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As the fourth wave of the SARS-CoV-2 pandemic encircles the
globe, there remains an urgent challenge to identify safe and effec-
tive treatment and prevention strategies that can be implemented
in a range of health care and clinical settings. Substantial advances
have been made in the use of anti-SARS-CoV-2 antibodies to miti-
gate the morbidity and mortality associated with COVID-19. On 15
June 2021, the National Institutes of Health, in collaboration with
the U.S. Food and Drug Administration, convened a virtual summit

to summarize existing knowledge on anti-SARS-CoV-2 antibodies
and to identify key unanswered scientific questions to further cata-
lyze the clinical development and implementation of antibodies.
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s the fourth wave of the COVID-19 pandemic encircles
Athe globe, there remains a continuing urgent priority
to develop safe and effective treatment and prevention
strategies for those at risk for infection with SARS-CoV-2,
the virus that causes COVID-19, and for those who are al-
ready infected. The World Health Organization estimates
that as of September 2021 there had been more than 232
million confirmed cases and more than 4.7 million deaths
worldwide (1). In the search to identify safe and viable inter-
ventions to alleviate morbidity and mortality associated
with  COVID-19, anti-SARS-CoV-2 antibodies, including
convalescent plasma (CP), hyperimmune globulin (HIG),
and monoclonal antibodies (mAbs), have been used in a
range of health care settings and clinical studies (2). The ra-
tionale for administering passive antibody therapy is based
on biological plausibility and successful use for treatment
of other infectious diseases (3, 4).

To date, the U.S. Food and Drug Administration (FDA)
has issued an approval for 1 antiviral drug to treat hospital-
ized patients and granted Emergency Use Authorizations
(EUAs) for several single and combination mAbs to treat
persons in outpatient settings with mild to moderate
COVID-19 who are at risk for clinical progression to severe
disease (5) and for 2 mAb combinations for use as post-
exposure prophylaxis in certain scenarios (6, 7). Agents that
moderate the host immune or inflammatory response are
used in later stages of COVID-19 and include dexametha-
sone, recommended for hospitalized patients requiring
supplemental oxygen, as well as tocilizumab (interleukin-6
inhibitor) or baricitinib (Janus kinase inhibitor), recom-
mended for certain patients with severe disease receiving
corticosteroids (8). Both tocilizumab and baricitinib have
been issued EUAs. The FDA has also granted 3 EUAs for
COVID-19 vaccines (1 of which has now been fully
approved) (9). The continuing emergence of SARS-CoV-2
variants has caused clinicians and scientists to reconsider
how to proceed with the development and use of anti-
SARS-CoV-2 antibodies.

On 15 June 2021, the National Institutes of Health, in
cooperation with the FDA, convened the third virtual
Summit on COVID-19. The meeting, entitled “Anti-SARS-
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CoV-2 Antibodies for Treatment and Prevention of
COVID-19-Lessons Learned and Remaining Questions,”
highlighted a “snapshot” of the current state of the
science and served to inform future directions in this rap-
idly evolving field (Table 1). The participants included
researchers and clinicians from academia, industry, and
federal government agencies. The videocast (accessible
on https://videocast.nih.gov/watch=42078) was open to
the public and had more than 1500 participants.

The meeting launched with presentations highlight-
ing the most recent clinical trial data on the use of anti-
bodies to treat or prevent COVID-19 and the global
landscape of emerging variants of concern (VOCs).

CONVALESCENT PrAsMA

One of the first interventions evaluated to treat patients
with COVID-19 was the transfusion of CP, which is blood
plasma derived from patients who have recovered from
COVID-19. The rationale for use of CP was based on its
administration as treatment of Argentine hemorrhagic fever
in a clinical trial that provided compelling evidence for the
efficacy of CP for viral infections (10), as well as use of CP for
treatment in previous influenza and coronavirus outbreaks
over several decades (4, 11-14).

Several studies have evaluated the safety and efficacy of
CP for treatment of COVID-19. Findings from a retrospective
matched cohort study in patients treated with CP soon after
admission showed some survival benefit compared with
administration later during the disease course (15). A few trials
reported efficacy of CP in early-stage disease, but CP treat-
ment did not seem to benefit patients with advanced COVID-
19 (15-17). The RECOVERY (Randomised Evaluation of
COVID-19 Therapy) trial (ClinicalTrials.gov: NCT04381936)
showed that high-titer CP did not improve survival or other
prespecified clinical outcomes in patients hospitalized with
COVID-19 (18). Benefits did, however, seem to accrue to
immunocompromised patients in some studies (19-21).

In April 2020, the national CP Expanded Access
Protocol (EAP) (ClinicalTrials.gov: NCT04374370) was initi-
ated to provide access to a therapy with possible clinical
benefit for patients with COVID-19. The EAP was administered
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Table 1. NIH Summit on Anti-SARS-CoV-2 Antibodies for Treatment and Prevention of COVID-19: Lessons Learned and

Remaining Questions Agenda: 15 June 2021, Virtual Meeting

Summit Sessions

Su

mmit Speakers

Introductory comments

State of the science presentations

Mechanisms of action of functional antibodies that neutralize SARS-CoV-2
and/or eliminate SARS-CoV-2-infected cells

Preclinical delivery, pharmacology, and efficacy of anti-SARS-CoV-2

antibodies

Real-world clinical use of anti-SARS-CoV-2 antibodies

Wrap up and closing comments

Dr.
Dr.
Dr.

. Francis S. Collins, Director, NIH
. Janet Woodcock, Acting Commissioner, FDA
. Anthony S. Fauci, Director, NIAID, NIH

Convalescent plasma and hyperimmune globulin

Dr. Peter Marks, FDA

Antibodies for COVID-19 prevention

Dr. Myron S. Cohen, UNC at Chapel Hill

Antibodies for COVID-19 treatment

M

Dr. Kara Chew, UCLA

Dr. Jens Lundgren, Rigshospitalet, University of Copenhagen
utations/variants of concern

Dr. Bette Korber, Los Alamos National Laboratory

Presenter: Dr. Erica O. Saphire, La Jolla Institute for Immunology
Moderator: Dr. Adrian McDermott, NIAID, NIH

Dr.
Dr.
Dr.
Dr
Dr.
Dr.

. Christopher Barnes, Stanford University

. Michael Diamond, Washington University in St. Louis
. Rachel Liberatore, RenBio

. David Montefiori, Duke University

. Penny Moore, University of the Witwatersrand

. Laura Walker, Adagio Therapeutics

Presenter: Dr. Ralph Baric, UNC at Chapel Hill
Moderator: Dr. Connie Schmaljohn, NIAID, NIH

Dr.
Dr
Dr.
Dr
Dr.

