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Abstract

Protective immunity against COVID-19 likely depends on the production of SARS-CoV-2 specific
plasma cells and memory B cells after infection or vaccination. Previous work has found

that germinal center reactions are disrupted in severe COVID-19. This may adversely affect
long-term immunity against re-infection. Consistent with an extrafollicular B cell response,
patients with severe COVID-19 have elevated frequencies of clonally expanded, class switched,
unmutated plasmablasts. However, it is unclear whether B cell populations in individuals with
mild COVID-19 are similarly skewed. Here, we use single cell RNA sequencing of B cells to show
that, in contrast to patients with severe COVID-19, subjects with mildly symptomatic COVID-19
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have B cell repertoires enriched for clonally diverse, somatically-hypermutated memory B cells
approximately 30 days after the onset of symptoms. This provides evidence that B cell responses
are less disrupted in mild COVID-19, and result in the production of memory B cells.

Introduction

COVID-19 is a pandemic, life-threatening disease caused by the virus SARS-CoV-2.

As of February 2021, there have been over 100 million confirmed cases of COVID-19
which have led to over 2 million deaths globally (1). The clinical course of SARS-CoV-2
infection is highly variable, ranging from often asymptomatic infection in healthy young
adults to severe pneumonia and multi-system failure that is more prevalent in the elderly
and those with comorbidities. The immunological response has been implicated both in
overcoming infection and in contributing to severe disease (2). The quality and persistence
of immunological memory after natural infection is a critical factor in suppressing re-
infection and ending the pandemic. Immunological memory is mediated in part by B

cells, which mature in germinal centers (GC) to produce neutralizing antibodies during
initial infection (3). These B cells can then differentiate into long lived plasma cells which
release antibodies into the blood, and memory B cells which can be quickly activated upon
re-infection (4). Many efforts to develop successful vaccines depend on stimulating GCs to
produce memory B cells, as well as plasma cells that release neutralizing antibodies (5).

Recent work has shown that the GC response, which is important for long term immunity,
is disrupted in severe COVID-19 (6, 7). Supporting this, others have shown evidence of
broad changes in B cell populations such as an expansion of B cell clones in COVID-19
that lack somatic hypermutation (8-10) (ref. 9 posted on preprint server). While much of
this work has focused on severely ill COVID-19 patients, most COVID-19 cases are mild
or asymptomatic. If previously documented disruptions in the B cell response are primarily
found in severe COVID-19, it is possible that mild cases can produce effective long-term
immunity through affinity maturation within GCs.

Here, we use single-cell RNA sequencing (sScCRNA-seq) of B cells from subjects with mild
COVID-19 to investigate whether a successful B cell response is detected approximately
one month after the onset of symptoms. We find that subjects with mild COVID-19 have
high frequencies of clonally diverse, somatically hypermutated memory B cells compared to
patients with severe COVID-19 and healthy controls. By contrast, 2/3 patients with severe
COVID-19 at a similar timepoint showed a high frequency of unmutated plasmablasts

and clonal expansions, consistent with an early and/or extrafollicular B cell response.
Overall, our results provide evidence that previously documented disruptions in the B cell
response during severe COVID-19 are less detectable in mild COVID-19, and that mild or
asymptomatically infected individuals produce large populations of mutated memory B cells
approximately one month after the onset of symptoms. These cells potentially form the basis
of longer-term protective immunity to SARS-CoV-2.
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Materials and Methods

Patient cohorts

Cryopreserved PBMCs were obtained from Precision for Medicine (Frederick, MD) which
collected and processed samples from symptomatic SARS-CoV-2 patients at least 21 days
post symptom onset (DPSO) after informed consent. All subjects were confirmed to have
COVID-19 by RT-PCR testing of nasopharyngeal samples (Hologic Panther Fusion SARS-
CoV-2 assay). All seven subjects included in this study expressed varying degrees of SARS-
CoV-2 symptoms, but none required hospitalization. Normal human PBMCs from four
healthy control subjects that were collected prior to the pandemic were obtained from the
same vendor. Additionally, previously generated data from three hospitalized patients from
the Yale COVID-19 IMPACT (Implementing Medical and Public Health Action Against
Coronavirus CT) Biorepository were included in the analysis (9). We classified these
patients as “severe” COVID-19 on the basis of hospitalization. The term “severe” includes
both “progressive” patients that were hospitalized in the ICU and eventually succumbed to
their disease, and “stable” patients hospitalized in Internal Medicine wards whose condition
improved, as defined in (9) (posted on preprint server). Baseline characteristics of all
patients are provided in Supplemental Table I.

