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SUMMARY
The emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in 2019 has led to the
development of a large number of vaccines, several of which are now approved for use in humans. Under-
standing vaccine-elicited antibody responses against emerging SARS-CoV-2 variants of concern (VOCs) in
real time is key to inform public health policies. Serum neutralizing antibody titers are the current best corre-
late of protection from SARS-CoV-2 challenge in non-human primates and a key metric to understand im-
mune evasion of VOCs. We report that vaccinated BALB/c mice do not recapitulate faithfully the breadth
and potency of neutralizing antibody responses elicited by various vaccine platforms against VOCs,
compared with non-human primates or humans, suggesting caution should be exercised when interpreting
data obtained with this animal model.
INTRODUCTION

Vaccine candidates are typically evaluated in small mammals

(e.g., mice) and non-human primates (NHPs) prior to cGMP

manufacturing and human clinical trials. For SARS-CoV-2,

serum neutralizing antibody titers represent the current best

correlate of protection in NHP challenge studies (Arunachalam

et al., 2021; Corbett et al., 2021) and in humans (Gilbert et al.,

2021). Serum neutralizing antibody titers are also used as met-

rics in human clinical trials to benchmark new vaccine candi-

dates (e.g., NCT05007951 comparing GBP510 to AZD1222)

and the administration of neutralizing monoclonal antibodies

has been shown to improve disease outcome for some patients

with COVID-19 (Corti et al., 2021). As variants of SARS-CoV-2

emerge (Cameroni et al., 2021; Collier et al., 2021; Mlcochova

et al., 2021; Tegally et al., 2020; Walls et al., 2022), it is necessary

to evaluate their impact on serum neutralizing activity, as a proxy
This is an open access article under the CC BY-N
for vaccine efficacy, in order to inform public health policies

worldwide and further vaccine development.

RESULTS

We compared neutralizing antibody responses elicited following

vaccination of BALB/c mice with three distinct AddaVax-adju-

vanted protein subunit immunogens. Mice were immunized at

weeks 0 and 3 with a clinical-stage, multivalent RBD-nanopar-

ticle (RBD-NP) (Arunachalam et al., 2021; Walls et al., 2020a,

2021; Arunachalam et al., 2022; Song et al., 2022), an S ‘‘2P’’

prefusion-stabilized S (Pallesen et al., 2017; Walls et al.,

2020a), or a next-generation prefusion-stabilized HexaPro S

(Hsieh et al., 2020; Walls et al., 2021). Sera were collected 2, 5,

and 8 weeks post-prime, and serum neutralizing activity (ex-

pressed as the dilution inhibiting 50% of entry: ID50) was evalu-

ated using single-round vesicular stomatitis virus (VSV)
Cell Reports 40, 111299, August 30, 2022 ª 2022 The Author(s). 1
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Figure 1. Vaccine-elicited serum neutralizing activity against VOCs in mice does not recapitulate observations in NHPs and humans

Results from mice in (A)–(E), NHPs in (F), and humans in (G)–(H).

(A) Neutralizing activity of sera from BALB/c mice immunized with RBD-NP, S2P, or HexaPro 2 weeks post-prime, 2 weeks after boost (5 weeks post-prime), or

5 weeks after boost (8 weeks post-prime with RBD-NP and Hexapro only) with VSV pseudotyped with SARS-CoV-2 G614 S, Beta S, or Gamma S on VeroE6-

TMPRSS2 cells. Data from one out of at least two representative experiments shown; vaccination experiment performed once; n = 5 mice. Schematic above the

figure shows animal model, antigen, dosing, and timeline of bleeds.

(B) Neutralizing activity of sera from BALB/c mice immunized with RBD-NP, S2P, or HexaPro 2 weeks post-prime or 2 weeks after boost (5 weeks post-prime)

with VSV pseudotyped with SARS-CoV-2 G614 S, Beta S, or Gamma S on HEK-293T-ACE2 cells. Data from one out of at least two representative experiments

shown; vaccination experiment performed once; n = 5 mice. Schematic above the figure shows organism, antigen, dosing, and timeline of bleeds.

(C) Neutralizing activity of sera from BALB/c mice immunized with different doses (ranging from 1.66–0.0001mg) RBD-NP analyzed 2 weeks after boost (6 weeks

after prime) with VSV pseudotyped with SARS-CoV-2 G614 S, Beta S, or Gamma S on VeroE6-TMPRSS2 cells. Data from one of three representative experi-

ments shown; vaccination experiment performed once; n = 5 mice/group. Schematic above the figure shows organism, antigen, dosing, and timeline of bleeds.

(D) Neutralizing activity of sera fromBALB/cmice immunized with mRNA-1273 2 or 5weeks after boost with VSV pseudotypedwith SARS-CoV-2 G614 S, Beta S,

or Gamma S on A549-ACE2-TMPRSS2 cells. Data from one out of at least two representative experiments shown; n = 8 or 104 mice.

(E) Neutralization of sera from 129S2 or K18-hACE2mice immunized with mRNA-1273 3 weeks after boost with authentic SARS-CoV-2 G614 or Beta on VeroE6-

TMPRSS2 cells. Data shown are from two independent experiments; vaccination experiment performed once; n = 16 mice.

(F) Neutralizing activity of sera from NHPs immunized with RBD-NP formulated in various adjuvants or HexaPro at peak titer (day 42 post-prime) with VSV pseu-

dotyped with SARS-CoV-2 G614 S, Beta S, or Gamma S on HEK-293T-ACE2 cells. Data from one out of at least two representative experiments shown; vacci-

nation experiment performed once; n = 2 pigtail macaques, n = 5 rhesus macaques.

