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SUMMARY
As severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spreads, variants with enhanced viru-
lence and transmissibility have emerged. Although in vitro systems allow rapid characterization, they do
not fully recapitulate the dynamic interaction of virions and neutralizing antibodies in the airway. Here, we
demonstrate that the N501Y variant permits respiratory infection in unmodifiedmice.We utilize N501Y to sur-
vey in vivo pseudovirus infection dynamics and susceptibility to reinfection with the L452R (Los Angeles),
K417N + E484K (South Africa), and L452R + K417N + E484Q (India) variants. Human coronavirus disease
2019 (COVID-19)+ or vaccinated antibody isotypes, titers, variant receptor binding domain (RBD) binding,
and neutralization potential are studied, revealing numerous significant correlations. Immune escape of
the K417N + E484K variant is observed because infection can be appreciated in the nasopharynx, but not
lungs, of mice transferred with low-antibody-tier plasma. Conversely, near-complete protection is observed
in animals receiving high-antibody-tier plasma, a phenomenon that can only be appreciated in vivo.
INTRODUCTION

Coronavirus disease 2019 (COVID-19), the disease caused

by severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2), has infected more than 167 million people and killed

more than 3.4 million people in 223 countries as of late May

2021 (WHO, 2021a), underscoring the urgency of COVID-19

research. The SARS-CoV-2 spike protein complex comprises

two mature independently functioning proteins: S1 containing

the receptor binding domain (RBD) and the S2 stalk (Shang

et al., 2020a). Interaction of spike with host angiotensin-con-

verting enzyme 2 (ACE2) mediates viral attachment and sub-

sequent infection (Shang et al., 2020b). Given the crucial

role of spike, specifically the RBD, in infectivity and anti-

body-mediated neutralization of SARS-CoV-2, it has been

explored extensively as the major COVID-19 preventative vac-

cine target (Forni et al., 2021; WHO, 2021a), leading to emer-

gency use authorization of three vaccines in the United States

(CDC, 2021a).
C
This is an open access article under the CC BY-N
Although the Wuhan variant of SARS-CoV-2 spread rapidly,

more contagious variants have emerged and pose even greater

public health risks. For example, the D614G mutation displayed

heightened infectivity and quickly became the most prevalent

form spreading early in the COVID-19 pandemic (Korber et al.,

2020; Plante et al., 2021; Yurkovetskiy et al., 2020). Recently,

SARS-CoV-2 variants that carry the N501Y mutation have

been spreading in the United Kingdom (WHO, 2021c), Brazil (Sa-

bino et al., 2021), South Africa (CDC, 2021b), and India (CDC,

2021b) and appear to have heightened transmissibility in hu-

mans (Li et al., 2020;WHO, 2021b). In theUnited States, a variant

has also been identified in Los Angeles (Zhang et al., 2021), along

with numerous others being identified and characterized

currently.

As these variants continue to emerge, it is crucial for virologists

to be able to evaluate any changes in SARS-CoV-2 virulence and

transmissibility mediated by these mutations. In addition, the im-

mune escape potential of any emerging perturbations must be

evaluated in individuals who received a COVID-19 vaccine or
ell Reports 37, 109838, October 19, 2021 ª 2021 The Author(s). 1
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Table 1. Summary of SARS-CoV-2 PsVs used to model emerging variants

SARS-CoV-2 PsV variant Pango lineage WHO designation First noted outbreak

N501Y + D614G B.1.1.7 alpha United Kingdom

N501Y + L452R + D614G B.1.427 no designation Los Angeles, CA, United States

N501Y + K417N + E484K + D614G B.1.351 beta South Africa

N501Y + L452R + K417N + E484Q + D614G B.1.617.1 kappa India
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were infected previously with SARS-CoV-2. This information is

critical for delineating COVID-19-related public health guidance

moving forward. Typically, in vitro neutralization assays are used

to evaluate these critical factors using SARS-CoV-2 virus or

SARS-CoV-2 pseudovirions (Harrison et al., 2020; Jia et al.,

2021; Shang et al., 2020b; Zost et al., 2020).

An area of growing research interest is animal modeling of

COVID-19 to better understand physiological and anatomical as-

pects of infection and immune escape. Although somemammals

can be inoculated successfully with SARS-CoV-2, laboratory

mice are the most desirable research tool because of their low

cost, facility support, and ease of use (Muñoz-Fontela et al.,

2020). However, mice cannot be infected natively with SARS-

CoV-2 because of RBD-mouse ACE2 (mACE2) incompatibility.

To overcome this, investigators have utilized numerous strate-

gies to introduce human ACE2 (hACE2) to mice, including trans-

genic mice (McCray et al., 2007) and AdV5-hACE2 transduction

(Hassan et al., 2020; Singh et al., 2020; Sun et al., 2020). Alterna-

tively, SARS-CoV-2 can be engineered to achieve infection in

mice. This was achieved using in vivo passaging and selection

of preparations that aremouse tropic because of RBD variant se-

lection (Guet al., 2020). In this study,weexplore an in vivomethod

to study SARS-CoV-2 variant pseudovirion infectivity and im-

mune escape potential in individuals infected previously with

COVID-19 or receiving COVID-19 vaccines. A summary of

SARS-CoV-2 variants utilized in the studycanbe found in Table1.

RESULTS

Development of an ABSL-2 in vivomodel of SARS-CoV-2
infection using the United Kingdom B.1.1.7 variant
Given the heightened infectivity and public health threat of the

United Kingdom B.1.1.7 SARS-CoV-2 variant, we sought to

examine the potential for murine tropism and characterize the util-

ity of B.1.1.7 spikemutations, notably N501Y, inmousemodeling.

This mutation was also present among 4 nonsynonymous muta-

tions in a mouse-infective variant selected through sequential

in vivo passaging (Gu et al., 2020). Although molecular visualiza-

tion of SARS-CoV-2 RBD binding to hACE2 shows differences

between the wild-type (WT) or N501Y RBD variant that could

explain higher infectivity (Figure 1A; Fratev, 2020; Santos andPas-

sos, 2021), the interaction between mACE2 and the N501Y RBD

variant reveals major differences (Figure 1B). No interactions are

predicted between the WT RBD and mACE2, but new non-cova-

lent p-p interactions are predicted between H353 and Y41 of

mACE2andY501 of theRBD (FigureS1A). Toquery these interac-

tions’ biological significance, we performed surface plasmon

resonance and cytometric binding assays between hACE2-ex-

pressing 293 cells and the WT or N501Y RBD. The N501Y-RBD
2 Cell Reports 37, 109838, October 19, 2021
displayed heightened binding and a lower Kd with hACE2

comparedwith theWTRBD inbothbindingassays (Figure1C;Fig-

uresS1DandS1E). Strikingly,whencomparingWTorN501YRBD

binding with mACE2, the WT RBD did not bind, but the N501Y

RBDbound strongly with a Kd of 47.6 nM (Figure 1D). This binding

pattern was confirmed using RBD-Fc and N501Y RBD Fc protein

(Figures S1B andS1C).Moreover, we compared the binding qual-

ities of RBD-Fc and N501Y RBD-Fc with bat ACE2 (Rhinolophus

sinicus, XM_019746337.1), dog ACE2, pangolin ACE2, mACE2,

and hACE2, revealing that the mouse was the mammalian host

most affected by the N501Y mutation (Figures S1F and S1G).

With this impetus, we generated Lentivirus (Lenti) and vesicu-

lar stomatitis virus (VSV) pseudoviruses (PsVs) incorporating

spike variants, including WT and D614G with or without the

N501Y mutation, to determine how N501Y would change the

infection potential on hACE2- or mACE2-expressing cells (Fig-

ure S2A; Table S1). All PsVs had a 19-amino-acid deletion

(19del), which has been shown to be critical in SARS-CoV/

CoV-2 PsVs (Giroglou et al., 2004; Hu et al., 2020). The activity

of non-19del WT and N501Y PsVs was also determined (Figures

S2C, S2D, and S3A–S3E). When examining Lenti (Figure 1E) or

VSV (Figure 1F) PsV infection on hACE2+ cells, D614G and

N501Y + D614G (alpha variant) displayed high-level infectivity,

with N501Y +D614G VSV PsVs displaying slightly superior infec-

tion (Figure 1F). All PsVs displayed some level of infection on

hACE2+ cells. In contrast, mACE2+ cells could only be infected

productively with PsVs carrying the N501Y mutation, with

N501Y + D614G VSV PsV performing the best (Figure 1F). VSV

PsV infectivity consistently outperformed that of Lenti PsVs,

with an approximate 2-log increase in relative luminescence

units (RLUs). Hence, we pursued the modeling potential of

N501Y SARS-CoV-2 VSV PsVs in vivo.

Given the notable enhancement N501Y provides to RBD bind-

ing and PsV infection on mACE2+ cells, we investigated whether

this mutation would allow a species switch to occur in vivo.

