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Introductory Comments
Francis S. Collins, M.D., Ph.D., Director, National Institutes of Health (NIH); Janet Woodcock, M.D.,
Acting Commissioner, U.S. Food and Drug Administration (FDA); and Anthony S. Fauci, M.D.,
Director, National Institute of Allergy and Infectious Diseases (NIAID), NIH
Dr. Francis S. Collins welcomed participants to the third in a series of summits addressing antiSARS-CoV-2 antibodies. He commented that although several vaccines are available and some
monoclonal antibodies (mAbs) have received Emergency Use Authorization by the United Sates
Food and Drug Administration (FDA) for outpatient settings, the emergence of variants has caused
researchers to rethink how to proceed in the development and use of anti-SARS-CoV-2 antibodies
for treatment and prevention of COVID-19. Dr. Collins stated the purpose of this summit is to
provide an overview of the current knowledge and lessons learned on clinically relevant anti-SARSCoV-2 antibodies and to identify key unanswered scientific questions to catalyze antibody clinical
development and implementation. He emphasized that the presentations and discussions at this
Summit will inform the future directions in this field. Dr. Janet Woodcock emphasized the importance
of synthesizing what has been learned about passive immunity in the setting of the COVID-19
pandemic and determining future directions. As the pandemic continues to spread globally and
variants of concern (VoCs) emerge in much of the world, antibody therapy will continue to be one of
the important tools used for both prevention and treatment of COVID-19. Dr. Anthony S. Fauci noted
the successful use of mAbs in preventing the progression of hospitalizations if given early enough.
He commented that this summit will begin to identify key scientific questions that will inform future
research, development, and optimal use of these antibodies.
César Boggiano, Ph.D. (NIAID, NIH) provided an overview of the agenda for today’s Summit and
moderated the meeting. Dr. Boggiano introduced the first group of presenters to provide the
foundation for the Summit with a series of state of the science presentations.

State of the Science Presentations
Convalescent Plasma and Hyperimmune Globulin
Peter Marks, M.D., Ph.D., FDA
Dr. Peter Marks presented on the use and potential efficacy of convalescent plasma (CP) and
hyperimmune globulin (HIG) for COVID-19. He noted that the rationale for use of CP as treatment
of respiratory viruses was based on its use as treatment in previous influenza and coronavirus
outbreaks. Generally, the best efficacy was seen when CP with known high antibody titers was used,
and the greatest improvement in mortality was seen when CP was administered early after symptom
onset. These beneficial effects were reported in literature as early as the 1950s.
Following the initial SARS-CoV-2 outbreak in China, several studies were conducted on the use
of CP for treatment of COVID-19 including randomized controlled trials, controlled trials based
on plasma availability, retrospective matched cohort studies, and case series. Findings from a
retrospective matched cohort study showed patients treated with CP soon after admission showed
some survival benefit compared to those who were administered CP later during the disease
course.1 Several randomized trials in hospitalized patients with more advanced disease who were
intubated or about to be intubated showed no beneficial effects of CP, except for those patients who
were immunocompromised. Additional trials reported efficacy in earlier stage disease, suggesting
that although CP treatment does not benefit those patients with advanced COVID-19, the treatment
may benefit those individuals during the early stages of illness.
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Dr. Marks described the U.S. CP Expanded Access Protocol (EAP) sponsored by the FDA and the
Biomedical Advanced Research and Development Authority in the U.S. Department of Health and
Human Services and led by the Mayo Clinic (NCT04374370). EAP was a single-arm clinical protocol
that treated more than 70,000 patients at more than 2,700 sites. Although patients received many
concomitant treatments over the course of the study—complicating identification of a signal—the
EAP found that accurate determination of antibody titer was essential because clinical benefit
for the previously indicated patient population was only observed when using high antibody titer
CP. Using the Broad Institute of MIT and Harvard biosafety level 3 (BSL-3) neutralization assay,
EAP patients were divided into higher and lower titer groups. This analysis showed a modest
absolute improvement in survival for those treated with CP at an earlier stage of disease: relative
improvements at 7 days were 10% to 15% in mortality rates.
Dr. Marks commented that high-titer versus low-titer CP was associated with a modest survival
benefit that was most apparent when administered early after symptom onset. He emphasized that
these findings had similarly been observed with other viral infections.
Dr. Marks’ presentation also addressed the use of HIG for treatment of COVID-19. Clinical trials
evaluating HIG for treatment of COVID-19 began relatively late in the pandemic. Initial studies of HIG
were conducted in hospitalized patients with moderate to severe disease, but no clear benefit was
shown in at least one randomized clinical study. Studies of HIG in the outpatient setting are ongoing
currently.
Dr. Marks concluded his presentation by noting that that CP appears to act like a conventional
antiviral, so benefit may only be seen when administered early in the course of the disease, with the
appropriate potency and high titer antibodies.

Monoclonal Antibodies for Prevention of COVID-19
Myron S. Cohen, M.D., University of North Carolina at Chapel Hill
Dr. Myron Cohen presented on the decades of scientific development that provided the scientific
foundation for the use of mAbs in the prevention and treatment of COVID-19. He noted that many
clinical researchers working in related fields rapidly pivoted to contribute to COVID-19 research
and treatment efforts. U.S. government investments in the COVID-19 response in 2020 included
Operation Warp Speed; the Accelerating COVID-19 Therapeutic Interventions and Vaccines (ACTIV)
program;2 and the formation of the COVID-19 Prevention Network, in which several NIAID networks
previously working in other clinical research areas collaborated to conduct phase 3 clinical trials
on treatments and preventative measures for COVID-19. These activities worked synergistically on
vaccines and mAbs and represent the contributions of thousands of study participants, clinical trial
sites, investigators, and industry partners.
Dr. Cohen noted that several companies already were working on mAbs early in the pandemic,
with Eli Lilly and Company’s (Lilly) and Regeneron’s representing the most advanced efforts. As of
June 2021, the FDA has granted emergency use authorization (EUA) to several mAbs to treat early
COVID-19 including: Lilly’s bamlanivimab, which was withdrawn subsequently as a single agent;
a combination of bamlanivimab and etesevimab; Regeneron’s combination of casirivimab and
imdevimab, known as REGEN-COV; and Vir Biotechnology, Inc.’s sotrovimab. Additional mAbs are
being studied, primarily as therapeutic agents. Furthermore, mAbs may be beneficial in stopping viral
replication and blocking progression of disease in unrecognized asymptomatic infection, which is
currently being evaluated in clinical trials.
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Dr. Cohen commented that mAbs also offer immediate preventive protection for those exposed or
unvaccinated in high-risk settings. mAbs can be provided to people unlikely to respond or allergic
to components of a COVID-19 vaccine. mAbs also helped predict requirements for a vaccine
by identifying required titers of neutralizing antibodies. Target populations for preventive use of
mAbs include both residents and health care providers of nursing homes; index case contacts,
such as household contacts; compromised hosts, such as people with HIV or others who are
immunosuppressed; and those in high-incidence workplaces, such as meat-packing plants.
Nursing homes are particularly high-incidence areas, with nursing home residents or workers
comprising one-third of all COVID-19 deaths in the U.S. When bamlanivimab became available,
as part of the Phase 3 Blocking Viral Attachment and Cell Entry with SARS-CoV-2 Neutralizing
Antibodies (BLAZE) -2 Post-Exposure Prophylaxis Study (NCT04497987), Lilly utilized mobile units
to deliver bamlanivimab versus placebo to nursing homes experiencing outbreaks. The study was
conducted in approximately 140 facilities with median participant ages of 75 to 80 years. The
findings served as proof of concept for the use of mAbs, showing reduced incidence of COVID-19,
reduced symptoms, and no deaths among patients who were administered bamlanivimab versus
placebo.3
In the REGEN-COV 2069 Phase 3 clinical study (NCT04452318), the combination of casirivimab with
imdevimab was administered subcutaneously to all contacts of a household in which one member
had been diagnosed with COVID-19. Household contacts who received REGEN-COV showed no
symptomatic cases of COVID-19 and a 50% reduction of overall rates of infection with SARS-CoV-2
compared to the placebo group. Infections occurring among participants administered REGEN-COV
therapy were all asymptomatic, shorter duration and low viral loads compared to individuals in the
placebo group who acquired SARS-CoV-2. This study reported its first 400 subjects as preliminary
results,4 and data from the full study of 1,000 participants is forthcoming.
Dr. Cohen noted that the detection of viral variants in those who received mAbs was rare, but
possible. He emphasized that these studies demonstrate proof of concept that passive immunity
works and that relevant mAbs can be made quickly.
In summary, Dr. Cohen noted that mAbs capable of neutralizing SARS-CoV-2 were generated
rapidly, and EUAs have been authorized by the FDA for several agents to treat COVID-19 early in
the disease course in individuals at high risk of progressing to severe disease. Two NIH–industry
collaborative prophylaxis studies have shown promising results demonstrating the ability of mAbs
to prevent COVID-19 when given as post-exposure prophylaxis. He commented that the effects of
asymptomatic empiric treatment with mAbs in prevention trials are being evaluated. Additional study
is required on the interactions between mAbs and vaccines in prevention trials. Dr. Cohen described
several mAbs that have modifications to the fragment crystallizable (Fc) region, such as AZD7442
and sotrovimab, that provide a long half-life. These mAbs will likely provide critical protection
from COVID-19 in long-term usage as an alternative to vaccination for those who cannot mount
an endogenous immune response. While logistical challenges in the administration of mAbs for
prevention remain, one potential future improvement is further exploration of subcutaneous delivery.
Dr. Cohen concluded that mAbs will continue to play an important role in public health and medical
management of COVID-19.
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mAbs for Outpatient Treatment of COVID-19
Kara Chew, M.D., M.S., University of California, Los Angeles
Dr. Kara Chew presented on the use of mAbs for outpatient treatment of COVID-19. She described
how mAbs are neutralizing human antibodies that most commonly target the S1 receptor-binding
domain (RBD), inhibiting interaction of the RBD with the angiotensin-converting enzyme 2 (ACE2)
receptor to block viral entry. In addition to blocking viral entry, some mAbs may enhance the
clearance of infected cells through Fc-mediated effector mechanisms. Single and combination
mAbs are in development, from preclinical stages to Phase 3 clinical trials. The different mAbs vary
in the epitopes targeted. Epitopes may be in the ACE2 binding region, such as in the receptorbinding motif (RBM), or outside the ACE2 binding region, such as the receptor-binding core, a more
conserved region less susceptible to mutations. Most mAbs are currently administered intravenously;
other routes—including intramuscular, subcutaneous, and inhaled—are under evaluation. Dr. Chew
commented that understanding the targets of mAbs helps identify the potential risk to their activity
with variants.
Dr. Chew described the findings from several clinical studies of mAbs. In the Phase 2 BLAZE-1 (A
Study of LY3819253 [LY-CoV555] and LY3832479 [LY-CoV016] in Participants with Mild to Moderate
COVID-19 Illness) (NCT04427501) trial for early COVID-19, bamlanivimab IV (Lilly, Inc) was studied
at a range of doses (700mg, 2800mg, and 7000mg vs. placebo). In an initial interim analysis, about
70% of participants had a risk factor for severe COVID-19, with a median of 4 days of symptoms at
study entry. The primary virologic outcome was met for the 2,800mg dose of bamlanivimab and it
appeared that bamlanivimab reduced viral load faster than placebo. Composite hospitalization and
emergency department (ED) visit rates were lower for those on bamlanivimab (all active arms pooled)
compared to the placebo arm, at 1.6 and 6.3%, respectively. This trial provided the basis for the
first EUA for a mAb to treat COVID-19. Individuals who were hospitalized showed persistently high
nasopharyngeal SARS-CoV-2 viral loads post-entry, whereas those who were not hospitalized showed
steady declines.5 Dr. Chew summarized subsequent data from the BLAZE-1 trial (NCT04427501) that
included a bamlanivimab/etesevimab (2800mg/2800mg) combination arm in outpatients with mild
to moderate COVID-19. The findings showed treatment with the mAb combination compared with
placebo was associated with significant reductions in SARS-CoV-2 viral load, with no difference in viral
load reduction with bamlanivimab monotherapy. Low rates of adverse events were observed across all
arms. The differences in hospitalization and ED visits was particularly significant among the highest risk
patients in a post-hoc analysis.6 Overall, this mAb combination showed a 70% reduction in rates of the
composite outcome of COVID-19 related hospitalization or any cause death in the Phase 3 trial among
non-hospitalized COVID-19 patients compared to placebo.7 This study also reported a modest (1 day)
reduction in time to sustained symptom resolution.
Dr. Chew described the findings from the clinical trials (NCT04425629) of the mAb combination of
casirivimab and imdevimab, designated as REGEN-COV (Regeneron) in outpatients. In the Phase 2
trial, two doses of casirivimab/imdevimab were tested compared to placebo among outpatients
with less than 7 days of symptoms. About 64% had at least one risk factor for hospitalization. The
decrease in medically attended visits for participants in both dose arms combined compared to
the participants in the placebo arm (3% vs. 6%, respectively) showed a potential clinical benefit of
this mAb combination.8 The Phase 3 trial of the casirivimab/imdevimab combination compared to
placebo confirmed the clinical benefit of casirivimab/imdevimab in reducing rates of hospitalizations
and deaths. Dr. Chew commented that the greater reduction in symptom duration was a notable
finding in this trial—symptoms were reduced by 4 days with both 1,200mg and 2,400mg doses of
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REGEN-COV compared to placebo. The relative risk reduction in hospitalizations and deaths was
approximately 70% for the 1200mg total dose and 71% for the 2400mg total dose.9, 10 She noted
that this level of reduction was similar to that observed in the bamlanivimab/etesevimab trials and
that high viral loads persisted at followup in those individuals who later were hospitalized, regardless
of baseline SARS-CoV-2 serostatus. Dr. Chew also described the casirivimab/imdevimab intravenous
and subcutaneous delivery Phase 2 dose-ranging trial (NCT04666441) that showed similar viral load
reductions with intravenous and subcutaneous deliveries. While all doses in this trial met their primary
endpoint with viral load reductions compared to placebo, additional results are pending.
Dr. Chew described the single mAb sotrovimab (Vir Biotechnology and GSK), which was originally
isolated from a severe acute respiratory syndrome (SARS) survivor. This mAb targets the RBD core
and a conserved epitope and does not compete with ACE2 receptor binding. It has neutralizing
activity across Sarbecoviruses, and an LS modification in the Fc domain to extend the mAb half-life.
The COVID-19 Monoclonal Antibody Efficacy Trials – Intent to Care Early (COMET-ICE) Phase 3 trial
(NCT04545060) evaluated 500mg intravenous sotrovimab compared to placebo among participants
with at least one risk factor for COVID-19 progression and 5 or fewer days of symptoms. This trial
was stopped early for efficacy as treatment with sotrovimab resulted in an 85% reduction in risk of
hospitalization or death in high-risk outpatients compared to the patients in the placebo arm.
Dr. Chew summarized that anti-SARS-CoV-2 mAb therapies are safe and effective in preventing
hospitalization and deaths in symptomatic SARS-CoV-2 infection when given early in the disease
course. She noted that mAbs are vulnerable to virus evolution, with varying risks depending on
the epitopes they target. Therapeutic options that are more stable (expected to retain) in view of
variants are needed, with combination therapies and those that target conserved regions being
promising. There are several mAbs singly and in combination in development and clinical trials.
Clinical outcomes data using mAbs are limited currently for VoCs and variants of interest. Additionally,
some risks and benefits of mAbs remain unknown, including the possibility of treatment-emergent
resistance. She concluded her presentation noting that intravenous delivery of mAbs remains a
challenge; however, intramuscular and subcutaneous administration, especially in the outpatient
setting may be easier and feasible.

