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An urgent global quest for effective therapies to prevent and treat coronavirus disease 2019
(COVID-19) is ongoing. We previously described REGN-COV2, a cocktail of two potent neutralizing
antibodies (REGN10987 and REGN10933) that targets nonoverlapping epitopes on the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike protein. In this report, we evaluate
the in vivo efficacy of this antibody cocktail in both rhesus macaques, which may model mild
disease, and golden hamsters, which may model more severe disease. We demonstrate that
REGN-COV-2 can greatly reduce virus load in the lower and upper airways and decrease
virus-induced pathological sequelae when administered prophylactically or therapeutically in
rhesus macaques. Similarly, administration in hamsters limits weight loss and decreases lung
titers and evidence of pneumonia in the lungs. Our results provide evidence of the therapeutic
potential of this antibody cocktail.

F
ullyhumanmonoclonal antibodies (mAbs)
are a promising class of therapeutics
against severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection (1).
To date, multiple studies have described

the discovery and characterization of potent
neutralizing mAbs targeting the spike glyco-
protein of SARS-CoV-2 (2–11). However, evalua-
tion of the efficacy of these antibodies in vivo
is only beginning to emerge and has largely
focused on the prophylactic setting (6, 10, 12).
Furthermore, because the animal models of
SARS-CoV-2 infection and coronavirus dis-
ease 2019 (COVID-19) are still being developed,
no single model has emerged as being more
relevant for human disease. Indeed, based
on the extremely diverse manifestations of
COVID-19 in humans, multiple animal models
may be needed to mimic various settings of
human infection. The rhesus macaque model
is widely used to assess efficacy of therapeu-
tics and vaccines and displays a transient and
mild course of the disease (13–20). On the con-
trary, the golden hamster model manifests a
much more severe form of the disease, accom-
panied by rapid weight loss and severe lung
pathology (21–23).
We previously described a cocktail of two

fully human antibodies, REGN10933 and
REGN10987, that bind to spike protein, po-
tently neutralize SARS-CoV-2, and were se-

lected as components of an antiviral antibody
cocktail (REGN-COV2) to safeguard against
mutational virus escape (8, 9). In this study,
we used two different animal models, rhesus
macaque and golden hamster, that capture
the diverse pathology of SARS-CoV-2 infec-
tion and evaluated the in vivo efficacy of this
antibody cocktail when used prophylac-
tically or therapeutically. This assessment
allows us to compare the performance of
the antibodies in diverse disease settings
to more comprehensively understand the
mechanisms by which mAb therapies may
limit viral load and pathology in infected
individuals.
To evaluate the ability of REGN-COV2 to

protect rhesus macaques from SARS-CoV-2
infection, we initially assessed the impact of
antibody administration before virus chal-
lenge [nonhuman primate (NHP) study 1].
Six animals were dosed with REGN-COV2 at
50 mg per kilogram of body weight (mg/kg)
(25 mg/kg of each antibody) and six with
placebo through intravenous administration
and challenged with 1 × 105 plaque-forming
units (PFU) of virus through intranasal and
intratracheal routes 3 days after mAb dosing.
Because of the relatively transient nature of
the SARS-CoV-2 infection in rhesus maca-
ques, the in-life portion of the study was lim-
ited to 5 days. To determine the impact of
mAb prophylaxis on viral load in the upper
and lower airways, we collected nasopha-
ryngeal swabs on a daily basis and bron-
choalveolar lavage (BAL) fluid on days 1, 3,
and 5 after challenge (Fig. 1A). Both genomic
RNA (gRNA) and subgenomic RNA (sgRNA)

(which is made during replication) were mea-
sured to assess the impact of mAb prophy-
laxis on the dynamics of viral replication;
whereas gRNA may reflect remaining viral
inoculum as well as newly replicating virus,
sgRNA should only result from newly repli-
cating virus. For placebo-treated animals,
the kinetics of viral load measures was as
previously reported, with a peak in viral load
on day 2 after challenge, although the ma-
jority of animals were still positive for viral
RNA in nasal swabs on day 5; even though
the kinetics of gRNA and sgRNAwere similar,
sgRNA levels were about a hundred-fold lower,
consistent with what others have reported
(6, 15, 16, 18). For animals receiving REGN-
COV2 prophylaxis, we observed accelerated
clearance of gRNA with almost complete ab-
lation of sgRNA in the majority of the ani-
mals, showing that REGN-COV2 can almost
completely block establishment of virus in-
fection; this pattern was observed across all
measurements in both nasopharyngeal swabs
and BAL compared with that from placebo
animals, demonstrating that mAbs admin-
istered prophylactically can greatly reduce
viral load in both the upper and lower airways
(Fig. 1B).
A second prophylatic study (NHP study 2)