Following treatment with anti-IFNAR1, a standard practice prior

to SARS-CoV-2 murine challenge (Hassan et al., 2020; Sun

et al., 2020), BALB/c mice were challenged intranasally with

VSV PsVs and imaged via in vivo imaging system (IVIS) for lucif-

eraseactivity.Strikingly,N501Y+D614GPsVchallenge led tosig-

nificant infection in the nasopharynx and lungs (Figures 1G–1I),

whereas N501Y PsV displayed lower-level infection, presumably

because of the lack of D614G-mediated infection enhancement.

Infection was confirmed by fluorescence microscopy and

ex vivo imaging (Figures S2F–S2I). Nomurine infection was noted

in theabsenceofN501Y (Figures1G–1I), supporting its indispens-

able role. In addition, infection was observed when applying this

regimen in C57BL/6 mice (Figures S3A and S3B). These results

confirm that the N501Y mutation allows SARS-CoV-2 PsVs to
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Figure 1. The SARS-CoV-2 N501Y variant VSV-based murine model

(A) Molecular visualization of the interaction between the SARS-CoV-2 RBD located in the spike protein (green) and hACE2 (blue). Critical residues involved in

binding of the RBD and hACE2 that are of significance in our model, K353 and Y41 on hACE2 and N501 on the RBD, are labeled. Top: interaction between theWT

RBD and hACE2. Bottom: the N501Y-RBD variant.

(B) Visualization consistent with (A), but hACE2 is replaced with mACE2. Critical residues are labeled, including H353 and Y41 of mACE2 and N501 (WT) or Y501

(variant) of the RBD.

(C and D) Binding curves of the WT or N501Y variant RBD with 293 cells expressing hACE2 (C) or mACE2 (D). Hexa-Histidine (6HIS)-tagged WT or N501Y RBD

proteins were titrated on a 2-fold scale according to values on the x axis. Following binding, cells were stained with saturating concentrations of anti-HIS-

phycoerythrin (PE), washed, fixed, and analyzed via flow cytometry (n = 3 per dilution point). Kd was determined using the curve fit function in GraphPad Prism 9.

Kd for hACE2 binding: WT (Kd = 3.4 nM), N501Y (Kd = 2.1 nM). Kd for mACE2 binding: WT (Kd cannot be determined), N501Y (Kd = 47.6 nM).

(legend continued on next page)
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species switch to the mouse and that it can permit rapid in vivo

infection as a research tool.

We also aimed to characterize the in vivo infection potential of

N501Y-bearing PsVs on hACE2+ tissues. Following previous

methods (Hassan et al., 2020; Sun et al., 2020), AdV5-hACE2

was transduced intranasally to introduce hACE2 to airway cells

4 days prior to PsV challenge. Upon imaging, infection was

seen in the nasopharynx and lungs of SARS-CoV-2 PsV-chal-

lenged mice (Figures 1J–1L; Figures S3C–S3E). Importantly, the

presence of the N501Y mutation in PsVs resulted in higher lucif-

erase activity in hACE2-transduced mice. Under mACE2 and

hACE2 conditions, the role of 19del in PsV infection in vivo was

explored, revealing that, consistent with previous studies, the

presence of the 19del led to significantly higher infection in vivo.

Accordingly, we utilized PsVs carrying the 19del in the remainder

of our studies. This supports the theories that N501Y leads to

higher hACE2- and mACE2-dependent infection potential in vivo

and that SARS-CoV-2 VSV PsVs serve as an easy-to-use Animal

Biosafety Level 2 (ABSL-2) system to robustly study infectivity

through hACE2 or mACE2.

Following establishment of our N501Y SARS-CoV-2 VSV sys-

tem, we sought to test its applicability and manipulability using

convalescent plasma transfer, a classic method for infection

neutralization (Katz, 2021). To query its feasibility in our system,

N501Y + D614G PsV was preincubated with plasma from indi-

viduals infected previously with COVID-19, mice vaccinated

with RBD-Fc, or control humans or mice. Plasma/PsV mixtures

were then added to mACE2+ or hACE2+ cells. Human and

mouse plasma samples were able to block mACE2- and

hACE2-specific infection in a titratable manner (Figures 2A and

2B). Next, we explored this system in vivo. BALB/cmice received

adoptive transfer of normal human, previously COVID-19+ hu-

man, or RBD-Fc mouse antisera. Mice vaccinated with RBD-

Fc were also utilized. All groups were then challenged with

N501Y + D614G VSV PsV. Significant blocking of infection was

observed (Figures 2C–2E), with no effect noted in the control

arms. These data support the hypothesis that N501Y variant

SARS-CoV-2 PsVs can be used to model infection and spike

antibody-mediated prophylactic immunity. Following transduc-

tion with AdV5-hACE2 in vivo, neutralization findings similar to

those in Figures 2C–2E were observed (Figures 2F–2H).
(E) Pseudotyped SARS-CoV-2 lentivirus in vitro infection assay. Luciferase-expre

and (4) N501Y + D614G (all having a 19-amino-acid [aa] deletion) were normalized

as indicated on the x axis, and then added to hACE+, mACE2+, or non-transfecte

and analyzed for luciferase activity via GloMax as a readout of infection level (n =

(F) Pseudotyped SARS-CoV-2 VSV in vitro infection assay following the same m

(G) Infection of SARS-CoV-2 VSV-based PsVs in BALB/c mice. 24 h prior to challe

subunit 1 (anti-IFNAR1). Then mice were anesthetized with 2.5% vaporized isoflu

including (1) WT, (2) D614G, (3) N501Y, and (4) N501Y + D614G . 24 h later, mice w

then imaged via IVIS for 5 min with an open emission filter. All groups were set t

(H and I) Quantification of signal in the lungs (H) and nasopharyngeal passage (I)

(J) Infection of SARS-CoV-2 VSV-based PsVs in BALB/c mice following AdV5-h

before VSV PsV challenge, mice were administered equal amounts of AdV5-hACE

CoV-2 VSV PsV infection groups include (1) WT, (2) D614G, (3) N501Y, and (4) N

(K and L) Quantification of signal in the lungs (K) and nasopharyngeal passage (L) o

CoV-2 VSV PsVs (n = 5).

Experiments were performed in 3 technical replicates (C–F) or 5 biological replica

0.01, and 0.001, respectively; N.S., not significant.
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In vivo infectivity of PsVs incorporating crucial
mutations of the Los Angeles and South Africa SARS-
CoV-2 variants
Having established that our system is capable of modeling infec-

tion of SARS-CoV-2 and antibody-mediated neutralization

in vivo, we sought to apply our system to query the infectivity

of emerging spike mutations that pose serious public health

threats. We generated VSV PsVs carrying L452R (Los Angeles

variant) or K417N + E484K (South Africa, beta variant) alongside

N501Y + D614G (Figure S2B). In vitro infection assays reveal that

PsVs carrying Los Angeles N501Y + L452R + D614G and South

Africa N501Y + K417N + E484K + D614G spike mutations are

infective through hACE2 (Figure 3A) and mACE2 (Figure 3B).

PsVs with the K417N + E484K mutations appeared to have

heightened infection, as determined by RLUs. To examine the

relevance of this finding in vivo, BALB/c mice were infected

according to our previous method. Strikingly, South Africa

N501Y + K417N + E484K + D614G PsVs demonstrated signifi-

cantly higher infection in the nasopharynx and lungs (Figures

3C–3E) compared with Los Angeles N501Y + L452R + D614G

and N501Y + D614G PsVs. Similar infection was observed in

C57BL/6 mice (Figures S3F–S3H).

Murine susceptibility to PsV rechallenge with emerging
SARS-CoV-2 variants
In addition to modeling infectivity, we sought to determine

whether our system could be used to model SARS-CoV-2 rein-

fection, a phenomenon observed in some individuals (Hansen

et al., 2021). With the rise of SARS-CoV-2 mutants, the potential

for immune escape from antibodies engendered during a pri-

mary response increases, and susceptibility to a secondary

infection becomes more likely. This is especially true when the

mutations arise in crucial antibody binding domains in the

RBD. To explore this, we infected mice with N501Y + D614G

PsVs. Two weeks later, mice were rechallenged with N501Y +

D614G or N501Y + K417N + E484K + D614G PsV, given that

the E484K mutation has been linked to antibody-mediated im-

mune escape and virulence of the South Africa variant. A base-

line RLU for primary infection with N501Y + D614G or N501Y +

K417N + E484K + D614G PsV was set as the average RLU of

10 mice infected with the respective PsV. Setting the baseline
ssing SARS-CoV-2 variant Lenti PsVs, including (1) WT, (2) D614G, (3) N501Y,

to the total amount of S protein via western blot, titrated across a 2-fold range

d 293 cells that were seeded 24 h prior to infection. 48 h later, cells were lysed

3).

ethodology as in (E) (n = 3).

nge, mice were administered 500 mg of anti-interferon alpha and beta receptor

rane and administered normalized amounts of the indicated PsVs intranasally,

ere administered 80 mg of D-luciferin intranasally and 100 mg intravenously and

o the same scale during image processing (n = 5).

of mice infected with the indicated PsVs.