Antibody Treatment for Hospitalized COVID-19 Patients
Jens Lundgren, M.D., D.M.Sc., Rigshospitalet, University of Copenhagen
Dr. Jens Lundgren presented several clinical studies evaluating the administration of antibody treatment
to hospitalized COVID-19 patients. He described the pulmonary and vascular compartments that
are the sites of disease-causing viral replication; viral load in these locations is prognostic for ultimate
outcome. The standard of care for such patients includes a combination of an antiviral agent, such
as remdesivir, and immunomodulating agents. He commented that with certain other viral diseases,
treatment with a combination of two or more antiviral agents leads to a better outcome. He described
several recent clinical studies that examined whether neutralizing antibodies (NAbs), in addition to
standard-of-care, are safe and may improve clinical outcomes in hospitalized patients with COVID-19.
The ACTIV-3 or Therapeutics for Inpatients With COVID-19/International Network for Strategic Initiatives
in Global HIV Trials (TICO/INSIGHT) 014 trial (NCT04501978), served as a platform for a Phase 3 trial of
novel antiviral agents to demonstrate early safety and early futility with a day 5 ordinal scale outcome.
The primary endpoint of the trial was sustained recovery during 90 days of followup. The first 3 agents
evaluated in this trial (Bamlanivimab [Lilly], Sotrovimab [GSK/Vir], and Brii 196 +198 [Brii Biosciences])
failed the futility assessment and thus were subsequently unblinded. Studies of two agents,
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AZD 7442 (AstraZeneca) and MP0420 (Molecular Partners-DARPin technology) are ongoing. Another
trial, INSIGHT 013 trial, also known as the Inpatient Treatment with Anti-Coronavirus Immunoglobulin
(ITAC) (NCT04546581), used a day 7 ordinal pulmonary outcome as its primary endpoint and tested
a standardized hyperimmune gammaglobulin (CSL Behring, Emergent BioSolutions, Grifols S.A. and
Takeda Pharmaceutical). This clinical study has been completed.
In both trials, COVID-19 patients hospitalized within 12 days of symptom onset were randomized to
either an investigational agent plus standard-of-care arm or a placebo plus standard-of-care arm.
Collectively, five antibody agents were studied, including single mAbs bamlanivimab and sotrovimab
and two combinations with non-overlapping epitopes, Brii 196+198 and AZD 7442 (AstraZeneca).
The fifth agent was a hyperimmune IgG (hIVIG), a standardized product that targets multiple epitopes
and has been shown to be effective against all tested SARS-CoV-2 VoCs. In the clinical trial testing
bamlanivimab, the active arm did not show clinical benefit compared to patients in the placebo
arm. Of note, the primary endpoint was redesigned from an earlier trial because some patients were
readmitted or died, so discharge was no longer considered recovery. Sustained recovery was redefined
as returning to a prehospitalization residence for ≥14 consecutive days.11 Dr. Lundgren noted that the
results of the first four completed evaluations of bamlanivimab, Brii 196-198, sotrovimab, and hIVIG,
showed that only the latter two agents resulted in modest and non-significant favorable outcomes
compared to patients in the other treatment arms or the placebo arm. Studies of two agents, AZD
7442 and MP0420 (Molecular Partners-DARPin technology) are ongoing.
Dr. Lundgren outlined three possible explanations why antibody treatments administered to
hospitalized COVID-19 patients have not proven effective to date. One explanation is that active
SARS-CoV-2 replication will be stopped regardless of antibody treatment as a result of either
treatment with remdesivir or the host immune response. Another possibility is that the antibody
is not sufficiently active to significantly add to antiviral treatment due to lack of activity in vivo or
rapid emergence of drug resistance. A third possibility is that the antibody has harmful effects that
counteract any beneficial effects. He noted that some of these explanations may apply in some
subgroups of patients and not in others.
Dr. Lundgren outlined several factors that could be considered including clinical parameters, such
as duration of infection; antibodies against RBD; plasma nucleocapsid antigen; host inflammatory
and coagulation markers; and viral RNA levels from nasal swabs. Data addressing these factors are
currently available only for the first TICO trial, which compared bamlanivimab versus placebo.
Dr. Lundgren showed the mean binding inhibition using the NAb assay in the first 5 days of treatment
with bamlanivimab vs placebo normalized to baseline antibody status. He noted that those study
participants randomized to placebo who were antibody-negative at study entry showed a gradual
production of antibodies over time, which was less evident for those who had antibodies at entry.
At study entry, patients showed a wide range of plasma antigen levels, which is a reasonable proxy
for total viral replication throughout the body. Those participants with high antigen levels showed
declines between day 1 and day 3 in both the treatment and placebo arms, with little antigen
remaining at day 5. Some patients in the placebo group attained sustained recovery, but this was
less likely for those patients who had no preexisting antibodies, those with high viral antigen levels,
and those who had both. Patients with high IL-6 levels at study entry had a 50 percent lower chance
of sustained recovery than those who entered the study with lower IL-6 levels.
Analysis of the data supported a pre-specified hypothesis, stating that sustained recovery after
administration of bamlanivimab versus placebo differed by presence of neutralizing antibodies at
study entry, especially if participants had markers of elevated viral replication.
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Dr. Lundgren noted that the clinical trials, which were deployed rapidly and had a quick turnaround
of results, helped inform the field on the use of these agents. He commented that bamlanivimab,
sotrovimab, Brii 196+198, and hIVIG likely do not improve outcomes overall among hospitalized
patients with COVID-19. AZD7442 remains under blinded evaluation following passing initial futility
evaluations. He noted that there may be a benefit in subgroups with a blunted antibody response
is plausible, but this remains to be confirmed. The null effect does not appear to be explained by
infection with virus resistant to the NAbs or undesired change of viral replication kinetics from the
use of the NAbs. He suggested that the possibility of hyperinflammation induced by NAbs requires
additional investigation and confirmation.

