omicron, estimates of the Geometric Mean Fold Decrease in PSVNA levels (relative to D614G) fall between 99.1% and
104.7% of the estimates from the full set analysis.

In summary, no important differences in the various estimates were observed in a sensitivity analysis that excluded participants
reporting positive SARS-CoV-2 tests or showing outlier high magnitude of change in PsSVNA titers between study visits.

ADDITIONAL RESOURCES

The clinical trial was sponsored by the Infectious Diseases Clinical Research Consortium through the National Institute for Allergy and
Infectious Diseases (NIAID) of the National Institutes of Health (NIH) as protocol DMID 21-0012 and registered as ClinicalTrials.gov #
NCT04889209.
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