. Emmie de Wit, NIAID, NIH

. Christopher Ellis, FDA

. Tom Hope, Northwestern University
. Kevin Saunders, Duke University

. Skip Virgin, Vir Biotechnology

Presenter: Dr. Katharine Bar, University of Pennsylvania
Moderator: Dr. Rajesh Gandhi, MGH

Dr.
Dr.
Dr
Dr.
Dr.
Re
Dr
Dr.
Dr
Dr
Dr

. Ada Adimora, UNC at Chapel Hill

. Judith Currier, UCLA

. Fred Korley, University of Michigan
. Meagan O'Brien, Regeneron

. John Redd, HHS Office of the Assistant Secretary for Preparedness and
sponse

. Mark Williams, Eli Lilly

. Adrian McDermott, NIAID, NIH

. Connie Schmaljohn, NIAID, NIH

. Rajesh Gandhi, MGH

. Francis S. Collins, NIH

FDA = U.S. Food and Drug Administration; HHS = U.S. Department of Health and Human Services; MGH = Massachusetts General Hospital; NIAID = National
Institute of Allergy and Infectious Diseases; NIH = National Institutes of Health; UCLA = University of California, Los Angeles; UNC = University of North Carolina.

by the Mayo Clinic as a single-group clinical protocol treating
more than 100000 patients at about 2700 sites. Although
patients received many concomitant treatments over the course
of the study, the EAP found that only CP from donor units with
high antibody titers was associated with modest clinical benefit
based on improvements in 7-day survival in patients who were
not intubated, as well as in those who were not intubated, were
aged 80 years or younger, and received CP within 72 hours of
diagnosis (22).

These studies suggested that CP acts like a conventional
antiviral, so benefit may be seen only when CP is adminis-
tered early in the disease course with donor units containing
potent, high-titer antibodies. Disappointingly, however, the
C3PO (Convalescent Plasma in Outpatients With COVID-19)
trial (ClinicalTrials.gov: NCT04355767) in recently diagnosed
outpatients failed to show benefit (23).

ANTI-SARS-C0V-2 MABs anp HIG

Similar challenges have been encountered in achiev-
ing clinically significant improvements in hospitalized
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patients treated with mAbs and HIG in addition to stand-
ard of care. Anti-SARS-CoV-2 mAbs targeting the spike
protein were developed rapidly and integrated into
research studies. Hyperimmune globulin is composed of
highly purified anti-SARS-CoV-2 antibodies from multi-
ple donors who have recovered from COVID-19, render-
ing a product whose SARS-CoV-2 neutralization titer is
several times higher than that of single-donor CP (24).

In 2 trials, ACTIV-3/TICO (Accelerating COVID-19
Therapeutic Interventions and Vaccines-3: Therapeutics for
Inpatients With COVID-19) (ClinicalTrials.gov: NCT04501978)
and ITAC (INSIGHT 013: Inpatient Treatment of COVID-19
With Anti-Coronavirus Immunoglobulin) (ClinicalTrials.gov:
NCT04546581), patients with COVID-19 hospitalized within
12 days of symptom onset were randomly assigned to an
investigational agent or a placebo group, both with standard
of care. ACTIV is a public-private partnership among federal
agencies, academia, and numerous industry partners man-
aged by the Foundation for the National Institutes of Health
(25). Overall, 5 antibbody agents were studied in TICO,
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including the single mAbs bamlanivimab (Eli Lilly) and sotrovi-
mab (GlaxoSmithKline and Vir Biotechnology), as well as 2
mAb combinations, BRII-196 plus BRII-198 (Brii Biosciences)
and AZD7442 (AstraZeneca). The fifth agent evaluated was
an HIG (CSL Behring, Emergent BioSolutions, Grifols, and
Takeda Pharmaceutical), a product that targets multiple epi-
topes and has been shown to be effective against several
SARS-CoV-2 VOCs (26). The first 4 completed evaluations of
bamlanivimab, BRII-196 plus BRII-198, sotrovimab, and HIG
showed that the first 2 did not result in favorable outcomes
and the latter 2 resulted in modest but statistically nonsignifi-
cant favorable outcomes compared with placebo (27-29).
Studies of 2 agents, MP0420 (Molecular Partners-DARPin
technology) and AZD7442, are ongoing. Thus, as with CP, it
seems that mAbs and HIG administered after multiple days of
illness may not be useful.

The results in outpatients were much more encouraging.
The safety and efficacy of mAbs to treat COVID-19 in nonho-
spitalized patients has been evaluated in several clinical trials.
The BLAZE-1 (Blocking Viral Attachment and Cell Entry with
SARS-CoV-2 Neutralizing Antibodies) trial (ClinicalTrials.gov:
NCT04427501) evaluated intravenous bamlanivimab for early
COVID-19. The phase 2 trial included a preplanned interim
analysis (when the last patient randomly assigned to bamlani-
vimab reached day 11) that showed lower rates of hospitali-
zation and emergency department visits for those receiving
bamlanivimab than those receiving placebo, at 1.6% and
6.3%, respectively (30). This trial provided the basis for the
first EUA for an mAb to treat COVID-19. Sotrovimab was eval-
uated in the COMET-ICE (COVID-19 Monoclonal Antibody
Efficacy Trial - Intent to Care Early) phase 3 trial (ClinicalTrials.
gov: NCT04545060). The trial was stopped early for efficacy
because the mAb treatment substantially prevented progres-
sion to COVID-19, with an adjusted relative risk reduction of
85% (97.24% Cl, 44% to 96%; P= 0.002) and with 1% of
patients progressing in the sotrovimab group versus 7% in
the placebo group (31). The FDA issued an EUA for sotrovi-
mab in May 2021 (32).

The BLAZE-1 extension trial (ClinicalTrials.gov: NCT-
04427501) and several trials of REGEN-COV (Regeneron)
(ClinicalTrials.gov: NCT04425629) evaluated mAb combina-
tions. The BLAZE-1 extension compared bamlanivimab-
etesevimab versus either bamlanivimab alone or placebo
in outpatients with mild to moderate COVID-19 (33).
Compared with placebo, this mAb combination showed a
70% reduction in rates of hospitalization or death in the
phase 3 trial among nonhospitalized patients with COVID-
19; specifically, 2.1% of patients in the bamlanivimab-
etesevimab group compared with 7.0% in the placebo
group were hospitalized or died (absolute risk difference,
—4.8 percentage points; [95% Cl, —7.4 to —2.3 percentage
points]; relative risk difference, P< 0.001) (34). The REGEN-
COV trials assessed the mAb combination casirivimab-
imdevimab delivered intravenously in outpatients. The
phase 2 trial showed that participants who were seronega-
tive for SARS-CoV-2 at study entry benefited more from
the treatment than those who were seropositive, considering
viral and clinical end points (35). The phase 3 trial results for
600 mg of casirivimab plus 600 mg of imdevimab included
a reduction in symptom duration and a 70% relative risk
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reduction in hospitalizations and deaths; specifically, 1% of
patients treated with REGEN-COV versus 3% in the placebo
group were hospitalized or died (P= 0.0024) (36, 37). A
phase 2 dose-ranging trial (ClinicalTrials.gov: NCT04666441)
testing intravenous and subcutaneous delivery of casirivi-
mab-imdevimab in outpatients with SARS-CoV-2 infection
showed similar viral load reductions independently of the
dose and route of administration compared with placebo
(36). Additional results were pending at the time of the
Summit. Other mAbs are currently under evaluation in the
ACTIV-2 (A Study for Outpatients With COVID-19) clinical
trial (ClinicalTrials.gov: NCT04518410), including subcuta-
neous BMS-986414 (C135-LS) plus BMS-986413 (C144-LS)
(Bristol Myers Squibb and Rockefeller University), AZD8895
plus AZD1061 (AstraZeneca), and intravenous SAB-185
(SAb Biotherapeutics)—a polyclonal antibody product.

In the prevention setting, mAbs could offer immediate
protection for unvaccinated persons exposed to SARS-
CoV-2 or those who have no specific exposure but work in
high-risk settings. They could also be administered to
patients who are unlikely to respond to—or in rare cases
those who are allergic to components of—-COVID-19 vac-
cines. Target populations for such preventive use of mAbs
may include residents of nursing homes, household con-
tacts, immunocompromised hosts, and certain individuals
in high-incidence workplaces.

