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Abstract

The factors that control the development of an effective immune response to the recently emerged
SARS-CoV-2 virus are poorly understood. Herein, we provide a cross-sectional analysis of the
dynamics of B cell responses to SARS-CoV-2 infection in hospitalized COVID-19 patients.
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We observe changes in B cell subsets consistent with a robust humoral immune response,
including significant expansion of plasmablasts and activated RBD specific memory B cell
populations. We observe elevated titers of antibodies to SARS-CoV-2 RBD, full-length spike,

and nucleoprotein over the course of infection, with higher levels of RBD-specific 1gG correlating
with increased serum neutralization. Depletion of RBD-specific antibodies from serum removed

a major portion of neutralizing activity in most individuals. Some donors did retain significant
residual neutralization activity, suggesting a potential antibody subset targeting non-RBD epitopes.
Taken together, these findings are instructive for future vaccine design and monoclonal antibody

strategies.

Introduction

The novel coronavirus, SARS-CoV-2, emerged in December 2019() and continues to take
an unprecedented toll on the global population with over 2.4 million deaths reported
worldwide, a half million of which have occurred in the U.S. alone.?) Two mRNA
vaccines (Pfizer-BioNTech and Moderna) are currently approved for emergency use in the
United States.(34) In addition to these U.S.-approved SARS-CoV-2 vaccines, there are over
200 other vaccine candidates at various developmental stages from preclinical testing to
approved usage outside the U.S.®) In order to understand differences in efficacy between
vaccine candidates and between immunity developed from vaccination versus natural
infection, it is important to continue to explore the characteristics of protective immunity
after natural infection. Discoveries concerning the generation, dynamics, and durability of
natural immunity may influence discussions and decisions concerning future vaccination
development and distribution efforts. Furthermore, a detailed insight into the mechanism
of viral neutralization is also essential for both vaccine and monoclonal antibody-based
treatment efforts, potentially influencing considerations of necessary antigen targets to
achieve effective thresholds of protection.

SARS-CoV-2, a beta-coronavirus (®), shares a high level of homology to SARS-CoV(),

the coronavirus responsible for the 2002—-2003 SARS epidemic. These coronaviruses have
also been found to share the same host entry receptor, ACE2, which is bound by the

receptor binding domain (RBD) on the spike (S) homotrimer that is present on the viral
surface.(’) RBD is located within the S1 subunit of the protein and appears to be only
accessible in the “open” or “up” confirmation of the trimer.(") Given the homology between
the two beta-coronaviruses, a predictable relationship between RBD binding and SARS-
CoV-2 neutralization exists, and studies by us® and others(®-11) have clearly illustrated

a strong correlation between RBD binding and viral neutralization. Like their SARS-CoV
counterparts, antibodies targeting RBD appear to be an integral component of the protective
immune response against SARS-CoV-2.(12) In support of this, several antibodies isolated
from RBD-specific memory B cells have been characterized and shown to be potent
neutralizers of SARS-CoV-2 both in vitrd1:1314) and jn vivo.(19) In addition, several groups
have shown potent plasmablast responses during acute infection(16), and sizeable RBD- or
spike-specific memory B cell responses(11:13-15.17) early after infection. Interestingly, potent
RBD-specific neutralizing antibodies can be isolated from individuals regardless of the
neutralizing serum titer(!1) and follicular T cells, a critical part of germinal center reactions,
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are rarely RBD-specific.(1”) Given the contribution of antibodies to the neutralization of
SARS-CoV-2 in vivo, understanding the protective characteristics of the virus-specific B cell
responses to SARS-CoV-2 infection remains crucial.