Sample preparation and single cell RNA + BCR sequencing

All sample processing steps were done in a biosafety level 4 facility of the Galveston
National Laboratory. Cryopreserved PBMCs were thawed before being slowly transferred
to a 50 ml conical tube and diluted in PBS containing 0.5 mM EDTA buffer (PEB). The
cells were then centrifuged at 300 x g for 5 minutes at 4°C, washed twice and resuspended
in 0.5 ml PEB. B cells were isolated from PBMCs by Human Pan B cell immunomagnetic
negative selection kit (StemCell Technologies, MA) per manufacturer’s instructions. Cell
concentration was determined using Trypan blue staining with a TC20 automated cell
counter (Bio-Rad, CA) and adjusted if necessary to achieve the desired concentration of
700-1200 cells/pl.

10x barcoding, library preparation and sequencing

Approximately 7,000 purified B-cells from each sample were combined with Chromium
Next GEM Single Cell 5’ Gel Beads v1.1 and Reverse Transcription master mix (10x
Genomics, CA) to generate barcoded Gel Beads in Emulsion (GEM) according to
manufacturer’s recommendations. The GEMs were recovered and purified using silane
magnetic beads (Thermo Fisher Scientific, MA). The full-length cDNA along with cell-
barcode identifiers were PCR amplified for 11 cycles and then purified using SPRISelect
magnetic beads (Beckman Coulter, CA). The purified cDNA was inactivated in 80% ethanol
before being removed from BSL-4. The quality of ethanol precipitated DNA was assessed
by Bioanalyzer, and both B-cell receptor (BCR) and 5’ gene expression libraries (GEX)
were prepared as per manufacturer’s instructions. Libraries were quantified, both GEX and
BCR libraries were pooled according to equivalent molar concentrations and sequenced

on Illumina NovaSeq6000 sequencing platform. BCR libraries were sequenced by Illumina
Novaseq and the output binary base call (BCL) files were demultiplexed and converted into
FASTQ files with bcl2fastq. We then used Cell Ranger pipeline v4.0 (11) commands count
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and vajrespectively for the single cell gene expression libraries and B-cell receptor libraries
to obtain a data matrix of expression for all genes and all cells.

B cell subtype identification and B cell receptor analysis

Detailed descriptions of B cell subtype identification and B cell receptor (BCR) repertoire
analysis are provided in Supplemental Fig. 1. Briefly, ScRNA-seq gene expression
information was preprocessed and clustered using Seurat v3.2.2 (12). Only barcodes
corresponding to B cell subtypes with associated BCRs were included. B cell subtypes were
assigned using the immunoStates database (13) and known marker genes for plasmablasts
(PRDM1, XBPI), memory B cells (CD24, TNFRSF13B) and naive B cells (/GHD, IL4R,
TCL1A) (Fig. 1). We identified one plasmablast cluster, as well as four naive and three
memory B cell clusters which were merged. We also identified two small doublet clusters
which were removed. Cell type annotations from patients with severe COVID-19 were
largely concordant (1132/1186 cells) with their previous annotations in (9) (Supplemental
Fig. 3E). BCR repertoire analysis was performed using the Immcantation suite. To obtain
V, D, and J gene assignments, BCR sequences were aligned to the IMGT v3.1.24 germline
reference database using IgBLAST v1.13.0 (14, 15). Single-linkage hierarchical clustering
among cells with common V genes, J genes, and junction lengths was used to group

clonal clusters (16, 17). SHM level was calculated as the frequency of non-ambiguous
mismatches from each cell to the V gene of its inferred germline sequence. Clonal diversity
was performed using uniform downsampling with Alakazam v1.0.2.999 (18).

Data availability

RNA sequencing data have been deposited in NCBI’s Gene Expression Omnibus and are
available at the GEO Series accession number GSE164381 (www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE164381). Scripts to reproduce these analyses are available at: https://
bitbucket.org/kleinstein/projects.