Nursing homes are areas of particularly high inci-
dence, with nursing home residents and workers making
up approximately one third of all COVID-19 deaths in the
United States (38). Findings from the phase 3 BLAZE-2
study of postexposure prophylaxis (ClinicalTrials.gov:
NCT04497987) served as proof of concept for the use of
mAbs in this setting, showing reduced incidence of
COVID-19, reduced symptoms, and no deaths among
patients in nursing homes who were administered bamla-
nivimab versus placebo (39).

In the REGEN-COV 2069 phase 3 study (ClinicalTrials.
gov: NCT04452318), the combination of casirivimab-
imdevimab was administered subcutaneously to all contacts
of a household in which 1 member had been diagnosed with
COVID-19. Household contacts who received REGEN-COV
showed no symptomatic cases of COVID-19 and a 50%
reduction in overall rates of infection with SARS-CoV-2 com-
pared with the placebo group (40). Data from the full study
showed a relative risk reduction of approximately 81%
between the REGEN-COV and placebo groups in the inci-
dence of symptomatic SARS-CoV-2 infection; specifically,
1.5% of patients in the REGEN-COV group versus 7.8% in the
placebo group had symptomatic infection (odds ratio, 0.17;
P < 0.001) (41). The FDA recently expanded the REGEN-COV
EUA for postexposure prophylaxis in persons who are at high
risk for progression to severe COVID-19 (6).

The Summit included an update on emerging SARS-
CoV-2 variants based on data from the Global Initiative on
Sharing All Influenza Data as of 9 June 2021 (42). All emerg-
ing variants of interest have mutations in the N-terminal do-
main or the receptor-binding domain; many also carry
mutations at the furin cleavage site (43). Many of these muta-
tions have been shown to confer partial resistance to conva-
lescent sera and neutralizing antibodies, indicative of immune
pressure as a selective force (43). Publicly available databases
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Table 2. Current Food and Drug Administration Emergency Use Authorized Anti-SARS-CoV-2 Monoclonal Antibodies to Treat

or Prevent COVID-19*

Antibodies Dose Route Developer Indication Variants of Concern Supporting
With Reduced Trial(s)
Activity (>100-fold)
REGEN-COV 600 mg casirivimab, IV, SQ Regeneron Postexposure Nonet NCT04452318
(casirivimab-imdevimab) 600 mg imdevimab prophylaxis NCT04519437
REGEN-COV 600 mg casirivimab, IV, SQ (if IV is Regeneron Treatment Nonet NCT04425629
(casirivimab-imdevimab) 600 mg imdevimab not feasible)
Bamlanivimab-etesevimab 700 mg bamlanivimab, \ Eli Lilly Postexposure Beta, Gamma, Delta NCT04427501
1400 mg etesevimab prophylaxis [K417N], MuF NCT04634409
Bamlanivimab§-etesevimab 700 mg bamlanivimab, \% Eli Lilly Treatment Beta, Gamma, Delta NCT04427501
1400 mg etesevimab [K417N], Mut
Sotrovimab 500 mg \% Vir Biotechnology/ Treatment Nonel| NCT04545060

GlaxoSmithKline

IV = intravenous; SQ = subcutaneous.

* Data from U.S. Food and Drug Administration. Emergency Use Authorization. Accessed at www.fda.gov/emergency-preparedness-and-response/
mcm-legal-regulatory-and-policy-framework/emergency-use-authorization#coviddrugs on 29 September 2021.

T Pseudotyped virus-like particle neutralization data for SARS-CoV-2 variant substitutions with casirivimab and imdevimab together.

1 Bamlanivimab and etesevimab are not authorized for use in states, territories, and U.S. jurisdictions in which the combined frequency of variants
resistant to bamlanivimab and etesevimab exceeds 5%. Pseudotyped virus-like particle neutralization data for SARS-CoV-2 variant substitutions with

bamlanivimab and etesevimab together (1:2 molar ratio).
§ Bamlanivimab monotherapy Emergency Use Authorization revoked.

|| Pseudotyped virus-like particle neutralization data for SARS-CoV-2 variant substitutions with sotrovimab.

that are searchable and up to date contain information on
SARS-CoV-2 therapeutics and resistance, including virus var-
iants and spike mutations versus mAbs (26, 44).

Globally, the Alpha variant emerged in late 2020 and
remained dominant until May 2021, when the Delta variant
emerged. The Beta variant, which emerged in late 2020 in
South Africa, was later detected on all continents; however,
its global predominance was hampered by the fast-spreading
Alpha and Delta variants. The Delta variant currently has a
global presence, with apparent rapid transmission once estab-
lished in a geographic region (43).

The mutations and variants of SARS-CoV-2 have implica-
tions for treatment and vaccine design. Although the EUA for
bamlanivimab administered alone was subsequently revoked
by the FDA because of the emergence of variants that affect
the mAb epitope, other mAb combinations administered to-
gether under EUA, including bamlanivimab-etesevimab, sotro-
vimab, and casirivimab-imdevimab, remain effective against
the Delta variant (45). However, when the Delta variant
acquired the K417N mutation, the neutralization activity by the
bamlanivimab-etesevimab combination was reduced by more
than 1000-fold (Table 2) (46). Transitions to global prevalence
can occur quickly; the transition to the G clade—SARS-CoV-2
that carries the D614G mutation in the spike protein—in spring
2020 took 6 to 10 weeks. The Delta variant is currently the
major variant globally. Although the exact trajectory of future
variants cannot be predicted, patterns of convergence and
covariation can be studied to determine relevant variants and
forms that can occur. This knowledge will inform the improve-
ment of current antibody-based interventions and the design
and development of next-generation COVID-19 vaccines.

SEsSiION 1 KEy THEME: CHARACTERIZATION OF
FuncrioNAL ANTIBODIES TARGETING SARS-CoV-2

Central to the selection of functional antibodies that
can be used as potential therapeutic or prophylactic agents
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is the characterization of the antibodies that can neutralize
SARS-CoV-2 or eliminate SARS-CoV-2-infected cells. This
requires a detailed analysis of the specific epitopes tar-
geted by the antibody, delineation of the mechanisms of
antiviral effect, characterization of the ability of the antibody
to control viruses harboring mutations of concern, and
determination of the efficacy of the antibody in animal
models followed by evaluation in clinical studies.

The Coronavirus Immunotherapy Consortium (CoVIC)
(47) was launched to evaluate potential therapeutic anti-
bodies in side-by-side in vitro analyses using standardized
platform assays and in vivo models. Findings from these
comparative studies are used to create a profile of anti-
body activity that correlates with protective clinical efficacy
and predicts clinically successful outcomes (47, 48).

To date, CoVIC has compiled 350 candidate thera-
peutics from more than 50 groups in academia, research
institutions, industry and biotechnology companies, and
government agencies (47, 48). These antibodies are
evaluated by 8 partner laboratories according to CoVIC
standardized testing protocols; CoVIC also assesses the
ability of their compiled antibodies to retain their neutral-
izing activity to the VOCs (47, 48).