Mutations and Variants of Concern
Bette Korber, Ph.D., Los Alamos National Laboratory
Dr. Bette Korber presented the latest information on emerging SARS-CoV-2 variants based on data
from the Global Initiative on Sharing All Influenza Data (GISAID) as of June 9, 2021.12 Almost all of the
emerging variants of interest have mutations in the N-terminal domain (NTD) and Receptor Binding
Domain (RBD); many also carry mutations at the furin cleavage site. She commented that the regions
are evolving simultaneously, so variants often carry multiple mutations. Highly repeated mutations
among many emergent lineages are localized to epitope regions. Many of these mutations have
been shown to confer partial resistance to convalescent sera and neutralizing monoclonal antibodies
(Nabs), indicative of immune pressure as a selective force. She noted that mutations in the RBM and
near the furin cleavage site and indel patterns also may affect infectivity.
Dr. Korber described two distinct variant trajectories that have occurred in the United Kingdom and
North America. In the United Kingdom, the B.1.1.7 (Alpha) variant became very common, but the
B.1.617.2 (Delta) variant then quickly spread. In North America, a larger variety of variants have been
recorded. Globally, the Alpha variant was emerging as dominant until May 2021, when the Delta
variant was introduced. The Delta variant has a global presence, with apparent rapid transmission
once established in a region. The rapid global transition from the ancestral form of SARS-CoV-2 to
the D614G (G clade) variant earlier in the pandemic more closely parallels the recent rapid transition
to the Delta variant than the slower transition to the Alpha variant. The local regional transitions in
sampling fractions also parallel these patterns.
Dr. Korber reported that the Alpha and Delta variants are cocirculating in Russia, India, and Australia.
In India, the B.1.617.1 (Kappa) variant was the first to begin to increase in prevalence, then the
Delta variant emerged and now is dominating global sampling. The B.1.351 (Beta) variant was first
reported in South Africa and subsequently in Bangladesh, the Philippines, and Singapore, where the
epidemics are much more complex. When the Beta variant had a significant presence, it persisted
even when cocirculating with the Alpha variant. When the Delta variant was first reported in April
and May in Singapore and Bangladesh, it rapidly became more frequently sampled. She noted
that the P.1 (Gamma) variant, first reported in Brazil, is now very common in South America and
it is increasing in frequency and gaining relative to the P.2 variant, which previously was identified
globally, but it is declining rapidly. Dr. Korber reported that the Gamma variant is increasing compared
to several other variants, including B.1.427/9, C.37, and Alpha variants. She noted that the C.37
variant emerged in Chile during spring 2021 during an aggressive vaccination effort and seems to
be decreasing as Gamma is now predominant in Chile predominant, but that could change rapidly
if the Delta variant has a similar trajectory of rapid expansion in South America as in other parts of
the world. The C.37 variant contains multiple mutations, meriting further study. Additionally, more
complex variants are preferentially arising.
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Some of the most highly vaccinated populations are in the Seychelles, with 72 percent of the
population vaccinated; Israel, with 63 percent of the population vaccinated; and Bahrain, with
60 percent of the population vaccinated. While confirmed SARS-CoV-2 cases are spiking in
Seychelles and Bahrain, there have been no sequences from the Seychelles submitted to GISAID
at the current time, and only 38 sequences from Bahrain have been submitted with none submitted
more recently than April 2021. Dr. Korber suggested that this represents opportunities for partnership
with clinical and sequencing groups in these areas. She noted that SARS-CoV-2 variants, including
the C.37, Delta, and Alpha variants, emerging in Israel merit further study given the high vaccination
rates in that nation. The C.37 and Alpha variants carry a 490S mutation which should be prioritized
for testing against sera from vaccinated individuals.
Dr. Korber commented that all lineages of SARS-CoV-2 are dynamic and evolving into variants
of variants. For example, in the full GISAID set of complete spike protein sequences, comprising
>1,500,000 sequences, approximately 45% contain the common Alpha variant spike and additional
mutations. She suggested that the field’s priorities should be to determine the high frequency or
fraction of variants among contemporary samples in various locales in the world, the repeatedly
increasing fraction of new variants relative to the baseline Alpha variant and other VoCs regionally, and
mutations in the NTD and RBD. The most common variant of the Alpha variant is B.1.1.7+K1191N. At
the state and province level, it has an established presence in 53 regions. It is significantly increasing in
nine regions—it currently is most common in Florida and significantly decreasing in 18 regions. A newer
and rare, but interesting form is B.1.1.7+F490S, which has an established presence in 22 state- or
province-level regions. It is increasing significantly in 14 regions—including Łódzkie, Poland, where it is
most common and significantly decreasing in two regions. Many recurring mutations in the NTD and
RBM are known to be associated with resistance, and the addition of a positive charge near the furin
cleavage site is a highly recurrent pattern of mutation.
Dr. Korber provided an overview of the emerging lineage characteristics. Variants of interest generally
carry one or more mutations in each epitope region of the RBD and NTDs, suggesting immunological
selection in both regions. Variants of interest often carry likely or known infection-enhancing
mutations. She commented that increasingly complex forms are replacing simpler forms, and
indels in the NTD of the Spike protein are becoming much more extensive and common. Repeated
mutational patterns suggesting convergence is very common, and these patterns are concentrated
in the RBD and NTDs, and the furin cleavage site. Recombination is occurring among these viruses.
Dr. Korber emphasized that much remains unknown about these variants, and additional resources
and partnerships are urgently needed with clinical and sequencing groups in South America, Africa,
and Asia.
Dr. Korber underscored that these mutations and variants of SARS-CoV-2 have implications for
vaccine design. Current evidence suggests that this virus may be evolving in sweeps. The G clade
evolved to the Alpha variant, which evolved to the Delta variant. Transitions to global prevalence
can occur quickly; the transition to the G clade in the spring of 2020 took 6 to 10 weeks, and it is
possible this pace of transition may be happening for the Delta variant. She noted that although the
exact trajectory of future variants cannot be predicted, patterns of convergence and covariation can
be studied to determine which relevant variants and forms. This information will inform the design
and development of a polyvalent COVID-19 vaccine candidate(s) and translation to new COVID-19
vaccine platforms.
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Session I: Mechanisms of Action of Functional Antibodies That
Neutralize SARS-CoV-2 and/or Eliminate SARS-CoV-2 Infected Cells
Presenter: Erica O. Saphire, Ph.D., La Jolla Institute for Immunology
Dr. Saphire presented on collaborating to accelerate the search for therapeutic antibody cocktails
against SARS-CoV-2. Therapeutic antibody cocktails to treat viral infections like SARS-CoV-2 also
require careful selection and mixing to optimize their protective efficacy.

The Continued Threat of SARS-CoV-2
Since its emergence in late 2019, SARS-CoV-2, the causative agent of COVID-19, has disrupted
lives and livelihoods around the globe. After several substantial surges of infections, by June 2021
SARS-CoV-2 has infected over 175 million people and resulted in over 3.8 million deaths.13
Two mRNA-based vaccines [BNT162b2 from Pfizer/BioNTech,14 mRNA-1273 from Moderna15]
and one vaccine using an adenovirus platform Johnson & Johnson Ad26.COV2.S16 have received
FDA Emergency Use Authorization (EUA) (Oxford–AstraZeneca AZD122217 is approved for use in
other countries). Despite the unprecedented pace of vaccine development, vaccine supply and
uptake remain a challenge. By early June 2021, around six months after the vaccines were first
granted EUA, only 12% of the world’s population has received one dose of any vaccine, and the
majority of these people live in developed nations13 and in some of these developed countries,
vaccine rates have plateaued. The vast majority of unvaccinated people are in low- and middleincome countries, where, in many places, social distancing is impossible. Until the majority of the
world’s population is vaccinated against SARS-CoV-2, this virus will continue to be a threat and
those infected with SARS-CoV-2–especially those who have risk factors associated with severe
disease–will need access to effective therapeutics.

SARS-CoV-2 Spike: The Target of Immune Response
SARS-CoV-2 infection of host cells is mediated by the spike glycoprotein that exists as a trimeric
glycoprotein.18, 19 Each spike monomer has two domains, S1, which includes the N-terminal domain
(NTD) and receptor binding domain (RBD), and S2, which includes the fusion domain that governs
fusion between host and virus membranes. S1 and S2 are separated by a furin cleavage site.20
SARS-CoV-2 interacts with angiotensin converting enzyme 2 (ACE2) as its main receptor to gain cell
entry.19, 21 Following receptor binding, the S1 subunit is cleaved by the plasma membrane-associated
serine protease, TMPRSS2.22 This cleavage in turn promotes transition from the pre-fusion to a fusioncompetent form that drives membrane fusion and allows entry into target cells. As the major feature on
the virus surface, the spike protein is the prime target of antibody responses.23

Therapeutic Monoclonal Antibodies to Treat SARS-CoV-2 Infection
Two monoclonal antibody (mAb) cocktails and one mAb monotherapy have received EUA to treat
individuals infected with SARS-CoV-2 who are not yet hospitalized but are at risk of developing
severe disease, or for high-risk individuals have been exposed to an infected person.24 There are
more than a dozen other candidate therapeutics that are at various phases of clinical testing.25, 26
Regeneron’s REGN-COV2 two antibody cocktail includes one antibody isolated from a convalescent
COVID-19 patient and one isolated from genetically humanized mice immunized with spike
protein.27 Two antibodies, LY3819253 [LY-CoV555; Bamlanivimab28] and LY-CoV016 [LY3832479,
etesevimab29] were isolated from plasma B cells of convalescent COVID-19 patients within one
month of symptom onset, as part of a collaboration of Eli Lilly, AbCellera and the NIH. In late May
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2021, Vir Biotechnologies received EUA for their single mAb therapeutic, VIR-7831 (sotrovimab),
which was isolated from memory B cells from a survivor of the 2003 SARS outbreak.30 All of these
antibodies target the spike RBD. These antibodies are being deployed to treat patients infected
with SARS-CoV-2, but, as with the vaccine, many individuals, particularly those in low- and middleincome countries, lack access.

The Coronavirus Immunotherapy Consortium (CoVIC): A Collaboration to Identify
Novel Therapeutic Antibody Cocktails
The Coronavirus Immunotherapy Consortium (CoVIC)31, 32 launched just two months after the initial
sequence of the SARS-CoV-2 virus was reported.33 This international effort is headquartered in the
Saphire lab at the La Jolla Institute for Immunology (LJI) and has two main goals. A translational
research goal is to identify highly potent monoclonal antibody cocktails against SARS-CoV-2 spike
protein that can be used to save lives of individuals living in low- and middle-income countries who
are infected with SARS-CoV-2 and at high risk of developing severe COVID-19. A fundamental
research goal is to provide a broad and deep database of antibody activities against SARS-CoV-2
spike protein, evaluate therapeutic candidates side-by-side under standardized platforms, and use
this broader array of mAbs and deep body of information to make ideal combinations. A long-term
goal is to develop a profile of in vitro antibody activity that best correlates with protective clinical
efficacy, as well as assess the ability of in vitro assays and in vivo models to predict clinical success.
To achieve these parallel goals, the CoVIC is compiling a panel of antibodies that in one year has
grown to number over 350 candidate antibody therapeutics. The panel is unique in that it comprises
therapeutic candidates from over 50 groups across four continents working in industry/biotech,
academic, government, or independent research institutes. The contributions from industry came from
companies ranging from those with fewer than a dozen employees to multinational corporations with
thousands of employees. Importantly, the CoVIC panel is anonymized through assignment of a code
numbers that allows each mAb in the CoVIC panel–regardless of whether it came from the smallest
company or the largest, from academia or from industry–to be evaluated on an equal footing with all
the others. Moreover, the CoVIC panel includes antibodies that were isolated from COVID-19 survivors,
phage display, naive libraries, in silico methods or other strategies. Each was elicited and evaluated
using distinct criteria. Together with the relatively unrestricted inclusion criteria (<100 nM affinity for
spike), the CoVIC panel represents a broader, deeper array of antibodies than other studies that may
have considered antibodies derived from only a few patients, or those isolated using one approach.

A Battery of Assays
All the items in the CoVIC panel are being tested side-by-side, in apples-to-apples comparisons, in
a battery of standardized assays performed by 8 different partner labs (Figure 1). Binding studies are
performed in a Good Laboratory Practice (GLP) setting at Dr. Georgia Tomaras’ laboratory at the Duke
Human Vaccine Center and at Carterra, both using high-throughput surface plasmon resonance (SPR)
in the Carterra LSA platform. Binding studies will assess affinity of CoVIC antibodies for a range of
spike antigens (full-length ectodomain, soluble RBD, NTD and spikes bearing mutations from VoCs
(see below). Importantly, all antigens are structural biology-grade with high purity and uniformity. The
Saphire lab (LJI) performs cryoEM and X-ray crystallography to map epitopes, binding angles, and
binding of IgG vs. Fab. Three sets of neutralization data, two involving authentic virus (Baric group at
University of North Carolina and the Bukreyev group at University of Texas Medical Branch Galveston)
and one involving pseudovirus on a rVSV backbone (Nexelis) will be generated for each CoVIC item.
Propensity and location of escape mutations are being mapped by Yoshihiro Kawaoka (Wisconsin).
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The Alter group at the Ragon
Institute are examining Fc-mediated
activity in terms of ability to inspire
phagocytic activity or natural killer
(NK) activation, as well as affinity
for a range of Fc receptors (FcRs).
In vitro protection is analyzed by
Jordi Torelles and Luis Martinez at
Texas Biomedical Research Institute
using mouse (transgenic for human
ACE2 under the control of the K18
promoter) and hamster models
as well as at LJI by Sujan Shresta
using a huFcRN mouse model.