An early expansion of plasmablasts followed by the formation of a circulating antigen-
specific memory B cell pool has been reported for numerous acute viral infections, including
SARS-CoV-2.(113-17) previous studies of SARS-CoV and SARS-CoV-2 infection have
shown that patients develop severe lymphopenia with significant decreases in T cell
numbers.(18.19) |n contrast, B cell numbers in these individuals remain unimpacted by
infection.(1819) However, recent evidence from autopsied patients that succumbed to
SARS-CoV-2 infection suggests suboptimal germinal center reactions in these patients,
which could potentially contribute to short-lived and immature antibody responses to
SARS-CoV-2.(16.20) Additional alterations among B cell subsets have also been reported.
For example, expanded atypical memory B cells have been reported in patients with

severe COVID-19.(20.21) A subset most often described in patients with autoimmunity,
immunodeficiencies, or chronic viral infection, these CD27-CD21" B cells are thought to
mature independently of germinal center reactions through an extrafollicular pathway.(?1.22)
The apparent expansion of this subset within severe COVID-19 patients raises questions
concerning the nature of their role in the immune response to SARS-CoV-2 and their
contribution durable antibody responses, which is a continued concern given several recent
reports of SARS-CoV-2 re-infection after only a few months in individuals previously
infected with SARS-CoV-2.(23.24)

Herein, we report a cross-sectional study of the dynamics of human B cell responses during
acute SARS-CoV-2 infection. We show that infection induces a potent plasmablast response,
and RBD-specific memory B cell responses that correlate with virus-specific serological
responses. We also show, using a serum depletion approach, that RBD specific antibodies
are the primary driver of viral neutralization in the majority of patients. Interestingly, a
subset of the individuals examined had significant portions of their neutralizing response
that appeared resistant to RBD depletion, potentially suggesting alternate mechanisms of
protection outside the direct inhibition of RBD. These findings have significant implications
for ongoing vaccine strategies, as well as for efforts to identify, characterize and deploy
preventative and therapeutic monoclonal antibodies against SARS-CoV-2.

Study cohort

The current study draws on patient samples from hospitalized COVID-19 patients with
RT-PCR confirmed SARS-CoV-2 infection at the Emory University Hospital and Emory
University Hospital Midtown (n=50). While no specific criteria or demographics were
used for enrollment beyond PCR confirmed SARS-CoV-2 infection, all patients were
symptomatic at the time of enroliment. Specimens were collected after receiving informed
consent, except for 00022371 for which a consent waiver was obtained. The clinical
studies from which these samples were obtained was approved by the Emory University
Institutional Review Board IRB #00000510, IRB #00045690 and IRB #00022371. For IRB
#00000510 and #00045690, informed consent was obtained prior to patient participation.
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For #00022371, an IRB waiver was obtained allowing the use of discarded samples in the
clinical laboratory at the Emory Hospital. The majority of the patients were diagnosed with
severe disease (91%) and trended towards being older (median age = 58.5) and male (59%).
Further details of the cohort can be found in Supplementary Table 1. Limitations of the
cohort include (i) all individuals were hospitalized with the majority diagnosed with severe
disease, (ii) a majority of individuals had one or more pre-existing conditions, and (iii) a
relatively small sample size.

Sample preparation

Briefly, plasma and PBMC were isolated from peripheral blood collected in CPT tubes
from these patients at various times after disease onset (3-57 days post-symptom onset).
Briefly, CPT tubes were processed according to manufacturer’s protocol, and plasma and
PBMCs separated collected separately. PBMCs were treated with ACK lysis buffer (Quality
Biological #118-156-101) for 5 minutes and washed 3 times with PBS with 2% FBS before
counting and analysis by flow cytometry. PBMC and plasma were frozen at —80C prior to
long-term storage at —80C (plasma) or in liquid nitrogen (PBMC).

Viruses and cells

The infectious clone SARS-CoV-2 (icSARS-CoV-2) and mNG-tagged SARS-CoV-2
(icSARS-CoV-2-mNG) was kindly provided to us and previously described by Dr. Vineet
Menachery (UTMB).(2%) Briefly, the SARS-CoV-2 virus used was derived from infectious
clone 2019-nCOV/USA_WA1/2020 and tagged with a fluorescent reporter gene (MNG) in
ORF7.(%) Viral titers were determined by plague assay on VeroE6 cells (ATCC). VeroE6
cells were cultured in complete DMEM medium consisting of 1x DMEM (Corning Cellgro),
10% FBS, 25 mM HEPES Buffer (Corning Cellgro), 2 mM L-glutamine, 1mM sodium
pyruvate, 1x Non-essential Amino Acids, and 1x antibiotics. Viral stocks were titered on
VeroES cells and stored at —80°C until use.