(G) Neutralizing activity of sera from humans vaccinated either with Pfizer/BioNTech Comirnaty or Moderna mRNA-1273 on HEK-293T-ACE2 cells (Table S1).

Data from one out of at least two representative experiments shown; vaccination experiment performed once; n = 10 Moderna mRNA-1273 vaccinees,

n = 11 Pfizer/BioNTech Comirnaty vaccinees. Normalized curves and data fits for (A)–(G) are shown in Data S1.

(legend continued on next page)
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pseudotyped with G614 S, Beta S (B.1.351: L18F, D80A, D215G,

L242-L244 deletion, R246I, K417N, E484K, N501Y, D614G,

A701V), or Gamma S (P.1: L18F, T20N, P26S, D138Y, R190S,

K417T, E484K, N501Y, D614G, H655Y, T1027, V1176F) in two

distinct cell lines (VeroE6/TMPRSS2 [Lempp et al., 2021] and

HEK293T/human ACE2 [Crawford et al., 2020]).

Of the three immunogens tested, only RBD-NP induced

detectable serum neutralizing activity post-prime (2 weeks after

immunization), in contrast to what we observed with AS03-adju-

vanted HexaPro S in NHPs (Arunachalam et al., 2021; Walls

et al., 2020a). With RBD-NP-elicited sera at week 2, we observed

a 2.0-fold reduction and an equivalent neutralization potency

against the Beta and Gamma variants of concern (VOCs) relative

to G614 using VeroE6-TMPRSS2 cells, respectively (Figure 1A;

Data S1). Using HEK293T-ACE2 cells, the corresponding de-

creases were 2.9- and 1.3-fold, respectively (Figure 1B; Data

S1). All three protein immunogens induced robust neutralizing

antibody responses 2 weeks after boost. Serum neutralizing ac-

tivity relative toG614 at week 5was increased 2.4-fold (Beta) and

decreased 1.2-fold (Gamma) in mice immunized with RBD-NP,

reduced 1.5-fold (Beta) and increased 2.0-fold (Gamma) for

S2P, and reduced 1.2-fold (Beta) and increased 1.4-fold

(Gamma) with HexaPro S-elicited sera using VeroE6-

TMPRSS2 cells (Figure 1A; Data S1). These findings were overall

consistent with the outcomes of the assays using HEK293T-

ACE2 cells (Figure 1B; Data S1), with the exception of neutral-

izing antibody responses elicited by HexaPro S, which were

reduced 4.9-fold against Beta and 2.8-fold against Gamma rela-

tive to G614, indicating that these are not antigen- or cell-type-

specific observations. These results are consistent with a recent

study showing a smaller than expected dampening of neutral-

izing activity against VOCs using protein subunit immunogens

(Amanat et al., 2021).

Since immunogen dose has an effect on total serum neutral-

izing responses, we immunized BALB/c mice twice (at weeks

0 and 4) with RBD-NP at five different doses ranging from

1.66 to 0.0001 mg. Serum neutralizing activity was measured

with G614, Beta, and Gamma VSV pseudotypes. Similar to

above, the sera of mice vaccinated twice with 1.66 mg (RBD an-

tigen dose) had 1.6- and 2.7-fold reductions in neutralization

potency against Beta and Gamma, respectively (Figure 1C;

Data S1). Sera elicited by two 0.1 mg vaccine doses had a

2.2- and 2.4-fold respective potency reductions against Beta

and Gamma S VSV, whereas two 0.01 mg vaccine doses led

to 3.6- and 1.5-fold respective potency reductions against

Beta and Gamma S VSV. Mice immunized with two 0.001 mg

doses experienced 2.0- and 1.5-fold reductions of serum

neutralizing activity against Beta and Gamma S VSV pseudo-

types, respectively (Figure 1C; Data S1). No serum neutralizing

activity was observed for the lowest (0.0001 mg) dose, prevent-

ing further investigations of potential differences at this dose

(Figure 1C; Data S1). These data show no correlation between
(H) Fold change data from the SARS-CoV-2 resistance database (https://covdb.

nated with either Pfizer/BioNTech Comirnaty or Moderna mRNA-1273 and assay

n = 29 Moderna mRNA1273) or Gamma (n = 34 Pfizer/BioNTech Comirnaty, n =

described by bars. Kruskal-Wallis with Dunn’s multiple comparisons or Mann W

RBD-NP bleed 1 G614-Beta and G614-Gamma) and shown when significant (*p
vaccine dose and the ratio of neutralizing activity between

G614 and VOCs.

To explore the generalizability of these observations, we

immunized BALB/c mice twice (at weeks 0 and 3) with

Moderna mRNA-1273 (Wu et al., 2021) and collected sera at

week 5. Serum neutralizing activity 2 weeks after boost,

measured in a different laboratory, was reduced �2-fold

against both Beta and Gamma variant pseudoviruses

compared with G614 S using A549/ACE2/TMPRSS2 cells (Fig-

ure 1D; Data S1) (Wu et al., 2021). To determine whether these

findings were specific to BALB/c mice, we immunized K18-

hACE2 transgenic and 129S2 mice with mRNA-1273 twice

(3 weeks apart) and collected sera at week 6 (Ying et al.,

2022). Serum neutralizing activity was evaluated using a

focus-reduction neutralization test (FRNT) with authentic

SARS-CoV-2 carrying the G614 S glycoprotein in a WA1/2020

background or a clinical isolate of the Beta VOC (Case et al.,

2020a). We observed a 1.8- and 1.3-fold increased neutraliza-

tion potency of the Beta variant compared with G614 for

129S2 and K18-hACE2 immunized mice, respectively (Fig-

ure 1E; Data S1). These data indicate that the unexpected

apparent resilience of variants to polyclonal neutralizing anti-

body responses in mice appears to be independent of the

mouse model, the vaccine platform, the nature of the antigen,

the neutralization assay used, or the target cell type.

