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Patients with immunosuppression are at risk for
prolonged infection with severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). In several
case reports, investigators have indicated that
multimutational SARS-CoV-2 variants can arise
during the course of such persistent cases of
coronavirus disease 2019 (Covid-19)."* These
highly mutated variants are indicative of a form
of rapid, multistage evolutionary jumps (saltational
evolution; see Glossary), which could preferentially
occur in the milieu of partial immune control.>?
The presence of a large number of mutations is
also a hallmark of the variants of concern —
including B.1.1.7 (alpha), B.1.351 (beta), P.1
(gamma), and B.1.617.2 (delta)® — which sug-
gests that viral evolution in immunocompro-
mised patients may be an important factor in
the emergence of such variants. Since a large
number of persons globally are living with in-
nate or acquired immunosuppression, the asso-
ciation between immunosuppression and the
generation of highly transmissible or more patho-
genic SARS-CoV-2 variants requires further de-
lineation and mitigation strategies.

Rapid viral evolution has been described in
immunosuppressed patients with persistent SARS-
CoV-2 infection. Choi et al. described an immu-
nosuppressed patient with antiphospholipid syn-
drome who was hospitalized in August 2020 and
treated with anticoagulants, glucocorticoids,
cyclophosphamide, intermittent rituximab, and
eculizumab.? During 152 days of persistent
SARS-CoV-2 infection in this patient, the inves-
tigators identified 31 substitutions and three dele-
tions in genome sequences. Twelve spike muta-
tions were found, including seven in a segment
of the receptor-binding domain consisting of 24
amino acids, some at sites linked to immune eva-
sion (478, 484, and 493).%” The patient eventually
died of severe Covid-19-related pneumonia. In
another immunocompromised patient, Kemp and
colleagues analyzed SARS-CoV-2 sequences at
23 time points over 101 days.* Viral diversifica-
tion was limited during the first 2 months but

subsequently increased after the patient received
an infusion of convalescent plasma on days 63
and 65, leading to rapid shifts in the frequency
of the different variants. As such, sequences that
were sampled on days 89, 93, and 102 showed
distinct combinations of spike mutations. Tru-
ong et al. recently described the cases of three
patients with B-cell acute lymphoblastic leuke-
mia (including one with B-cell aplasia) after the
receipt of chimeric antigen receptor (CAR) T cells.
These patients were found to have multiple escape
variants over the course of persistent Covid-19
infection.? Some case reports have not identified
highly divergent variants but have documented
variants with mutations (e.g., V483A* and E484K?®)
that alter antibody recognition.

FEATURES SHARED BY SEQUENCES
FROM CASE PATIENTS
AND EMERGING VARIANTS

The mutational patterns that are described in
these case reports have several key commonali-
ties with the variants of concern and variants of
interest that have become widespread. The vari-
ants B.1.1.7, B.1.351, and P.1 have at least three
times as many mutations as the viruses that
were circulating when these variants emerged.
Likewise, investigators have detected 45 substi-
tutions and deletions (including 17 in the spike
protein) in B.1.617.2 as compared with B.1.1.7,
the variant that was prevalent when B.1.617.2
emerged. A high percentage of these polymor-
phisms (>40%) are in the spike protein, which
constitutes only 13% of the proteome. Because
the spike protein is the prime target of the pro-
tective antibody response and mediates viral
entry, a preponderance of mutations in this pro-
tein is consistent with adaptive evolution.

In addition, selection pressure is also shown
by evidence of convergent evolution. Convergent
mutations are seen in variants of concern and
interest and in sequences obtained from immu-
nocompromised patients, in particular deletions
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Glossary

Variants of interest and variants of concern: are variants with properties that warrant further evaluation. Distinct SARS-
CoV-2 variants are circulating across the world. Certain variants are specific to a geographic area, and new variants
are emerging. The Centers for Disease Control and Prevention (CDC) has classified some variants as variants of
interest and those with specific attributes (e.g., evidence of increased transmissibility or disease severity or a po-
tential effect on diagnostics, therapeutics, or vaccines) as variants of concern. Current variants of interest include
B.1.526 (which was originally detected in New York), B.1.525 (detected in Indiana and New York), and P.2 (detected
in Brazil). Current variants of concern include B.1.1.7 (or alpha, originally detected in the United Kingdom), B.1.351
(or beta, detected in South Africa), P.1 (or gamma, detected in Brazil), and B.1.617.2 (or delta, detected in India).

Adaptive evolution: is the process in which advantageous mutations become dominant in circulating viruses through pos-
itive selection. Nucleotide substitutions occur when the virus replicates, and some of these nonsynonymous substitu-
tions result in amino acid changes. If the viruses with these mutations have a selective advantage, the mutations will
become more prevalent over time. The viruses carrying these mutations are better adapted to their environment. For
example, at the beginning of the pandemic, when most populations had not been exposed to SARS-CoV-2, adaptive
evolution potentially favored viruses with increased transmissibility. As the pandemic progresses, the virus is diversify-
ing so that many slightly different variants are cocirculating and competing against one another. In parallel, a larger
number of persons are immune to the virus from either previous infection or vaccination. This environment with a
partially immune population can favor the selection of viruses that escape immune recognition by the host.