The session panelists noted an ongoing need to
focus on VOCs, particularly on the location of mutations
in the spike protein and which antibody classes can
be combined to address commonly occurring escape
mutants. This gap is being addressed by the ACTIV
Tracking Resistance and Coronavirus Evolution initiative,
designed to provide actionable information on emerging
SARS-CoV-2 variants (49). The panelists also proposed
that combining 2 receptor-binding domain binders with
1 N-terminal domain binder would provide more cover-
age on the spike protein and allow antibody cocktails
that are more potent; however, structural factors must be
considered to ensure that antibodies with different orien-
tations do not block each other.
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A focus on conserved epitopes is also an aspect that
needs to be considered for identifying mAbs against var-
iants, especially for development of bispecific antibodies.
The panel proposed the use of broadly neutralizing anti-
body cocktails as a potential approach because target sites
for these antibodies on the spike proteins are not routinely
recognized by other antibodies (50-52). They noted that
additional research is essential to better understand how
antibodies with different Fc-mediated effector functions
and specificities drive optimal antiviral activity.

The session panelists proposed that as additional
mAbs are identified, these should be provided to CoVIC
for comparative analysis. They concluded that these criti-
cal studies would provide a better understanding of how
anti-SARS-CoV-2 antibodies target spike antigens and
how mutations in the spike proteins result in immune
escape. These research findings will also inform the
selection of mAbs with relevant breadth and potency
that can be combined as future therapeutics or preven-
tion strategies.

SEssioN 2 KEy THEME: PRECLINICAL
DELIVERY, PHARMACOLOGY, AND EFFICACY OF

ANTI-SARS-CoV-2 ANTIBODIES

The COVID-19 pandemic brought an urgent need to
develop animal models to recapitulate the human disease
phenotype to better understand the virus pathogenesis
and to test therapeutic and preventive interventions. Many
models were developed, including mouse, hamster, ferret,
and nonhuman primate. Infection with SARS-CoV-2 mani-
fests differently in different animal models. Nonhuman
primates are typically a replication model with mild pathol-
ogy, whereas ferrets and hamsters are useful as transmis-
sion models that develop severe disease with weight loss
and prolonged recovery. A key goal for these models is to
develop cell targets like those that become infected during
natural infection in humans, including ciliated cells in the
airways and type Il alveolar epithelial cells in the alveoli.
Current models show evidence of the biphasic disease pat-
terns seen in humans, with early replication followed by
clearance and immunopathogenic severe disease; how-
ever, the disease course is compressed in small animal
models.

The human angiotensin-converting enzyme 2 (HUACE?2)
is the receptor of SARS-CoV-2 (53, 54). The mouse ACE2 is
not sufficient to allow SARS-CoV-2 entry and replication, so
mouse systems have been generated to express the HUACE2
gene as a transgene or through viral vectors. The K18 mouse
model expresses the HUACE2 under the cytokeratin (K18)
promoter (55). The Ad5-HUACE2 transduced mice were
widely used to test the ability of multiple mAbs to prevent or
treat COVID-19-like disease (56). Another approach was to
create a mouse-adapted virus capable of infecting target cells
and causing disease (57). Animal models developed to date
have been useful in evaluation of mAbs; however, the thera-
peutic window is very narrow.

The role of the interaction between the Fc portion of
antibodies and the Fc receptors can also be evaluated in the
transgenic mouse models (58). Interactions between Fc
and FcyR are required for in vivo protective activity of
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neutralizing anti-SARS-CoV-2 mAbs by comparing the effi-
cacy of the antibody treatment in animals expressing the
human FcyR versus genetically defined FcyR-null mice.
Furthermore, Fc domain variants engineered for selectively
enhanced binding to activating FcyRs exhibit improved effi-
cacy using the SARS-CoV-2 mouse-adapted model (58). The
Collaborative Cross mice, a recombinant inbred mouse
strain (59, 60), have been valuable in addressing the natural
genetic variation linked to SARS-CoV-2 pathogenesis. These
mice were used to identify the susceptibility loci to extend
the therapeutic window. Using a genetic mapping approach,
6 genes associated with susceptibility to infection were iden-
tified located on mouse chromosome 9 (Baric RS. Personal
communication.). The orthologous genes, at the chromo-
some 3p21.31 gene cluster, were identified in human
genome-wide association studies linked to individuals devel-
oping severe COVID-19 (61). The Syrian hamster model has
also been used extensively because hamsters are suscepti-
ble to the original strain and new variants. These hamsters
develop disease and serve as a model of viral transmission
between animals (62).

The session panelists suggested that an optimal
approach to mitigate variants is to focus on conserved
SARS-CoV-2 epitopes, half-life extension of mAbs and
Fc-mediated effector function, and use of antibody com-
binations. The concept of the conserved epitope is im-
portant for pandemic preparedness—there is a need to
identify and develop mAbs that can protect against other
coronaviruses in the future.

The remaining knowledge gaps highlighted during
the session included exploring strategies to extend the
therapeutic window, identifying correlates of protection
from infection and disease, defining characteristics of
antibodies essential to providing long-term immunity,
defining the effect of antibody biodistribution on its per-
formance, and developing animal models that recapitu-
late the longer-term effects of SARS-CoV-2 infection.

SESSION 3: REAL-WoORLD CLINICAL USE OF
ANTI-SARS-CoV-2 ANTIBODIES

This session focused on lessons learned, challenges,
and potential future directions for real-world clinical use
of anti-SARS-CoV-2 antibodies. Because clinical trials of
mAbs have demonstrated efficacy in treatment of early
COVID-19 (33-35), resulting in issuance of EUAs for mAb
products, much of the discussion centered on these
agents.

The panelists discussed challenges encountered regard-
ing delivery and infrastructure both during clinical trials evalu-
ating mAbs and during use as therapeutic agents after EUA.
These challenges include the need for an appropriate outpa-
tient setting with sufficient clinical staffing and resources to
see trial participants or deliver parenteral mAb treatment to
patients from an infection control perspective. This may be
amplified when health care resources are stretched, when
inpatients with severe disease are prioritized, and where clini-
cal sites are in academic centers rather than community set-
tings. Given the need to administer mAbs early in the disease
course, it is necessary to promptly identify eligible patients
and to coordinate where they can receive treatment or
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participate in a clinical trial. This may be difficult, especially
when testing sites are typically in separate locations and clini-
cians may not always be aware when their patients are being
tested for SARS-CoV-2 outside their practice. Mobile medical
units that can travel to patients and deliver treatments, as used
in the BLAZE-2 trial (39), may overcome certain aspects of
these challenges.

Lessons learned and challenges encountered about
public health messaging and health inequities were dis-
cussed. As knowledge has evolved during the pandemic
and mAbs have become available as therapeutic agents,
public health messaging to both clinicians and patients
has changed. Early in the pandemic, patients were told
to isolate at home if they had COVID-19 and were not
sick enough to require hospitalization. With the availabil-
ity of mAbs to treat early COVID-19, certain patients at
high risk for progression to severe disease were urged to
seek early treatment in the outpatient setting after a posi-
tive test result for SARS-CoV-2. Adapting to this evolving
messaging was difficult for both patients and clinicians.
In addition, there have been numerous barriers to equi-
table delivery of mAbs, including systemic and structural
inequities related to race/ethnicity and socioeconomic
status. Geographic and transportation barriers to health
care systems can also be important because many infu-
sion centers for administering mAbs are located far from
some patients' homes or sites of diagnosis.