To understand whether these observations extend beyond

mice, we analyzed sera obtained from pigtail macaques and rhe-

sus macaques immunized with RBD-NP or HexaPro S protein

subunit vaccines (Arunachalam et al., 2021; Walls et al., 2020a,

2021). Pigtail macaques (n = 2) were immunized with AddaVax-

adjuvanted RBD-NP at weeks 0 and 4, and sera from week 12

were analyzed. Rhesus macaques were immunized at weeks

0 and 3 with RBD-NP adjuvanted with AS37 (n = 5), CpG-alum

(n = 5), or alum (n = 5). Rhesus macaques (n = 5) immunized

with HexaPro S adjuvanted with AS03 were used to compare

RBD- and S-based vaccines. Rhesus macaque sera from

week 6 were used for our analysis. All NHP serum neutralizing ti-

ters were lower than immunogen-matched mice titers. Serum

neutralizing activity from pigtail macaques immunized with

AddaVax-adjuvanted RBD-NP showed a 2.7-fold potency

dampening against Beta and 4-fold against Gamma VOC

compared with G614 S pseudovirus using HEK293T-ACE2 cells

(Figure 1F; Data S1). Rhesus macaques immunized with AS37-

adjuvanted RBD-NP had a reduction in neutralization potency

of R11-fold (Beta) and 8.6-fold (Gamma), whereas a similar

�6- to 8-fold decrease was detected with CpG-alum and alum

for both Beta (8.2 for CpG-alum and 7.2 for alum) and Gamma

(7.8 for CpG-alum and 6.4 for alum) using HEK293T-ACE2 cells

(Figure 1F; Data S1). AS03-adjuvanted HexaPro S immunization

led to 11.2- and 6.4-fold reductions in serum neutralizing activity

against Beta and Gamma S VSV, respectively (Figure 1F; Data

S1). These data recapitulate previous findings made with
stanford.edu/page/susceptibility-data/) for sera obtained from humans vacci-

ed with G614 compared with either Beta (n = 62 Pfizer/BioNTech Comirnaty,

15 Moderna mRNA-1273). Box plot shows mean with the standard deviation

hitney statistical tests were used within a comparison group (i.e., comparing

= 0.033; **p = 0.002; ***p < 0.0002).
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neutralization of authentic viruses (Arunachalam et al., 2021),

suggesting that these outcomes are not specific to pseudovirus

assays. Collectively, these data obtained with different clinical

adjuvants indicate that vaccine-elicited neutralizing antibody re-

sponses in NHPs are significantly more affected by VOCs than

those in BALB/c mice.

Analysis of serum neutralizing antibody titers in individuals

vaccinated with either Pfizer/BioNTech Comirnaty or Moderna

mRNA-1273 confirmed that the magnitudes of potency reduc-

tion against the Beta and Gamma variants relative to G614 are

on par with our NHP data and that both are much greater than

those observed in BALB/c mice (Figure 1G; Data S1;

Table S1). Compared with G614 S, we observed 6.1-fold (Beta)

and 2.1-fold (Gamma) reductions in neutralization potency with

a cohort of humans immunized with Pfizer/BioNTech Comirnaty

and 8.7-fold (Beta) and 3.2-fold (Gamma) reductions with a

cohort of humans immunized with Moderna mRNA-1273 using

a VSV pseudovirus assay with HEK293T/ACE2 target cells

(Figure 1G; Data S1). These results are in line with the average

attenuations of neutralizing antibody responses retrieved from

the coronavirus antiviral and resistance database (https://

covdb.stanford.edu/), which are 7.3 (Beta) and 4.1 (Gamma)

for Pfizer/BioNTech Comirnaty and 7.8 (Beta) and 4.5 (Gamma)

for Moderna mRNA-1273 (Figure 1H).

We next tested whether using mouse sera obtained 8 weeks

post-prime would reveal larger differences between G614 and

VOCs. At 8 weeks after RBD-NP prime (5 weeks after boost),

mouse serum neutralizing activity remained mildly affected

when comparing G614 to either Beta or Gamma S VSV pseudo-

typed viruses in VeroE6/TMPRSS2 cells (Figure 1A; Data S1). A

mild attenuation (3.3-fold) of serum neutralizing activity was

also observed 8 weeks post-prime against the Beta variant

with a cohort of 104 BALB/c mice immunized with mRNA-1273

(Figure 1D; Data S1). In contrast, HexaPro S-immunizedmice ex-

hibited a 5.9-fold drop of serum neutralizing activity against Beta

and 1.3-fold against Gamma S VSV pseudotyped viruses (Fig-

ure 1A; Data S1), more closely resembling the expected trends

for NHP and human data (Figures 1F and 1G; Data S1). Vac-

cine-elicited BALB/c mice sera post-prime and after boost did

not recapitulate observations made with NHPs and humans

regarding the impact of SARS-CoV-2 variants on neutralizing ac-

tivity regardless of overall titer, dose, time following vaccination,

vaccine modality, target cell type, or antigen.

DISCUSSION

Although BALB/c and other mice are widely used for evaluating

vaccine candidates, our data suggest that they are not always an

adequate animal model to evaluate the breadth and potency of

neutralizing antibody responses against emerging SARS-CoV-

2 VOCs, potentially due to their different immune repertoires

compared with primates. For example, polyclonal neutralizing

antibody responses resulting from infection or vaccination with

ancestral SARS-CoV-2 isolates in humans and NHPs can be hy-

perfocused on position 484 in the RBD,which does not appear to

be recapitulated in mice (Greaney et al., 2021; Walls et al., 2021).

