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Abstract

Background: The continuing evolution of severe acute respiratory syndrome coron-
avirus 2 (SARS-CoV-2) variants with decreased susceptibility to neutralizing antibodies
is of clinical importance. Several spike mutations associated with immune escape have
evolved independently in association with different variants of concern (VOCs). How
and when these mutations arise is still unclear. We hypothesized that such mutations
might arise in the context of persistent viral replication in immunosuppressed hosts.
Methods: Nasopharyngeal specimens were collected longitudinally from two immuno-
suppressed patients with persistent SARS-CoV-2 infection. Plasma was collected from
these same patients late in disease course. SARS-CoV-2 whole genome sequencing was
performed to assess the emergence and frequency of mutations over time. Select Spike
mutations were assessed for their impact on viral entry and antibody neutralization in
vitro.

Results: Our sequencing results revealed the intrahost emergence of spike mutations
that are associated with circulating VOCs in both immunosuppressed patients (del241-
243 and E484Q in one patient, and E484K in the other). These mutations decreased
antibody-mediated neutralization of pseudotyped virus particles in cell culture, but
also decreased efficiency of spike-mediated cell entry.

Conclusions: These observations demonstrate the de novo emergence of SARS-CoV-
2 spike mutations with enhanced immune evasion in immunosuppressed patients with
persistent infection. These data suggest one potential mechanism for the evolution of
VOCs and emphasize the importance of continued efforts to develop antiviral drugs for

suppression of viral replication in hospitalized settings.
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1 | INTRODUCTION

Specific genetic changes in SARS-CoV-2 have been associated with
clinically relevant features including increased transmission, resis-
tance to therapeutics, impaired diagnostic detection, and/or immune
escape.l* Understanding the mechanisms behind the emergence of
SARS-CoV-2 variants of concern (VOCs) with these features is key
to developing strategies to prevent their further appearance and
expansion. Several evolutionarily distinct VOCs share identical nonsyn-
onymous mutations in their spike open reading frames, despite arising
from distinct ancestral lineages.>® This sudden accumulation of con-
sequential mutations and several examples of convergent evolution in
VOCs suggest that discrete selective pressures underlie the appear-
ance of these variants. One hypothesis to explain VOC emergence is
the accumulation of mutations that increase viral fitness within indi-
viduals with prolonged infections and subsequent transmission to and
expansion in the population.”~?

Here, we report two cases of immunosuppressed individuals
(Patient A and Patient B), each with persistent SARS-CoV-2 infection
in whom the viral populations convergently acquired mutations asso-
ciated with circulating VOCs. Persistent infection in this context is
defined by a continual or intermittent display of symptoms follow-
ing a positive diagnostic test for SARS-CoV-2 for a time period of 30
days or greater. We find that both persistently infected patients in this
study exhibited increases in intrahost viral population diversity over
the course of infection that ultimately resulted in the emergence of
a new, dominant genotype. These results demonstrate the potential
for concerning variants to evolve in patients with persistent SARS-
CoV-2 infection and support the call increased viral surveillance in
immunosuppressed patients over long disease courses. The potential
for SARS-CoV-2to evolve in cases of persistent infection also has impli-
cations for infection prevention measures in the community and in
hospital settings and emphasizes the importance of ongoing efforts to
develop effective antiviral drugs for the suppression of viral replication.

2 | METHODS

2.1 | Clinical data extraction

Electronic chart review was carried out to extract and compile the fol-
lowing clinical data elements per study protocol STU00212267:
presentation,

laboratory/radiographic treatments,

co-morbidities, and outcomes of COVID-19.

findings,

2.2 | Specimen collection

Residual nasopharyngeal swab specimens from each patient were col-
lected from Northwestern Memorial Hospital’s Clinical Microbiology
Laboratory following SARS-CoV-2 diagnostic testing per study pro-
tocol STU002122640 (as in Lorenzo-Redondo et al.19). Both patients

also provided informed consent for study staff to collect addi-

tional nasopharyngeal swabs and whole blood per study protocol
STUO00206652. Nasopharyngeal swabs were stored in Viral Transport
Media, inactivated by incubation at 60°C for 1 h and frozen in 1 ml
aliquots at —80°C. Whole blood was collected from study participants
in Vacutainer CPT mononuclear cell preparation tubes containing
sodium heparin (Becton Dickinson). Plasma was removed, pooled, and
frozen in 1 ml aliquots at —80°C. Peripheral blood mononuclear cells
were removed, washed with 1x PBS containing 0.5% BSA and 2mM
EDTA, and frozen in cryopreservation media (1x FBS, 10% DMSO) at
—80°C.