ACE2 transduction. Mice were treated identically as in (G)–(I), except 4 days

2 intranasally following anesthetization with 2.5% vaporized isoflurane. SARS-

501Y + D614G.

f mice transduced with AdV5-hACE2 and challenged with the indicated SARS-

tes (G–L). Mean ± SEM is shown. *, **, and *** indicate p values less than 0.05,
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Figure 2. Application of SARS-CoV-2 N501Y variant VSV-based murine model to intervention studies

(A and B) In vitro neutralization of SARS-CoV-2 VSV PsV infection on (A) mACE2+ or hACE2+ (B) 293 cells. Luciferase-expressing N501Y + D614G PsVs were

preincubated with COVID-19+ plasma, RBD-Fc-vaccinated mouse plasma, or species-matched control plasma at the indicated dilutions on the x axis over a 2-

fold dilution range. The plasma-PsV mixture was then added to mACE2+ 293 cells. 48 h later, cells were lysed and analyzed for luciferase activity as a measure of

infection via GloMax. The left panels show blocking with COVID-19+ human plasma or control COVID19� human plasma. The right panels show blocking of

infection with RBD-Fc vaccinated mouse plasma or naive mouse plasma (n = 3).

(C) In vivo blocking of SARS-CoV-2 VSVPsV infection. Prior to infection of BALB/cmice as in Figure 1,micewere administered normal human plasma, COVID-19+

human plasma, or RBD-Fc-vaccinated mouse plasma or vaccinated with RBD-Fc protein. All mice were administered anti-IFNAR1 24 h prior to infection with

N501Y + D614G SARS-CoV-2 VSV PsVs intranasally. 24 h later, mice were administered 80 mg of D-luciferin intranasally and 100 mg intravenously and then

imaged via IVIS for 5 min with an open emission filter. All groups were set to the same scale during image processing.

(D and E) Quantification of signal in the lungs (D) and nasopharyngeal passage (E) of mice infected with N501Y + D614G SARS-CoV-2 VSV PsVs and blocked or

vaccinated as indicated (n = 5).

(F) In vivo blocking of SARS-CoV-2 VSV PsV infection following AdV5-hACE2 transduction intranasally. Mice were treated with plasma transfer or vaccination

identically as in (C), but 4 days prior to PsV infection, mice were transduced intranasally with AdV5-hACE2 to achieve hACE2 expression in the airway. 24 h after

challenge, mice were administered D-luciferin as in (C) and imaged.

(legend continued on next page)
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using this method allowed us to make fair comparisons and con-

trol for the heightened primary infection levels seen with N501Y +

K417N + E484K + D614G compared with N501Y + D614G PsVs

(Figures 3C–3E). Infection in the nasopharynx is shown because

immunity in this tissue location would likely be clinically crucial

for reinfection susceptibility. Primary and secondary infection

with N501Y + D614G PsVs yielded significantly lower RLUs

upon rechallenge (Figures 3F–3H). However, primary infection

with N501Y + D614G and secondary infection with South Africa

N501Y + K417N + E484K + D614G PsVs yielded no significant

reduction in RLUs (Figures 3F–3H), suggesting that N501Y +

K417N + E484K + D614G may have escaped antibodies gener-

ated during the primary infection. Analysis of plasma collected

from mice in each treatment arm revealed that anti-spike

antibody responses were generated in the primary response

of mice, and robust rechallenge antibody responses were

observed, suggesting that the reinfection phenomenon was im-

munemediated (Figures 3I–3K). This supports that infectivity and

potential susceptibility to reinfection of emerging spike variants

can be explored using our in vivo model system.

Immune escape of the South Africa variant from human
COVID-19+ antibodies and antibodies from vaccinated
individuals in vitro

The heightened infectivity and rechallenge susceptibility medi-

ated by K417N + E484K mutations prompted us to explore their

effects on antibody-mediated neutralization, which is of the

utmost importance for formulating effective public health strate-

gies to combat the spread of SARS-CoV-2 variants (Collier et al.,

2021; Jangra et al., 2021; Mahase, 2021; Muik et al., 2021; Wang

et al., 2021c). To accomplish this, two cohorts of individuals with

SARS-CoV-2-specific antibodies were examined. The first group

was a cohort of 45 samples drawn randomly from a pool of po-

tential convalescent plasma donors who had molecularly

confirmed SARS-CoV-2 infection. The pool consisted mostly of

individuals with mild to moderate COVID-19, with less than

10% requiring hospitalization. Plasma samples were collected

approximately 43 days after confirmation of infection (Heaney

et al., 2021; Klein et al., 2020; Patel et al., 2021). The second

cohort of 15 serum samples was collected from a pool of unin-

fected volunteer hospital workers at least 14 days following

administration of the second dose of the Moderna or Pfizer-Bio-

NTech COVID-19 vaccine who had a documented SARS-CoV-2

immunoglobulin G (IgG) response to the vaccine. COVID-19+

samples were stratified into low-, mid-, and high-tier antibody

groups based on their reported antibody neutralization titer

and their median fluorescence intensity (MFI) following staining

of SARS-CoV-2 spike+ cells (Figure S5D; Heaney et al., 2021;

Klein et al., 2020; Patel et al., 2021). Vaccinated individuals

were stratified into low- or high-tier antibody groups based on

MFI after staining spike+ cells (Figure S5E).

First we explored the ability of plasma samples from each

cohort to neutralize infection of N501Y + D614G, Los Angeles
(G and H) Quantification of signal in the lungs (G) and nasopharyngeal passage (H

CoV-2 VSV PsVs, and blocked or vaccinated as indicated (n = 5).

Experiments were performed in technical triplicates (A and B) or 5 biological replic

0.01, and 0.001, respectively; N.S., not significant.
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N501Y + L452R + D614G, and South Africa N501Y + K417N+

E484K + D614G PsVs on hACE2+ 293 cells. Representative

neutralization curves for each individual and titer group are

shown for reference (Figures 4A–4E). We found significant

dose-dependent neutralization of SARS-CoV-2 VSV PsVs in

the COVID-19+ and vaccinated groups (Figures 4F–4H). This

trend held for all 3 SARS-CoV-2 PsVs and was confirmed

when analyzing neutralization ability versus antibody level (Fig-

ures 4I–4K). Reciprocal log of half-maximal inhibitory concentra-

tion(log10IC50) values for high-tier COVID-19 individuals and

high-tier vaccinated individuals were comparable (Figures 4F–

4H), suggesting that both possess high neutralization ability.

When examining the ability of COVID-19+ and vaccinated indi-

viduals to neutralize South Africa N501Y + K417N + E484K +

D614G VSV PsVs compared with N501Y + D614G VSV PsVs,

markedly lower reciprocal log10IC50 values were noted for the

South Africa N501Y +K417N + E484K +D614G variant, suggest-

ing that it was not neutralized as efficiently as the N501Y +

D614G variant (Figure 4G). This decrease in neutralization ability

was not observed for the Los Angeles N501Y + L452R + D614G

variant (Figure 4H). Individual neutralization curves for each

plasma sample and variant PsV combination were also deter-

mined (Figure S4). Similar findings were observed for murine

SARS-CoV-2 antisera (Figures S6A–S6F).

SARS-CoV-2 escape variant-binding ability and isotypes
of antibodies found in humanCOVID-19+ and vaccinated
individuals
We wanted to explore factors beyond titer that could be contrib-

uting mechanistically to the immune escape seen with South Af-

rica N501Y + K417N + E484K + D614G PsV in the presence of

COVID-19+ and vaccinated individual plasma samples. First

we measured IgG antibody levels that specifically bind the WT

RBD versus the N501Y + K417N + E484K + D614G variant

RBD. This varies from total anti-spike antibodies because

RBD-directed antibodies would contribute significantly more to

the observed differential neutralization and immune escape.

Although the same titer trends remained for WT IgG RBD-

directed responses compared with anti-spike, significant abla-

tion of binding was observed for IgGs against the N501Y +

K417N + E484K +D614GRBD (Figure 4L; Figure S5A). This trend

appeared to be even stronger for low- to mid-tier groups in

COVID-19+ individuals. High-tier COVID-19+ and vaccinated in-

dividual plasma samples still suffered from a decrease in

N501Y + K417N + E484K + D614G RBD IgG levels, but it was

not as pronounced. We extended this study to anti-SARS-

CoV-2 RBD IgM (Figures 4L and 4M; Figure S5B) and IgA

(Figures 4L and 4N; Figure S5C) titers. Although present, less

pronounced anti-WT RBD levels were seen between each tier

group for IgM and IgA. Interestingly, a clear trend was not pre-

sent between WT or N501Y + K417N + E484K + D614G RBD

IgM or IgA levels compared with IgG levels, where a clear

decrease was observed. These findings suggest that the
) of mice transduced with AdV5-hACE2, infected with N501Y + D614G SARS-

ates (C–H). Mean ± SEM is shown. *, **, and *** indicate p values less than 0.05,
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Figure 3. Infectivity and reinfection potential of L452R and K417N + E484K spike mutation bearing SARS-CoV-2 PsVs in vivo

(A and B) In vitro infection assay of VSV PsVs, including N501Y + D614G, N501Y + L452R + D614G, and N501Y + K417N + E484K + D614G, on 293 cells

transfected with human ACE2 (A) or mouse ACE2 (B). All PsVs were normalized to the total amount of SARS-CoV-2 S protein by western blot, titrated across a

2-fold range as indicated on the x axis, and then added to cells that were seeded 24 h prior to infection. 48 h later, cells were lysed and analyzed for luciferase

activity via GloMax as a readout of infection level (n = 3).