However, intranasal delivery of an S2P-based chimpanzee

adenovirus-vectored vaccine (ChAd-SARS-CoV-2-S) in K18-
4 Cell Reports 40, 111299, August 30, 2022
hACE2 transgenic mice (Chen et al., 2021; Hassan et al., 2021)

and intramuscular delivery of SARS-CoV-2 S mRNA-LNP to

BALB/c mice (Martinez et al., 2021) show fold changes in line

with the expected dampened human responses for Beta

compared with G614, suggesting there could be exceptions to

the generalizability of these findings. Further experiments will

be necessary to understand the immunological basis of these

findings, such as comparing vaccine-elicited responses in ani-

mals of both sexes, inbred versus outbredmouse strains (Gralin-

ski et al., 2015), or exploring the microbial environment of the

mice (Fiege et al., 2021). Another alternative may be to utilize hu-

manized mice (Lee et al., 2014; Murphy et al., 2014; Nie et al.,

2021; Walls et al., 2020a; Wang et al., 2020) to better match

the antibody repertoire of primates as our data suggest that

other animal models may be better suited to evaluate serum im-

mune evasion of new variants as they emerge, even thoughmice

are a cost- and time-effective option for evaluating overall

immunogenicity.

Limitations of the study
This study is an observation of the dampening of neutralizing ac-

tivity toward SARS-CoV-2 variants in mice compared with NHPs

or humans. This study focused on characterizing the breadth and

robust nature of these observations and not on the mechanisms

behind these distinct differences in mice such as antibody reper-

toire, animal sex, inbred versus outbredmice, themicrobial envi-

ronment, etc., which will be important questions for future

studies. Another limitation of this study is the low animal subject

number, in some cases having an n of 2, and the study could be

enhanced by larger numbers of animals within each vaccine

type.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

SARS-CoV-2 G614 Chen et al., 2021 N/A

SARS-CoV-2 B.1.351 Infected individual N/A

Biological samples

VSV (G*DG-luciferase) Kaname et al., 2010 N/A

SARS-CoV-2 vaccinated human sera UWARN: COVID-19 (Table S1) N/A

VSVDG-firefly-luciferase Whitt, 2010 N/A

Experimental models: Cell lines

A549-hACE2-TMPRSS2 N/A N/A

Expi293F Thermo Fisher Cat #A14527

HEK-ACE2 BEI, Crawford et al., 2020 NR-52511

VeroE6-TMPRSS2 Lempp et al., 2021 N/A

BHK-21/WI-2 Whitt, 2010 N/A

HEK293T/17 Adherent ATCC Cat# CRL-11268

Experimental models: Organisms/strains

Female BALB/c cByJ Jackson Labs Stock # 000,651

Female BALB/c Charles River N/A

K18-hACE2 transgenic mice Jackson Labs #034860

129S2/SvPasCrl Charles River Cat # 287

Male Pigtail macaques (Macaca nemestrina) N/A N/A

Male Rhesus macaques (Macaca mulatta) N/A N/A

Recombinant DNA

Hexapro S (Hsieh et al., 2020) N/A

SARS-CoV S-2P trimer GeneArt (Walls et al., 2020b) N/A

SARS-CoV-2 S full-length D614G (YP 009724390.1)

del21

Crawford et al., 2020 Vector# BEI NR-52514

SARS-CoV-2 full length S del21 Beta GenScript (Walls et al., 2021) N/A

SARS-CoV-2 full length S del21 Gamma GenScript (Walls et al., 2021) N/A

RBD-16GS-I53-50A GenScript + subcloning (Walls et al., 2020a) N/A

I53-50B.4.PT1 Bale et al., 2016 N/A

Software and algorithms

CoV Database https://covdb.stanford.edu/

page/susceptibility-data/

N/A

Prism GraphPad https://www.graphpad.com/

scientific-software/prism/
RESOURCE AVAILABILITY

Lead contact
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Veesler (dveesler@uw.edu).

Materials availability
Materials generated in this study will be made available on request after signing a materials transfer agreement with the University of

Washington.
Cell Reports 40, 111299, August 30, 2022 e1

mailto:dveesler@uw.edu
https://covdb.stanford.edu/page/susceptibility-data/
https://covdb.stanford.edu/page/susceptibility-data/
https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/


Report
ll

OPEN ACCESS
Data and code availability
Data generated in this study are presented in Data S1 and data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code. 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

Cell lines
Expi293F (derived from 293 cells which are female) cells are derived from the HEK293F cell line (Life Technologies). Expi293F cells

were grown in Expi293 Expression Medium (Life Technologies), cultured at 37�Cwith 8% CO2 and shaking at 130 rpm. HEK293T/17

is a female human embryonic kidney cell line (ATCC). TheHEK-ACE2 (derived fromHEK293T cells which are female) adherent cell line

was obtained through BEI Resources, NIAID, NIH: Human Embryonic Kidney Cells (HEK293T) Expressing Human Angiotensin-Con-

verting Enzyme 2, HEK293T-hACE2 Cell Line, NR-52511. The VeroE6-TMPRSS2 cell line is an African Green monkey Kidney cell line

expressing TMPRSS2 (Lempp et al., 2021). The A549-hACE2-TMPRSS2was produced from adenocarcinomic human alveolar basal

epithelial cells.All adherent cells were cultured at 37�Cwith 5%CO2 in flasks with DMEM +10% FBS (Hyclone) + 1% penicillin-strep-

tomycin. Cell lines were not tested for mycoplasma contamination nor authenticated.