Figure 1.
Organization
of the CoVIC.
Antibodies sent
by contributors
arrive at LJI where
they assigned
code names and
aliquoted for
dispatch to the
eight partner labs.
After performing
their analyses, the
partner labs upload
the data into the
CoVIC database
(COVIC-DB).

CoVIC Database “CoVIC-DB”
To facilitate FAIR (findable, accessible, interoperable, reusable) analysis,34 all comparative data
generated by the CoVIC partner reference labs are uploaded into a publicly accessible database
(covic.lji.org/databases), the CoVIC-DB, which is being developed by Bjoern Peters’ group at LJI.
The CoVIC-DB will carry results for a standardized set of neutralizing antibodies that were produced
at scale by LakePharma and shared with partner reference labs. Analysis of data for anonymized
antibody samples in the COVIC-DB will expand understanding of the landscape of antibody
activities against SARS-CoV-2, including how epitope footprints correlate with different functions,
which Fc functions predominate at which epitopes sites, which characteristics lead to most potent
neutralization, and which potential escape mutations impair which classes of antibodies. Antibody
contributors will know which samples in the database are theirs and can contact the Program
Manager, Dr. Sharon Schendel, should a particular datapoint not match expectations. The CoVIC-DB
now carries data for the first 270 antibodies in the panel (other samples are under analysis). These
data can be viewed in an interactive format or may be downloaded as a .csv file for analysis in Excel,
Prism, or other software.

Adaptability of CoVIC to the Search for Durable Antibody Therapeutics Against
SARS-CoV-2 VoCs
Outside of the emergence of the D614G variant early in the pandemic, throughout the first 11 months
of the COVID-19 pandemic, the amino acid sequence of SARS-CoV-2 remained relatively static
until the B.1.1.298 variant was first observed in June 2020 among several workers at a mink farm in
Denmark.35, 36 Although this variant did not become widespread, it did demonstrate the ability of SARSCoV-2 to transmit from animals to humans and vice versa, as well as the potential to mutate in an
animal reservoir. It was perhaps a harbinger of subsequent VoCs that would soon emerge.
VoCs refer to SARS-CoV-2 lineages that are associated with increased transmissibility and typically
carry multiple convergent mutations that may have arisen either during chronic infection or in
previously infected individuals.37-42 In September 2021, the B.1.1.7 (Alpha) VoC,43 which was first
identified in the United Kingdom, emerged, and was quickly followed by several other VoCs, notably
B.1.35144 (Beta; first identified in South Africa) and P.145 (Gamma; first identified in Brazil). India
first identified infections with B.1.61746 (Delta). All are associated with enhanced human-to-human
transmission. Among the array of mutations present in VoCs, many occur at the same sites and
38394041
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Figure 2. Binary
heat map for RBDdirected antibodies.
The competition
matrix shows pairwise
competition results from
a classical sandwich
epitope binning with
monomeric RBD
using HT-SPR. Rows
indicate immobilized
antibodies and columns
represent injected
analyte antibodies.
Blue and cream cells
indicate blocking
and sandwiching
pairs, respectively.
Light blue shading
represents ambiguous
classification. Black
shading indicates
self vs. self. The heat
map was sorted to
cluster like groups
using Carterra Epitope
software. IC50 values
for neutralization of
G614 pseudovirus are
shown for reference.

are evidence of likely convergent evolution. CoVIC had to rapidly pivot to analyze the ability of the
antibodies in the consortium to retain neutralization to emerging mutations and VoCs. Here, we
describe footprint analysis, structural biology, and neutralization that together organize the mAbs
of the CoVIC panel into a framework from which mutation-resistant, therapeutic cocktails can be
derived.
Several mutations in VoCs occur in the spike RBD, and in particular the receptor binding motif (RBM).
The RBD is mobile and tends to oscillate between a “closed”, or “down” state, and an “open” or
“up” state. RBM mutations found at K417, L452, E484 and N501 all appear to alter the interaction of
spike with ACE-247 and in turn can impact interactions of antibodies that target the RBM and RBD.
Mutations at N439 and S477 are also observed independently in patient samples.48-50 Meanwhile,
other mutations are associated with cross-species transmission (e.g., V367F, Y453F, and F486L).
The N-terminal domain (NTD) is particularly vulnerable to sequence deletions that can affect the
increasing number of antibodies that are known to bind this region.
49

To characterize the landscape of epitopes targeted by antibodies in the CoVIC and how antibody
binding and neutralization could be affected by emerging VoCs, we first undertook a large-scale,
high-resolution epitope binning of the first 270 antibodies in the CoVIC panel using the Carterra LSA
platform and soluble RBD as the antigen to sort the landscape of epitopes targeted by antibodies in
the panel into competition groups or “communities” (Figure 2).
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We next measured the
affinity of the mAbs for
G614-HexaPro spike51
trimers and monomeric
RBD, as well as
blockage of ACE2-spike
interactions. The majority
of the antibodies in the
CoVIC are targeted to
the RBD, which was the
focus of early antibody
discovery efforts,
although there are several
that target the NTD or
S2 domain. To visualize
Figure 3. Summary of binding patterns of the RBD communities. Antibodies in
epitope footprints, we
different communities approach the spike RBD from different directions. Notably, the
used negative stain
representative nsEM for RBD-5 suggests that these antibodies can bind multiple spike
trimers simultaneously.
electron microscopy
(ns-EM) to determine
low resolution structures of antibody Fabs, or, in some cases, intact IgGs, in complex with full-length
HexaPro spike for at least two representatives of each community. At LJI, we also measured the
neutralization activity of 43 RBD-directed mAbs (~4 members from each group) against VSV-based
pseudovirus bearing a range of mutations–either singly or together–to reflect the sequence changes
seen in VoCs. These 43 representative antibodies were chosen agnostically for breadth across the
communities and sub-community branchpoints not according to the germline origin, CDR features or
length or antibody origin. This group includes antibodies from a range of origins (e.g., human, mouse,
in silico) and formats (e.g., IgG, scFv, VHH, multivalent).
From results of high-throughput surface plasmon resonance (HT-SPR), we produced a competition
profile that allowed us to distinguish 189 RBD-reactive mAbs. These RBD-directed antibodies were
sorted into 7 core “communities” based on the competition profiles of each mAb to the others. Note
that the first branch point separates two of the seven from the other five. The next branch point
subdivides the five into a group of three and a group of two. Communities RBD-2-RBD-7 can be
further subdivided into clusters and more traditional epitope bins by considering how they compete
with antibodies in other clusters and with ACE2 for spike interactions. We next performed nsEM
on at least two members of each group and several major subdivisions to understand the physical
footprints of each of these competition groups. The first three branch points divide antibodies into
those against the receptor binding motif (RBM; groups RBD-1, RBD-2, and RBD-3), the inner face
(exposed in the up position; RBD-6 and RBD-7) and the outer face (exposed in up or down; RBD-6
and RBD-7). The subdivisions in the competition analysis map to distinct shifts in positioning within
each major footprint (Figure 3, 4).
RBD-1, together with RBD-2 and -3, correspond to “Class 1” antibodies described by Barnes et al.52
REGN10933 is the canonical member of Class 1. In the broad CoVIC analysis, the RBD-1 group
contains ACE2 itself and antibodies with epitopes that more directly overlap with that of ACE2
(Figure 2). Antibodies in RBD-2 are shifted slightly toward the outer face from RBD-1. Those in
RBD-3 have footprints shifted toward N501. RBD-4 and RBD-5 antibodies approach spike from
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the outer face of the RBD, and roughly
correspond to Class 2 [e.g., C00253] and
Class 3 (e.g., REGN 10987), respectively.
Meanwhile, RBD-6 and -7 attack spike from
the inner face of the RBD and are similar to
Class 4 antibodies like the SARS-derived
CR3022.54 Our subdivision of class 4 into
the distinct groups RBD-6 and RBD-7 is
based on differences in competition. RBD6 competes with the potent neutralizers of
RBD-2, while RBD-7 does not. RBD-6 also
has greater propensity to block ACE2.
RBD-2, for example, has “a” and “b” subclusters that contain mAbs that do and do
not compete, respectively, with mAbs in
RBD-4. The larger RBD-2b cluster can be
Figure 4. Binding footprints of representative antibodies from each
subdivided into three groups. The mAbs in
of the seven RBD communities. Spike trimers are shown with
2b.1 can compete with RBD-3 mAbs, but
monomers colored white, gray and black. Bound Fab fragments
2b.2 and 2b.3 do not. Meanwhile, mAbs
determined by NS-EM are shown according to the color scheme
shown in Figure 2. Top and side views are shown.
in 2b.1 and 2b.2, but not those in 2b.3,
compete with those in RBD-4. The RBD-4
class itself can be subdivided into two groups, 4a and 4b that do and do not, respectively, compete
with ACE2.
The clustering helps define susceptibility to mutations of concern. The potency of RBD-2a antibodies
is diminished by the K417N mutation, but less so by the E484K mutations. RBD-2b has the opposite
profile: affected by E484K, but more resistant to K417N. On the other hand, RBD-3 is affected by
both the E484K and N501T/Y mutations. The RBD-1 mAbs vary in their susceptibility to particular
mutations that may be related to nuances in the ACE2-centered footprint. Nearly all members of
RBD-1 and -2 show additive decreases in neutralization potency of pseudovirus carrying mutations
present in prominent VoCs. Despite being relatively impervious to K417N, E484K and N501Y alone,
the IC50 for several of these highly potent mAbs falls by up to 1000-fold against B.1.355 and P.1
(Figure 5). Most RBD-1 and -2 mAbs are unaffected by B.1.1.7, which has fewer RBD mutations.
This finding is consistent with that for bamlanivimab and imdevimab that retain full neutralization
activity against B.1.1.7.55
Communities RBD-4 and -5, like Class 2 and Class3 mAbs, bind RBD either in the “up” or “down”
conformation. Although their footprints overlap, the RBD-4 mAbs target the outer edge of the RBM
and block ACE2 interactions, while the binding site for RBD-5 is away from the RBM site, which, like
the previously described S309, renders it unable to block ACE2.47 The E484K mutation affects most
RBD-4 antibodies, as does the N439K mutation. Meanwhile, neutralization by RBD-5 antibodies is
broadly resistant to nearly all mutations tested (Figure 5).
RBD-6 and RBD-7 target the inner face of the RBD to hit a previously described cryptic epitope.56-58
These antibodies prefer RBDs in the “up” configuration. They block ACE2 binding, except for those
in the subclusters RBD-7b and RBD-7c. The neutralization activity of representatives from these
two groups was poor, but they are resistant to the effects of VoC mutations. Like RBD-4 and -5, the
57
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Figure 5. Neutralization activity against pseudovirus bearing individual point mutations or the full complement of mutations
found in VoCs. Of note, mAbs in RBD-5 are largely resistant to all prominent circulating mutations.