Flow cytometry

Freshly isolated peripheral blood mononuclear cells were stained first for viability with
Live/dead Yellow (ThermoFisher) and then for markers with the following monoclonal
antibodies: 1gA (IS11-8E10, Miltenyi), IgD (IA6-2, BD), 1gG (G18-145, BD), IgM
(MHM-88, Biolegend), CD3 (SK7, BD), CD4 (RPA-T4, BD), CD8 (SK1, BD), CD14
(61D3, eBioscience), CD16 (CB16, eBioscience), CD19 (SJ25C1, BD), CD20 (2H7,
BD), CD27 (0323, BioLegend or M-T271, BD), CD38 (HB7, BD), and CD71 (CY1G4,
BioLegend. Antigen-specific B cells were detected by staining with RBD conjugated to
Alexa Fluor 488 (Protein Labeling Kit, ThermoFisher). RBD was conjugated according
to manufacturer’s instructions, with the following changes: protein was labeled at

a concentration of 1mg/mL, and incubated for 30 minutes without the addition of
bicarbonate. After staining, PBMCs were washed and then fixed for 30 minutes using 2%
paraformaldehyde (ThermoFisher). Data were acquired on a BD FACSymphony A5 and
analyzed using FlowJo 10.7.1 (BD).
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ELISAs were conducted as we have previously described.(®) Recombinant RBD for this
assay Wwas generated as previously described.® Briefly, recombinant RBD derived from
SARS-CoV-2, Wuhan-Hu-1 (GenPept:QHD43416) was cloned, expressed in an Expi293F
cell system, and purified on HisTALON Superflow Cartridges.(®) Recombinant RBD,
recombinant monomeric spike (obtained from the CDC), or nucleoprotein (Sinobiological,
# 40588-V08B) were coated overnight at 4C on Maxisorb plates at 0.5 (NP) and 1 (RBD,
Spike) pg/mL in Dulbecco’s phosphate-buffered saline (DPBS). After blocking for 2 h with
1% bovine serum albumin (BSA) in PBS containing 0.05%Tween 20 (PBS-T), serially
diluted serum samples were added and incubated for 90 minutes. The bound antibodies
were detected using goat anti-human isotype specific secondary antibodies conjugated to
horseradish peroxidase (HRP) that were added for 60 minutes (Jackson ImmunoResearch,
anti-lgG Cat#109-036-098, anti-lgM Cat#109-036-129, anti-IgA Cat#109-036-011). Plates
were developed with 0.4 mg/mL o-phenylenediamine dihydrochloride (OPD) diluted in
phosphate-citrate buffer pH 5.0 containing 0.012% H,0O,. The reaction was stopped with 1M
hydrochloric acid and the absorbance was measured at 490 nm using a spectrophotometer
(BioRad). Unless noted, plates were washed 3 times with PBS-T between each step.
Endpoint titers were interpolated based on a sigmoidal 4-parameter logistic where X is
concentration with the baseline value for each isotype/antigen pair derived from the average
plus three times the standard deviation of pre-pandemic negative control samples (n=20).

Focus Reduction Neutralization Titer assay

COVID-19 patient or healthy control plasma were incubated at 56°C for 30 min and
manually diluted in duplicate in serum-free Dulbecco’s modified media and incubated

with 750-1000 focus-forming units of either icSARS-CoV-2 or SARS-CoV-2-mNG virus at
37° C for 1 hour. The virus/serum mixture was added to VeroE6 cell monolayers seeded

in 96-well clear or blackout plates and incubated at 37° C for 1 hour. Post incubation,

the inoculum was removed and replaced with pre-warmed complete DMEM containing
0.85% methylcellulose. Plates were incubated at 37° C for 24 hours. After 24 hours,

the methylcellulose overlay was removed, cells were washed three times with phosphate-
buffered saline (PBS), and fixed with 2% paraformaldehyde (PFA) in PBS for 30 minutes

at room temperature. For the FRNT assay, plates were washed twice with 1x PBS and