(legend continued on next page)
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N501Y + K417N + E484K + D614G variant may have immune

escape capabilities to natural and vaccine-induced anti-

COVID-19 immunity, with differential effects exerted by WT

versus variant-binding IgGs but not IgMs or IgAs.

In vivo escape of the South Africa variant from plasma of
human COVID-19+ and vaccinated individuals
Next, we employed our in vivo system to further investigate this

escape phenomenon. As in Figure 2, mice received a transfer of

human plasma samples, including the COVID-19+ and vacci-

nated groups, and then challenged with the indicated variant

SARS-CoV-2 VSV PsV. Three plasma samples from each

COVID-19+ tier and five samples from each vaccinated tier

were transferred to three mice for each VSV PsV infection. We

observed antibody dose-dependent neutralization of all three

variant VSV PsVs tested (Figures 5A–5F). Mice receiving high-

tier COVID-19+ or vaccinated plasma samples did not display

detectable lung infection and only exhibited extremely low-level

nasopharyngeal infection (Figure 5; Figures S6G–S6I). In

contrast, mice receiving low-level antibody plasma samples

were able to neutralize a significant amount of lung infection

but not nasopharyngeal infection. This has potential clinical cor-

relation because individuals with a history of COVID-19 infection

or vaccination are known to develop less severe disease upon

reinfection, suggesting the ability of our system to model this

clinical phenomenon. Similar to in vitro, partial immune escape

was observed for the South Africa N501Y + K417N + E484K +

D614G variant (Figures 5E and 5F) compared with N501Y +

D614G (Figures 5A and 5B). This is especially striking when

examining the ability of high-tier COVID-19+ and vaccinated

plasma samples to control the South Africa N501Y + K417N +

E484K + D614G variant.

Assessment of the India variant using SARS-CoV-2 PsVs
Finally, given the severe outbreak of COVID-19 in India and the

presence of a variant possessing a unique combination of muta-

tions, including N501Y + L452R + K417N + E484Q + D614G

(kappa variant), we sought to explore this variant in our system.

In vitro infection assays of hACE2+ cells revealed that PsVs car-

rying thesemutationswere significantly infectious but not quite to

the levels observed for the N501Y + K417N + E484K + D614G
(C) In vivo infectivity of VSV PsVs in BALB/c mice. 24 h prior to infection, mice we

PsVs intranasally, followed by a PBS wash. 24 h later, mice were administered 80

for 5 min with an open emission filter. All groups were set to the same scale duri

(D and E) Quantification of bioluminescence activity in the lungs (D) and nasophary

SARS-CoV-2 PsVs. Mice were first challenged with N501Y + D614G VSV PsVs. 2

E484K + D614G PsVs.

(F) Image of mice following reinfection with the indicated PsVs as in (C). The scale

E484K + D614G PsVs because this would indicate the predicted level of infectio

(G) Quantification of nasopharyngeal signal in mice following primary infection

N501Y + D614G reference infection.

(H) Quantification of nasopharyngeal signal in mice following primary infection w

compared with N501Y + K417N + E484K + D614G reference infection.

(I–K) Plasma anti-SARS-CoV-2 spike levels represented via histogram (I) or bar gra

infection with N501Y + D614G, reinfection with N501Y + D614G, and reinfection

primary infection or 2 weeks after reinfection.

Experiments were performed in technical triplicates (A and B) or 5 biological replic

0.01, and 0.001, respectively; N.S., not significant.
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variant (Figure 6A). When applying these variants in vivo, a similar

phenomenon was observed; the N501Y + L452R + K417N +

E484Q + D614G variant PsVs were highly infective, but signifi-

cantly higher infection was observed in the nasopharynx, but

not lungs, of mice infected with the N501Y + K417N + E484K +

D614G variant (Figures 6B–6D). We also explored the ability

of COVID-19+ plasma to neutralize the N501Y + L452R +

K417N + E484Q + D614G variant. Immune escape of the India

variant was observed for low-tier COVID-19+ plasma, similar to

that observed with the South Africa variant (Figures 6E–6H).
DISCUSSION

In this study, we demonstrate that the N501Y SARS-CoV-2

variant permits enhanced hACE2 binding, species switch, and

subsequent high-level VSV PsV infection in unmodified labora-

tory mice. Our study also supports the possibility that rodents

could become infected with variants containing N501Y (Gu

et al., 2020). This platform can be used readily to model SARS-

CoV-2 infection in mice with or without hACE2. When exploring

emerging COVID-19 variants, high-level infectivity was observed

for the South Africa and India variants, but infectivity was not

significantly higher for the Los Angeles variant. In addition to

heightened infectivity, antibody escape from previous murine

infection or transfer with COVID-19+ and vaccinated human

plasmawas observed in vitro and in mice infected with PsVs car-

rying crucial mutations in the South Africa variant.

Use of VSV PsVs permits strong infection in the nasopharynx

and lungs of animals, anatomically closely mimicking human

infection. Although other groups have explored adaptation of

viable SARS-CoV-2 for murine infection studies (Gu et al.,

2020), there are distinct advantages to using viable versus pseu-

dotyped SARS-CoV-2 as in our study. PsVs can be employed

under ABSL-2 conditions, which limits occupational hazards

and potential environmental leaks. In addition, PsVs are easy

to engineer and incorporate emerging mutations with common

molecular biology techniques, unlike engineering viable SARS-

CoV-2, which requires special equipment and additional time.

PsVs can also be used to study reinfection dynamics and immu-

nologic interplay. Our study demonstrated that N501Y +

K417N + E484K + D614G PsVs can escape antibodies
re administered anti-IFNAR1 as described, challenged with the indicated VSV

mg of D-luciferin intranasally and 100 mg intravenously and then imaged via IVIS

ng image processing.

nx (E) ofmice infectedwith the indicated PsVs. Shown is reinfectionmodeling of

weeks later, mice were rechallenged with N501Y + D614G or N501Y + K417N +

was set based on primary infection with N501Y + D614G or N501Y + K417N +

n without preexisting immunity.

with N501Y + D614G and then N501Y + D614G rechallenge compared with

ith N501Y + D614G and then N501Y + K417N + E484K + D614G rechallenge

phs (J and K) in infection groups, including naivemice (normal plasma), primary

with N501Y + K417N + E484K + D614G. Plasma was collected 2 weeks after

ates (C–K). Mean ± SEM is shown. *, **, and *** indicate p values less than 0.05,
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generated by N501Y + D614G PsVs, allowing successful sec-

ondary infection in mice. As the pandemic continues, SARS-

CoV-2 variants with greater immune escape potential, such as

those modeled using the N501Y + K417N + E484K + D614G

variant PsV, have dominated new COVID-19 cases globally. In

future murine PsV reinfection studies, the N501Y + K417N +

E484K + D614G PsV could be used for primary infection, fol-

lowed by other emerging variant PsVs. This would allow us to

further our understanding of immunity to primary SARS-CoV-2

infection and susceptibility to reinfection in the current SARS-

CoV-2 variant landscape. It is unclear what the challenges would

be to sequentially reinfect mice with viable SARS-CoV-2. Finally,

PsVs carrying reporter plasmids such as in our system allow

seamless measurement of infection using optical imaging.

Conversely, the downside of PsV application in vivo is that they

limit the ability to study tissue damage and murine transmission,

which, theoretically, could be studied using viable SARS-CoV-2.

There are many potential explanations for the lower infectivity

observed for the Los Angeles variant, including the theory that

L452R drives enhanced transmissibility but not necessarily

infectivity. This is further supported by our study regarding infec-

tivity of PsVs incorporating mutations found in the India variant

because the L452R mutation was also present and did not

mediate enhancement of infection compared with the South

Africa variant PsV.

Regarding the immune escape observed in our experiments,

many other groups have begun to explore this phenomenon in

the context of different SARS-CoV-2 variants with plasma from

COVID-19+ and vaccinated individuals (Cele et al., 2021; Collier

et al., 2021;Muik et al., 2021;Wanget al., 2021a, 2021b). Although

our study draws similar conclusions regarding the dose depen-

dency of immune escape to emerging spike variants, we are the

first to do so in vivo, providing additional anatomical context.

When exploring the ability of antibodies in both groups of individ-

uals to bind the WT RBD versus N501Y + K417N + E484K +

D614G variant RBD, we observed significant ablation of binding

to the variant, particularly for IgGs. This likely explains thedosede-

pendency we observed. As overall SARS-CoV-2 titers decrease,

so do titers capable of binding the variant. For individuals in the
Figure 4. Effect of L452R and K417N + E484K spike mutations on the a

and neutralize SARS-CoV-2

Shown is in vitro neutralization of variant SARS-CoV-2 VSV PsV infection on hum

N501Y + L452R + D614G, and N501Y + K417N + E484K + D614G, were preincu

samples, or 4 control plasma samples over a 3-fold dilution range. Samples were

COVID-19+ individuals and low or high tier for vaccinated individuals. The plasma-

lysed and analyzed for luciferase activity as a measure of infection via GloMax.