Future directions and unanswered questions about the
use of anti-SARS-CoV-2 antibodies were addressed. One
question raised was whether the availability of routes of
administration other than intravenous for antibody treatments
could overcome some identified challenges and barriers to
implementation. All FDA-authorized mAbs are currently deliv-
ered intravenously, with the exception of REGEN-CQOV, which
is also authorized for subcutaneous administration (63). The
potential use of mMAbs as preventive treatments for immuno-
compromised persons who do not mount a protective
immune response to vaccination was discussed. Although the
field has advanced substantially, much remains to be done to
achieve certain personalized approaches to treatment, such
as rapid point-of-care diagnostic tests to identify variants to
ensure that the correct treatment is provided.

CoNcLuSsION

The Summit highlighted advances that have been
made using anti-SARS-CoV-2 antibodies for prevention
and treatment of COVID-19. The presenters and panel-
ists illustrated the clinical benefits when potent mAbs are
administered early in the disease course for patients at
high risk for progression to severe COVID-19. They also
discussed ongoing studies to determine the potential
benefit of high-titer CP antibodies or HIG in treating
patients with COVID-19.

Several key knowledge gaps were identified on the ba-
sis of the snapshot of this field, including characterizing the
specific spike protein epitopes and conserved regions tar-
geted by anti-SARS-CoV-2 antibodies, delineating the mech-
anisms of action by which these antibodies bind to the
targeted epitopes to prevent or control disease, studying dif-
ferent Fc-mediated effector functions and specificities driving
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optimal antiviral activity and pharmacokinetics, developing
alternate routes of administration, and improving animal
models. The potential effect of mAb infusions on COVID-19
vaccine immunogenicity and efficacy remains unclear.
Several preclinical and clinical studies (ClinicalTrials.gov:
NCT04852978 and NCT04952402) addressing this issue are
ongoing with the support of the U.S. Countermeasures
Acceleration Group for the federal COVID-19 response in
collaboration with the study product sponsors. The continu-
ing emergence of SARS-CoV-2 variants underscores the criti-
cal need to identify classes of mAbs that can be successfully
and effectively combined and to develop and evaluate
broadly neutralizing antibody cocktails and bispecific anti-
bodies as potential therapeutics. In addition, it is critical to
develop solutions to the identified challenges associated
with real-world clinical use of antibody therapies. Although
this field has rapidly advanced, additional progress is critical
for prevention and treatment of COVID-19 in the United
States and worldwide.

From Division of AIDS, National Institute of Allergy and
Infectious Diseases, National Institutes of Health, Bethesda,
Maryland (C.B.); Office of the Director, National Institutes of
Health, Bethesda, Maryland (RW.E., JM.A., F.S.C.); Office of
the Director, National Institute of Allergy and Infectious
Diseases, National Institutes of Health, Bethesda, Maryland
(AM.L,, AS.F.), and Office of the Commissioner, Food and Drug
Administration, Silver Spring, Maryland (J.W.).

Financial Support: By the National Institutes of Health.

Disclosures: Disclosures can be viewed atwww.acponline.org/
authors/icmje/ConflictOfInterestForms.do?msNum=M21-3669.

Corresponding Author: César Boggiano, PhD, Division of AIDS,
National Institute of Allergy and Infectious Diseases, 5601
Fishers Lane, Room 9B60, Bethesda, MD 20892; e-mail, cesar.
boggiano@nih.gov.

Author contributions are available at Annals.org.

References

1. World Health Organization. WHO Coronavirus (COVID-19)
Dashboard. 2021. Accessed at https://covid19.who.int on 30 September
2021.

2. Gharbharan A, Jordans CCE, GeurtsvanKessel C, et al. Effects of
potent neutralizing antibodies from convalescent plasma in patients
hospitalized for severe SARS-CoV-2 infection. Nat Commun.
2021;12:3189. [PMID: 34045486] doi:10.1038/s41467-021-23469-2

3. Marcotte H, Hammarstrom L. Passive immunization: toward
magic bullets. In: Mestecky J, Strober W, Russell MW, et al, eds.
Mucosal Immunology. 4th ed. Elsevier; 2015:1403-34. doi:10.1016/
B978-0-12-415847-4.00071-9

4. Wooding DJ, Bach H. Treatment of COVID-19 with convalescent
plasma: lessons from past coronavirus outbreaks. Clin Microbiol
Infect. 2020;26:1436-1446. [PMID: 32791241] doi:10.1016/j.cmi
.2020.08.005

5. U.S. Food and Drug Administration. Coronavirus disease 2019
(COVID-19) EUA information. 2021. Accessed at www.fda.gov/
emergency-preparedness-and-response/mcm-legal-regulatory-

Annals.org


http://www.acponline.org/authors/icmje/ConflictOfInterestForms.do?msNum=M21-3669
http://www.acponline.org/authors/icmje/ConflictOfInterestForms.do?msNum=M21-3669
mailto:cesar.boggiano@nih.gov
mailto:cesar.boggiano@nih.gov
https://covid19.who.int
https://doi.org/10.1038/s41467-021-23469-2
https://doi.org/10.1016/j.cmi.2020.08.005
https://doi.org/10.1016/j.cmi.2020.08.005
http://www.fda.gov/emergency-preparedness-and-response/mcm-legal-regulatory-and-policy-framework/emergency-use-authorization#covid19euas
http://www.fda.gov/emergency-preparedness-and-response/mcm-legal-regulatory-and-policy-framework/emergency-use-authorization#covid19euas
http://www.annals.org

NIH Summit on Anti-SARS-CoV-2 Antibodies

and-policy-framework/emergency-use-authorizationffcovid19euas on
30 September 2021.

6. US. Food and Drug Administration. FDA authorizes REGEN-
COV monoclonal antibody therapy for post-exposure prophylaxis
(prevention) for COVID-19. 10 August 2021. Accessed at www.fda.
gov/drugs/drug-safety-and-availability/fda-authorizes-regen-cov-
monoclonal-antibody-therapy-post-exposure-prophylaxis-prevention-
covid-19 on 8 September 2021.

7. US. Food and Drug Administration. FDA authorizes bamlanivimab
and etesevimab monoclonal antibody therapy for post-exposure
prophylaxis (prevention) for COVID-19. 16 September 2021. Accessed at
www.fda.gov/drugs/drug-safety-and-availability/fda-authorizes-
bamlanivimab-and-etesevimab-monoclonal-antibody-therapy-post-
exposure-prophylaxis on 27 September 2021.

8. National Institutes of Health. Coronavirus disease 2019 (COVID-19)
treatment guidelines. 2021. Accessed at www.covid19treatmentguidelines.
nih.gov on 24 September 2021.

9. US. Food and Drug Administration. COVID-19 vaccines. 2021.
Accessed at www.fda.gov/emergency-preparedness-and-response/
coronavirus-disease-2019-covid-19/covid-19-vaccines on 27 September
2021.