100 plI of permeabilization buffer (0.1% BSA-Saponin in PBS) (Sigma Aldrich), was

added to the fixated Vero cell monolayer for 20 minutes. Cells were incubated with an
anti-SARS-CoV spike protein primary antibody conjugated to biotin (CR3022-biotin) for 1
hour at room temperature, then with avidin-HRP conjugated secondary antibody for 1 hour
at room temperature. Foci were visualized using True Blue HRP substrate and imaged on

an ELISPOT reader (CTL). For the FRNT-mNG assay, the 2% PFA is removed and washed
twice with PBS. The foci were visualized using an ELISPOT reader (CTL ImmunoSpot S6
Universal Analyzer) under a FITC channel and enumerated using Viridot. The neutralization
titers were calculated as follows: 1 - (ratio of the mean number of foci in the presence of sera
and foci at the highest dilution of respective sera sample). Each specimen is tested in two
independent assays performed at different times. The FRNT-mNGsg titers were interpolated
using a 4-parameter nonlinear regression in GraphPad Prism 8.4.3. Samples with an FRNTxgq
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value that was below the limit of detection, are plotted at 10. For these samples, this value
was used in fold reduction calculations.

Depletion of RBD specific serum antibody

Statistics

Results

RBD binding antibodies in patient sera were depleted using RBD-coupled paramagnetic
beads. Recombinant SARS-CoV-2 RBD was covalently attached to paramagnetic M-270
epoxy Dynabeads using the “Dynabeads Antibody Coupling Kit” (ThermoFisher Scientific
# 14311D) according to manufacturer’s instructions for labeling 60 mg of beads. Beads
were prepared using 30 pg of RBD per mg of beads. After coupling, beads were suspended
at a concentration of 10 mg/mL in buffer SB containing 0.02% (w/v) sodium azide for

up to two weeks at 4°C. Immediately before use, RBD-coupled beads were washed once
for 5 minutes in PBS with 0.1% BSA and then resuspended in DPBS at a concentration

of 30 mg/mL. Patient sera were added to beads at a ratio of 1:10 (v/v) and gently mixed
for 1 hour at ambient temperature using a rotating mixer. Depleted sera were separated
from beads with a magnet tube rack and transferred to a fresh tube that contained RBD
coupled beads equal in amount to the first depletion, which had been separated from the
storage solution. Samples were incubated again for 1 hour at ambient temperature and then
magnetically separated from beads yielding RBD-depleted sera diluted 1 to 10 in DPBS.
Samples were aliquoted and stored at —80°C prior to use in binding assays or neutralization
assays as described above. Endpoint binding titers for this assay were interpolated based
on a sigmoidal 4-parameter logistic where X is concentration using 3x background as the
baseline value. Neutralization titers were calculated as previously stated. Percent reduction
was then calculated from the fold-change between the pre-depletion and post-depletion
samples.

Data were analyzed using GraphPad Prism 8.4.3. A one-way ANOVA Brown-Forsythe test
or Holm-Sidak multiple-T test, as appropriate for all comparisons of cell populations and
antibody titers between groups. Pearson correlation coefficients and linear regressions were
applied as appropriate.

Highly expanded plasmablasts and reduced memory B cell frequencies in peripheral blood
of hospitalized COVID-19 patients.