(A–E) Representative neutralization curves for the indicated COVID-19+ or vacc

N501Y + K417N + E484K + D614G PsVs.

(F) Neutralization ability as reciprocal log10IC50 of the indicated human plasma

plasma prior to neutralization curve fit and reciprocal log10IC50 determination.

(G and H) Comparison of neutralization ability of each indicated COVID-19+ or va

D614G PsV infection or (H) N501Y + L452R + D614G and N501Y + D614G PsV i

(I–K) Comparison of reciprocal log10IC50 and MFI of spike-plasma binding. Plasm

secondary, and then analyzed by flow cytometry to determine antibody levels. M

plasma incubated with (I) N501Y + D614G, (J) N501Y + L452R + D614G, and (K)

(L–N)WT versus N501Y + K417N + E484K +D614GRBD-specific (L) IgG, (M) IgM,

by anti-SARS-CoV-2 spike tier groups.

All experiments were performed in 4–15 biological replicates and technical duplica

N.S., not significant.
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low-tier groups, variant binding IgG levels were more than two

times lower. It is easy to imagine how thiswould lead todisappear-

anceof anti-variantRBDantibodieswhile anti-RBDtiterscould still

remain. Perhaps this ratio of WT versus variant binding antibodies

would changeover time in people as antibodies continue to evolve

in the presence of antigen (Gaebler et al., 2021). In theory, this

could also be easy to explore in our in vivo system and could be

expanded to understand antibody evolution in the presence of

different variant RBDs at different times sequentially.

In our study, we detected plasma IgM and IgA anti-SARS-

CoV-2 levels, which aligns with other studies documenting that

IgA may dominate the early-phase response to SARS-CoV-2

(Sterlin et al., 2021). It was interesting that there was no signifi-

cant difference in IgAs’ and IgMs’ ability to bind the WT versus

N501Y + K417N + E484K + D614G variant RBD. This could be

explained by differences in somatic hypermutation kinetics and

timing of B cell class switching to these isotypes. The neutraliza-

tion ability of polyclonal IgG, IgM, and IgA anti-SARS-CoV-2 anti-

body pools from COVID-19+ and vaccinated individuals could

be delineated further in vivo using our system in future studies.

A unique benefit of our system compared with in vitro ap-

proaches to measuring SARS-CoV-2 variant infectivity and im-

mune escape is the anatomical context mice provide. It is known

that individuals with preexisting SARS-CoV-2 immunity because

of having received COVID-19 vaccines or being infected with

COVID-19 generally develop less severe disease in the case of

reinfection, especially those that have high-titer antibodies. In

our study, mice receiving high-tier plasma samples were only in-

fected by variant PsVs in the nasopharynx and not in the lungs. It

is well understood that severe lung infection and associated pa-

thologies are amajor factor contributing to the virulence of SARS-

CoV-2, especially when considering variants. This phenomenon

would not be appreciable in vitro. Our model system serves as

a robust ‘‘plug and play’’ in vivo technique to model clinical fac-

tors affecting human SARS-CoV-2 variant infectivity and control.

Limitations of study
Here we demonstrate the ability of N501Y-bearing SARS-CoV-2

variants tomodel COVID-19 in common laboratorymouse strains.
bility of antibodies from COVID-19+ or vaccinated individuals to bind

an ACE2+ 293 cells. Luciferase-expressing PsVs, including N501Y + D614G,

bated with 45 COVID-19+ plasma samples, 15 COVID-19-vaccinated plasma

stratified based on antibody levels, as described, into low, mid, and high tier for

PsVmixture was then added to seeded hACE2+ 293 cells. 48 h later, cells were

inated tier groups against the N501Y + D614G, N501Y + L452R + D614G, or

samples mixed with the indicated PsVs. Samples were normalized to control

ccinated group between (G) N501Y + K417N + E484K + D614G and N501Y +

nfection.

a samples were incubated with hACE2+ cells, stained with an anti-human IgG

FI for each plasma samples was graphed against reciprocal log10IC50 for each

N501Y + K417N + E484K + D614G VSV PsVs.

and (N) IgA antibody levels fromCOVID-19+ or vaccinated individuals stratified

tes. *, **, and *** indicate p values less than 0.05, 0.01, and 0.001, respectively;
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Figure 5. In vivo neutralization of L452R and K417N + E484K variant PsVs by COVID-19+ or vaccinated plasma

(A–F) In vivo neutralization of SARS-CoV-2 VSV PsVs carrying emerging L452R and K417N + E484K spike mutations by COVID-19+ or vaccinated human plasma

samples. Prior to infection, BALB/c mice were administered normal human plasma, COVID-19+ human plasma (3 plasma samples per tier group), or vaccinated

human plasma samples (5 plasma samples per tier group). All mice were administered anti-IFNAR1 24 h prior to infection with N501Y + D614G, N501Y + L452R +

D614G, or N501Y + K417N + E484K + D614G SARS-CoV-2 VSV PsVs intranasally. 24 h later, mice were administered 80 mg of D-luciferin intranasally and 100 mg

intravenously and then imaged via IVIS for 5min with an open emission filter. All groupswere set to the same scale during image processing for each different VSV

PsV. Shown are representative image and luminescence values formice infectedwith (A andB) N501Y +D614G, (C and D) N501Y + L452R +D614G, and (E and F)

N501Y + K417N +E484K +D614GVSV PsVs and transferred with the indicated human plasma samples. Each dot represents an average of 3mice. The bottom of

the scale indicates background luminescence, and a dotted line represents luminescence following transfer with normal human plasma. The p values were

calculated between the indicated experimental groups and the luminescence signal of normal human plasma. Experiments were performed in biological trip-

licates. Mean ± SEM is shown. *, **, and *** indicate p values less than 0.05, 0.01, and 0.001, respectively; N.S., not significant.
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Although numerous areas for further research are explored in our

Discussion, additional limitations of our studied that should be

considered alongside our work are highlighted here.

Although we show that the N501Y variant drives a species

switch of SARS-CoV-2 PsVs to the mouse (Figure 1), we are
not the first group to show the importance of this point mutation.

It was first demonstrated in an in vivo passaged preparation of

SARS-CoV-2 that possessed murine tropism and carried the

N501Y mutation (Gu et al., 2020). Although additional studies

elaborated the importance of the N501Y mutation (Cele et al.,
Cell Reports 37, 109838, October 19, 2021 11
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Figure 6. Infectivity and immune escape potential of the N501Y + L452R + K417 + E484Q + D614G India variant

(A) In vitro infectivity of SARS-CoV-2 PsVs, including N501Y + D614G, N501Y + L452R + D614G, N501Y + K417N + E484K + D614G, and N501Y + L452R +

K417N + E484Q + D614G, on 293 cells transfected with human ACE2. All PsVs were normalized to the total amount of SARS-CoV-2 S protein by western blot,

titrated across a 2-fold range as indicated on the x axis, and then added to cells that were seeded 24 h prior to infection. 48 h later, cells were lysed and analyzed

for luciferase activity via GloMax.

(B) In vivo infectivity of VSV PsVs in BALB/c mice. 24 h prior to infection, mice were administered anti-IFNAR1 as described, challenged with the indicated VSV

PsVs intranasally, followed by a PBS wash. 24 h later, mice were administered 80 mg of D-luciferin intranasally and 100 mg intravenously and then imaged via IVIS

for 5 min with an open emission filter. All groups were set to the same scale during image processing.

(C and D) Quantification of bioluminescence activity in the lungs (C) and nasopharynx (D) of mice infected with the indicated PsVs.

(E–H) In vitro neutralization of variant SARS-CoV-2 VSV PsV infection on human ACE2+ 293 cells. Luciferase-expressing PsVs, including (E) N501Y + D614G, (F)

N501Y + L452R + D614G, (G) N501Y + K417N + E484K + D614G, and (H) N501Y + L452R + K417N + E484Q + D614G, were preincubated with serially diluted

low-, mid-, or high-tier COVID-19+ plasma prior to infection. RLUs at the indicated dilutions are shown.

Experiments were performed in technical triplicates (A) or biological triplicates (B–H). Mean ± SEM is shown. *, **, and *** indicate p values less than 0.05, 0.01,

and 0.001, respectively; N.S., not significant.
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2021; Roy Wong et al., 2021), we are the first to use N501Y to

model emerging SARS-CoV-2 variants in vivo.