10. Maiztegui JI, Fernandez NJ, de Damilano AJ. Efficacy of
immune plasma in treatment of Argentine haemorrhagic fever and
association between treatment and a late neurological syndrome.
Lancet. 1979;2:1216-7. [PMID: 92624]

11. Cheng Y, Wong R, Soo YO, et al. Use of convalescent plasma
therapy in SARS patients in Hong Kong. Eur J Clin Microbiol Infect
Dis. 2005;24:44-6. [PMID: 15616839]

12. Hung IF, To KK, Lee CK, et al. Convalescent plasma treatment
reduced mortality in patients with severe pandemic influenza A
(HTN1) 2009 virus infection. Clin Infect Dis. 2011;52:447-56. [PMID:
21248066] doi:10.1093/cid/cig106

13. Mair-Jenkins J, Saavedra-Campos M, Baillie JK, et al;
Convalescent Plasma Study Group. The effectiveness of convales-
cent plasma and hyperimmune immunoglobulin for the treatment
of severe acute respiratory infections of viral etiology: a systematic
review and exploratory meta-analysis. J Infect Dis. 2015;211:80-90.
[PMID: 25030060] doi:10.1093/infdis/jiu396

14. Zhou B, Zhong N, Guan Y. Treatment with convalescent plasma
for influenza A (H5N1) infection [Letter]. N Engl J Med. 2007,
357:1450-1. [PMID: 17914053]

15. Salazar E, Christensen PA, Graviss EA, et al. Treatment of
coronavirus disease 2019 patients with convalescent plasma
reveals a signal of significantly decreased mortality. Am J Pathol.
2020;190:2290-2303. [PMID: 32795424] doi:10.1016/j.ajpath.2020
.08.001

16. Joyner MJ, Carter RE, Senefeld JW, et al. Convalescent plasma
antibody levels and the risk of death from Covid-19. N Engl J Med.
2021;384:1015-1027. [PMID: 33523609] doi:10.1056/NEJMoa
2031893

17. Libster R, Pérez Marc G, Wappner D, et al; Fundacién INFANT-
COVID-19 Group. Early high-titer plasma therapy to prevent severe
Covid-19 in older adults. N Engl J Med. 2021;384:610-618. [PMID:
33406353] doi:10.1056/NEJM0a2033700

18. RECOVERY Collaborative Group.. Convalescent plasma in
patients admitted to hospital with COVID-19 (RECOVERY): a
randomised controlled, open-label, platform trial. Lancet. 2021;
397:2049-2059. [PMID: 34000257] doi:10.1016/50140-6736(21)
00897-7

19. Delgado-Fernandez M, Garcia-Gemar GM, Fuentes-Lépez A,
et al. Treatment of COVID-19 with convalescent plasma in patients
with humoral immunodeficiency - three consecutive cases and
review of the literature. Enferm Infecc Microbiol Clin (Engl Ed).
2021.[PMID: 33741148] doi:10.1016/j.eimc.2021.01.013

20. Hueso T, Pouderoux C, Péré H, et al. Convalescent plasma
therapy for B-cell-depleted patients with protracted COVID-19.

Annals.org

SPECIAL ARTICLE

Blood. 2020;136:2290-2295. [PMID: 32959052] doi:10.1182/blood
.2020008423

21. Kenig A, Ishay Y, Kharouf F, et al. Treatment of B-cell depleted
COVID-19 patients with convalescent plasma and plasma-based
products. Clin Immunol. 2021;227:108723. [PMID: 33838340]
doi:10.1016/j.clim.2021.108723

22. US. Food and Drug Administration. Updated evidence to
support the emergency use of COVID-19 convalescent plasma. 23
September 2020. Accessed at www.fda.gov/media/142386/
download on 9 July 2021.

23. Korley FK, Durkalski-Mauldin V, Yeatts SD, et al; SIREN-C3PO
Investigators. Early convalescent plasma for high-risk outpatients
with Covid-19. N Engl J Med. 2021. [PMID: 34407339] doi:10.1056/
NEJMo0a2103784

24. Vandeberg P, Cruz M, Diez JM, et al. Production of anti-
SARS-CoV-2 hyperimmune globulin from convalescent plasma.
Transfusion. 2021;61:1705-1709. [PMID: 33715160] doi:10.1111/
trf.16378

25. Foundation for the National Institutes of Health. Accelerating
COVID-19 Therapeutic Interventions and Vaccines (ACTIV). Accessed at
https://fnih.org/our-programs/ACTIV on 29 August 2021.

26. National Center for Advancing Translational Sciences. Variant
therapeutic data summary. Accessed at https://opendata.ncats.nih.
gov/variant/summary on 17 August 2021.

27. Lundgren JD, Grund B, Barkauskas CE, et al; ACTIV-3/TICO LY-
CoV555 Study Group. A neutralizing monoclonal antibody for hos-
pitalized patients with Covid-19. N Engl J Med. 2021;384:905-914.
[PMID: 33356051] doi:10.1056/NEJM0a2033130

28. Grifols. Grifols announces topline data from NIAID Phase 3 ITAC
trial (INSIGHT-013) evaluating hyperimmune globulins as a treatment
for hospitalized patients with COVID-19. 2 April 2021. Accessed at
www.grifols.com/en/view-news/-/news/grifols-announces-topline-data-
from-niaid-phase-3-itac-trial-insight-013-evaluating-hyperimmune-globulins-
as-a-treatment-for-hospitalized-patients-with-covid-19 on 16 August 2021.
29. National Institutes of Health. NIH-sponsored ACTIV-3 clinical trial
closes enrollment into two sub-studies. 4 March 2021. Accessed at
www.nih.gov/news-events/news-releases/nih-sponsored-activ-3-clinical-
trial-closes-enrollment-into-two-sub-studies on 16 August 2021.

30. Chen P, Nirula A, Heller B, et al; BLAZE-1 Investigators. SARS-CoV-2
neutralizing antibody LY-CoV555 in outpatients with Covid-19. N Engl J
Med. 2021,384:229-237.[PMID: 33113295] doi: 10.1056/NEJM0a2029849
31. Gupta A, Gonzalez-Rojas Y, Juarez E, et al. Early Covid-19
treatment with SARS-CoV-2 neutralizing antibody sotrovimab.
medRxiv. Preprint posted online 28 May 2021. doi:10.1101/
2021.05.27.21257096

32. U.S. Food and Drug Administration. Coronavirus (COVID-19)
update: FDA authorizes additional monoclonal antibody for
treatment of COVID-19. 26 May 2021. Accessed at www.fda.gov/
news-events/press-announcements/coronavirus-covid-19-update-fda-
authorizes-additional-monoclonal-antibody-treatment-covid-19 on 12
August 2021.

33. Gottlieb RL, Nirula A, Chen P, et al. Effect of bamlanivimab as
monotherapy or in combination with etesevimab on viral load in
patients with mild to moderate COVID-19: a randomized clinical
trial. JAMA. 2021;325:632-644. [PMID: 33475701] doi:10.1001/
jama.2021.0202

34. Dougan M, Nirula A, Azizad M, et al; BLAZE-1 Investigators.
Bamlanivimab plus etesevimab in mild or moderate Covid-19. N
Engl J Med. 2021;385:1382-1392. [PMID: 34260849] doi:10.1056/
NEJMo0a2102685

35. Weinreich DM, Sivapalasingam S, Norton T, et al; Trial
Investigators. REGN-COV2, a neutralizing antibody cocktail, in out-
patients with Covid-19. N Engl J Med. 2021;384:238-251. [PMID:
33332778] doi:10.1056/NEJM0a2035002

36. Regeneron Pharmaceuticals. Regeneron reports first quarter
2021 financial and operating results. 6 May 2021. Accessed at
https://investor.regeneron.com/news-releases/news-release-details/