To define the dynamics of human B cell responses during acute SARS-CoV-2 infection,
we assessed CD19+ cell subsets in a cross-sectional study of 46 hospitalized patients,
sampled at timepoints ranging from 3 to 57 days post symptom onset (DpSO), compared
to 8 healthy controls samples collected during the study period and confirmed to be
SARS-CoV-2 negative by serology (Figure 1). Six of the acutely infected patients were
sampled at least twice (Supplementary Table 1). We found that the overall B cell
compartment (CD19+ cells) in peripheral blood was significantly increased in the second
(19.1£7.54) and third (15.1+6.69) weeks after symptom onset as compared to healthy
controls (9.16+2.67) (p<0.001, p=0.017). This increase is likely due to both plasmablast
expansion as well as a loss of peripheral CD3+ T cells (Supplemental Fig 1), as has
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been previously reported.(26) Focusing on antigen-experienced B cell subsets, we analyzed
both infection-induced plasmablasts and total memory B cells (MBC). We found highly
expanded plasmablast responses in the majority of COVID-19 patients, rising early after
symptom (<d7) onset (5.0£1.7, p=0.016), peaking at 8—-14 DpSO (19.5+17.6, p<0.001),

and remaining significantly increased 15-21 DpSO (14.5+14.5 p=0.006), as compared

to healthy controls (1.3£0.6). In contrast, classical MBCs (CD27+/1gD- B cells) were
significantly reduced, falling before 7 DpSO (HC=23.2+7.2, CVD=9.4+3.3, p=0.003) and
remaining low in patients at >21 days of illness (13.4+5.8, p=0.044). CD27- MBCs were
not significantly reduced in frequency at any timepoint. Additionally, unswitched memory B
cells (CD27+/IgD+) were dramatically reduced <7 DpSO (2.6+0.9) compared to controls
(14.2+6.9) (p=0.008) and remained low in patients hospitalized >21 DpSO (3.2+2.2,
p=0.008). Unswitched MBC are known to exhibit reactivity similar to naive B cells, and

are able to rapidly respond to antigen.(22) The significant loss observed may be in part

due to differentiation into plasmablasts, but this issue requires further study. However, both
CD27+ and CD27- switched MBCs remained low after 21 DpSO, when plasmablasts were
no longer significantly expanded, at least in peripheral blood. These data show an early
expansion of plasmablasts that is reminiscent of other serious viral infections, such as HIN1
influenza®?, dengue(?® and Ebola(® infection, and is likely responsible for the early
SARS-CoV-2-specific antibody responses seen in these patients.

RBD-specific memory cells appear 8-14 days after symptom onset.

To further assess the dynamics of B cell responses to SARS-CoV-2, we analyzed antigen-
specific memory B cell responses by flow cytometry, using fluorescently-labeled RBD as

a probe (Figure 2A). We observed a significant expansion of RBD-specific switched MBC
at 8-14 DpSO, corresponding to 0.57+0.53% of the overall MBC population, compared to
the negligible background of 0.07+£0.02% in the healthy controls (p=0.005) (Figure 2B). The
mean frequency of RBD-specific MBCs continued to increase 15-21 DpSO (0.63+0.33%,
p=0.004), and then plateaued >21 DpSO (0.63+0.37, p=0.027). Notably, in some patients, a
proportion of the RBD-specific switched MBCs did not express CD27 (Supplemental Fig 2).
In fact, overall 31.6+19.5% of the RBD+ cells were CD27-, and in one participant reached
as high as 74%. This observation could be connected to the loss of CD27+ switched MBCs,
as the frequency of CD27 expression did not differ between RBD-specific and non-specific
MBC:s, or a sign that some RBD+ MBCs are generated in an early extrafollicular or
T-independent manner.(30) Therefore, we have reported RBD-specificity as a function of
total switched MBCs (Figure 2B).

The RBD+ MBC in COVID-19 patients are primarily of the IgG isotype (Figure 2C/D).
RBD-specific IgM+ MBC were only significantly expanded at 8—-14 DpSO (0.08+0.11)
compared to healthy controls (0.005+0.005) (p=0.04) and responses at that time were highly
variable. IgA+ MBCs were also only significantly expanded at 8-14 DpSO (0.15+0.12)
compared to healthy controls (0.01+0.01) (p=0.002). Though a subset of patients did have
measurable RBD+ IgA+ MBC:s at later timepoints, other patients did not seem to mount
strong 1IgA+ MBC responses. In contrast, IgG+ RBD-specific MBCs were significantly
expanded starting at 8-14 DpSO (0.26+0.27, p=0.02) through 15-21 DpSO (0.29+0.20,
p=0.02). By 21 DpSO or later all donors were positive for IgG+ RBD-specific cells
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(0.45+0.23, p=0.01) (Figure 2D). Our data show that RBD-specific switched MBC arise
by the second week of infection, and highlight that focusing on only CD27+ memory may
exclude a sizeable percentage of the RBD-specific memory response.