was designed to test whether REGN-COV2
could protect against a 10-fold higher viral
inoculum (1.05 × 106 PFU) and compared four
animals treated with the 50 mg/kg dose of
REGN-COV2 (25mg/kg of each antibody) with
four animals treated with a much lower dose
of 0.3 mg/kg and four animals that were ad-
ministered placebo (Fig. 2A). Nasopharyn-
geal and oral swabs were collected and used
to measure viral gRNA and sgRNA. BAL
samples were not collected in this study to
minimize the potential impact of the pro-
cedure on histopathological analysis of the
lung tissue. We observed that 50 mg/kg of
REGN-COV2 administered 3 days before
virus challenge was once again able to min-
imize virus replication even when animals
were challenged with this 10-fold higher viral
inoculum (Fig. 2B), whereas the prophylac-
tic effect was greatly diminished with the
0.3 mg/kg dose. Interestingly, in this study
we observed an increased impact of mAb
treatment on viral load in oral swabs versus
nasopharyngeal swabs, potentially indicat-
ing that mAb treatment may affect different
physiological sources of virus replication
differentially. Additional studies in animal
models and humans will be needed to as-
sess this.
Next, we assessed the impact of REGN-COV2

in the treatment setting by dosing four ani-
mals challenged with the higher 1 × 106 PFU
of SARS-CoV-2 virus at 1 day after infection
with 25 or 150 mg/kg of the antibody cock-
tail (Fig. 2A). By day 1 after challenge, the
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animals had already reached peak viral load,
as measured by both gRNA and sgRNA,
mimicking a likely early treatment clinical
scenario of COVID-19 disease, because it has
been shown that most SARS-CoV-2–infected
individuals reach peak viral loads relatively
early in the disease course and often before
or just at the start of symptom onset (24, 25).
Compared with four placebo treated ani-
mals, REGN-COV2–treated animals displayed
accelerated viral clearance in both nasopha-
ryngeal and oral swab samples, including
both gRNA and sgRNA samples (Fig. 2C),
clearly demonstrating that the monoclonal
antibody cocktail can affect virus load even
when administered after infection. Similar
to the prophylactic study, the decrease in
viral load appeared more dramatic in oral
swabs versus nasopharyngeal swabs. Both
treatment groups displayed similar kinetics
of virus clearance, suggesting that 25 and
150 mg/kg doses demonstrate similar effi-
cacy in this study. The treated animals in the
150 mg/kg group displayed about 10-fold
higher titers on day 1, at the time of mAb ad-
ministration, therefore potentially masking
an enhanced effect of a higher drug dose. A
similar impact of mAb treatment was ob-
served on gRNA and sgRNA for both naso-
pharyngeal and oral samples, indicating that
the mAb treatment is directly limiting viral
replication in these animals (Fig. 2C).
The two antibody components of REGN-

COV2 were selected to target nonoverlapping
sites on the spike protein to prevent selec-
tion of escape mutants, which were readily
detectable with a single-mAb treatment (9).
To assess whether any signs of putative es-
cape mutants are observed in an in vivo set-
ting with authentic SARS-CoV-2 virus, we
performed RNA sequencing (RNA-seq) anal-
ysis on all RNA samples obtained from all
animals from the study. Analysis of the spike
protein sequence identified mutations in
NHP samples that were not present in the
inoculum virus (fig. S1), further indicating
that the virus is actively replicating in these
animals. However, we did not observe any
mutations that were specific to treated ani-
mals; all identified mutations were present
either in the inoculum or in both treated
and placebo animals, indicating that they
were likely selected as part of virus repli-
cation in NHPs and were not selected by
mAb treatment.
We next performed pathology analyses