footprints of RBD-6 and -7 are similar, but RBD-7 antibodies are able to bind spike with those in
RBD-2a due to the downward shift of the epitope along the RBD inner face relative to that for RBD-6.
Antibodies against the NTD bind in a continuum of sites. Three example NTD-directed antibodies
shown here, belonging to groups we term NTD-1, NTD-2 and NTD-3, which together cover the
extremities of the NTD supersite. NTD-1 binds from the top side to contact Y144 and overlaps with the
footprint of mAb 4A859 as well as other characterized supersite binders. NTD-2 antibodies approach
NTD from the front and also contact Y144 in addition to H69, V70 and G261. The NTD-2 footprint
mirrors that for the antigenic site V group described by McCallum et al.,60 while the NTD-3 mAb binds
to the inner side of the NTD. The neutralization activity of all NTD-targeted antibodies analyzed was
either diminished or totally lost against pseudovirus bearing deletion mutations (∆69/70, ∆Y144 and
∆242-244), which are prominent in circulating VoCs–particularly B.1.1.7. In general, NTD-directed
antibodies are susceptible to the frequent mutation and deletion in the NTD in the VoCs.
One NTD-1 antibody, COVIC-246, however, shows the greatest resistance to NTD mutations. It
retains neutralization activity against pseudovirus carrying the full complement of mutations present in
B.1.351, but, interestingly, lost activity toward pseudovirus
that had the 242-244 deletion alone. This result suggests
that some mutations in VoCs could have offsetting,
compensatory effects that allow retention of neutralization
activity. Our and others’ results indicate that antibodies
targeting NTD might be susceptible to mutations in VoCs,
but given the potential for offsetting effects, may still be
valuable members of therapeutic cocktails.
Taken together, of the 43 RBD-directed mAbs tested,
those in communities RBD-5, -6 and -7 maintained nearly
complete neutralization of pseudoviruses carrying either
point mutations or the full complement of mutations in
emerging SARS-CoV-2 variants. The epitopes targeted
by antibodies in these communities are conserved among
the Betacoronavirus subgenus B that includes SARS and
SARS-CoV-2.61 In RBD-5, which contains antibodies that
can bind RBD in either the “up” or “down” conformation,

Figure 6. Neutralization profile of NTD-targeted
mAbs against pseudovirus bearing individual
point mutations or the full complement of
mutations present in circulating VoCs.
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nsEM of intact IgG for one antibody was seen to crosslink spike trimers, suggesting that it may have a
novel mechanism of action that could be tied to the angle of attack for these antibodies. Some outliers
include COVIC-2, an RBD-2 mAb which, in contrast to other members of that community, actually
gains neutralization potency against B.1.351 and P.1, as well as COVIC-246, the NTD-antibody that
resisted common deletions and point mutations seen in VoCs.
Overall, antibodies from community RBD-1 through RBD-4 and those directed against the NTD are
generally more potent than mAbs of other communities. The high potency and non-overlapping epitopes
of RBD- and NTD-directed mAbs make them attractive as pairs for therapeutic cocktails. However,
members of each of these groups are also highly susceptible to neutralization escape by mutations
and deletions found in emerging VoCs. A bi-specific antibody targeting the RBD-1 and NTD-1 sites
can still neutralize single point mutations in the RBD (where the NTD arm of the bispecific could
compensate), but is ineffective against the B.1.351 and P.1 variants, which contain mutations that
escape both arms of the bispecific at once. We note, however, that the RBD-2 community and other
antibodies in NTD-1 contain mAbs (CoVIC-2 and CoVIC-246, respectively, as examples) that are
largely resistant to deletions and point mutations present in VoCs. Hence, careful selection of mAbs
from these groups may facilitate a potent and variant-resistant cocktail.
In contrast, RBD-5, -6 and -7 mAbs often have lower potency but are more resistant to escape.
Notably, the epitopes targeted by RBD-5, -6, and -7 mAbs have high sequence conservation among
the Sarbecovirus subgenus of Betacoronavirus. Enhanced potency for these communities might
be achieved through engineering them for potency or as multivalent formats. These RBD-5, -6 and
-7 antibodies could be key members of a variant-resistant cocktail that could also be suitable for
treating other Sarbecovirus infections.
This broad analysis using one of the largest, and most varied collection of anti-spike antibodies yet
compiled, shows that determination of binding modes can provide a foundation for understanding
how antibodies target spike and how spike mutations facilitate escape. However, nuances in activity
among these communities show that there is no one-size-fits all approach to identifying therapeutic
candidates. Additional analysis of Fc effector functions and performance in animal models and
clinical studies will further guide treatment selection. Careful stirring will be required to develop
antibody cocktails that have the breadth and potency necessary to fulfill cost of goods requirements
and ensure that all have equitable access to life-saving treatments for SARS-CoV-2 infections.

CoVIC Methods
Binding: Binding studies are performed in a Good Laboratory Practice (GLP) setting, at Dr. Georgia
Tomaras’ laboratory at The Duke Human Vaccine Center. High-throughput surface plasmon
resonance (SPR) using the Carterra LSA platform and biolayer interferometry (BLI) assays using
the Forte Octet will assess binding kinetics to full-length spike, D614G and prominent VoCs. The
association and dissociation rates for the receptor-binding domain (RBD) and N-terminal domain
(NTD) will also be determined, as will the ability of mAbs to block ACE2 binding. High-resolution
epitope binning of the range of therapeutic candidates will be performed.
Neutralization: Neutralization capacity of mAbs contributed to the CoVIC will be evaluated using a
pseudovirus system and two assays involving authentic virus (both D614G and VoCs). Pseudovirus
neutralization assays are performed by Nexelis using a method described by Whitt et al.62 that uses
genetically modified Vesicular Stomatitis Virus from which the glycoprotein G is removed (VSV∆G).
VSV∆G virus is transduced in HEK293T cells previously transfected with SARS-CoV-2 coronavirus
spike (Wuhan strain, accession NC_045512) lacking the last 19 amino acids of the cytoplasmic tail
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(∆CT). The resulting pseudoparticles (VSV∆G-Spike ∆CT) contain a luciferase reporter to provide a
signal that can be quantified in relative luminescence units (RLU). Neutralization activity is assessed
using 11-point concentration curves (mAb concentrations ranging from 0.004-3.6 µg/mL) from which
IC50 and IC90 values will be determined from four-parameter logistic curves.
Neutralization of authentic SARS-CoV-2 will be performed by the Bukreyev group at the University
of Texas Medical Branch, Galveston (UTMB) and by the Baric group at University of North Carolina
(UNC). At UTMB, neutralization is assessed using virus engineered to express mNeonGreen
(SARS-CoV-2-mNG)63 for high-throughput measurement and a readout that is more consistent
than that achieved with plaque reduction neutralization tests (PRNTs) and manual counting. Under
BSL-3 containment, mAbs at a range of concentrations will be incubated with SARS-CoV-2-mNG
for one hour prior to application to Vero E6 cells pre-seeded in 96-well plates at a MOI=0.5. At
16 h post-infection, mNeonGreen-positive cells indicating infection will be quantified using a highthroughput imaging reader.64 Neutralization curves will be generated, from which IC50 and IC90
values will be determined. Neutralization activities measured by PRNT and with high-throughput
SARS-CoV-2-mNG microneutralization assay were shown to be comparable (R2=0.90). The UNC
assay is performed as described by Hou et al.65 Briefly, under BSL-3 containment, serially diluted
mAbs at 8 concentrations are incubated for one hour with 87 PFU/well D614G-nLuc virus for one
hour at 5% CO2 and 37 ˚C. After incubation, the virus/antibody mixtures are added in duplicate to
black-walled 96-well plates containing Vero E6 cells (2 x 104 cells/well). Each plate contains virusonly control wells. The plates are incubated for 48 hr at 37 ˚C, 5% CO2 and the cells are lysed before
measurement of luciferase activity with the Nano-Glo Luciferase Assay System (Promega) according
to the manufacturer’s instructions. Neutralization activity is expressed as the concentration at which
the observed relative light units (RLU) are reduced by 50% relative to virus-only control wells.
Structural biology: Cryo-electron microscopy (cryo-EM), cryo-electron tomography (cryo-ET) or
X-ray crystallography using recombinant spike, transmembrane-anchored spike, or RBD or NTD
domains, respectively, will be performed by the Saphire laboratory at LJI using two dedicated 300
keV Titan electron microscopes with direct electron detectors and a Gatan energy filter, as well as an
Aquilos instrument and cryo-correlative light and electron microscopy (cryo-CLEM) for visualization
of structures in their biological, transmembrane context. Footprints, contact residues, stoichiometry,
binding angle, adjustments to spike and synergy upon binding can be visualized with high-resolution
structural biology. Our laboratory routinely does both cryoEM and X-ray for single particle structural
analysis, with cryo-EM used to visualize complexes with trimeric spike and X-ray used to visualize
complexes with RBD or NTD.
Escape and Surveillance: Resistance to mutagenic escape and maintenance of neutralization
against VoCs is critical for durability of candidate therapeutics. Bette Korber’s group (Los Alamos
National Laboratory) is surveying the GISAID database of coronavirus sequences to guide
experimental evaluation of the ability of candidate therapeutics to remain responsive to different
variants.66 Specific escape mutations will be identified by Yoshihiro Kawaoka’s laboratory at the
University of Wisconsin using rVSV and authentic SARS-CoV-2 with Vero E6 cells engineered to
express TMPRSS2. Single mAbs and mAb combinations will be analyzed for escape propensity and
location of escape mutations in the spike protein. mAbs will further be screened for binding and/or
neutralization of other escape mutants. The goal is to identify a series of clinical candidates having
differing susceptibilities, so that all candidates in use are not escaped by the same mutation and a
library of antibody therapeutics can be maintained for use in multiple seasons.
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Fc profiling, systems serology: The Alter Laboratory at the Ragon Institute of MGH, Harvard and MIT
will profile the ability of each therapeutic antibody candidate to inspire a range of Fc-mediated activities.
Functions profiled will include antibody-dependent cellular cytotoxicity, phagocytosis, activation
and maturation of innate immune effector cells, cellular degradation, complement deposition, and
antigen uptake of innate immune cells. Cells surveyed will include NK and dendritic cells, neutrophils,
monocytes and macrophages, and both human and murine effector cells67-69 for comprehensive
capture of cross-species correlates with immunity against SARS-CoV-2.70-72 These studies will capture
multiple data points for each mAb, and will be linked to structural and in vivo findings, using both
univariate and multivariate tools, to define relationships between antibody effector profiles and epitope
specificity and Fc features that track with protection against SARS-CoV-2.
68