RBD-specific MBCs upregulate the activation marker CD71.

Recently, activated memory B cells (ABCs) have been shown to be an important subset in
several diseases, such as Ebola and influenza(?%). Therefore, we assessed the expression of
CD71 on the memory B cells of healthy controls and patients with acute SARS CoV-2
infection, and further compared the CD71 expression of non-RBD and RBD-binding
memory B cells during disease progression (Figure 2E-F). MBC obtained from healthy
controls had low frequencies of CD71+ (6.8+1.9). In contrast, the frequency of activated
switched MBCs in COVID-19 patients were significantly higher (14.3+8.0) (p<0.001). The
RBD-specific switched MBCs express CD71 at markedly higher frequencies (42.5+21.3)
than non-RBD-specific MBCs. This difference was not only significant compared to
healthy control MBC (p<0.001) but was also significantly increased relative to non-RBD-
specific MBC from the same patients (p<0.001). The difference between RBD-specific
and non-specific MBC was most apparent between days 8 and 14 (RBD=44.8+16.1 vs non-
RBD=13.7+7.29, p<0.001) and days 14 and 21 (RBD=27.2+20.1 vs non-RBD=17.7+10.0,
p=0.001). These data show that not only are RBD-specific MBCs are present early in the
course of COVID-19, but that these B cells are an active part of the ongoing immune
response.

Circulating IgG and IgA titers against RBD, S, and NP antigens peak 3 weeks post-
symptom onset.

To determine the dynamics of antibody responses during infection, we measured circulating
antibody titers against SARS-CoV-2 antigens by ELISA in the 46 individuals analyzed
above, using recombinant RBD, monomeric spike (S), or nucleoprotein (NP). In agreement
with previous reports showing that seroconversion against SARS-CoV-2 and other
coronaviruses occurs within two weeks post-symptom onset(6:9:10), all but two individuals

in the cohort had positive IgG and IgA titers against all three antigens by two weeks post-
symptom onset. IgG and IgA titers against all antigens trended with DpSO with significant
increases in antibody titer observed between the first, second, and third weeks post-symptom
onset with the NP-specific 1gG serum fraction (Figure 3A). Between 8-14 DpSO, 93%
(25/27), 93%, (25/27), and 96% (26/27) of individuals had positive IgG titers towards RBD,
S, and NP, respectively, as compared to 88% (24/27), 78% (21/27), and 81% (22/27) of
individuals with positive IgA titers (Figure 3A, Supplementary Table 1). We also note that,
while 1gG titers against all antigens remain robust in individuals greater than a month
post-symptom onset, IgA titers tended to decrease in the individuals sampled one-month
post onset as compared to the early timepoints (Figure 3A). Thus, the antibody responses to
SARS-COV-2 infection were dominated by IgG, even early after infection, illustrating that
isotype switching occurs rapidly during the acute infection, with lower level responses of the
IgM and IgA isotypes also detectable in most donors.

Almost all of the acutely infected hospitalized patients had detectable SARS-CoV-2
neutralizing antibody responses (Figure 3B) with an average reciprocal titer of 568 and
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a range from 23 to 2205 (Supplementary Table 1). These responses displayed a strong
correlation with RBD-specific 1gG antibody titers, as we have previously shown (Figure
3B).(8) Although weaker than the correlation with RBD-specific 1gG titers, neutralization
titers also had a positive correlation with anti-S 1gG titers (Figure 3B). Finally, NP-specific
IgG titers correlated quite poorly with SARS-CoV-2 neutralization (Figure 3B). Overall,
this data illustrates the occurrence of a rapid and robust antibody response to multiple
SARS-CoV-2 antigens in individuals with severe COVID-19.