METHOD DETAILS

Plasmid construction
The SARS-CoV-2 S ‘2P’ ectodomain trimer (BEI NR-52420) was synthesized by GenScript into pCMV with an N-terminal mu-phos-

phatase signal peptide and a C-terminal TEV cleavage site (GSGRENLYPQG), T4 fibritin foldon (GGGSGYIPEAPRDGQAY

VRKDGEWVLLSTPL), and octa-histidine tag (GHHHHHHHH) (Walls et al., 2020b). The construct contains the 2P mutations (proline

substitutions at residues 986 and 987; and an 682SGAG685 substitution at the furin cleavage site. The SARS-CoV-2 RBD (328RFPN331

and 528KKST531) was genetically fused to the N terminus of the trimeric I53-50A nanoparticle component using 16 glycine and serine

residues (Walls et al., 2020a). The RBD-16GS-I53-50A fusion was cloned into pCMV/R using the Xba1 and AvrII restriction sites and

Gibson assembly (Gibson et al., 2009). All RBD-bearing components contained an N-terminal mu-phosphatase signal peptide and a

C-terminal octa-histidine tag. SARS-CoV-2 HexaPro construct is as previously described (Hsieh et al.) and placed into CMVRwith an

octa-his tag.

Transient transfection
Proteins were produced using endotoxin free DNA in Expi293F cells grown in suspension using Expi293F expression medium (Life

Technologies) at 33�C, 70% humidity, 8% CO2 rotating at 150 rpm. The cultures were transfected using PEI-MAX (Polyscience) with

cells grown to a density of 3.0 million cells per mL and cultivated for 3 days. Supernatants were clarified by centrifugation (5 min at

4000 rcf), addition of PDADMAC solution to a final concentration of 0.0375% (Sigma Aldrich, #409014), and a second spin (5 min at

4000 rcf).

Microbial protein expression and purification
The I53-50B.4.PT1 proteins (Bale et al., 2016) were expressed in Lemo21(DE3) (NEB) in LB (10 g Tryptone, 5 g Yeast Extract, 10 g

NaCl) grown in 2 L baffled shake flasks or a 10 L BioFlo 320 Fermenter (Eppendorf). Cells were grown at 37�C to an OD600�0.8, and

then inducedwith 1mM IPTG. Expression temperature was reduced to 18�Cand the cells shaken for�16 h. The cells were harvested

and lysed bymicrofluidization using aMicrofluidicsM110P at 18,000 psi in 50mMTris, 500mMNaCl, 30mM imidazole, 1mMPMSF,

0.75%CHAPS. Lysates were clarified by centrifugation at 24,000 g for 30min and applied to a 2.63 10 cmNi Sepharose 6 FF column

(Cytiva) for purification by IMAC on an AKTA Avant150 FPLC system (Cytiva). Protein of interest was eluted over a linear gradient of

30 mM to 500 mM imidazole in a background of 50 mM Tris pH 8, 500 mM NaCl, 0.75% CHAPS buffer. Peak fractions were pooled,

concentrated in 10K MWCO centrifugal filters (Millipore), sterile filtered (0.22 mm) and applied to either a Superdex 200 Increase 10/

300, or HiLoad S200 pg GL SEC column (Cytiva) using 50 mM Tris pH 8, 500 mMNaCl, 0.75%CHAPS buffer. I53-50A elutes at�0.6

column volume (CV). I53-50B.4PT1 elutes at�0.45 CV. After sizing, bacterial-derived components were tested to confirm low levels

of endotoxin before using for nanoparticle assembly.

Protein purification
Proteins containing His tags were purified from clarified supernatants via a batch bind method where each clarified supernatant was

supplemented with 1 M Tris-HCl pH 8.0 to a final concentration of 45 mM and 5 M NaCl to a final concentration of �310 mM. Talon

cobalt affinity resin (Takara) was added to the treated supernatants and allowed to incubate for 15min with gentle shaking. Resin was

collected using vacuum filtration with a 0.2 mm filter and transferred to a gravity column. The resin was washed with 20 mM Tris pH

8.0, 300 mM NaCl, and the protein was eluted with 3 column volumes of 20 mM Tris pH 8.0, 300 mM NaCl, 300 mM imidazole. The

batch bind process was then repeated and the first and second elutions combined. SDS-PAGE was used to assess purity. RBD-I53-

50A fusion protein IMAC elutions were concentrated to >1 mg/mL and subjected to three rounds of dialysis into 50 mM Tris pH 7.4,
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185 mM NaCl, 100 mM Arginine, 4.5% glycerol, and 0.75% w/v 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate

(CHAPS) in a hydrated 10K molecular weight cutoff dialysis cassette (Thermo Scientific). S ‘2P’ and HexaPro IMAC elution fractions

were concentrated to �1 mg/mL and dialyzed three times into 50 mM Tris pH 8, 150 mM NaCl, 0.25% L-Histidine in a hydrated 10K

molecular weight cutoff dialysis cassette (Thermo Scientific).

In vitro nanoparticle assembly and purification
Total protein concentration of purified individual nanoparticle components was determined by measuring absorbance at 280 nm us-

ing a UV/vis spectrophotometer (Agilent Cary 8454) and calculated extinction coefficients. The assembly steps were performed at

room temperature with addition in the following order: RBD-I53-50A trimeric fusion protein, followed by additional buffer (50 mM

Tris pH 7.4, 185 mM NaCl, 100 mM Arginine, 4.5% glycerol, and 0.75% w/v CHAPS) as needed to achieve desired final concentra-

tion, and finally I53-50B.4PT1 pentameric component (in 50 mM Tris pH 8, 500 mM NaCl, 0.75% w/v CHAPS), with a molar ratio of

RBD-I53-50A:I53-50B.4PT1 of 1.1:1. All RBD-I53-50 in vitro assemblies were incubated at 2–8�C with gentle rocking for at least

30 min before subsequent purification by SEC in order to remove residual unassembled component. Different columns were utilized

depending on purpose: Superose 6 Increase 10/300 GL column was used analytically for nanoparticle size estimation, a Superdex

200 Increase 10/300 GL column used for small-scale pilot assemblies, and a HiLoad 26/600 Superdex 200 pg column used for nano-

particle production. Assembled particles were purified in 50 mM Tris pH 7.4, 185 mM NaCl, 100 mM Arginine, 4.5% glycerol, and

0.75% w/v CHAPS, and elute at �11 mL on the Superose 6 column and in the void volume of Superdex 200 columns. Assembled

nanoparticles were sterile filtered (0.22 mm) immediately prior to column application and following pooling of fractions.