Convergent evolution: is the process in which the same advantageous mutations are selected through positive selection
in independent (not monophyletic) viral lineages. Similar mutations are identified in independent viral lineages. For
example, the spike mutation E484K is found in the B.1.351 and P.1 variants, and it also appeared in other viral back-
grounds, including in the B.1.1.7 lineage. This mutation was also selected during persistent infection in immunocom-
promised patients. E484K is known to provide a selective advantage since it impairs antibody recognition.

Saltation or saltational evolution: is the process in which evolution proceeds with multimutational jumps. This activity con-
trasts with the key tenet of the gradualness of evolution, in which evolution proceeds with incremental rounds — that is,
mutations accrue in a stepwise fashion. Saltation is thought to be a rare event. The sudden appearance of distant SARS-
CoV-2 variants is evocative of saltation. The variants of concern showed multimutational leaps that are larger than those
associated with the variants that were circulating when the variants of concern emerged. Likewise, sequences that were

isolated during persistent infection in some immunocompromised patients showed a sudden burst of mutations.

in the N terminal domain (NTD) (69-70del,
Y144del, and 157-158del), the NTD supersite, and
the receptor-binding domain (RBD) (K417N and
E484K). These domains were associated with
antibody escape or mutations that were probably
associated with increased transmissibility (N501Y°
and P681H/R) (Fig. 1A).” Such convergent muta-
tions have been reported in both immunocom-
petent and immunosuppressed populations.’* The
selective advantage of these convergent mutational
alterations is supported by the pace at which these
variants, particularly B.1.1.7, displaced previously
circulating viruses. The evolutionary pattern of
the B.1.1.7 variant in the United Kingdom illus-
trates the rapid evolution of multiple mutations
in the spike protein and its subsequent rapid
spread throughout the populace (Fig. 1B). The
succession of new variants of concern or interest
and the emergence of sublineages in these vari-
ants (i.e., variants of variants) illustrate a shifting
evolutionary landscape in which new variants can
rapidly become dominant, as suggested by the
recent swift dissemination of B.1.617.2 that was
originally identified in India.!? This variant shows
a constellation of mutations that were identified
in previous variants of concern or interest.

These compilations of case reports indicate

the need to identify whether certain forms of
immunosuppression are associated with an in-
creased risk of such multimutational escape pat-
terns — for instance, specific cancers or spe-
cific therapies, such as the development of B-cell
aplasia related to CAR T-cell or anti-CD20 ther-
apy, prolonged use of glucocorticoids, long-term
chemotherapy, or radiotherapy. Similarly, organ
transplant recipients and those with untreated
or poorly controlled human immunodeficiency
virus infection may also have prolonged SARS-
CoV-2 infection and could constitute a reservoir
of divergent escape variants that can spread in
the general community. Prolonged viral replica-
tion in the context of an inadequate immune
response facilitates the emergence of immune-
pressure escape mutations.

PUBLIC HEALTH IMPLICATIONS
OF VARIANT EVOLUTION

The findings that immunocompromised patients
with persistent SARS-CoV-2 infection may gener-
ate more transmissible or more pathogenic SARS-
CoV-2 variants have a number of medical and
public health implications. Heightened precautions
should be taken to avert nosocomial transmis-
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A Recurrent SARS-CoV-2 Spike Mutations in Variants of Concern and Persistent Infections
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Figure 1 (facing page). Spike Protein Structure and
Phylogenetic Tree of SARS-CoV-2 Viruses.

Panel A shows the spike protein structure of severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
(entry 6ZGE in the Worldwide Protein Data Bank
[PDB]). Domains are colored according to their role in
viral entry and antibody recognition; the terminal do-
main that is missing in 6ZGE is shaded in gray. As
shown in the graphic above the chart, the spike protein
consists of two subunits, with subunit 1 (S1) (the por-
tions in yellow, purple, blue, green, and pink) contain-
ing the receptor-binding domain (RBD), the N-terminal
domain (NTD), and several other subdomains and sub-
unit 2 (S2) (the portion in gray) mediating fusion of the
virus-cell membrane. Also shown are the spike muta-
tions that are representative of circulating variants of
concern (B.1.1.7, B.1.351, P.1, and B.1.617.2) or variants
of interest (B.1.427/429, B.1.525, and B.1.526), as well
as patterns of mutations identified over the course of
persistent infections in immunocompromised patients,
as described in case reports. Representative sequences
from the case reports are listed according to the first
author’s name (42*%1°). Mutations in the NTD super-
site are located nearby on the protein structure. Muta-
tions are also recurring in the receptor-binding motif
(RBM) and around the furin cleavage site. The symbols
at the top of the columns indicate the N-linked glycosyl-
ation sites. CD denotes connector domain, CH center
helix, CT cytoplasmic tail, HR1 heptad repeat 1, HR2
heptad repeat 2, SD1 subdomain 1, SD2 subdomain 2,
S2°FP S2 fusion peptide, and TM transmembrane.