Results

B cell repertoires of subjects with mild COVID-19 have elevated levels of memory B cells
compared to patients with severe COVID-19

B cells are divided into distinct functional subtypes. Naive B cells are antigen-inexperienced
precursors to other B cell subtypes, plasmablasts are antibody producing B cells released
into the blood, and memory B cells are antigen-experienced cells produced during an
immune response that can be activated upon re-infection (4). To characterize these B
cell subtypes in subjects with mild COVID-19, we obtained scRNA-seq and paired BCR
sequence data from the peripheral blood of four healthy subjects and seven subjects

with mild COVID-19. These subjects with mild COVID-19 were sampled between 24
and 37 (mean = 29.3) days after reported onset of symptoms. These subjects reported
few symptoms and none were hospitalized. To compare the B cell response in mild and
severe COVID-19 at similar timepoints, we also obtained sScRNA-seq data from a prior
study of three hospitalized COVID-19 patients sampled between 20 and 23 (mean = 21)
days after reported onset of symptoms (9) (posted on preprint server). We categorized
these hospitalized patients as having “severe” COVID-19. These patients included one
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“progressive” patient, who eventually succumbed to his disease, and two “stable” patients
whose condition improved, as defined in (9). We identified naive, memory, and plasmablast
B cell subsets in each of these cohorts by clustering cells with similar gene expression
patterns (Methods). We identified a single plasmablast cluster, multiple naive and memory B
cell clusters which were later merged, and two B cell doublet clusters which were discarded
(Methods, Fig. 1, Supplemental Figs. 2 and 3).

Prior work has shown that severe COVID-19 can cause large changes in B cell populations
1 — 3 weeks after the onset of symptoms, such as increased plasmablast frequency (9, 19,
20) (ref. 9 posted on preprint server). It is not known if subjects with mild COVID-19 have
similar changes. To test this, we quantified the frequency of naive, memory, and plasmablast
B cells in each cohort. Consistent with a resting immune system, healthy controls had a
significantly higher frequency of naive B cells compared to subjects with mild COVID-19
(Fig. 2A, p = 0.0061, Wilcoxon test). By contrast, patients with severe COVID-19 had a
higher frequency of plasmablasts compared to mild COVID-19, though this difference did
not reach significance (Fig. 2A, p = 0.067, Wilcoxon test). These plasmablast expansions
are consistent with a severe infection that is ongoing or recently resolved. Subjects with
mild COVID-19 had a significantly higher frequency of memory B cells than either healthy
subjects or patients with severe COVID-19 (Fig. 2A, p = 0.012 and 0.033 respectively,
Wilcoxon test), consistent with recently resolved infection. These results show that, ~30
days after symptom onset, mild COVID-19 induces large scale changes in B cell populations
characterized by increased frequency of memory B cells, in contrast to severe COVID-19,
which is characterized by an increased plasmablast frequency at a similar time-point.

Subjects with mild COVID-19 have more clonally diverse B cell repertoires than patients
with severe COVID-19

During a GC reaction, B cells rapidly proliferate and undergo somatic hypermutation
(SHM), which alters the DNA sequence of their BCRs. A group of B cells that descend
from the same naive B cell but potentially differ by SHM variants is referred to as a

“clone.” B cell clones can be identified bioinformatically by clustering B cells based on
BCR nucleotide sequence similarity (Methods). While B cell repertoires in the blood of
healthy subjects typically have high clonal diversity (i.e. many clones with few cells each),
the repertoires of patients with severe COVID-19 often have lower clonal diversity, with a
small number of large clones (9, 20) (ref. 9 posted on preprint server). These large B cell
clones are consistent with a substantial and ongoing B cell response. To test if subjects with
mild COVID-19 also have low clonal diversity, we calculated Simpson’s diversity for each
subject and each cell type after down-sampling to the same sequence depth for each subject
and cell type. This analysis showed that the memory B cell repertoires of subjects with

mild COVID-19 were significantly more clonally diverse than those of patients with severe
COVID-19 (Fig. 2B, p=0.021, Wilcoxon test), and similarly diverse as those of healthy
controls (Fig. 2B, p=0.1). Interestingly, we observed a similar trend towards lower diversity
in naive B cells in patients with severe COVID-19 compared to healthy and mild COVID-19
subjects (Fig. 2B). This is unlikely to be driven by mis-clustered naive cells, as all B cells in
non-singleton naive clones in severe patients were unmutated and IgM or IgD. Overall, these
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results indicate that the clonal diversity of mild COVID-19 is more similar to that of healthy,
resting repertoires than of severe COVID-19.