In our study, Lenti- or VSV-based SARS-CoV-2 PsVs are used

to model COVID-19 (Figure 1). We demonstrate that VSV-based

PsVs are significantly more infective and use them for our

detailed in vivo studies (Figures 1, 2, 3, 4, 5, and 6). The biggest

advantage of using PsVs is that they allow experiments to be

conducted under ABSL-2 conditions, significantly reducing

cost and occupational hazards. ABSL-2 conditions also make

it simple for other groups to reproduce our system in various

lab environments. However, this system brings with it many lim-

itations, including lack of spread, a single round of infection, and

inability to model clinical pathogenesis of SARS-CoV-2. Accord-

ingly, our data (Figures 4, 5, and 6) regarding reinfection and

neutralization can only be interpreted in the context of a single

round of PsV infection, not true viral replication, and host-to-

host transmission.

In our experiments involving human plasma transfer to mice to

study in vivo PsV neutralization, plasma was always transferred

intranasally. This route of administration was chosen because

it would allow minimal volumes of human plasma to be trans-

ferred to the animals, which would limit off-target inflammation

because of the presence of foreign plasma. It would also theoret-

ically bypass any issues with human antibodies translocating

from the murine circulation to the airway. It is important to

keep this in mind because intranasal plasma administration is

artificial in nature; plasma would only be expected to be found

in vessels. These limitations should be considered when inter-

preting the work in this study.
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This Paper N/A

Biological samples

COVID 19+ human plasma Stem Cells Lot# 2008421004; 2009418006;

2006417008; 2009418001

COVID 19+ human plasma RayBiotech PS362; PS364

COVID 19+ human plasma This Paper N/A

Vaccinated human plasma This Paper N/A

Control human plasma Pennsylvania Plasma N/A

Chemicals, peptides, and recombinant proteins

RBD-Fc This paper N/A

RBD-His This paper N/A

N501Y-RBD-His Sino Biological Catalog# 40592-V08H82

N501Y-RBD-Fc This paper N/A

MPL Sigma Aldrich SAB1406140

D-luciferin GoldBio Catalog # eLUCNA-100; CAS #

103404-75-7

Hoechst 33342 Invitrogen Catalog # H3570

Prolong Glass Invitrogen Catalog # P36980

Zombie Aqua Viability Dye BioLegend Catalog # 423101

Human TruStain FcX BioLegend Catalog # 422301

Critical commercial assays

Expi293F expression system kit Thermo Fisher Scientific Catalog # A14635

4-15% Tris-glycine SDS-PAGE gels Bio-Rad Catalog # 4568033

Pierce BCA Protein Assay Kit Thermo Fisher Scientific Catalog # A53225

Luciferase assay kit Promega Catalog # E1500

Lipofectamine 3000 Thermo Fisher Scientific Catalog # L3000001

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

RBD in complex with mouse ACE2 Brooke and Prischi, 2020 https://github.com/fprischi/

Supplementary_ComplexesStructures

Experimental models: Cell lines

293 TT cells ATCC CRL-3467

BHK-21 cells ATCC CCL-10

Experimental models: Organisms/strains

BALB/c Charles River Strain code: 028 BALB/cAnNCrl

C57BL/6 Taconic Model: B6-F C57BL/6NTac

Oligonucleotides

Primers for generating SARS-CoV2 spike

sequence or mutant PsV plasmid, see Table

S1

Integrated DNA Technologies N/A

Recombinant DNA

pCMV3-SARS-CoV-2-S Sino Biological Inc. Beijing, China Catalog # VG40592-UT

pFuse-mIgG2a-Fc2 Invivogen pfuse-mg2afc2

pCMV3-SARS-CoV-2-S-N501Y This paper N/A

pCMV3-SARS-CoV-2-S-cd19 This paper N/A

pCMV3-SARS-CoV-2-S-N501Y-cd19 This paper N/A

pCMV3-SARS-CoV-2-S-cd19-D614G This paper N/A

pCMV3-SARS-CoV-2-S-cd19-D614G-

N501Y

This paper N/A

pCMV3-SARS-CoV-2-S-cd19-D614G-

N501Y-K417N-E484K

This paper N/A

pCMV3-SARS-CoV-2-S-cd19-D614G-

N501Y-K417N-L452R-E484Q

This paper N/A

pCMV3-SARS-CoV-2-S-cd19-D614G-

N501Y-L452R

This paper N/A

pfuse-RBD-mIgG2aFc This paper N/A

pfuse-RBD-N501Y-mIgG2aFc This paper N/A

Software and algorithms

CytExpert Beckman Coulter https://www.beckman.com/

flow-cytometry/instruments/cytoflex/

software

Gen5 Biotek Instruments https://www.biotek.com/products/

software-robotics-software/gen5-

microplate-reader-and-imager-software/

Living Image Xenogen https://www.perkinelmer.com/product/

spectrum-200-living-image-v4series-

1-128113

NIS-Elements Nikon https://www.microscope.healthcare.nikon.

com/products/software/nis-elements

Image Lab BioRad https://www.bio-rad.com/en-us/product/

image-lab-software?ID=KRE6P5E8Z

PyMOL Schrödinger, Inc. https://pymol.org/2/

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

scientific-software/prism/

GloMax-Multi+ Detection System with

Instinct

Promega https://www.promega.com/resources/

protocols/technical-manuals/101/

glomax-multi-detection-system-with-

instinct-software-protocol/
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RESOURCE AVAILABILITY

Lead contact
Further requests for information for reagents should be directed to Dr. Chien-Fu Hung (chung2@jhmi.edu), our lead contact, and they

will be fulfilled within reasonable request.

Materials availability
Plasmids generated that were used for PsV production are available upon request. Their productionmethod has been provided in the

manuscript. There are no other new materials generated in this manuscript.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

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

Animals
6-8-week-old female BALB/c and C57BL/6 mice were purchased from Charles River Laboratories (Frederick, Maryland, USA) and

Taconic (Cambridge City, IN), respectively. All mice were maintained at the Johns Hopkins University School of Medicine Oncology

Animal Facility in Cancer Research Building II (Baltimore, MD) under specific-pathogen-free conditions. The housing and handling of

mice follow guidelines established by Johns HopkinsMedical Institutions Animal Care andUse Committee and the National Institutes

of Health. All animals were performed according to approved protocols by the Johns Hopkins Institutional Animal Care andUseCom-

mittee and in accordance with recommendations for proper use and care of laboratory animals. Animals aremonitored daily for infec-

tion and other illnesses by trained animal technicians. Only trained laboratory personnel and animal technicians were allowed to

handle laboratory animals. All individuals handling mice were registered to protocols at the Johns Hopkins Animal Care and Use

Committee.

Human samples
COVID-19+ patient samples and vaccinated human samples were collected and used in accordance with approved institutional re-

view board protocols at Johns Hopkins University. COVID-19+ participants were randomly drawn from a cohort of patients as pre-

viously described (Heaney et al., 2021; Klein et al., 2020; Patel et al., 2021). Vaccinated participants included 14 females (age 27-59)

and 1 male (age 56).

Cell lines
BHK-21 cells and 293TT cells (Buck et al., 2004) were both purchased fromATCC andmaintained in low passage numbers according

to ATCC guidelines at 37�C in DMEM/10% FBS. All cell lines were maintained in master cell banks and undergo routine mycoplasma

testing. Any cells displaying abnormal morphological changes or doubling time are discarded and replaced with a new vial.

METHOD DETAILS

Plasmids for PsV prep
To generate theN501Ymutation PsV plasmid (pCMV3-SARS-CoV-2-S-N501Y), site-directedmutagenesiswas used for generating the

N501Y mutation in the SARS-CoV-2 spike sequence. PCR fragment was amplified by primers (TAATACGACTCACTATAGGG,

TGGTTGGTAGCCCACTCCATAGGTTGGTTGGAAGCCATAGG, CCTATGGCTTCCAACCAACCTATGGAGTGGGCTACCAACCA, and

AAATCTAGATTAACAACAGGAGCCACAGGAA) and template (pCMV3-SARS-CoV-2-S, Sino Biological Inc. Beijing, China) and cloned

into PCMV3 vector.

To generate the 19del pseudovirus (PsV) plasmid (pCMV3-SARS-CoV-2-S-cd19), 19 amino acids were deleted in the spike protein

sequence of SARS-CoV-2 variant Wuhan-Hu-1. PCR fragment was amplified by primers TTTGGTACCATGTTTGTGTTCCTGGTGC

and AAATCTAGATTAACAACAGGAGCCACAGGAA and template (pCMV3-SARS-CoV-2-S, Sino Biological Inc. Beijing, China) and

cloned into PCMV3 vector.

To generate 19del + N501Ymutation PsV plasmid (pCMV3-SARS-CoV-2-S-N501Y-cd19), site-directedmutagenesis was used for

generating N501Y mutation in the SARS-CoV-2 spike sequence. PCR fragment was amplified by primers (TAATACGACTCACTA

TAGGG, TGGTTGGTAGCCCACTCCATAGGTTGGTTGGAAGCCATAGG, CCTATGGCTTCCAACCAACCTATGGAGTGGGCTACCA

ACCA, and AAATCTAGATTAACAACAGGAGCCACAGGAA) and template (pCMV3-SARS-CoV-2-S-cd19) and cloned into PCMV3

vector.
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To generate 19del + D614G mutation PsV plasmid (pCMV3-SARS-CoV-2-S-cd19-D614G), site-directed mutagenesis was used

for generating D614G mutation in the SARS-CoV-2 spike sequence. PCR fragment was amplified by primers (TAATACGACTCA

CTATAGGG, GGCACCTCAGTACAGTTCACACCCTGGTAGAGCACAGCCACC, GGTGGCTGTGCTCTACCAGGGTGTGAACTGTAC

TGAGGTGCC, and AAATCTAGATTAACAACAGGAGCCACAGGAA) and template (pCMV3-SARS-CoV-2-S-cd19) and cloned into

PCMV3 vector.