71

Fc profiling, cellular studies: The Burkreyev lab will evaluate whether CoVIC mAbs can induce
innate immune effector function in a range of cellular assays using primary human myeloid cell
populations (monocytes, macrophages, immature and mature dendritic cells (DCs) and NK cells)
isolated from human donor blood by magnetic sorting.73, 74 They will also evaluate the dependence
of enhanced uptake on avidity of Fc domain-Fc receptor interactions, the effects of blocking each
main type of Fcγ receptor on enhanced uptake,74 and characterize the role of specific Fc effector
functions.75 Any links between isotype, epitope, neutralization capacity or other characteristics and
enhanced uptake in vitro are also being established.
In vivo analysis: Texas Biomedical Research Institute, under the leadership of Dr. Jordi Torrelles, is
evaluating the efficacy of CoVIC mAbs beginning with a mouse model of disease involving expressing
human ACE2 under control of the K18 promoter.76 CoVIC mAbs are delivered prophylactically to
4 - 6 week-old mice (males and females) at a minimum dose of 0.5 mg/kg one day prior to infection
via intranasal inoculation of 2x105 PFU/animal SARS-CoV-2. Morbidity (weight loss) and mortality
will be monitored up to 10 days post-infection (dpi) and nasal turbinates and lungs will be collected
on 2 and 4 dpi for pathological evaluation at Nexelis. Those antibodies that show protective activity
will also be tested in a therapeutic model in which the antibody is delivered after virus infection. A
hamster model is also being developed and will be used to test antibodies that perform well in the
mouse model.
In a separate in vivo study, Sujan Shresta’s group at LJI is evaluating the in vivo performance of some
CoVIC mAbs using a novel triple knockin mouse model that is transgenic for human ACE2, human
FcRn and human TMPRSS2. As an animal model of COVID-19, these mice could better recapitulate
mAb pharmacokinetics (PK), and potential risk factors for antibody-dependent disease enhancement
(ADE). The clinical success of a therapeutic CoVIC mAb can be tied to longevity (half-life), a feature
related to its affinity for the FcRn receptor, which is expressed on endothelial cell membranes and
constantly endocytoses IgG from the plasma and recycles it back into the plasma. The 10-fold higher
affinity of mouse FcRn for human IgG compared to human extends the half-life of human mAbs,
which could result in poor recapitulation of in mice. Thus, mouse models provide comparatively poor
representation of human pharmacokinetics77-81 and can complicate modeling of Ab half-lives, virus
neutralization, and likelihood of therapeutic Ab-FcRn interactions and immune complex formation.
mAbs engineered to have minimal Fc receptor binding (e.g., LALA mutant antibodies) have normal
human FcRn binding sites and interactions.82 whereas Abs engineered to have extended half-life (e.g.,
YTE, LS, Xencor Xtend mutations) have enhanced FcRn affinity. FcRn may also play a role in endothelial
cell uptake of immune-complexed SARS-CoV-2 virions and could promote presentation of viral
antigens to CD4 and CD8 T cells to bridge humoral and cellular immunity.83, 84
787980
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Discussion Panel
Moderator: Adrian McDermott, M.Sc., Ph.D., NIAID, NIH
Panelists: Christopher Barnes, Ph.D., Stanford University; Michael Diamond, M.D., Ph.D.,
Washington University in St. Louis; David Montefiori, Ph.D., Duke University; Penny Moore, Ph.D.,
University of the Witwatersrand, Johannesburg; Rachel Liberatore, Ph.D., RenBio, Inc.; and Laura
Walker, Ph.D., ADIMAB, LLC
Dr. McDermott led the Panel discussion on the prospect of combination therapies. Dr. Christopher
Barnes emphasized the importance of focusing on VoCs, particularly on the location of the mutations
in the spike protein and identifying which classes of antibodies can be combined to address
commonly occurring escape mutants. He suggested that combining antibodies from different classes
or groups could improve efficacy. Dr. Barnes also proposed that combining two RBD binders with
one NTD binder would provide more coverage on the spike protein and allow antibody cocktails that
are more potent. He cautioned that structural considerations must be understood fully to ensure that
antibodies with different orientations (angles of approach) do not block each other.
Dr. Rachel Liberatore commented that the focus on conserved epitopes for antibody therapeutics
is important for addressing variants. She noted that the orientation and shape must be considered,
especially for bi-specific antibodies. Dr. Laura Walker explained that ADIMAB, LLC is focusing
on broadly neutralizing antibodies (bNAbs), which could be a long-term solution. Some Class 3
antibodies that currently are resistant to escape may not be so in the future, therefore new cocktails
may be needed. She noted that bNAb target sites are not usually targeted by other antibodies. When
asked about the challenge of variants, Dr. Walker responded that her team has not identified variants
resistant to their bNAbs, but some variants have mutations that allow them to escape specific
antibodies. She proposed that a cocktail of two bNAbs could provide increased protection, but
variant trajectories are difficult to predict.
Dr. Michael Diamond commented that one key component to down-selection of antibody treatment
options is identifying antibodies that can bind at conserved sites and are highly potent. Although
use of mAbs does not appear to result in viral escape to occur easily, the use of a cocktail with a
second antibody also would increase control over viral resistance, which typically does not happen
under conditions of antibody drug combinations. He commented that small animal models have
shown the importance of antibody effector function, but translation of this function from animals to
humans is not always predictable. Dr. McDermott asked the Panel members whether the difference
in protection observed between in vitro and animal models indicates Fc function. Dr. David Montefiori
confirmed the importance of Fc effector function. Dr. Penny Moore added that her laboratory studies
this in the context of infection. She noted that there is a general lack of understanding about the
targets of the most potent Fc effector function antibodies, which may not overlap with the antibodies
most researchers currently focus on isolating. Dr. Diamond commented that Fc effector function
needs to be categorized based on antibody activity—not all antibodies bind to the spike protein
equivalently, and this may correlate with protection. He commented that some animal models have
shown the therapeutic activity of NAbs is augmented substantially by Fc effector function. This
question provides the opportunity to gain more information on how antibodies engage the spike
protein and optimize those functions to enhance antiviral activity over time. When asked whether
antibodies that bind to the S1 subunit and cause the spike trimer to “shed” preventing the virus to
infect another cell, Dr. Diamond commented that transduced and viral S subunits show differences,
and validation is required. Dr. Walker commented that many in vitro assays are performed with
stabilized S protein.
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Dr. McDermott asked Panel members about the potential to improve antibody efficacy. Dr. Walker
noted that bNAbs from humans often have a tradeoff between breadth and potency. She commented
that her team is engineering antibodies to overcome this challenge. Dr. Diamond commented that his
team has found an effective antibody in mice and agreed that engineering could provide an antibody
that offers both breadth and potency in humans. Dr. Liberatore commented on the enhanced potency
of bi-specific antibodies. Dr. Barnes noted that his team is exploring libraries of antibodies to identify
opportunities for improvement as many human antibodies have high affinities. Dr. Barnes plans future
studies to determine whether antibodies resulting from COVID-19 vaccination are effective against
SARS-CoV-2 variants.

Session II: Preclinical Delivery, Pharmacology, and Efficacy of
Anti-SARS-CoV-2 Antibodies
Presenter: Ralph Baric, Ph.D., The University of North Carolina at Chapel Hill
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Concerns: Existing Animal Models
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Small Animal Models for New Variants of Concern
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•




•



In vitro Neutralization Assays
•



•
•

Determine the assay variables that alter neutralization titers.


Immunotherapeutics and SARS-CoV-2 Neutralizing Antibodies
•



•



•



Biodistribution and Next Generation Delivery Modalities
•
•
•


Can the dose of Abs authorized under EUA tolerate a 20X shift in neutralization titers?
What lessons were learned from treating COVID-19 patients with convalescent plasma?

Discussion Panel
Moderator: Connie Schmaljohn, Ph.D., NIAID, NIH
Panelists: Christopher Ellis, Ph.D., FDA; Tom Hope, Ph.D., Northwestern University; Kevin Saunders,
Ph.D., Duke University; Skip Virgin, M.D., Ph.D., Vir Biotechnology; and Emmie de Wit, Ph.D., NIAID, NIH
Dr. Connie Schmaljohn led the Panel discussion on the preclinical delivery, pharmacology and
efficacy of anti-SARS-CoV-2 antibodies. Dr. Emmie de Wit suggested that antibodies, especially
NAbs, are the most important correlates of protection, especially against SARS-CoV-2 variants.
She commented that many animal studies have shown prophylactic effects of anti-SARS-CoV-2
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antibodies, and therapeutic administration early after infection has been successful. Although variants
need to be taken into consideration, reassuring data show that several antibodies already in use still
can prevent severe disease. She added that the T cell component of the immune response is being
recognized as important in the vaccinated population because of epitope conservation. Dr. Skip Virgin
emphasized that conserved epitopes are the most important aspect of antibodies for providing longterm protective immunity. He commented that the RBD is highly variable under immune selective
pressure, so identifying antibodies that bind in other locations likely are the best future path to pursue.
Effector functions of antibodies are extremely important in animal models of infection, so Fc-enhanced
engineered mAbs are being explored currently in humans. He noted that dose also is an important
consideration for the potency of the protective effect. Dr. Kevin Saunders commented on experiments
to introduce mutations that increase the Fc affinity for gamma receptors. When asked whether
antibodies engineered to interact with Fc gamma receptors have a higher response of anti-drug
antibody, Dr. Virgin commented that data on the LS mutation are available, but he did not consider
this a major clinical issue. Dr. Saunders added that his research showed that the LS mutation induced
comparable anti-drug antibody response to wild type Fc, but the mechanism remains unknown.
Dr. Schmaljohn asked the Panel members about the most important function of antibodies for
predicting prophylactic or therapeutic potency. Dr. Saunders commented on the importance of
neutralizing potency, explaining that highly potent antibodies lead to low levels of virus replication.
He commented that effector functions become more critical as potency increases; however, variants
may complicate this understanding.
Dr. Christopher Ellis commented on the use of animal model data to support mAb development,
noting that animal models were not available early in the pandemic, so data from studies using
animal models often were collected in parallel with clinical trials. He noted that the overall utility
of mAb-specific data has been limited to supporting the initial assessment of in vivo activity and
evaluating the potential for antibody-dependent enhancement of infection. Dr. Virgin emphasized
the importance of considering differences between animal models and human biology. Dr. Hope
added that a variety of animal models will be needed to address the many health complications that
individuals with SARS-CoV-2 will experience in the future.
Dr. Tom Hope outlined studies on the biodistribution of therapeutic antibodies, explaining that
antibodies can be identified in tissues within 24 hours, and each has unique characteristics and
accumulates in different places in the body. He suggested that the accumulation of each antibody
should be studied in addition to its binding mechanisms and other characteristics.
Dr. Schmaljohn inquired whether a model for antibody-dependent disease enhancement is still needed
and how to model human sequelae, such as “long COVID”. Dr. de Wit commented that her team
reacted as quickly as possible at the beginning of the pandemic to develop and characterize animal
models to test vaccine and antiviral candidates. She noted that variants began to emerge before the
researchers could focus on SARS-CoV-2 pathogenesis or long COVID, and they began studies on the
variants. She emphasized that this will be a long-term project. Dr. Virgin emphasized that it is important
to distinguish antibody-mediated enhancement defined by vitro models where you can measure an
increased uptake of virus from the more worrisome antibody-mediated enhancement of disease that
may happen in vivo. He added that significant data were gathered during the pandemic supporting
predictions that enhancement of disease mediated by antibodies is not a major problem.
Dr. Schmaljohn and Panel members discussed strategies to address the potential for reduced
antibody potency to SARS-CoV-2 variants. Dr. Virgin suggested that the best protection against
variants is to focus on conserved epitopes; half-life extension and Fc-effector function, as well
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as antibody combinations to help mitigate variants. He added that the concept of the conserved
epitope is important for pandemic preparedness—antibodies that are SARS-CoV-2–specific have
been helpful, but we should identify and develop antibodies that can protect against other SARS
coronaviruses in the future.
Dr. Schmaljohn asked the Panel about the predictive value of current in vitro assays. Dr. Saunders
commented that certain RBD antibodies mediate virus uptake in vitro, but these antibody-dependent
enhancements are not found in vivo. He noted that antibodies in polyclonal mixtures also lead to
different outcomes in vivo versus in vitro. While pseudovirus assays and laboratory assays correlated
well with neutralization titers, Dr. Saunders commented that good concordance has been seen
in antibody effector functions in neutralization assays. He suggested that a mixture of antibody
functions will contribute most to protection.
Dr. Ellis explained that the FDA is concerned about the potential clinical impact of mAbs with
reduced susceptibility to variants from a regulatory perspective. He commented that insufficient data
are currently available on circulating variants to determine the clinical impact on the use of mAbs to
potentially prevent SARS-CoV-2 infection and to treat mild to moderate COVID-19.
Dr. Schmaljohn asked the Panel about the potential of targeting antibodies to specific tissues or
fluids. Dr. Hope commented that while studies suggest targeting will be possible, additional research
is needed to identify the specific aspects of each antibody that affect its ability to target mucosal
fluids. He added that his team has developed a probe to identify sites of coronavirus replication in
the macaque, which will provide useful information to better understand long COVID-19. Dr. Hope
commented that nucleic acid delivery of antibody requires strong confidence in the antibody used as
it will be present for a significant amount of time and could be problematic if the virus mutates.