of the lungs of infected animals. All four
placebo monkeys showed evidence of lung
injury, which was characterized in three
monkeys by interstitial pneumonia (Fig. 2D),
with minimal to mild infiltration of mono-
nuclear cells (lymphocytes and macrophages)
in the septa, perivascular space, and/or pleura.
In these three animals, the distribution of
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Fig. 1. Prophylactic efficacy of REGN-COV2 in the rhesus macaque model of SARS-CoV-2 infection (NHP
study 1). (A) Overview of study design. d, day. (B) Impact of REGN-COV2 prophylaxis on viral gRNA and sgRNA in
nasopharyngeal (NP) swabs and BAL fluid. The numbers in the graph legends represent animal codes. The dotted
lines indicate limit of detection (LOD = 50 GE/ml for gRNA and LOD = 50 SGE/ml for sgRNA). For detailed
statistical analysis, refer to tables S2 and S3. GE, genomic equivalents; SGE, subgenomic equivalents.
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lesions was multifocal and involved two to
three of the four lung lobes. Accompanying
these changes were alveolar infiltration of
lymphocytes, increased alveolar macrophages,
and syncytial cells. Type II pneumocyte hyper-
plasia was also observed in occasional al-
veoli. In the fourth placebo monkey, lung
injury was limited to type II pneumocyte hy-
perplasia, suggestive of a reparative pro-
cess secondary to type I pneumocyte injury.
Overall, the histological lesions observed
in the placebo animals were consistent with
an acute SARS-CoV-2 infection. In the pro-
phylactic groups, three of four animals in
the low-dose (0.3 mg/kg) and one of four
animals in the high-dose (50 mg/kg) groups
showed evidence of interstitial pneumonia
(table S1) that was generally minimal and
with fewer histological features when com-
pared with that of the placebo group. In
the one affected high-dose group animal,
only one of the four lung lobes had a mini-
mal lesion. In the therapeutic treatment
groups, two of four low-dose (25 mg/kg) and
two of four high-dose (150 mg/kg) treated
animals showed evidence of interstitial pneu-
monia. In all affected low- and high-dose
animals, only one of four lung lobes had
lesions. Finally, there were no drug-related
toxicities observed at any of the doses tested.
In summary, the incidence of interstitial pneu-
monia (the number of animals as well as
the number of lung lobes affected) and the
severity were reduced in both prophylactic
and therapeutic treatment modalities com-
pared with placebo. The analyses demonstrate
that prophylactic and therapeutic adminis-
tration of REGN-COV2 greatly reduced virus-
induced pathology in rhesus macaques and
showed a clean safety profile.
Unlike rhesus macaques, which present

with a mild clinical course of disease and
transient virus replication when infected
with SARS-CoV-2 that may mimic mild
human disease, the golden hamster model
is more severe, with animals demonstrat-
ing readily observable clinical disease, in-
cluding rapid weight loss accompanied by
very high viral load in the lungs, as well as
severe lung pathology. Thus, this model
may more closely mimic more severe dis-
ease in humans, although more extensive
characterization of this model and severe
human disease is needed to better under-
stand similarities and differences in path-
ology. To evaluate the ability of REGN-COV2

to alter the disease course in this model, we
designed a study that evaluated the prophy-
lactic and treatment efficacy of the anti-
bodies (Fig. 3A). In the prophylactic study,
25 hamsters were divided into five arms
(five animals in each). Administration of 50,
5, or 0.5 mg/kg of REGN-COV2 at 2 days
before challenge with a 2.3 × 104 PFU dose
of SARS-CoV-2 virus resulted in dramatic
protection from weight loss at all doses. This
protection was accompanied by decreased
viral load in the lungs at the end of the study
in the majority of treated animals (day 7
after infection) (Fig. 3C). Evaluation of lung
tissue from infected hamsters that were pro-
phylactically treated with placebo or iso-
type control drug revealed distorted alveoli
lined by swollen, hyperplastic type II pneu-
mocytes interspersed with occasional type I
single-cell necrosis and alveolar spaces that
were filled with large numbers of lympho-
cytes, macrophages, and neutrophils, oc-
casional syncytial cells, and hemorrhage.
These changes were accompanied by variably
severe interstitial pneumonia character-
ized by mixed-cell inflammation (lympho-
cytes, macrophages, and neutrophils) in
the alveolar septa and perivascular spaces
accompanied by edema and septal fibrosis.
The severity and incidence of alveolar infiltra-
tion and interstitial pneumonia were greatly
reduced in animals that received REGN-
COV2 (Fig. 3D). Compared with placebo- and
isotype-treated animals, the percent area
of pneumonia in the lungs determined using
HALO image analysis software was signifi-
cantly reduced in all REGN-COV2–treated
animals irrespective of doses. Intriguing-
ly, we did observe high gRNA and sgRNA
levels in the lungs of a few treated animals,
although these individual animals did not
show decreased protection from weight loss
or more extensive pathology than the ani-
mals with much lower viral loads. It is pos-
sible that mAb treatment may provide an
additional therapeutic benefit in this mod-
el that is not directly associated with viral
load decrease. Alternatively, it is possible that
the increased amounts of detected viral RNA
may not necessarily be associated with in-
fectious virus. Because viral replication and
lung pathology in the hamster model occur
very rapidly, the treatment setting repre-
sents a high bar for demonstrating ther-
apeutic efficacy. We used 25 hamsters (five
in each of five arms) in a therapeutic study

and were able to observe therapeutic bene-
fit in animals treated with 50 and 5 mg/kg
doses of REGN-COV2 combination 1 day after
viral challenge (Fig. 3B). Taken together,
the two hamster studies clearly demonstrate
that REGN-COV2 can alter the course of in-
fection in the hamster model of SARS-COV-2
when administered either prophylactically
or therapeutically.
In this study, we assessed the in vivo pro-