To generate 19del + N501Y + D614G mutation PsV plasmid (pCMV3-SARS-CoV-2-S-cd19-D614G-N501Y), site-directed muta-

genesis was used for generating D614Gmutation in the SARS-CoV-2 spike sequence. PCR fragment was amplified by primers (TAAT

ACGACTCACTATAGGG, GGCACCTCAGTACAGTTCACACCCTGGTAGAGCACAGCCACC, GGTGGCTGTGCTCTACCAGGGTGT

GAACTGTACTGAGGTGCC, and AAATCTAGATTAACAACAGGAGCCACAGGAA) and template (pCMV3-SARS-CoV-2-S-N501Y-

cd19) and cloned into PCMV3 vector.

To generate 19del + N501Y + D614G + L452R mutation PsV plasmid (pCMV3-SARS-CoV-2-S-cd19-D614G-N501Y-L452R), site-

directed mutagenesis was used for generating L452Rmutation in the SARS-CoV-2 spike sequence. PCR fragment was amplified by

primers (TAATACGACTCACTATAGGG, TGGGAGGCAACTACAACTACCGCTACAGACTGTTCAGGAAGAGC, GCTCTTCCTGAACA

GTCTGTAGCGGTAGTTGTAGTTGCCTCCCA, and AAATCTAGATTAACAACAGGAGCCACAGGAA) and template (pCMV3-SARS-

CoV-2-S-cd19-D614G-N501Y) and cloned into PCMV3 vector.

To generate 19del + N501Y + D614G + K417Nmutation PsV plasmid (pCMV3-SARS-CoV-2-S-cd19-D614G-N501Y-K417N), site-

directed mutagenesis was used for generating K417Nmutation in the SARS-CoV-2 spike sequence. PCR fragment was amplified by

primers (TAATACGACTCACTATAGGG, TTTGTAGTTGTAGTCAGCAATGTTGCCTGTTTGTCCAGGGGC, GCCCCTGGACAAACAG

GCAACATTGCTGACTACAACTACAAA, and AAATCTAGATTAACAACAGGAGCCACAGGAA) and template (pCMV3-SARS-CoV-2-

S-cd19-D614G-N501Y) and cloned into PCMV3 vector.

To generate 19del + N501Y + D614G + K417N + E484K mutation PsV plasmid (pCMV3-SARS-CoV-2-S-cd19-D614G-N501Y-

K417N-E484K), site-directed mutagenesis was used for generating E484K mutation in the SARS-CoV-2 spike sequence. PCR frag-

ment was amplified by primers (TAATACGACTCACTATAGGG, GAAAGTAACAGTTGAAGCCCTTCACTCCATTACATGGTGTGC,

GCACACCATGTAATGGAGTGAAGGGCTTCAACTGTTACTTTC, and AAATCTAGATTAACAACAGGAGCCACAGGAA) and template

(pCMV3-SARS-CoV-2-S-cd19-D614G-N501Y-K417N) and cloned into PCMV3 vector.

To generate 19del + N501Y + D614G + K417N + L452R +E484K mutation PsV plasmid (pCMV3-SARS-CoV-2-S-cd19-D614G-

N501Y-K417N-L452R-E484K), site-directed mutagenesis was used for generating L452R mutation in the SARS-CoV-2 spike

sequence. PCR fragment was amplified by primers (TAATACGACTCACTATAGGG, TGGGAGGCAACTACAACTACCGCTACAG

ACTGTTCAGGAAGAGC, GCTCTTCCTGAACAGTCTGTAGCGGTAGTTGTAGTTGCCTCCCA, and AAATCTAGATTAACAACAGGA

GCCACAGGAA) and template (pCMV3-SARS-CoV-2-S-cd19-D614G-N501Y-K417N-E484K) and cloned into PCMV3 vector.

To generate 19del + N501Y + D614G + K417N + L452R +E484Q mutation PsV plasmid (pCMV3-SARS-CoV-2-S-cd19-D614G-

N501Y- K417N-L452R-E484Q), site-directed mutagenesis was used for generating E484Q mutation in the SARS-CoV-2 spike

sequence. PCR fragment was amplified by primers (TAATACGACTCACTATAGGG, GAAAGTAACAGTTGAAGCCCTGCACTCCAT-

TACATGGTGTGC, GCACACCATGTAATGGAGTGCAGGGCTTCAACTGTTACTTTC, and AAATCTAGATTAACAACAGGAGCCACA

GGAA) and template (pCMV3-SARS-CoV-2-S-cd19-D614G-N501Y-K417N-L452R-E484K) and cloned into PCMV3 vector.

To generate pfuse-RBD-mIgG2aFc (RBD-Fc), PCR fragment was amplified by primers (AAAGAATTCGATGAGGGTCCAACCAA

CAGAG and TTTAGATCTGAAGTTCACACACTTGTTCTT) and template (pCMV3-SARS-CoV-2-S, Sino Biological Inc. Beijing, China)

and cloned into pFuse-mIgG2a-Fc2 vector (Invivogen, San Diego, USA).

To generate pfuse-RBD-N501Y-mIgG2aFc, PCR fragment was amplified by primers (AAAGAATTCGATGAGGGTCCAACCAACA

GAG and TTTAGATCTGAAGTTCACACACTTGTTCTT) and template (pCMV3-SARS-CoV-2-S-N501Y) and cloned into pFuse-

mIgG2a-Fc2 vector (Invivogen, San Diego, USA).

Generation of HIV-I SARS-CoV-2 spike PsVs
We constructed a SARS-CoV-2 spike PsV using a lentivirus packaging system. 293TT cells were co-transfected with a packaging

plasmid expressing Gag and Pol (CMVD8.91), a lentivirus vector expressing luciferase (pCDH1puro-LucGFP), and an expression

plasmid with either pCMV3-SARS-CoV-2-S, pCMV3-SARS-CoV-2-S-N501Y, pCMV3-SARS-CoV-2-S-cd19, pCMV3-SARS-CoV-

2-S-N501Y-cd19, pCMV3-SARS-CoV-2-S-cd19-D614G, or pCMV3-SARS-CoV-2-S-cd19-D614G-N501Y. All plasmids were at

1.0mg/ml and used in the following ratios: pCDH1puro-Luc, 9 ml; pCMVD8.91, 12 ml; and pCMV3-SARS-CoV-2-S, pCMV3-SARS-

CoV-2-S-N501Y, pCMV3-SARS-CoV-2-S-cd19, pCMV3-SARS-CoV-2-S-N501Y-cd19, pCMV3-SARS-CoV-2-S-cd19-D614G, or

pCMV3-SARS-CoV-2-S-cd19-D614G-N501Y, 3 ml. After 3 days of incubation at 37�C in Opti-M medium, cells were harvested

and pelleted at 2000 g x 5 min. The supernatant was filtered through a 0.45 mm filter, with/or without concentration using an Amicon

Ultra-15 filter unit, aliquoted, and stored at �80�C. The amount of PsV was quantified normalized across preps by SARS-CoV-2

S-protein western blot (Sino Biological Inc. Beijing, China).

Generation of VsV SARS-CoV-2 spike PsVs
BHK-21 cells (ATCC) were transfected with pCMV3-SARS-CoV-2-S, pCMV3-SARS-CoV-2-S-N501Y, pCMV3-SARS-CoV-2-S-

cd19, pCMV3-SARS-CoV-2-S-N501Y-cd19, pCMV3-SARS-CoV-2-S-cd19-D614G, pCMV3-SARS-CoV-2-S-cd19-D614G-N501Y,

pCMV3-SARS-CoV-2-S-cd19-D614G-N501Y-K417N-E484K, pCMV3-SARS-CoV-2-S-cd19-D614G-N501Y-K417N-L452R-E484Q,
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or pCMV3-SARS-CoV-2-S-cd19-D614G-N501Y-L452R using Lipofectamine 2000 (Invitrogen). Twenty-four hours later, the trans-

fected cells were infected with rVSV-dG/G* luciferase or rVSV-dG/G* GFP (Whitt, 2010) with a multiplicity of four. Two hours after

infection, cellswerewashedwithPBS three times, and thennewOpti-Mculturemediumwith 10%hybridoma (anti-VSV-G) supernatant

(ATCC; CRL-2700) was added. Twenty-four hours post infection, the supernatant was filtered through a 0.45 mm filter, with/or without

concentration using an Amicon Ultra-15 filter unit, aliquoted, and stored at �80�C.