Session III: Real-World Clinical Use of Anti-SARS-CoV-2 Antibodies
Presenter: Katharine Bar, M.D., University of Pennsylvania
Dr. Katharine Bar presented on the clinical use of anti-SARS-CoV-2 antibodies in real world settings.
Since the identification of the first SARS-CoV-2 infections in late 2019, the COVID-19 pandemic
has caused more than 175 million cases worldwide,13 while ravaging global economies, and
overwhelming countless social support systems. Antibodies against SARS-CoV-2, in the form of
convalescent plasma and related products as well as monoclonal antibodies, were identified early
as potential prevention and therapy strategies. The clinical development, testing for efficacy, and
implementation of these antibody-based strategies have been high priorities, with demonstrated
accomplishments and challenges.

Tension Between the Pace of the Pandemic and Generation of
High-Quality Evidence
The COVID-19 pandemic emerged quickly in late 2019 and has continued to evolve rapidly
over 2020 and 2021. The scientific community’s understanding of how the virus is spread, the
mechanisms of pathophysiology, risk factors for severe illness, and best practices for prevention
and treatment have changed at an unprecedented pace. Successive waves of cases with shifting
demographics have challenged health care capacity, while institutions have diligently sought to
employ appropriate infection control and patient care practices. In the U.S., the development and
distribution of safe and effective vaccines have led to decreases in cases and deaths, while the
specter of increasing diversity and prevalence of VoCs grows.
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The biomedical community responded on many fronts to develop strategies to diagnose, prevent,
and treat COVID-19. Antibodies against SARS-CoV-2, in the form of convalescent plasma and
related products, as well as monoclonal antibodies, were identified early as potential prevention and
therapy strategies. Two types of antibody preparations, COVID-19 convalescent plasma (CCP) and
commercially developed monoclonal antibodies, highlight distinct development and efficacy testing
pathways.

COVID-19 Convalescent Plasma: Extensive Use, Unclear Evidence of Benefit
Early in the COVID-19 pandemic, CCP was recognized as a potentially promising intervention. Use
of convalescent plasma in other infectious diseases85, 86 and previous coronavirus pandemics87, 88
provided biological plausibility, and early observational studies suggested possible benefit.89-91 In
the setting of limited alternative treatments and desperate clinical need, CCP was widely used in
hospitalized COVID-19 patients in the U.S. via an expanded access program (EAP) or emergency
use authorization (EUA).92, 93 These programs enabled access to CCP to more than 500,000
hospitalized individuals, with up to 40% of US COVID-19 inpatients receiving CCP in the fall of 2020.94
Observational analyses of a sub-cohort of hospitalized CCP recipients from the U.S. FDA’s Expanded
Access Program suggested possible benefit in recipients of early, high-titer plasma.95 These programs
also made the implementation of well-powered, randomized clinical trials highly challenging in the U.S.
Only recently have reports from larger, randomized controlled trials conducted largely outside the U.S.
provided more robust assessments of the efficacy of CCP.96-100 In total, results suggest CCP is not
highly efficacious when given to general cohorts of hospitalized COVID-19 patients. Many of the large
trials; however, have substantial heterogeneity in three key factors: i) the antibody titer and number
of units of donor plasma; ii) the timing of plasma administration; and iii) the baseline comorbidities of
patients that influence the risk for severe COVID-19 and effective immune responses. In particular,
immunocompromised individuals who are unable to mount their own antibody responses may have
greater benefit from CCP.101 Some smaller studies, subset analyses within the larger randomized
trials, and metanalyses have suggested possible benefit with earlier treatment, higher titer plasma, in
highly co-morbid patient populations.102, 103 Pending data from ongoing trials, including large outpatient
trials and compilation projects attempting to parse through the heterogeneous treatment effects, may
further delineate if CCP has benefit at early timepoints and/or in specific individuals, thus suggesting
use of CCP via a more personalized medicine approach. Currently, the EUA for high-titer plasma
in hospitalized patients who are early in their disease course and/or immunocompromised remains
available, but the efficacy and best approach to use of CCP remains unclear.
90
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Anti-SARS-CoV-2 mAbs: Accumulating Efficacy Data
Highly potent, broadly neutralizing monoclonal antibodies were identified in SARS-CoV-2-infected
patients early in the pandemic.104 Collaborative NIH and industry trials have demonstrated
efficacy in treatment of early disease by mAbs,6, 8 resulting in EUA for single and combination
mAbs to individuals beginning in November 2020. As of early June 2021, three distinct products
(Bamlanivimab/Etesevimab IV, REGEN-COV (Casirivimab/Imdevimab) IV and SC, and Sotrovimab
IV) have emergency use authorization for the treatment of mild-to-moderate COVID-19 in adults
and pediatric patients (≥12 years of age and ≥ 40kg) with positive results of direct SARS-CoV-2
viral testing, and who are at high risk for progression to severe COVID-19. Notably, mAb therapies
are only authorized for outpatients who can be treated within 10 days of symptom onset. The
current mAb products are not authorized for hospitalized patients; recently reported data from the
RECOVERY trial105 indicating a possible mortality benefit for mAb use in immunocompromised
patients hospitalized with COVID-19 will be evaluated in the near future.
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These mAbs are now widely available free of charge in the U.S. on request and may be ordered
by any qualified site by emailing covid19therapeutics@hhs.gov. Just over one million doses have
been shipped to approximately 3,500 unique sites in the U.S. Over 500,000 patient courses have
been administered. Sites have included hospital systems, dialysis centers, American Indian/Alaska
Native Health, home infusions, mobile units, long-term care facilities, nursing homes, the Corrections
system, Federally Qualified Health Centers, and others. Sites are responsible for identifying
appropriate patients and administering the mAbs.
An interagency group from ASPR, NIH, FDA, and CDC monitors the distribution of VoCs by state on
a weekly basis and makes decisions regarding future distribution of ordered mAbs. Recently, virus
surveillance revealed increased prevalence of VoCs (P.1 and B.1.351), which prompted a pause in
distribution of bamlanivimab/etesevimab to nine states and raised concerns in other regions.
In addition to treatment, mAbs have shown promise for prevention, but are not currently authorized
for emergency use for this indication. Data for the prevention of SARS-CoV-2 infection and
COVID-19 in high-risk individuals like nursing home residents and staff and household contacts
of infected individuals4, 28 have been presented publicly, and potential EUA for prevention is under
review by the FDA. Strategies for implementation of mAbs for prevention, however, have not yet been
determined.

Challenges to Conduct and Completion of Clinical Trials of Anti-SARS-CoV-2 mAbs
The pandemic prompted unprecedented partnerships and effort to test mAbs for treatment of
outpatients, and inpatients, as well as for prevention. Coordination through industry partnerships
with the NIH, the COVPN, and other governmental agencies enabled the platform trials of ACTIV-2,
ACTIV-3, and prevention studies of the COVPN. These successful programs were the result of huge
expenditures of resources and collaboration between many groups and individuals. Many challenges
to trial implementation were overcome in order to enroll and conduct these studies. Specific
challenges identified by investigators include: mixed messages to potential participants to stay home
vs. seek treatment; challenges of identifying patients within the narrow treatment window just after
testing positive; locating appropriate facilities to administer antibodies in the outpatient setting with
adequate space to enable distancing and patient flow and adequate staffing; prioritizing outpatient
trials in the setting of competing studies, including inpatient treatment trials and vaccine studies,
and EUA of experimental interventions; creating centralized and timely messaging; staff work burden
and burnout; recruitment in underrepresented or disenfranchised communities. Solutions to these
challenges required focused attention and creative thinking. Investigators in these networks highlight
the need to maintain support of these collaborative trial infrastructures, as additional trials will be
needed for potential future COVID-19 surges due to SARS-CoV-2 variants and future pandemics due
to other pathogens.

Challenges to Implementation of Anti-SARS-CoV-2 mAbs
Despite demonstration of substantial efficacy in treatment and EUA indications for mAbs since
November 2020, widespread use of mAbs has been limited due to the existence of multiple barriers
to broad administration.

Timely Identification of Eligible COVID-19 Patients and Linkage
to a Treatment Facility
The current EUA for three mAb options allows use of three mAb products to treat individuals
diagnosed with SARS-CoV-2 infection with mild to moderate COVID-19 who are at high risk for
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development of severe disease within 10 days of symptom onset. Thus, there is a narrow window
of opportunity in which to identify eligible patients in the early infection period and link them to
mAb treatment. One substantial obstacle to rapid treatment is the disconnect between locations of
testing, for example acute care centers, employee testing programs, and emergency departments,
and providers who are aware of mAb indications and able to prescribe or refer for mAb therapy.
Once aware of a new positive test, providers must understand the indications for mAbs, and believe
that use will be beneficial for their patients. Efforts to better educate providers across primary care
providers, acute care providers, and infectious disease specialists are needed to better inform
them of the potential benefits and available safety data of mAbs in COVID-19 patients indicated
with current EUA. Next, providers must contact eligible patients in the early phase of disease prior
to development of a severe disease, be able to adequately describe the risks and benefits of EUA
mAbs and provide an accessible pathway to treatment. Providers must be made aware of facilities
that can administer the mAbs. Given the relatively few agencies providing these services, community
outreach is needed to connect with providers of potential patients not directly affiliated with specific
hospital systems or treating agency. Referral systems that reach community health centers, private
physician networks, and health departments are needed.

Patient Perceptions of Anti-SARS-CoV-2 mAbs
Patients may have misgivings about receiving treatments during early COVID-19 disease, when
mAbs are most effective.8, 28 Providers must be able to discuss perceptions about the potential risks
of COVID-19, the risk to benefit balance of EUA therapies, and risks of to personal health or of virus
transmission with traveling to a health care facility. Recommendations to leave their home to receive
treatment may contradict messaging they have previously received. Thus, generalized messaging
to the public on the availability and potential benefits of mAb therapy could be beneficial, but direct
discussions with known and trusted providers may be required to facilitate use of mAbs during the
early treatment period.

Treatment Facility Staffing and Infrastructure Requirements
The administering facility must provide dedicated staff, including providers to complete EUA consent
and observation, pharmacists to prepare the antibodies, and nurses to administer and monitor
the patient through the process. Facilities available for COVID-19 positive patients to receive
intravenous infusions are required, which must be factored into healthcare systems’ approaches,
including appropriate personal protective equipment, ventilation, transportation, and follow up of
patients who receive infusions if not currently followed by a health system provider. Infusions take
several hours, with time for pharmacy preparation, infusion and post-infusion observation; thus, the
number of patients who can be treated per day is limited. The recent authorization of subcutaneous
administration as an option,106 may alleviate some of the logistical burdens. These staffing and
infrastructure requirements entail substantial financial commitments from participating hospital
systems.