Endotoxin measurements
Endotoxin levels in protein samples were measured using the EndoSafe Nexgen-MCS System (Charles River). Samples were diluted

1:50 or 1:100 in Endotoxin-free LAL reagent water, and applied into wells of an EndoSafe LAL reagent cartridge. Charles River

EndoScan-V software was used to analyze endotoxin content, automatically back-calculating for the dilution factor. Endotoxin

values were reported as EU/mL which were then converted to EU/mg based on UV/vis measurements. Our threshold for samples

suitable for immunization was <50 EU/mg.

BALB/c mice for RBD-NP, S ‘2P’, and HexaPro protein immunizations
Female BALB/c mice (Stock # 000651, BALB/c cByJ mice) four weeks old were obtained from Jackson Laboratory, Bar Harbor,

Maine, and maintained at the Comparative Medicine Facility at the University of Washington, Seattle, WA, accredited by the Amer-

ican Association for the Accreditation of Laboratory Animal Care International (AAALAC). Animal procedures were performed under

the approvals of the Institutional Animal Care and Use Committee (IACUC) of University of Washington, Seattle, WA # 4470-01.

At six weeks of age, 8 female BALB/c mice per dosing group were vaccinated with a prime immunization, and three weeks later

mice were boosted with a second vaccination (IACUC protocol 4470.01). Prior to inoculation, immunogen suspensions were gently

mixed 1:1 vol/vol with AddaVax adjuvant (Invivogen, San Diego, CA) to reach a final concentration of 0.01 mg/mL antigen. Mice were

injected intramuscularly into the quadriceps muscle of each hind leg using a 27-gauge needle (BD, San Diego, CA) with 50 mL per

injection site (100 mL total) of immunogen under isoflurane anesthesia. To obtain sera all mice were bled two weeks after prime

and boost immunizations. Blood was collected via submental venous puncture and rested in 1.5 mL plastic Eppendorf tubes at

room temperature for 30 min to allow for coagulation. Serum was separated from red blood cells via centrifugation at 2,000 g for

10 min. Complement factors and pathogens in isolated serum were heat-inactivated via incubation at 56�C for 60 min. Serum

was stored at 4�C or �80�C until use. The study was repeated twice.

For the dose dependency study, 5 6-week-old female mice were immunized with 1.66mg, 0.1mg, 0.01mg, 0.001mg or 0.0001mg

RBD-NP. Prior to immunization immunogens at the indicated doseswere gentlymixed 1:1 (vol:vol) with AddaVax adjuvant (Invivogen,

San Diego, CA). Mice were injected intramuscularly into the gastrocnemius muscle of each hind leg using a 27-gauge needle with

50 mL per injection site (100 mL total) of immunogen under isoflurane anesthesia. For sera collection, mice were bled via submental

venous puncture 2weeks following each inoculation. Serumwas isolated from hematocrit via centrifugation at 2,000 g for 10min, and

stored at �80�C until use.

BALB/c mice for mRNA-1273 immunizations
Female BALB/c mice (6 to 8 weeks old) were obtained from Charles River Laboratories. Animal experiments were carried out in

compliance with approval from the Animal Care and Use Committee of Moderna Inc. Mice were immunized with 1 mg of mRNA-

1273 diluted in 50 mL of 1X phosphate-buffered saline (PBS), via intramuscular injection into the same hind leg for both prime and

boost. Sera were obtained at 2 (week 5) and 5 (week 8) weeks post-boost for immune analysis. Data are from two independent ex-

periments.All animal procedures done according to the approved SOPs.

K18-hACE2 mice for mRNA-1273 immunizations
7–9 week old female K18-hACE2 transgenic mice were purchased from Jackson Laboratories (#034860) and housed in a pathogen-

free animal facility at Washington University in St. Louis. Animal studies were carried out in accordance with the recommendations in

the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocols were approved by the
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Institutional Animal Care and Use Committee at the Washington University School of Medicine (Assurance number A3381-01).

mRNA-1273 was produced as described previously (Ying et al., 2022). Mice were immunized with 5 mg of mRNA-1273 vaccine

and boosted with the same dose three weeks later. Serum was obtained three weeks post-boost for immune analysis. Data are

from two independent experiments.

1292S mice for mRNA-1273 immunizations
7–9 week old female 129S2mice (strain: 129S2/SvPasCrl, Cat # 287) were obtained from Charles River Laboratories and housed in a

pathogen-free animal facility at Washington University in St. Louis. Animal studies were carried out in accordance with the recom-

mendations in theGuide for the Care andUse of Laboratory Animals of the National Institutes of Health. The protocols were approved

by the Institutional Animal Care and Use Committee at theWashington University School of Medicine (Assurance number A3381-01).

Mice were immunized with 5 mg of mRNA-1273 vaccine and boosted with the same dose three weeks later. Serum was obtained

three weeks post-boost for immune analysis. Data are from two independent experiments.