Annals of Internal Medicine 7


http://www.fda.gov/emergency-preparedness-and-response/mcm-legal-regulatory-and-policy-framework/emergency-use-authorization#covid19euas
http://www.fda.gov/drugs/drug-safety-and-availability/fda-authorizes-regen-cov-monoclonal-antibody-therapy-post-exposure-prophylaxis-prevention-covid-19
http://www.fda.gov/drugs/drug-safety-and-availability/fda-authorizes-regen-cov-monoclonal-antibody-therapy-post-exposure-prophylaxis-prevention-covid-19
http://www.fda.gov/drugs/drug-safety-and-availability/fda-authorizes-regen-cov-monoclonal-antibody-therapy-post-exposure-prophylaxis-prevention-covid-19
http://www.fda.gov/drugs/drug-safety-and-availability/fda-authorizes-regen-cov-monoclonal-antibody-therapy-post-exposure-prophylaxis-prevention-covid-19
http://www.fda.gov/drugs/drug-safety-and-availability/fda-authorizes-bamlanivimab-and-etesevimab-monoclonal-antibody-therapy-post-exposure-prophylaxis
http://www.fda.gov/drugs/drug-safety-and-availability/fda-authorizes-bamlanivimab-and-etesevimab-monoclonal-antibody-therapy-post-exposure-prophylaxis
http://www.fda.gov/drugs/drug-safety-and-availability/fda-authorizes-bamlanivimab-and-etesevimab-monoclonal-antibody-therapy-post-exposure-prophylaxis
http://www.covid19treatmentguidelines.nih.gov
http://www.covid19treatmentguidelines.nih.gov
http://www.fda.gov/emergency-preparedness-and-response/coronavirus-disease-2019-covid-19/covid-19-vaccines
http://www.fda.gov/emergency-preparedness-and-response/coronavirus-disease-2019-covid-19/covid-19-vaccines
https://doi.org/10.1093/cid/ciq106
https://doi.org/10.1093/infdis/jiu396
https://doi.org/10.1016/j.ajpath.2020.08.001
https://doi.org/10.1016/j.ajpath.2020.08.001
https://doi.org/10.1056/NEJMoa2031893
https://doi.org/10.1056/NEJMoa2031893
https://doi.org/10.1056/NEJMoa2033700
https://doi.org/10.1016/S0140-6736(21)00897-7
https://doi.org/10.1016/S0140-6736(21)00897-7
https://doi.org/10.1016/j.eimc.2021.01.013
https://doi.org/10.1182/blood.2020008423
https://doi.org/10.1182/blood.2020008423
https://doi.org/10.1016/j.clim.2021.108723
http://www.fda.gov/media/142386/download
http://www.fda.gov/media/142386/download
https://doi.org/10.1056/NEJMoa2103784
https://doi.org/10.1056/NEJMoa2103784
https://doi.org/10.1111/trf.16378
https://doi.org/10.1111/trf.16378
https://fnih.org/our-programs/ACTIV
https://opendata.ncats.nih.gov/variant/summary
https://opendata.ncats.nih.gov/variant/summary
https://doi.org/10.1056/NEJMoa2033130
http://www.grifols.com/en/view-news/-/news/grifols-announces-topline-data-from-niaid-phase-3-itac-trial-insight-013-evaluating-hyperimmune-globulins-as-a-treatment-for-hospitalized-patients-with-covid-19
http://www.grifols.com/en/view-news/-/news/grifols-announces-topline-data-from-niaid-phase-3-itac-trial-insight-013-evaluating-hyperimmune-globulins-as-a-treatment-for-hospitalized-patients-with-covid-19
http://www.grifols.com/en/view-news/-/news/grifols-announces-topline-data-from-niaid-phase-3-itac-trial-insight-013-evaluating-hyperimmune-globulins-as-a-treatment-for-hospitalized-patients-with-covid-19
http://www.nih.gov/news-events/news-releases/nih-sponsored-activ-3-clinical-trial-closes-enrollment-into-two-sub-studies
http://www.nih.gov/news-events/news-releases/nih-sponsored-activ-3-clinical-trial-closes-enrollment-into-two-sub-studies
https://doi.org/10.1056/NEJMoa2029849
http://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-authorizes-additional-monoclonal-antibody-treatment-covid-19
http://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-authorizes-additional-monoclonal-antibody-treatment-covid-19
http://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-authorizes-additional-monoclonal-antibody-treatment-covid-19
https://doi.org/10.1001/jama.2021.0202
https://doi.org/10.1001/jama.2021.0202
https://doi.org/10.1056/NEJMoa2102685
https://doi.org/10.1056/NEJMoa2102685
https://doi.org/10.1056/NEJMoa2035002
https://investor.regeneron.com/news-releases/news-release-details/regeneron-reports-first-quarter-2021-financial-and-operating
http://www.annals.org

SPECIAL ARTICLE

regeneron-reports-first-quarter-2021-financial-and-operating on 20
August 2021.

37. U.S. Food and Drug Administration. Fact sheet for health care
providers: Emergency Use Authorization (EUA) of REGEN-COV
(casirivimab and imdevimab). 2021. Accessed at www.fda.gov/
media/145611/download on 20 August 2021.

38. U.S. Centers for Medicare & Medicaid Services. COVID-19
nursing home data. 2021. Accessed at https://data.cms.gov/covid-
19/covid-19-nursing-home-data on 20 August 2021.

39. Cohen MS, Nirula A, Mulligan MJ, et al; BLAZE-2 Investigators.
Effect of bamlanivimab vs placebo on incidence of COVID-19
among residents and staff of skilled nursing and assisted living
facilities: a randomized clinical trial. JAMA. 2021;326:46-55. [PMID:
34081073]doi:10.1001/jama.2021.8828

40. O'Brien MP, Neto EF, Chen KC, et al. Casirivimab with imdevimab
antibody cocktail for COVID-19: interim results [Abstract]. In: Abstract
eBook: Conference on Retroviruses and Opportunistic Infections,
Virtual, 6-10 March 2021. CROI Foundation/IAS-USA; 2021:35. Abstract
no. 123.

41. O'Brien MP, Forleo-Neto E, Musser BJ, et al; Covid-19 Phase 3
Prevention Trial Team. Subcutaneous REGEN-COV antibody com-
bination to prevent Covid-19. N Engl J Med. 2021;385:1184-1195.
[PMID: 34347950] doi:10.1056/NEJM0a2109682

42. GISAID. Accessed at www.gisaid.org on 9 July 2021.

43. Fischer W, Giorgi EE, Chakraborty S, et al; Network for
Genomic Surveillance in South Africa (NGS-SA). HIV-1 and SARS-
CoV-2: patterns in the evolution of two pandemic pathogens. Cell
Host Microbe. 2021;29:1093-1110. [PMID: 34242582] doi:10.1016/
j.chom.2021.05.012

44. Stanford University. Stanford Coronavirus Antiviral & Resistance
Database. 2021. Accessed at https://covdb.stanford.edu on 9 June
2021.

45. U.S. Food and Drug Administration. Coronavirus (COVID-19)
update: FDA revokes Emergency Use Authorization for monoclonal
antibody bamlanivimab. 16 April 2021. Accessed at www.fda.gov/
news-events/press-announcements/coronavirus-covid-19-update-fda-
revokes-emergency-use-authorization-monoclonal-antibody-bamlanivimab
on 5 September 2021.

46. U.S. Food and Drug Administration. Fact sheet for health care
providers: Emergency Use Authorization (EUA) of bamlanivimab
and etesevimab. 2021. Accessed at www.fda.gov/media/145802/
download on 25 September 2021.

47. La Jolla Institute for Immunology. CoVIC. 2021. Accessed at
https://covic.lji.org on 27 July 2021.

48. Hastie KM, Li H, Bedinger D, et al; CoVIC-DB team1. Defining
variant-resistant epitopes targeted by SARS-CoV-2 antibodies: a
global consortium study. Science. 2021:eabh2315. [PMID: 34554826]
doi:10.1126/science.abh2315

49. National Institutes of Health. Tracking Resistance and Coronavirus
Evolution (TRACE). Accessed at www.nih.gov/research-training/medical-
research-initiatives/activ/tracking-resistance-coronavirus-evolution-trace
on 5 September 2021.