Equitable Use of Anti-SARS-CoV-2 mAbs, Within the U.S. and Internationally
Substantial efforts are needed to provide information about anti-SARS-CoV-2 mAbs to all eligible
patients within the United States. Multiple structural healthcare and systemic inequities have caused
disproportionate case rates, as well as morbidity and mortality in minority populations, including
African Americans, Latinx, and Native American communities. Many vulnerable individuals do not
have primary care physicians who can advocate for mAb use, help navigate the referral process,
and explain the financial supports available. Additional efforts at outreach and education on the
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availability, potential benefits, and means to access mAbs are required to provide this treatment
option equitably. Outreach across providers in these areas, patients, and the general population may
be beneficial. In addition, language barriers may make conveyance nuanced information challenging,
thus fluent providers or interpreter services are important.
Real and/or perceived financial barriers to transportation and/or facility fees to access government
supplied mAbs may be issues currently. For impending commercially-available mAbs, use and
communication of strategies to provide mAbs to the uninsured and underinsured, like the U.S. Health
Resources and Services Administration (HRSA)-run COVID-19 Uninsured Patient Program,107 are vital.
While case rates are currently falling in the U.S., the pandemic continues unabated across the globe.
In addition to rapid production and distribution of vaccines to all countries with ongoing epidemics,
efforts to supply anti-SARS-CoV-2 mAbs to the global community should be considered.

Challenges From Variants of Concern (VoCs)
National and regional surveillance are essential for current use of mAbs, as well as understanding of
vaccine protection. National surveillance recently identified increased prevalence of several variants
with resistance to some mAbs, prompting pause in distribution of Bamlanivimab/Etesevimab to
eight states (FDA); other regions have altered prescribing patterns based on local surveillance. The
remaining two mAb formulations appear potent against VoCs, but continued vigilance is needed. At
the University of Pennsylvania, local surveillance revealed circulation of VoCs in early 2021.108 With
these sequencing data, local hospital pharmacy committees were able to shift to only administering
the mAbs that retained activity against all circulating variants. Regions and communities without
active surveillance programs may be unaware of the frequency and specific types of VoCs circulating
in their communities. Efforts to increase the breadth of surveillance and communicate these results
to distributing agencies, providers, and the public will be important. In the meantime, regions without
rapid, local surveillance may need to err on the side of caution and prescribe mAbs that retain
potency against all or most VoCs.

Vulnerable Populations
Vulnerable populations, including immunocompromised patients with severe COVID-19 may have
options of high-titer CCP through EUA or mAbs through compassionate use or similar programs,101
though the logistics of obtaining these products are often prohibitively challenging.
Given the supportive data from clinical trials of prevention, potential approval for EUA use is
anticipated. Anti-SARS-CoV-2 would likely be indicated in not-yet-vaccinated individuals or in
people who are not able to fully respond to vaccination. While the extent of protection gained from
vaccination is unclear, the increased morbidity and mortality of COVID-19 in cancer patients and
others with immunodeficiency merits serious consideration of prophylactic administration of mAbs or
other antibody products.109 Clinical trials, as well as patient registries, pragmatic trials and real-world
evidence in these vulnerable populations may be informative.

Importance of Momentum: Maintaining Infrastructure, Virus Surveillance,
and Messaging
Combatting COVID-19 has required huge expenditures of resources and capital, as well as building
unprecedented collaborations. As the U.S. epidemic wanes in the face of increased vaccine uptake,
it is important to retain the relationships and infrastructure built over the past 16 months. As we
encounter increasing frequency and diversity of VoCs, as well as new pandemics in years to come,
it is vital to continue virus surveillance, identification and development of new mAbs, and innovate
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with novel diagnostics (e.g., point of care resistance testing) and methods to administer therapies
(e.g., lower volumes, subcutaneous, self-administered options). It is similarly important to continue to
support and develop the clinical trials framework with pragmatic trial structures to efficiently test new
mAbs for prevention and treatment indications and continue evaluations through real world evidence
gathering processes (https://www.fda.gov/media/108510/download).
Misperceptions about SARS-CoV-2, COVID-19, and available approaches to prevention and
treatment remain, and are key obstacles to effective prevention and treatment. For mAb use,
specific messaging and education on the availability and potential benefits of mAbs for prevention
and treatment could facilitate more widespread use. Dissemination of updated information on
internationally, nationally and regionally circulating variants, and their impact on available antibody
treatments will be critical. Education and messaging directed towards providers, specific populations
who are disenfranchised from health services or heavily affected by COVID-19, and the general
population are needed.

Discussion Panel
Moderator: Rajesh Gandhi, M.D., Massachusetts General Hospital
Panelists: Ada Adimora, M.D., M.P.H., University of North Carolina at Chapel Hill; Judith Currier,
M.D., University of California, Los Angeles; Fred Korley, M.D., Ph.D., University of Michigan; Meagan
O’Brien, M.D., Regeneron; John Redd, M.D., M.P.H., FACP, Office of the Assistant Secretary for
Preparedness and Response, U.S. Department of Health and Human Services; and Mark Williams,
M.D., FCCM, FCCP, Lilly
Dr. Rajesh Gandhi led the Panel discussion addressing real-world clinical use of anti-SARS-CoV-2
antibodies. Dr. Judith Currier commented on the challenges of setting up the infrastructure for clinical
trials in the outpatient setting, which needs to occur where the participant can be seen safely from
an infection control perspective and that also has appropriate clinical staff. Many outpatient sites
added trailers or tents, but staffing was not increased in parallel. Dr. Currier described the difficulties
of finding sufficient resources for the outpatient setting when severe hospital cases were prioritized.
She also observed that many SARS-CoV-2 testing sites were physically separate from treatment and
clinical trials sites. Dr. Currier commented that co-localizing or bringing testing and clinical sites into
proximity might speed the roll-out of treatment and research studies.
Dr. Gandhi and the Panel members commented on the importance of understanding local challenges
to successful implement of clinical trials. He reported that outpatient clinical trials in large academic
centers in Boston were not near the centers of the epidemic. Dr. Currier commented on the
difficulties of transportation for trial participants and added that community health centers typically do
not have sufficient clinical staff to conduct trials and resources are key to successful implementation
of clinical studies. Dr. Mark Williams described the success of mobile emergency medical services
units that could travel to patients and help with transport to clinical centers and home infusions. He
noted the success of United Health Group in providing home infusions early in the pandemic.
Dr. John Redd noted the differences between the “clinical trial” phase of the pandemic and the
“post-EUA” phase—noting that the level of evidence required by the FDA for EUAs is different than
that needed for full approval of a treatment. He commented that equitable methods for deciding
who is prioritized for treatment and distributing therapeutic agents are needed. He added that these
issues are common to EUAs but were exacerbated by requiring new infrastructure.
Dr. Fred Korley commented on the challenge of messaging when public health guidance changes
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rapidly during the ongoing pandemic, explaining that one challenge for clinicians is to communicate
clearly to the public that the pandemic is an unprecedented event in which guidance will change over
time as additional scientific and clinical data become available. He emphasized the importance of
messaging. Dr. Gandhi added that many patients look to trusted clinicians for guidance rather than
to centralized referral systems, which is why providing clinicians’ education on the latest advances is
critical to providing the best care possible.
Dr. Redd noted the importance of rapid SARS-CoV-2 antigen tests, which can allow people who
test positive to receive treatment quickly and in the same location where the tests are administered.
Dr. Ada Adimora pointed out that many primary care clinicians need to be aware that their patient
has received a test by another provider or clinics, and they need to be aware how to coordinate
where patients can receive antibody treatments. Clinician education programs can assist in ensuring
that health care providers have the latest information with which to provide optimum care for their
patients. Dr. Adimora also highlighted additional barriers to equitable implementation including
language, especially given the nuance required to communicate about the pandemic, and the
numerous challenges related to socioeconomic status or the combination of race and ethnicity
with socioeconomic status. She noted that geographic and transportation barriers to health care
systems can be significant, with many infusion centers for administering antibodies located far from
the patient’s home or the site of diagnosis. Patients also may have inadequate insurance or no
primary care provider to provide referrals for treatment. Dr. Adimora commented that more equitable
distribution of health care could be improved with the use of intramuscular injection or subcutaneous
administration of mAbs or point-of-care infusions, as well as wide dissemination of clinical education
and information on referral networks. Dr. Korley commented that early clinical studies were small in
sample size and results often had a high fragility index. Providers who consult the literature may be
unimpressed by the initial level of evidence, and many likely did not consult later data which greatly
strengthened the justification for the treatments.
Dr. Meagan O’Brien pointed out that the decision to use subcutaneous administration was
supported by data from a dose-finding study that found similar viral clearance at all dosages. The
scientific data for subcutaneous administration of antibodies are encouraging and has shown that
subcutaneous administration prevents progression to symptomatic infection and reduces duration
of symptoms in some studies. Dr. Redd commented that co-formulated REGEN-COV has been
successful in both subcutaneous and intravenous administration.
Dr. Gandhi asked the Panel members whether antibody treatments could be decreased to a single
self-administered injection. Dr. O’Brien responded that many opportunities exist to improve current
administration methods, but researchers have been prioritizing efficacy. The emergence of SARSCoV-2 variants suggests that coformulations should be considered. She emphasized that these are
still the first generation of SARS-CoV-2 treatments, so many advances are likely in the future.
When Dr. Gandhi asked about the federal government’s role in distribution, Dr. Redd commented
that the government has an ethical obligation to ensure that safe and effective treatments are
available equally to everyone in the United States and subsequently the world. Some prioritization of
access to treatment were implemented when limited supply of antibodies conditions were in place;
however, this has subsequently improved. He also commented on the importance of geographic and
temporal equity, so treatment availability must be stable.
Dr. Gandhi inquired about how to conduct real-time variant surveillance. Dr. Korley commented that
a personalized approach to treatment could be developed soon, which would ensure that the right
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patient receives the right antibody therapy at the right time. A gold standard antibody neutralization
test could allow the consideration of other markers strongly correlated with antibody levels, such as
inflammatory tests. Rapid point-of-care SARS-CoV-2 diagnostic tests are needed to better identify
the variants and ensure that the correct mAb is provided. Dr. Gandhi commented that although
the field has advanced significantly over the course of the pandemic, much remains to be done to
achieve personalized treatment.
Dr. Gandhi and the Panel discussed prevention and treatment options using antibodies for
immunocompromised patients and those who have not responded to the vaccine. They noted that
REGEN-COV and sotrovimab are effective against current VoCs. Dr. O’Brien encouraged the use
of combination therapy. Patients without strong immune responses to COVID-19 vaccination may
benefit from antibodies as a prevention strategy, but more data are needed.
Dr. Gandhi asked about the future of antibody treatments and the Panel members emphasized the
importance of developing second-generation antibodies, improving ease of administration, and
making therapies widely available around the world.

Wrap Up and Closing Comments
Adrian McDermott, NIAID, NIH; Connie Schmaljohn, NIAID, NIH; and Rajesh Gandhi,
Massachusetts General Hospital
Panel moderators summarized the discussions in their individual sessions. They emphasized that much
has been learned during the pandemic; much remains to be learned. They identified several areas of
further research on antibodies and their potential use in treatment and prevention, including targeting
conserved regions, improving animal models, and engineering better antibodies. Dr. Boggiano closed
the Summit by thanking the presenters, session moderators, and participants. He noted that the
entire summit will be archived on the NIH website and a meeting summary also will be available on the
website. Dr. Boggiano then adjourned the meeting.
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