Pigtail macaques
Two adult 4.3–5.5 year old male Pigtail macaques (Macaca nemestrina) were immunized in this study. All animals were housed at the

Washington National Primate Research Center (WaNPRC), an AAALAC International accredited institution. All experiments were

approved by The University of Washington’s IACUC. Animals were singly housed in comfortable, clean, adequately-sized cages

with ambient temperatures between 72–82�F. Animals received environmental enrichment for the duration of the study including

grooming contact, perches, toys, foraging experiences and access to additional environment enrichment devices. Water was

available through automatic watering devices and animals were fed a commercial monkey chow, supplemented daily with fruits

and vegetables. Throughout the study, animals were checked twice daily by husbandry staff.

Two adult male Pigtail macaques were immunized with 250 mg of RBD-12GS-I53-50 nanoparticle (88 mg RBD antigen) with

AddaVax at day 0 and day 28. Blood was collected every 14 days post-prime. Blood was collected in serum collection tubes and

allowed to clot at room temperature. Serum was isolated after a 15 min spin at 1455 3 g for 15 min and stored at �80�C until

use. Prior to vaccination or blood collection, animals were sedated with an intramuscular injection (10 mg/kg) of ketamine (Ketaset�;

Henry Schein). Prior to inoculation, immunogen suspensions were gently mixed 1:1 vol/vol with AddaVax adjuvant to reach a final

concentration of 0.250 mg/mL antigen. The vaccine was delivered intramuscularly into both quadriceps muscles with 1 mL per in-

jection site on days 0 and 28. All injection sites were shaved prior to injection. Animals were observed daily for general health (activity

and appetite, urine/feces output) and for evidence of reactogenicity at the vaccine inoculation site (swelling, erythema, and pruritus)

for up to 1 week following vaccination. They also received physical exams including temperature and weight measurements at each

study time point. None of the animals became severely ill during the course of the study nor required euthanasia.

Rhesus macaques
Male rhesus macaques (Macaca mulatta) of Indian origin, aged 3–7 years were assigned to the study (Arunachalam et al., 2021). An-

imals were distributed between the groups such that the age and weight distribution were comparable across the groups. Animals

were housed and maintained at the New Iberia Research Center (NIRC) of the University of Louisiana at Lafayette, an AAALAC In-

ternational accredited institution, in accordance with the rules and regulations of the Guide for the Care and Use of Laboratory Animal

Resources. The entire study (protocol 2020-8808-15) was reviewed and approved by the University of Louisiana at Lafayette IACUC.

All animals were negative for SIV, simian T cell leukemia virus, and simian retrovirus.

Adapted from ref. (Arunachalam et al., 2021): All doses for RBD-NP were 25mg of RBD component. AS03 was kindly provided by

GSK Vaccines. AS03 is an oil-in-water emulsion that contains 11.86 mg a-tocopherol, 10.69 mg squalene, and 4.86 mg polysorbate

80 (Tween-80) in PBS. AS37 is a TLR-7 agonist (200 mg mL�1) adsorbed to aluminium hydroxide (2 mg mL�1). For each dose, RBD–

NP was diluted to 50 mg mL�1 (RBD component) in 250 mL of Tris-buffered saline (TBS) and mixed with an equal volume of AS03 or

AS37. The dose of AS03 was 50% (v/v) (equivalent to one human dose), AS37 included 50 mg TLR-7 agonist and 0.5 mg aluminium

hydroxide. CpG 1018 was kindly provided by Dynavax Technologies at a concentration of 12 mg mL�1. Alum (Alhydrogel 2%) was

purchased from Croda Healthcare (batch 0001610348). For each dose of CpG-alum, 25 mg antigen (RBD component) in TBS was

mixed with 0.75 mg alum and incubated on ice for 30 min. After 30 min of incubation, 1.5 mg of CpG 1018 was added and mixed

rapidly. Each dose contained 1.5 mg CpG 1018 and 0.75mg alum. For each dose of alum, 25 mg (RBD component) in TBSwasmixed

with 0.75 mg alum, matching the concentration of alum in the CpG-alum formulation, and incubated on ice for 30 min. Soluble

HexaPro was diluted to 50 mg mL�1 in 250 mL TBS and mixed with an equal volume of AS03. All immunizations were administered

via the intramuscular route in right forelimbs. The volume of each dose was 0.5 mL.

Pfizer and Moderna vaccinated human sera
Sera samples were collected from participants who had received both doses of the Pfizer or Moderna mRNA vaccine and were

7–30 days post second vaccine dose. Clinical data for these individuals are summarized in Table S1. Individuals were enrolled in

the UWARN: COVID-19 in WA study at the University of Washington in Seattle, WA. This study was approved by the University of

Washington Human Subjects Division Institutional Review Board (STUDY00010350).
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Pseudovirus production
G614 SARS-CoV-2 S, B.1.351 S, and P.1 S pseudotyped VSV viruses were prepared as described previously (McCallum et al., 2021;

Sauer et al., 2021; Walls et al., 2021). Briefly, HEK293T cells in DMEM supplemented with 10% FBS, 1% PenStrep seeded in 10-cm

dishes were transfected with the plasmid encoding for the corresponding S glycoprotein using lipofectamine 2000 (Life Technolo-

gies) following manufacturer’s indications. One day post-transfection, cells were infected with VSV(G*DG-luciferase) (Kaname

et al., 2010) and after 2 h were washed five times with DMEM before adding medium supplemented with anti-VSV-G antibody (I1-

mouse hybridoma supernatant, CRL- 2700, ATCC). Virus pseudotypes were harvested 18–24 h post-inoculation, clarified by centri-

fugation at 2,5003 g for 5 min, filtered through a 0.45 mm cut off membrane, concentrated 10 times with a 30 kDa cut off membrane,

aliquoted and stored at �80�C.