50. Brouwer PJM, Caniels TG, van der Straten K, et al. Potent neu-
tralizing antibodies from COVID-19 patients define multiple targets

8 Annals of Internal Medicine

NIH Summit on Anti-SARS-CoV-2 Antibodies

of vulnerability. Science. 2020;369:643-650. [PMID: 32540902]
doi:10.1126/science.abc5902

51. Ladner JT, Henson SN, Boyle AS, et al. Epitope-resolved profil-
ing of the SARS-CoV-2 antibody response identifies cross-reactivity
with endemic human coronaviruses. Cell Rep Med. 2021;2:100189.
[PMID: 33495758] doi:10.1016/j.xcrm.2020.100189

52. Liu L, Wang P, Nair MS, et al. Potent neutralizing antibodies
against multiple epitopes on SARS-CoV-2 spike. Nature. 2020;
584:450-456. [PMID: 32698192] doi:10.1038/s41586-020-2571-7
53. Hoffmann M, Kleine-Weber H, Schroeder S, et al. SARS-CoV-2
cell entry depends on ACE2 and TMPRSS2 and is blocked by a clini-
cally proven protease inhibitor. Cell. 2020;181:271-280.e8. [PMID:
32142651]doi:10.1016/j.cell.2020.02.052

54. Wan Y, Shang J, Graham R, et al. Receptor recognition by the
novel coronavirus from Wuhan: an analysis based on decade-long
structural studies of SARS coronavirus. J Virol. 2020;94. [PMID:
31996437]doi:10.1128/JVI.00127-20

55. McCray PB Jr, Pewe L, Wohlford-Lenane C, et al. Lethal
infection of K18-hACE2 mice infected with severe acute respiratory
syndrome coronavirus. J Virol. 2007;81:813-21. [PMID: 17079315]
56. Hassan AQO, Case JB, Winkler ES, et al. A SARS-CoV-2 infection
model in mice demonstrates protection by neutralizing antibodies.
Cell. 2020;182:744-753.e4. [PMID: 32553273] doi:10.1016/j.cell.2020
06.011

57. Leist SR, Dinnon KH 3rd, Schéfer A, et al. A mouse-adapted
SARS-CoV-2 induces acute lung injury and mortality in standard lab-
oratory mice. Cell. 2020;183:1070-1085.e12. [PMID: 33031744]
doi:10.1016/j.cell.2020.09.050

58. Yamin R, Jones AT, Hoffmann HH, et al. Fc-engineered anti-
body therapeutics with improved anti-SARS-CoV-2 efficacy. Nature.
2021.[PMID: 34547765] doi:10.1038/s41586-021-04017-w

59. Churchill GA, Airey DC, Allayee H, et al; Complex Trait
Consortium. The Collaborative Cross, a community resource for the
genetic analysis of complex traits. Nat Genet. 2004;36:1133-7.
[PMID: 15514660]

60. Leist SR, Baric RS. Giving the genes a shuffle: using natural vari-
ation to understand host genetic contributions to viral infections.
Trends Genet. 2018;34:777-789. [PMID: 30131185] doi:10.1016/j.
1ig.2018.07.005

61. Ellinghaus D, Degenhardt F, Bujanda L, et al; Severe Covid-19
GWAS Group. Genomewide association study of severe Covid-19
with respiratory failure. N Engl J Med. 2020;383:1522-1534. [PMID:
32558485] doi:10.1056/NEJM0a2020283

62. Hou YJ, Chiba S, Halfmann P, et al. SARS-CoV-2 D614G variant
exhibits efficient replication ex vivo and transmission in vivo.
Science. 2020;370:1464-1468. [PMID: 33184236] doi:10.1126/
science.abe8499

63. US. Food and Drug Administration. CDER scientific review
documents supporting Emergency Use Authorizations for drug and
biological therapeutic products | COVID-19. 2021. Accessed at
www.fda.gov/drugs/coronavirus-covid-19-drugs/cder-scientific-review-
documents-supporting-emergency-use-authorizations-drug-and-biological
on 2 August 2021.

Annals.org


https://investor.regeneron.com/news-releases/news-release-details/regeneron-reports-first-quarter-2021-financial-and-operating
http://www.fda.gov/media/145611/download
http://www.fda.gov/media/145611/download
https://data.cms.gov/covid-19/covid-19-nursing-home-data
https://data.cms.gov/covid-19/covid-19-nursing-home-data
https://doi.org/10.1001/jama.2021.8828
https://doi.org/10.1056/NEJMoa2109682
http://www.gisaid.org
https://doi.org/10.1016/j.chom.2021.05.012
https://doi.org/10.1016/j.chom.2021.05.012
https://covdb.stanford.edu
http://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-revokes-emergency-use-authorization-monoclonal-antibody-bamlanivimab
http://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-revokes-emergency-use-authorization-monoclonal-antibody-bamlanivimab
http://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-revokes-emergency-use-authorization-monoclonal-antibody-bamlanivimab
http://www.fda.gov/media/145802/download
http://www.fda.gov/media/145802/download
https://covic.lji.org
https://doi.org/10.1126/science.abh2315
http://www.nih.gov/research-training/medical-research-initiatives/activ/tracking-resistance-coronavirus-evolution-trace
http://www.nih.gov/research-training/medical-research-initiatives/activ/tracking-resistance-coronavirus-evolution-trace
https://doi.org/10.1126/science.abc5902
https://doi.org/10.1016/j.xcrm.2020.100189
https://doi.org/10.1038/s41586-020-2571-7
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1128/JVI.00127-20
https://doi.org/10.1016/j.cell.2020.06.011
https://doi.org/10.1016/j.cell.2020.06.011
https://doi.org/10.1016/j.cell.2020.09.050
https://doi.org/10.1038/s41586-021-04017-w
https://doi.org/10.1016/j.tig.2018.07.005
https://doi.org/10.1016/j.tig.2018.07.005
https://doi.org/10.1056/NEJMoa2020283
https://doi.org/10.1126/science.abe8499
https://doi.org/10.1126/science.abe8499
http://www.fda.gov/drugs/coronavirus-covid-19-drugs/cder-scientific-review-documents-supporting-emergency-use-authorizations-drug-and-biological
http://www.fda.gov/drugs/coronavirus-covid-19-drugs/cder-scientific-review-documents-supporting-emergency-use-authorizations-drug-and-biological
http://www.annals.org

Author Contributions: Conception and design: C. Boggiano, R.
W. Eisinger, A.M. Lerner, JM. Anderson, J. Woodcock, A.S.
Fauci, F.S. Collins.

Drafting of the article: C. Boggiano, RW. Eisinger, A.M. Lerner,
F.S. Collins.

Critical revision of the article for important intellectual content:
C.Boggiano, RW. Eisinger, AM. Lerner, A.S. Fauci.

Final approval of the article: C. Boggiano, R.\W. Eisinger, A.M.
Lerner, J.M. Anderson, J. Woodcock, A.S. Fauci, F.S. Collins.
Administrative, technical, or logistic support: R.W. Eisinger, J.M.
Anderson, F.S. Collins

Annals.org Annals of Internal Medicine


http://www.annals.org