2.3 | Viral load determination

Viral RNA was extracted from nasopharyngeal specimens utilizing the
QlAamp Viral RNA Minikit (Qiagen). Laboratory testing for SARS-
CoV-2 presence was performed by quantitative reverse transcription
and polymerase chain reaction (PCR) with the CDC 2019-nCoV RT-
PCR Diagnostic Panel utilizing N1 and RNase P probes and positive
control plasmids for standard curve determination (Integrated DNA

Technologies) as previously described.!?

2.4 | Whole genome sequencing from Viral RNA

cDNA synthesis was performed with SuperScript IV First Strand
Synthesis Kit (Thermo) using random hexamer primers according to
manufacturer’s specifications. Direct amplification of viral genome
cDNA was performed as previously described using the Artic Net-
work version 4 primers.12 Sequencing library preparation of genome
amplicon pools was performed using the SeqWell plexWell 384 kit
per manufacturer’s instructions. Pooled libraries were sequenced on
the lllumina MiSeq using the V2 500 cycle kit. Sequencing reads were
trimmed to remove adapters and low-quality sequences using Trim-
momatic v0.36. Trimmed reads were aligned to the reference genome
sequence of SARS-CoV-2 (accession MN908947.3) using bwa v0.7.15.
Pileups were generated from the alignment using samtools v1.9 and
consensus sequence determined using iVar v1.2.2 with a minimum
depth of 10, a minimum base quality score of 20, and a consensus fre-
quency threshold of O (i.e., majority base as the consensus). Each viral
specimen underwent repeated library preparation and sequencing on
at least 2 separate days with pooling of sequence reads prior to analysis

to increase overall coverage and read depth.

2.5 | Phylogenetic and diversity analysis

We used Nextclade (https:/clades.nextstrain.org/) to classify viral
clades. Genome sequences were aligned using MAFFT v7.453 soft-
ware and a Maximum Likelihood (ML) phylogeny was inferred with
IQ-Tree v2.0.5 using the SARS-CoV-2 reference genome Wuhan-Hu-
1 (NC_045512) to root the tree as in.1° TreeTime v0.7.6 was used

to estimate time scaled phylogeny using the previously inferred ML
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phylogeny. Additionally, we performed phylogenetic analysis of the
two patients’ sequences in the context of the broader Chicago epi-
demic, using all Chicago sequences submitted by our laboratory
to GISAID (GISAID.org) between December 2020 and June 2021.
We generated diversity phylogenetic trees and analyzed genetic
clustering of the patients’ longitudinal sequences using the same
approach as above (i.e., MAFFT v7.453 alignment followed by IQ-Tree
v2.0.5 ML tree inference). Shannon Entropy was calculated using the
nucleotide frequencies obtained from iVar applying the formula: Sh =
SUM[—(pi) - log2(pi)]; where Sh is Shannon Entropy calculated for each
position, and pi is the frequency of each nucleotide in each position.*3
To ensure a robust estimation of diversity, Shannon Entropy calcula-
tions were limited to positions with a minimum read depth of 1000
reads and a minimum frequency of 0.01 for minority variant calling. For
calling of minority variants in the spike gene, a minimum read depth of

50 reads, and a minimum frequency of 0.3 was used.

2.6 | Antibody quantification

Antibody titers for Spike N-terminal domain (NTD) and receptor bind-
ing domain (RBD) were determined by ELISA as previously described
using His-RBD and NTD antigens (Acro Biosystems) and Ni-NTA
HisSorb ELISA plates (Qiagen).* Anti-RBD antibody CR3022 (Cre-
ative Biolabs) and Anti-NTD antibody SPD-M121 (Acro Biosystems)
were used to construct standard curves.

2.7 | Spike expression constructs

Oligonucleotides carrying the E484K, E484Q, and del241-248 muta-
tions were used to perform site-directed mutagenesis of the pCAGGS-
Spike SARS-CoV-2 plasmid (B.1 Spike; BEI resources). Successful
mutagenesis was confirmed by Sanger sequencing.