Panel B shows the phylogenetic tree of 1510 SARS-CoV-2
viruses detected in patients in the United Kingdom be-
tween January 2020 and February 2021. The phylogeny is
embedded as a root-to-tip plot, in which the x axis repre-
sents the date of sample collection and the y axis repre-
sents the number of genomewide mutations that have
occurred since the phylogeny root. The phylogeny is col-
ored according to the clade, as listed in the Nextstrain
database (an online site for the sharing of sequencing
and genomic data about SARS-CoV-2). Clade 201/501Y.V1
in this database corresponds to lineage B.1.1.7 in the
Phylogenetic Assignment of Named Global Outbreak
Lineages (PANGO) and is colored in orange and anno-
tated in the figure. The branch leading to lineage B.1.1.7
is annotated with selected mutations that are present
along this single branch. Lineage B.1.1.7 has a higher
number of mutations than most other circulating viruses
and has rapidly displaced existing genetic diversity in the
United Kingdom. The phylogeny is constructed from se-
quence data shared to GISAID (a database of genomic
information regarding influenza viruses and coronavirus-
es) by means of methods implemented by Nextstrain.

sion of Covid-19 among immunocompromised
patients.® Such patients should be prioritized for
anti-Covid-19 immunization not only to protect
them from SARS-CoV-2 but also to mitigate per-
sistent SARS-CoV-2 infections. Immunologic stud-
ies to evaluate antibody and T-cell immune re-

sponses to currently approved vaccines should be
undertaken in a variety of populations of immu-
nocompromised patients to evaluate the efficacy
of these approaches to mitigate disease and cur-
tail prolonged viral replication. Early data suggest
that a substantial number of solid-organ trans-
plant recipients may have a poor antibody re-
sponse to the spike protein.”® Whether this reduc-
tion in response alters the efficacy of vaccination
in preventing severe Covid-19 or prolonged SARS-
CoV-2 infection is currently unknown. Develop-
ing next-generation vaccines that are effective
against SARS-CoV-2 variants and that can block
escape pathways is needed.

Immunocompromised patients with Covid-19
should be informed about the importance of self-
isolation until viral shedding is documented to
be negative. Reactivation of symptomatic infec-
tion in compromised hosts has been reported, and
reemergence of high-titered shedding can occur
and should be a signal to look for potential es-
cape mutants. Household and close contacts of
such persons should be vaccinated regardless of
age, since asymptomatic infection with these es-
cape variants among healthy contacts may facili-
tate community spread of new transmissible
variants. Until data regarding vaccine dose, safe-
ty, and immunogenicity are available for children
under 12 years of age, these recommendations
may lead to incomplete coverage of close contacts
by contact vaccination.

EVOLVING THERAPIES FOR
IMMUNOCOMPROMISED PATIENTS

The recent demonstration of the use of combina-
tion monoclonal antibodies for preventing SARS-
CoV-2 acquisition in nursing homes and home
settings suggests that passive antibody prophy-
laxis may be another approach for immunosup-
pressed patients who do not have an adequate
immune response to vaccination or for patients
and their family members with high-risk expo-
sure.” Monoclonal antibodies with mutations in
the Fc portion of the formulation that extend the
half-life and the likely effective concentration for
several months or that enhance the effective im-
mune clearance of SARS-CoV-2 may be an alter-
native form of Covid-19 prevention for immuno-
compromised patients who do not have a response
to a vaccine.”® Monoclonal antibodies have already
been approved for emergency use as treatment for
high-risk persons and can reduce disease pro-
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gression, viral load, and the duration of viral shed-
ding. However, variants of concern have shown in
vitro escape from some monoclonal antibodies,
including bamlanivimab and casirivimab. (The
latter along with imdevimab constitutes the REGN-
COV2 antibody cocktail.)’® The effects of these
mutations on clinical outcomes among immuno-
compromised patients are not known. New mono-
clonal antibodies that are resistant to the current
recognized mutations are in development."”

Antiviral agents that inhibit SARS-CoV-2 rep-
lication offer an alternative mechanism of pro-
tection that should be unaffected by mutations
that compromise monoclonal antibodies. Mol-
nupiravir (EIDD-2801) was reported to suppress
replication of SARS-CoV-2 in 203 patients with
early infection, and two larger clinical trials are
in progress'™® (ClinicalTrials.gov numbers,
NCT04575584 and NCT04575597); whether anti-
viral escape variants emerge remains to be de-
fined. Stopping the replication of SARS-CoV-2 in
a compromised host by means of an effective
monoclonal antibody or small molecule offers an
opportunity to halt the development of mutations
and the spread of SARS-CoV-2 to close contacts.
Strategies to ensure that appropriate selection
and monitoring for rapid detection of resistance
to these therapies will become a key part of medi-
cal and public health management.

Viral adaptation to the human host and viral
escape variants are a threat to patient health and
Covid-19 pandemic control. Scientific attention
to the intersection of SARS-CoV-2 biologic fea-
tures, host immunologic characteristics, and the
unique concerns of immunocompromised hosts
is warranted. Additional considerations for im-
munization and other mitigation strategy guide-
lines for immunocompromised patients and their

close contacts are also needed.
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