Protein production and purification
RBD-Fc and N501Y-RBD-Fc protein was expressed using Expi293F expression system kit (Thermo Fisher Scientific, Waltham, MA)

according to the manufacturer’s instructions. Expi293F cells were transfected with pfuse-RBD-mIgG2aFc or pfuse-RBD-N501Y-

mIgG2aFc. RBD-Fc and RBD-N501Y-Fc proteins were purified by a HiTrap protein G column (GE Healthcare Life Sciences, Marl-

borough, MA.

Antibody quantification by flow cytometry
In order to determine antibody levels, 1e5 hACE2+ 293 cells were incubatedwith human plasma samples for 30minutes at 4 degrees.

Cells were washed in FACS buffer, and then stained with an anti-human IgG-PE secondary antibody for 30 minutes at 4 degrees.

Were then again washed extensively in FACS buffer, fixed with 4% PFA/PBS for 10 minutes, then acquired on a Beckman Coulter

CytoFLEX S. Background signal was normalized to secondary alone and normal human plasma controls. MFI valueswere then deter-

mined using CytExpert software (Beckman Coulter).

Antibody characterization by ELISA
To determine anti-WT or N501Y + K417N + E484K + D614G RBD IgG, IgM, and IgA antibody levels, ELISA plates were coated with

either WT or N501Y + K417N + E484K + D614G RBD protein at a concentration of 2 ug/ml overnight in PBS. Plates were washed

with 0.05% Tween-20 in PBS, blocked with 10% FBS in PBS, and then incubated for 2 hours with human plasma samples titrated

with 10%FBS in PBS. After washing, wells were incubated with biotin conjugated + HRP or HRP-conjugated anti-human IgG, IgM, or

IgA (Invitrogen). After washing, plates were incubated with ultra TMB substrate (Thermo Fisher). Reaction was stopped with 2M

H2SO4 and absorbance was read at 450nm and 590nm as a reference.

Mouse experiments
Recombinant adenoviral vectors expressing human ACE2 (AdV-hACE2) were purchased from the University of Iowa Viral Vector

Core. For PsV infection, mice were first treated with 2.5x108 PFU of AdV-hACE2 via i.n. administration where appropriate. Three

days after AdV transduction, mice were treated with 500ug of anti-INFAR-1 (MAR1-5A3). 24-hours later, normalized amounts of

WT (no 19del), WT, D614G, N501Y (no 19del), N501Y, N501Y + D614G, N501Y + L452R + D614G, or N501Y + K417N +E484K +

D614G PsVs were treated intranasally in a volume of 50ul, followed by 30uL of PBS wash intranasally. For blocking experiments,

normal or COVID 19+ human plasma was purchased from Stem Cells and RayBiotech. RBD-Fc mouse plasma was taken from

RBD-Fc vaccinated mice which were treated intranasally with 2 doses of 30ug RBD-Fc and 5ug of MPL 2-weeks apart. 30uL of

plasma was treated i.n. an hour prior to PsV infection. In vivo bioluminescence imaging was performed using the IVIS Series 2000

(PerkinElmer) to determine infection in the nasopharynx and lungs. Themice were treated with 100 ug of D-luciferin (GoldBio) through

retro-orbital injections followed by 80 ug delivered intranasally. 5 minutes after D-luciferin administration, mice were imaged on the

IVIS Spectrum with the following settings: 5-minute exposure, excitation filter blocked, emission filter open, FOV 22.7, Binning: 8.

Luminescent signals from the nasopharynx and lungs are quantified as average radiance using Living Image 3.0 Software (Xenogen).

Data are represented on linear scales. This allows results obtained to be easier to visualize on a graph because the dynamic range of

data generated on the IVIS is somewhat limited. Mice were imaged starting at 24-hours post infection.

Microscopy
For confirmation of infection in the airway, lungs were collected 24-hours post infection with either D614G or N501Y + D614G GFP+

VsV PsVs. Samples were fixed in 4% PFA for 6 hours followed by cryoprotection in 10% sucrose for 2 hours, 2s0% sucrose for 2

hours, and then 30% sucrose overnight. Next, samples were washed and frozen in OCT. Tissue was then sectioned at 8 micron

by the oncology tissue services core at Johns Hopkins. Slides were then rehydrated in PBS for 15 minutes, stained with Hoechst

33342, mounted in Prolong Glass (Invitrogen), and imaged on a te-2000 microscope with deconvolution (Nikon).

RBD and ACE2 structure visualization
The 3D structures of RBD in complex with human ACE2 were retrieved from the RCSB Protein Data Bank (PDB: 6M17) (Yan et al.,

2020). The 3D structures of RBD in complex with mouse ACE2 homology model were retrieved from https://github.com/fprischi/

Supplementary_ComplexesStructures (Brooke and Prischi, 2020). All structures were visualized using PyMOL.

RBD and RBD-Fc protein quality assessment
Purity of RBD-Fc and RBD-His variant proteins was determined by SDS-PAGE. Briefly, protein concentration was measured by

Pierce BCA Protein Assay Kit (Thermo Scientific). One ug protein was treated with 4X Laemlli Sample Buffer (BioRad) containing
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b-mercaptoethanol and boiled at 100�C for 5 minutes. Proteins were separated on 4%–15% Tris-glycine SDS-PAGE gels, stained

with Coomassie blue at room temperature for 1 hour, and de-stained with water at room temperature overnight. Images were

collected on a chemidoc (BioRad)

PsV quantification
RBD expression in lentivirus and VsV PsVs was measured and normalized by western blot. Briefly, 21 uL PsVs were treated with

4X Laemlli Sample Buffer (BioRad) containing b-mercaptoethanol and boiled at 100�C for 10 minutes. Proteins were separated on

4%–15% Tris-glycine SDS-PAGE gels and transferred to nitrocellulose membranes. Blots were blocked with blocking buffer (5%

BSA and 0.05% Tween 20 in TBS) at room temperature for 30 minutes and incubated with anti-RBD primary antibody (1:2000,

Sino Biological) at 4�C overnight. Blots were then incubated with HRP-conjugated goat anti-rabbit IgG secondary antibody

(1:10000) at room temperature for 1 hour and visualized with Pico Plus Chemiluminescent Substrate (Thermo Scientific).

Binding affinity assay
293 cells stably transfected with human or mouse ACE2 were stained with Zombie Aqua Viability Dye (1:100, BioLegend) and Human

TruStain FcX (1:50, BioLegend) at 4�C for 15 minutes and transferred to 96-well plates (105 cells per well). Cells were then incubated

with WT or N501Y-RBD-His (Sino Biological) at various dilutions at 4�C for 30 minutes and stained with anti-His secondary antibody

(1:50, BioLegend) at 4�C for 15 minutes. Cells were then fixed with 4% PFA at room temperature for 5 minutes and analyzed by flow

cytometry. KD values of RBD binding affinities for ACE2 were calculated using binding curves fitted in GraphPad.

In vitro infection assay
293 cells stably transfected with human ACE2, mouse ACE2, or neither were seeded in 96-well plates (104 cells per well) and incu-

bated at 37�C for 24 hours. Cells were then incubated with lentivirus or VsV PsVs expressing RBD-luciferase variants at various di-

lutions at 37�C for 48 hours. Cell lysates were generated by adding 5X Reporter Lysis Buffer (Promega) and shaking at 600 rpm at

room temperature for 30minutes. Luciferase activity in cell lysates was determined with a luciferase assay kit (Promega) according to

the manufacturer’s instructions. Bioluminescence was measured using a GloMax Multi Detection System (Promega).

In vitro blocking assay
293 cells stably transfected with human ACE2, mouse ACE2, or neither were seeded in 96-well plates (104 cells per well) and incu-

bated at 37�C for 24 hours. Plasma was collected from COVID-19+ or vaccinated human donors and control (StemCell or Ray

Biotech) or RBD-Fc vaccinated mice. Equal amounts of Lentivirus or VsV PsVs expressing RBD-luciferase variants were mixed

with plasma at various dilutions at room temperature for 1 hour. Cells were then infected with pre-incubated PsVs at 37�C for

48 hours. Cell lysates were generated by adding 5X Reporter Lysis Buffer (Promega) and shaking at 600 rpm at room temperature

for 30 minutes. Luciferase activity in cell lysates was determined with a luciferase assay kit (Promega) according to the manufac-

turer’s instructions. Bioluminescence was measured using a GloMax Multi Detection System (Promega). Percent neutralization

was calculated based on the luminescence of cells infected with PsVs and plasma from normal human donors. Reciprocal IC50 titers

were determined using a four-parameter logistic curve in GraphPad.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are expressed as means ± standard error of the mean (SEM). Results between PsV infection groups or blocking conditions

were evaluated by analysis of variance (one-way ANOVA). All P values < 0.05 were considered significant. Of note, *, **, and *** indi-

cate P values less than 0.05, 0.01, and 0.001, respectively; N.S., not significant. Specific n = experiments are indicated in the figure

legends in quantity andmeaning. Experiments were repeated at least once, for a total of 2 independent experiments. A representative

experiment comprising of the indicated number of n is shown. All statistical calculations were performed in GraphPad Prism 9.
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