2.8 | Viral entry and neutralization assays

Pseudotyped viruses were constructed for use in viral entry and
neutralization assays as in Schmidt et al.!> Spike expression con-
structs carrying the E484K and E484Q with and without the 241-248
deletion were used to generate replication-incompetent, HIV-based
(pNL4-3-nanolucAenv), luciferase reporter viruses pseudotyped with
each Spike protein. For cell entry assays, the viruses were normal-
ized to the amount of HIV capsid protein (p24) and used to challenge
HelLa-ACE2 cells at several dilutions as described.’® HelLa-Ace2 cells
were generated by lentiviral transduction and puromycin selection of
parental cells (ATCC HelLa CCL-2) with RRL.sin.cPPT.SFFV/Ace2.IRES-
puroWPRE (MT126) (Addgene #145839). Neutralization assays were
performed similarly, but HelLa-Ace2 cells were first preincubated
with serial dilutions of patient sera and then challenged with the
pseudotyped viruses for 48-h. Reporter gene expression was deter-

mined downstream of both assays using the Nano-Glo Dual-Luciferase

Reporter Assay (Promega). To test for differences in neutralization,
we fit a linear mixed effects model that included serum concentration,
virus genotype, and the interaction of both variables controlling for the
different replicates performed using the nime package in R v4.0.3. Sub-
sequently, we tested all pairwise comparisons between mutants within
the fitted model and adjusted for multiple comparisons using Tukey’s
method. Comparisons with an adjusted p-value <.05 were considered
significantly different. For this estimation, we used the luminescence
values measured in relative light units (RLUs) normalized by average
RLU values of the ‘no plasma’ controls.

2.9 | Patient histories

Patient A was a 64-year-old man with a medical history of mantle cell
lymphoma diagnosed in 2017. After several rounds of chemotherapy,
the patient underwent autologous hematopoietic stem cell transplan-
tation in August of 2020. The patient was scheduled to receive ritux-
imab every 2 months for maintenance and had received two doses by
December 2020. He received his first SARS-CoV-2 Pfizer-BNT-162b2
vaccination on December 23, 2020. Five days later he developed fever
and cough. On January 5, 2021, he tested positive for SARS-CoV-2
by polymerase chain reaction (Cepheid Flu/RSV/SARS-CoV-2). Further
rituximab doses were held, and he received bamlanivimab on Jan-
uary 6, 2021. He developed worsening shortness of breath, bilateral
ground glass changes on chest radiograph, and was started on outpa-
tient prednisone on January 26, 2021. He was subsequently admitted
to the hospital with radiologic and clinical progression and started
on remdesivir. He progressed to acute respiratory distress syndrome
(ARDS), requiring intubation a week later and subsequently transi-
tioned to venovenous extracorporeal membrane oxygenation (ECMO).
Dexamethasone was administered on February 26, 2021. His course
was complicated by multiple healthcare-associated pneumonias, pneu-
mothoracies, and bleeding from the ECMO site. He was deemed not to
be a transplant candidate and died 7 months after his initial COVID-19
diagnosis.

Patient B was a 48-year-old man with past medical history of chronic
lymphocytic leukemia with Richter’s transformation initially diagnosed
in March 2019. After initial rounds of chemotherapy, including ritux-
imab, his lymphoma went into remission. The patient had recurrence
of his lymphoma in November 2020 and was started on venetoclax,
ubituximab, and umbralisib in clinical trial in January 2021. The patient
then developed symptoms of fatigue, fevers and myalgias without loss
of taste or smell, and subsequently tested positive for SARS-CoV-
2 by PCR on March 4, 2021. Chemotherapy was temporarily held,
and he received a single dose of bamlanivimab on March 5, 2021.
Symptoms transiently improved, and he tested negative for SARS-CoV-
2 on April 26, 2021 after which time chemotherapy was resumed.
Mild respiratory symptoms persisted intermittently until June 17,
2021 when a low-grade fever, shortness of breath, and worsening
upper respiratory tract symptoms prompted further evaluation. A
chest computed tomography (CT) scan revealed diffuse bilateral lower

lung ground glass opacities, consistent with COVID-19. The patient
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subsequently tested positive for SARS-CoV-2 from bronchioalveolar
lavage sampling. After exhibiting worsening symptoms, the patient
was admitted to the hospital on June 25, 2021, at which time he
was administered remdesivir and a single, compassionate-use dose of
casiriviamb-indevimab. The patient had no significant hypoxemia and
did not receive corticosteroid therapy. Fever subsided and respiratory
symptoms improved with treatment. A repeat chest CT revealed res-
olution of ground glass changes; the patient was discharged following
resolution of all clinical symptoms on July 4, 2021. At the time of this
study, the patient had not received any vaccine doses for SARS-CoV-2.

3 | RESULTS

Each patient underwent multiple PCR-based tests for SARS-CoV-2
over the course of their hospitalizations as depicted in Figure 1A. Over
the span of 130 days, nine of nine (100%) diagnostic SARS-CoV-2 PCR
tests were positive for patient A with an average N1 Ct value of 29.02
(range 23.18-36.17). Over the span of 117 days, two of five (40%)
diagnostic SARS-CoV-2 PCR tests were positive for patient B with an
average N1 Ct Value of 26.95 (range 22.76-31.14) (Figure 1B).