Pseudovirus neutralization
HEK293-hACE2 cells (Crawford et al., 2020) or VeroE6-TMPRSS2 (Lempp et al., 2021) were cultured in DMEM with 10% FBS

(Hyclone) and 1% PenStrep and 8ug/mL puromycin for TMPRSS2 maintenance with 5% CO2 in a 37�C incubator

(ThermoFisher). One day prior to infection, 40 mL of poly-lysine (Sigma) was placed into 96-well plates and incubated with rotation

for 5 min. Poly-lysine was removed, plates were dried for 5 min then washed 1 3 with water prior to plating with 40,000 cells. The

following day, cells were checked to be at 80% confluence. In an empty half-area 96-well plate a 1:3 serial dilution of sera was

made in DMEM and diluted pseudovirus was then added to the serial dilution and incubated at room temperature for 30–60 min.

After incubation, the sera-virus mixture was added to the cells at 37�C and 2 hours post-infection, 40 mL 20% FBS-2% PenStrep

DMEM was added. After 17–20 hours VSV 40 mL/well of One-Glo-EX substrate (Promega) was added to the cells and incubated in

the dark for 5–10 min prior reading on a BioTek plate reader. Measurements were done in at least duplicate. Non-vaccinated sam-

ples were used to detect background neutralization- there was none associated with these pseudoviruses. Relative luciferase

units were plotted and normalized in Prism (GraphPad). Nonlinear regression of log(inhibitor) versus normalized response was

used to determine IC50 values from curve fits. Kruskal Wallis tests were used to compare two groups to determine whether

they were statistically different. Fold changes were determined by comparing individual animal IC50 and then averaging the indi-

vidual fold changes for reporting.

Pseudovirus neutralization assay for BALB/c mRNA-1273 samples
Codon-optimized full-length spike genes (Wuhan-Hu-1 with G614, Beta, or Gamma) were cloned into pCAGGS vector. Spike

genes of Beta and Gamma variants contain the following mutations: L18F-D80A-D215G-L242-244del-R246I-K417N-E484K-

N501Y-D614G-A701V, and L18F-T20N-P26S-D138Y-R190S-K417T-E484K-N501Y-D614G-H655Y-T1027I-V1176F, respectively.

To generate VSVDG-based SARS-CoV-2 pseudovirus, BHK-21/WI-2 cells were transfected with the spike expression plasmid

and infected by VSVDG-firefly-luciferase as previously described (Whitt, 2010). A549-hACE2-TMPRSS2 cells were used as target

cells for the neutralization assay. Lentivirus encoding hACE2-P2A-TMPRSS2 was made to generate A549-hACE2-TMPRSS2 cells

which were maintained in DMEM supplemented with 10% fetal bovine serum and 1 mg/mL puromycin. To perform neutralization

assay, mouse serum samples were heat-inactivated for 45 minutes at 56 Celsius and serial dilutions of the samples were made in

DMEM supplemented with 10% fetal bovine serum. The diluted serum samples or culture medium (serving as virus only control)

were mixed with VSVDG-based SARS-CoV-2 pseudovirus and incubated at 37 Celsius for 45 minutes. The inoculum virus or vi-

rus-serum mix was subsequently used to infect A549-hACE2-TMPRSS2 cells for 18 hr at 37 Celsius. At 18 hr post infection,

equal volume of One-Glo reagent (Promega; E6120) was added to culture medium for readout using BMG PHERastar-FS plate

reader. The percentage of neutralization is calculated based on relative light units of the virus control, and subsequently analyzed

using 4 parameter logistic curve (Prism 8).

Live virus focus-reduction neutralization test for K18-hACE2 and 1292S mRNA-1273 samples
SARS-CoV-2 G614 was produced by introducing the mutation into an infectious clone of WA1/2020 (Chen et al., 2021). B.1.351 was

isolated from an infected individual. Both viruses were propagated on Vero-TMPRSS2 cells and subjected to deep sequencing to

confirm the presence of expected substitutions. Focus-reduction neutralization tests (FRNTs) were performed as described (Case

et al., 2020b). Briefly, serial dilutions of antibody were incubated with 102 FFU of SARS- CoV-2 for 1 h at 37�C. Immune complexes

were added to VeroE6-TMPRSS2 cell monolayers and incubated for 1 h at 37�C prior to the addition of 1% (w/v) methylcellulose in

MEM. Following incubation for 30 h at 37�C, cells were fixed with 4% paraformaldehyde (PFA), permeabilized and stained for infec-

tion foci with an oligoclonal mixture of ati-SARS-CoV-2 (SARS2-02, SARS2-11, SARS2-31, SARS2-38, SARS2-57, and SARS2-71

(VanBlargan et al., 2021); diluted to 1 mg/mL total mAb concentration). Antibody-dose response curves were analyzed using non-

linear regression analysis (with a variable slope) (GraphPad Software). The antibody half-maximal inhibitory concentration (ID50)

required to reduce infection was determined.

CoV database parameters
Data sheets were downloaded on December 1st, 2021 from https://covdb.stanford.edu/page/susceptibility-data/ selecting for either

Pfizer BNT162b2 or Moderna mRNA1273 plasma Abs and either B.1.351 or P.1 variant and using the median fold change reported

metric. Data sets where individuals were previously infected or had only 1 shot were excluded. Data sets where the fold-change
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comparator was not a Wuhan-Hu-1 derivative (WA1, G614) or datasets where the number of samples measured was below 3 were

excluded.

QUANTIFICATION AND STATISTICAL ANALYSIS

2–104 samples were used per group and detailed in the Figure 1A figure legend. Experiments were all done in at least biologic and

technical duplicates. Kruskal-Wallis with Dunn’s multiple comparisons or Mann Whitney statistical tests were used within a compar-

ison group (i.e. comparing RBD-NP bleed 1 G614-Beta and G614-Gamma) and shown when significant (*p = 0.033; **p = 0.002;

***p < 0.0002).
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