Patients with severe COVID-19 have increased unmutated IgG memory B cell and
plasmablast clones compared to those with mild COVID-19

During acute infection, naive B cells can class switch and differentiate outside of GCs (21).
Previous work has shown that GCs can be lost in severe COVID-19 (6), suggesting the

B cell response is primarily extrafollicular. This is supported by other studies showing a
high frequency of unmutated 1gG clones in patients with severe COVID-19 (7, 9, 10). To
determine whether this high frequency of unmutated IgG B cells is also present in mild
COVID-19 and healthy controls, we calculated the proportion of B cell clones that were
unmutated (defined as having a median SHM frequency < 1%) separated by cell types

and isotypes in each cohort. Patients with severe COVID-19 had a significantly higher
proportion of unmutated 1gG memory B cell clones compared to mild COVID-19 (Fig. 2C,
p = 0.017, Wilcoxon test), as well as a non-significantly higher proportion of unmutated
IgG plasmablast clones compared to mild COVID-19 (Fig. 2C, p = 0.092, Wilcoxon test).
The proportion of either unmutated IgG plasmablast or memory B cell clones was not
detectably different in subjects with mild COVID-19 compared to healthy controls (p =
0.66 and 0.39, respectively, Wilcoxon test). We did not find any significant differences
among cohorts when repeating these analyses with IgA B cells (Supplemental Fig. 2E).
These results suggest subjects with mild COVID-19 undergo affinity maturation which
produces class-switched, somatically hypermutated memory B cell clones by 3 — 4 weeks
after the onset of symptoms, a process which is potentially impaired in patients with severe
COVID-109.

Discussion

An appropriate B cell response is critical to the development of long-term protective
immunity. Previous studies have shown evidence that GC B cell responses are disrupted

in severe COVID-19 (6). Patients with severe COVID-19 show signs of extrafollicular B

cell response, with clonal expansions, an elevated frequency of plasmablasts, as well as an
elevated frequency of unmutated memory B cell and plasmablast clones approximately three
weeks after symptom onset. By contrast, we show here that individuals with mild COVID-19
have elevated frequencies of clonally diverse, somatically hypermutated memory B cells at a
similar timepoint.

B cells play a critical role in the development of long term protective immunity, and
previous work has shown that GCs are frequently lost during severe COVID-19 (6).
Disruption of GCs has been shown to correlate with COVID-19 morbidity (7), reinforcing
our conclusions that extrafollicular B cell responses are a hallmark of severe rather than mild
COVID-19. Woodruff et al. (7) also showed that extrafollicular responses correlate with the
production of neutralizing antibodies, showing GC reactions may not be necessary for short
term neutralizing antibody production against SARS-CoV-2. It is unclear whether disruption
of GCs in patients with severe COVID-19 reduces the development of SARS-CoV-2 specific
memory B cells. Indeed, the extent to which extrafollicular responses produce memory B
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cells is not clear in general (22). While we find that B cell populations in patients with
severe COVID-19 are skewed towards plasmablasts, it is possible these patients develop
more memory B cells at a later time than sampled in this study. In general, it is important
to note that all results in this study pertain to a cohort of COVID-19 patients sampled 3 —
4 weeks after the onset of symptoms. The blood compartment in most patients is likely to
return to a baseline state closely resembling healthy controls at later timepoints.

Our results are consistent with other recent studies describing changes in B cell repertoires
in subjects with COVID-19. Several studies have documented plasmablast expansions in
severe COVID-19 (9, 19, 20) (ref. 9 posted on preprint server). Our results show that
mildly symptomatic subjects, by contrast, have signs of affinity maturation such as mutated
memory B cells 3 — 4 weeks after the onset of symptoms. This is consistent with recent
studies showing memory B cell production following mild COVID-19. Rodda et al. (23)
documented mutated, SARS-CoV-2 binding memory B cells 1 — 3 months following onset
of symptoms. Gaebler et al. (24) also documented SARS-CoV-2 binding memory B cells
and ongoing affinity maturation in a large cohort of primarily mild COVID-19 subjects.
Consistent with our results, Kuri-Cervantes et al. (20) showed that recovered subjects with
mild COVID-19 had plasmablast frequencies similar to healthy controls. Kuri-Cervantes et
al. (20) did not explicitly compare total memory B cell proportions among patient cohorts,
so it is not clear how those results compare to ours. Together with these studies, our results
provide further evidence that mildly infected SARS-CoV-2 subjects develop immunological
memory after infection. Our results show that these changes are detectable even without
filtering to SARS-CoV-2 binding B cells. One advantage of the ScRNA-seq + BCR approach
taken in this study is that BCR sequences can be paired with B cell subtypes for individual
cells. This shows, for instance, memory B cells in subjects with mild COVID-19 are both
somatically hypermutated and clonally diverse.