Viral whole genome sequences were successfully assembled for
five of the nine positive specimens (55%) from patient A and for
both of the positive specimens (100%) from patient B. The average
read depth across the sequences ranged from 619 to 3795 reads per
position. Within spike, the average read depth ranged from 539 to
2631 reads per position. The consensus sequence of each viral genome
assembly for patient A mapped to Clade 20B, while the consensus
sequence of each viral genome assembly for patient B mapped to Clade
20G. Consensus sequences were deposited to the GISAID database
(Patient A sequences 1-5: EPI_ISL_1501693, EPI_ISL_1501684,
EPI_ISL_12599131, EPI_ISL_2372953, EPI_ISL_2372989; Patient B
sequences 1-2: EPI_ISL_3185852 and EPI_ISL_3185853).

Patient A tested consistently positive by PCR, had ongoing respira-
tory symptoms, and showed infection with the same 20B sublineage
at each timepoint, all suggestive of persistent infection. Patient B
had transient improvement in symptoms coinciding with a negative
PCR-based test result but had persistent respiratory symptoms. The
sequencing data revealed infection with the same 20G sublineage at
each timepoint, again consistent with persistent infection. Note that
while 20G was circulating in the Chicago area with 37% frequency
when the patient was first diagnosed in early March 2021, it was cir-
culating with less than 1% frequency by mid-June of that year at the
time of second sampling, making reinfection highly unlikely (https://
outbreak.info/, accessed May 9, 2022). To confirm that each case most
likely reflected a persistent infection, the SARS-CoV-2 whole genome
sequences from each patient were assembled in a phylogenetic tree
with all other available SARS-CoV-2 whole genome sequences from
clinical isolates collected at Northwestern Memorial Hospital between
December of 2020 and June of 2021 (Figure 2A). Patient A sequences
(blue) cluster together with 98% support by approximate likelihood-
ratio test (aLRT) and 100% support by bootstrap. Patient A sequences
(red) cluster together with 93.5% support by aLRT and 100% support

by bootstrap. Taken together, the clinical histories and sequence anal-
yses strongly suggest persistent, long-term infection of both patients
with SARS-CoV-2.

While consensus sequences mapped within the same sublineage
over time, de novo mutations arose in each patient over the course
of infection, several of which became dominant at later timepoints
(Figure 2B). Consistent with the emergence of new mutations, intra-
host viral diversity, measured as the Shannon entropy in each spec-
imen, was also observed to increase over time (Figure 2C). These
changes included a number of mutations in the viral spike protein
(Figure 2D). In patient A, this included a 7 amino acid deletion in
Spike between positions 241-248, and a similar 3 amino acid deletion
between positions 241-243 that became more prevalent at later time
points. De novo emergence of the 241-243 deletion in spike is notable
as this same mutation is observed in the Beta VOC (Figure 2E). The viral
isolate in patient A also developed a spike E484Q mutation, which was
observed in formerly monitored variant Kappa. Patient B developed a
similar E484K mutation, previously observed in the Beta and Gamma
VOCs as well as in several formerly monitored variants (Figure 2D,E).
The Spike 241-243 deletion and the E484K mutation have been
previously linked with escape from neutralizing antibodies.2>17-19

Both patients received the spike-targeting monoclonal antibody
therapeutic bamlanivimab early in their treatment course (Figure 1A).
To determine if either patient had later developed antibodies against
SARS-CoV-2 Spike, blood samples were taken from patients A and B
94 and 114 days after symptom onset (85 and 112 days after bam-
lanivimab treatment), respectively. Antibody levels against the NTD
and RBD of spike were quantified by enzyme-linked immunoassay
(ELISA). Plasma collected from a fully vaccinated, immunocompetent
individual was used as a positive control. Patient A showed detectable
levels of antibody against Spike NTD (24.60 ug/ml), but no detectable
antibodies against the RBD. Patient B showed no detectable levels of
antibody against spike NTD or RBD (Figure 3A).