The RBD-specific serum fraction is responsible for neutralizing activity in a majority, but
not all, hospitalized COVID-19 patients.

As has been previously reported, circulating titers of RBD-specific 1gG correlated with time
after disease onset(®) (Supplemental Fig 3) and with serum neutralizing potency (Figure
3B). Given differences in time of sampling between patients and limited clinical data,

we were unable to correlate metrics of disease severity or resolution within this cohort

to RBD-specific titers (Supplementary Table 1). To quantify the overall contribution of
RBD-specific antibodies to SARS-CoV-2 viral neutralization, we depleted RBD binding
antibodies from serum samples collected from a randomly selected subset of infected
patients. To assess the effectiveness of the depletion, we determined the endpoint RBD
binding titer for paired pre- and post-depletion serum samples. We found that all samples
were efficiently depleted with an average percent reduction of RBD specific 1gG of 98%
(Figure 4B). Irrespective of the initial titer (Figure 4A/B), it is important to note that a subset
of individuals had post-depletion titers that dropped below the limit of detection (Figure
4A). For these individuals, the fold reduction was estimated using half the limit of detection
as a baseline value (10) and therefore may be greater than what was measurable in this assay.
The pre- and post-depletion serum samples from each individual were then analyzed using
a viral neutralization assay. Pre-depletion, reciprocal neutralization titers ranged from 154
to 10,270 with a median titer of 973 (Figure 4C). Post-depletion, 13 individuals had titers
above baseline, and the remaining individuals had titers below the limit of detection (Figure
4C). The neutralization potency of depleted serum samples was markedly reduced in the
majority of individuals assayed relative to pre-depletion control samples. Specifically, 13 of
19 of serum samples had a greater than 80% reduction in the viral neutralization titers as a
consequence of depleting the RBD binding antibodies (Figure 4C&D). These results provide
evidence that epitopes within the RBD are the main target of antibody-mediated viral
neutralization in these individuals. In the remaining 6 individuals, 4 had >65% reduction

in neutralization titer, and the remaining two individuals had 49.7% and 30.3% reductions
in neutralization, respectively (Figure 4C&D). This observation indicates that these donors
retained more than 30% of their neutralization activity despite RBD depletion (Figure 4D).
This result indicates that over one third of the neutralizing activity in these individuals may
be due to antibodies that do not bind directly to the RBD region of spike or that bind

to a confirmation of RBD that is not preserved in its recombinant form. Taken together,

this analysis shows that while the majority of neutralizing antibodies are RBD specific,
some individuals may generate neutralizing responses that target non-RBD epitopes. These
antibodies may represent an important class of immunoglobulins that could act in synergy
with clinically relevant RBD-specific neutralizing antibodies or enhance protection to other
coronaviruses and SARS-CoV-2 RBD escape variants.
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Discussion

Important components of the humoral response to viral infection include not only a rapid
expansion of antibody secreting cells (ASCs) to boost circulating serum titers towards

the invading pathogen but also the formation of an antigen-specific memory B cell pool
responsible for long-lasting protection. While multiple groups have described strong B
cell responses in SARS-CoV-2 patients, and RBD specific memory B cells encoding
neutralizing antibodies at convalescence, the dynamics of these responses have not been
well characterized, either cross-sectionally or longitudinally. Furthermore, several recent
reports(20:21) have described “dysregulated” B cell responses during severe SARS-CoV-2
infection, suggesting mechanisms that could lead to ineffective and short-lived antibody
responses, as in the case of chronic viral infections such as HIVL) and HCV.(32) A failure
to develop or a later loss of germinal center structures within the lymph nodes of deceased
COVID-19 patients®) and the abundance of several extrafollicular B cell populations in
severe COVID-19 patients, normally observed in autoimmune individuals (such as double
negative (DN) B cells)(20), have suggested this dysregulation. In our cohort of acutely
infected SARS-CoV-2 patients, we found robust infection-induced plasmablast responses
and the development of RBD-specific MBCs, which exhibited greater activation than their
non-RBD-specific counterparts. Taken together, this data provides evidence for robust and
functional humoral response to SARS-CoV-2 infection even in the face of severe disease.
However, we also observe that, within the RBD-specific MBC compartment, a significant
fraction of the cells are negative for CD27, a population that has been previously described
to have an extrafollicular origin.(22 This finding is line with previous reports(16.20.21) that
SARS-CoV-2 infection generates an extrafollicular response and raises questions as to