phylactic and treatment efficacy of the REGN-
COV2 mAb cocktail in two animal models,
one of mild disease in rhesus macaques
and one of severe disease in golden ham-
sters. Our results demonstrate that the anti-
bodies are efficacious in both animal models,
as measured by reduced viral load in the
upper and lower airways, by reduced virus-
induced pathology in the rhesus macaque
model, and by limited weight loss in the
hamster model.
The ability of REGN-COV2 to almost com-

pletely block detection of subgenomic species
of SARS-COV-2 RNA in rhesus macaques
matches or exceeds the effects recently shown
in vaccine efficacy studies using the same
animal models (18–20, 26, 27). Addition-
ally, the observed accelerated reduction of
upper-airway virus load in rhesus maca-
ques treated with REGN-COV2 contrasts
with the lack of impact on viral load in
remdesivir-treated animals, where reduced
viral load could only be observed in lower
airways with no differences in nasal viral
RNA levels (28). These findings highlight
the therapeutic potential of REGN-COV2
to both protect from and treat SARS-COV-2
disease. Additionally, the impact of REGN-
COV2 prophylaxis on viral RNA levels in
nasopharyngeal and oral swabs may indi-
cate the potential not only to prevent disease
in the exposed individual but also to limit
transmission.
Importantly, in our studies, we did not

observe any signs of increased viral load or
worsening of pathology in the presence of
antibodies at either high or low doses in
either animal model. Potential for antibody-
mediated enhancement of disease is a seri-
ous concern for antibody-based therapeutics
and vaccines. And although a recent report
showed the ability of some anti-spike mAbs to
mediate pseudovirus entry into Fcg receptor–
expressing cell lines, these data do not ad-
dress whether similar behavior would be
observed with authentic SARS-CoV-2 virus
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Fig. 2. Prophylactic and therapeutic efficacy of REGN-COV2 in the
rhesus macaque model of SARS-CoV-2 infection (NHP study 2).
(A) Overview of study design. (B) Impact of REGN-COV2 prophylaxis on
viral gRNA and sgRNA in nasopharyngeal swabs and oral swabs [Study A,
as shown in (A)]. (C) Impact of REGN-COV2 treatment on viral gRNA
and sgRNA in nasopharyngeal swabs and oral swabs [Study B, as shown in

(A)]. In (B) and (C), the numbers in the graph legends represent animal
codes, and the dotted lines indicate limit of detection (LOD = 800 GE/ml
for gRNA and LOD = 800 SGE/ml for sgRNA). (D) Representative
images of histopathology in lungs of treated and placebo animals. The
black arrows point to inflammatory cells. For detailed statistical analysis,
refer to tables S2 and S3.
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and primary immune cells (29). Our results
are consistent with no evidence of enhanced
disease in clinical studies that assess convales-
cent plasma therapy (30).
Similarly to most in vivo data generated

to date, our in vivo studies were conducted
with the D614 spike protein variant of the
SARS-CoV-2 virus. A global shift in circulating
SARS-CoV-2 to the D614G variant will likely
necessitate a transition to use of that variant
for in vitro and in vivo studies with SARS-

CoV-2 virus in the future (31). It is yet not
established if pathogenicity and replication
dynamics of this variant differ in vivo, and it is
equally unclear whether there is an associa-
tionwith severity of human infections (32–34).
Importantly, we have previously demonstrated
that the neutralization potency of REGN10933
and REGN10987, as well as the REGN-COV2
combination, was not altered in the pres-
ence of this variant, making it likely that the
efficacy of the REGN-COV2 combination will

extend to the 614G virus (8, 35). Our data
provide evidence that REGN-COV2–based
therapy may offer clinical benefit in both
prevention and treatment settings of COVID-19
disease, where it is currently being evaluated
(clinicaltrials.govNCT04426695, NCT04425629,
and NCT04452318).
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Fig. 3. Efficacy of REGN-COV2 in treatment and prophylaxis in the
golden Syrian hamster model of SARS-CoV-2 infection. (A) Overview of
study design. (B) Impact of REGN-COV2 on weight loss in prophylaxis
and treatment groups. Error bars represent mean with error. IgG1,
immunoglobulin G1. (C) Impact of REGN-COV-2 prophylaxis on levels of
gRNA and sgRNA in hamster lungs (7 days after infection). No statistical
significance was observed between any treatment groups and placebo.

The dotted lines indicate limit of detection (LOD = 200 GE/ml for gRNA
and LOD = 200 SGE/ml for sgRNA), and error bars represent median
with 95% confidence intervals. (D) Impact of REGN-COV2 prophylaxis on
percent area of lung exhibiting pathology typical of pneumonia (****p <
0.0001 indicates significant differences). Error bars represent median
with 95% confidence intervals. For detailed statistical analysis, refer
to tables S4 and S5.
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