Given that some of the emergent spike variants have been pre-
viously linked to increased antibody escape (241-243 deletion and
E484K mutation),>® we wanted to determine if the other observed
mutations in these patients conferred similar phenotypes. To test
this, the wild-type, parental spike protein from these clades (B.1 lin-
eage) was cloned into a mammalian expression construct. The E484Q
and E484K variants with and without the 241-248 deletion from
patient A were subsequently cloned and used to generate replication-
incompetent, HIV-based, luciferase reporter viruses pseudotyped with
each Spike protein. Viruses were normalized to the amount of HIV cap-
sid protein (p24) and used to challenge HeLa-ACE2 cells in cell culture
at several dosages. Each mutation was observed to negatively impact
viral fusion as measured by luciferase reporter activity in this assay,
with the E484 mutations causing minor defects and the spike deletion
causing adominant, larger defect (Figure 3B).

To determine if these mutations conferred enhanced antibody
escape, a subset of these viruses (wild-type, E484Q, 241-248 deletion,
and E484Q+241-248 deletion) were incubated with a dilution series of
plasma from patient A. While both the E484Q and del241-248 muta-

tions alone showed limited changes in the ability of the pseudotyped
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FIGURE 1 Histories of patients A and B with persistent severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection. Panel A

summarizes the clinical progression of two immunosuppressed patients starting at the time of COVID-19 symptom onset. Red tick marks
represent dates of polymerase chain reaction (PCR)-based SARS-CoV-2 diagnostic testing. The date of plasma collection from each patient is
indicated in light blue. Panel B shows the cycle threshold (Ct) value of the diagnostic SARS-CoV-2 PCR-based tests administered during each
patient’s clinical course. Dates of collection for SARS-CoV-2 isolates that successfully underwent whole genome sequencing are annotated with
numbers. Specimens with Ct values beyond the limit of detection of 40 were artificially represented by points at 45.

viruses to evade antibody neutralization relative to the wild-type Spike
protein, the E484Q+del241-248 double mutant virus was more resis-
tant than either single mutant alone and showed significantly lower
neutralization compared to wild type virus (adjusted p-value = .0483)
(Figure 3C).

4 | DISCUSSION

This study documents de novo emergence of spike mutations in two
immunosuppressed patients with persistent SARS-CoV-2 infection.
Both patients tested serially positive for SARS-CoV-2 by PCR-based
diagnostic testing, even beyond 100 days from symptom onset. Each

patient was treated early in the course of their infections with the

monoclonal antibody therapeutic bamlanivimab and were later treated
with remdesivir. Only one of the two patients developed detectable
levels of anti-NTD spike antibodies in their blood. Viral whole genome
sequencing revealed the accumulation of intrahost viral diversity over
time, and the emergence of several de novo mutations. A number of
these mutations mapped to the spike protein and were identical to
mutations previously documented in VOC. In vitro characterization
demonstrated that these mutations decreased viral entry efficiency
but enhanced escape from neutralizing antibodies developed by the
patient.

These results suggest that persistent SARS-CoV-2 replication in
immunocompromised hosts can drive increased levels of intrahost
viral diversity and apply selective pressure yielding viruses with fit-

ness advantages.”®” The Spike mutations examined in cell culture all
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decreased viral entry efficiency but enhanced escape from neutraliz-
ing antibodies. It is unclear if this selection is driven by low levels of
native antibody response in these hosts or by administration of mono-
clonal therapeutics like bamlanivimab. On the one hand, both patients
developed E484 mutations in spike RBD that confer resistance to bam-
lanivimab, consistent with observations from other studies.1”"2° On
the other, a detectable anti-spike NTD antibody response did develop
in one patient whose virus subsequently evolved deletions in the pre-
viously described antigenic supersite of the Spike NTD that were
protective against neutralization by patient sera.2! If low levels of a
native antibody response do contribute to the emergence of resistance
mutations, the degree to which an individual isimmunocompromised is
likely to be a critical factor; sufficient antibody levels must be present
to apply a selective pressure, but they also must be low enough to allow
ongoing replication.

It is likely that both sources of antibody (therapeutic and host-
derived) can drive viral selection, emphasizing the need to limit viral
replication and viral diversity in patients with persistent infection
through the development and administration of effective antivirals.
The finding that several of the Spike mutations documented here
mimic those previously observed in other VOCs suggest one poten-
tial origin for new variants with divergent spike proteins.®2223 While
this study is limited to two patients within a single institution, intra-
host emergence of the E484K spike mutation has also been recently
documented in other patients who received bamlanivimab at other
institutions, suggesting an important role of therapeutics in driv-
ing viral evolution.”17:2425 |t is still unknown if intrahost selective
pressures can also lead to the selection of viruses with enhanced trans-
missibility, or if enhancement of intrahost replication always resultsina

fitness cost to transmissibility. More studies in immunosuppressed and
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immunocompromised hosts with persistent SARS-CoV-2 infection are
needed to better understand and predict the ongoing evolution of this
virus.
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