There are a few caveats to consider in interpreting these results. First, only three patients
with severe COVID-19 were included from (9) (posted to preprint server) due to the earlier
timepoint of most patients in that study. However, that study’s other patients show similar
patterns of unmutated plasmablast expansions, so the trends we observed are unlikely to

be unique to the patients we selected. Second, the patients with severe COVID-19 included
were sampled on average 7 days earlier after the onset of symptoms than subjects with mild
COVID-109. It is possible the observed differences in these cohorts are due to differences in
sampling time. However, if this were true, we would expect subjects with mild COVID-19
sampled earlier to have more plasmablasts and fewer memory B cells. By contrast, the

two subjects with mild COVID-19 sampled the earliest (24 days post symptoms) showed
similarly high frequencies of memory B cells (33% and 36%) as the full mild COVID-19
cohort (mean = 39%, range = 26% - 55%). Patients with severe COVID-19 were also older
than the mildly infected individuals (mean = 72 vs 38 years old, respectively), and were
treated with the IL-6 inhibitor tocilizumab. It is possible the observed differences in B cell
repertoires are due to those factors. However, we do not believe this is due to tocilizumab
treatment because a similarly high frequency of plasmablasts and unmutated IgG clones was
also observed in patients not treated with tocilizumab in (9). Further, previous work did

not find a relationship between age and plasmablast expansion in severe COVID-19 (20).
While prior work has shown a decline in repertoire diversity with age (25), we did not
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observe a significant decrease in diversity with age within cohorts (Supplemental Fig. 2D).
Finally, while our clustering is driven largely by heathy and mild cohorts (Supplemental
Fig. 2C), we do not expect this to affect major B cell subtype classification, particularly
because annotations in the severe cohort are concordant with those in their original study
(Supplemental Fig. 3E).

There are several limitations beyond the scope of this study. It is not known whether sample
preparation and sequencing protocols used were affected by COVID-19 pathogenesis, which
may affect cell type frequencies. Further, the data we used are from peripheral blood
samples, which may poorly represent the total B cell repertoire during COVID-19. Finally,
because we do not have antigen specificity information for the cells we observe, we cannot
conclude that the memory B cell populations in the mild COVID-19 cohort (or any cohort
or cell type) are SARS-CoV-2 specific. Future studies with larger and better-controlled
cohorts, validation through other methods such as flow cytometry, and antigen specificity
information are warranted.

Overall, the results of this study show that B cell repertoires in patients with mild COVID-19
are not as disrupted as in severe COVID-19 approximately one month after the onset

of symptoms. This study further demonstrates that subjects with mildly symptomatic
COVID-19 produce somatically hypermutated memory B cells after infection, which
potentially form a key component of immunological memory to SARS-CoV-2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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1

2.

Mild COVID-19 patients have increased memory B cells 1 month after

symptom onset.

BCR repertoires of mild COVID-19 patients are clonally diverse and mutated.

Key points:
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Figure 1:
A) UMAP of cells obtained from patients with mild and severe COVID-19, as well as

healthy control subjects. Each point represents a single cell. B) Dot plots showing expression

of B cell marker genes for naive, memory, and plasmablast B cell subsets for the clusters

identified in panel A.
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Frequency of B cell subtypes and unmutated B cell clones in all patient cohorts. A) Naive
(clusters 0, 1, 3, 5), plasmablast (cluster 7), and memory (clusters 2, 4, 6) B cell frequencies
among total B cells in each cohort. B) Clonal diversity of each B cell subset in each
cohort. To account for differences in sequence depth among samples, Simpson’s diversity
was calculated as the mean over 1000 resampling realizations to a uniform sequence depth
among samples and cell type. C) Proportion of 1gG B cell clones that are unmutated (median
SHM < 1%) in each cohort. The proportion of unmutated IgG clones was not considered

for cells within naive B cell clusters, because these likely represent a small number of
mis-clustered cells (Supplemental Fig. 3A). P values in all panels were calculated using a

Wilcoxon test.
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