the contribution of these extrafollicular subsets to the robustness and durability of the
immune response against SARS-CoV-2. In addition, we observe a significant decrease of
the unswitched MBC population in infected individuals, which could also be suggestive of
immune dysregulation. These findings clearly highlight the heterogeneity of COVID-19 as a
disease and the continued need to dissect the cellular response to SARS-CoV-2 infection.

In the case of previously studied coronaviruses, both pandemic and endemic species,
seroconversion has been reported to take place within 2—-3 weeks from the time of infection.
(33-39) |t has now been well-documented in cohorts containing both mild and severe cases
of COVID-19 that, on average, seroconversion takes place two weeks post-infection(®:10),
Our serological analysis of a cohort of severe COVID-19 patients supports the findings

of previously published reports with the majority of individuals exhibiting positive titers
against multiple SARS-CoV-2 antigens by two weeks post symptom onset. This analysis
suggests that, even in individuals with severe COVID-19, the humoral response to SARS-
CoV-2 remains functional. In fact, as has been previously reported®11), individuals with
greater disease severity tend to have higher levels of RBD-binding antibodies in circulation,
suggesting a robust humoral response to infection. While this trend could be potentially
due to later seroconversion in these individuals, i.e. a delayed antibody response, previous
studies of SARS-CoV patients demonstrate that patients with both earlier seroconversion
and, in some cases, higher antibody titers were more likely to experience severe disease.
(36.37) The data presented herein supports a model in which neutralizing antibodies may be
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insufficient for mitigating disease progression and pathology in certain individuals. Critical
questions remain as to why circulating antibody responses observed in our cohort were
unable to prevent severe disease given that the serum antibodies were able to bind effectively
to multiple viral antigens and potently neutralize the virus in vitro. Thus, the contribution
and functional role of the humoral response in severe SARS-CoV-2 infection /n vivostill
needs to be elucidated.

We have previously reported a highly significant correlation between serum neutralizing
potency /n vitroand RBD binding titers (), as have others.(®:11) However, recent
investigations into both the cellular and serological aspects of the B cell response to SARS-
CoV-2 infection have begun to raise questions about the contribution of antibodies derived
against additional antigenic targets.(X”) While the strongest correlation within our cohort is
undoubtably between anti-RBD IgG titers and serum neutralization, significant correlations
can also be found between full length S and NP antibody titers and serum neutralization.
Despite the significant body of evidence now exists that supports the neutralizing potential
of RBD-specific antibodies®8), it is possible that antibodies targeting epitopes outside of
the RBD epitopes could also contribute to neutralization potency. To provide quantitative
evidence for the role of RBD-specific antibodies in circulating serum neutralization, we
employed a strategy similar to that previously published by He, et al after the SARS
pandemic in 2002-2003.(39) We show that depletion of the RBD-specific serum fraction
reduced the neutralizing potency of the remaining serum antibody by greater than 80% in 13
out 19 individual serum samples tested. Interestingly, the percentage of RBD-specific B cells
observed within the cohort represented an exceedingly small percentage of the overall MBC
population. The contrast between the small percentage of RBD-specific MBCs observed and
their potent contribution to the neutralizing activity is echoed by the findings of Rogers et
al., where the percentage of RBD specific antibodies derived from spike-specific MBCs was
minimal and yet the RBD-specific antibodies contributed an equal number of neutralizing
antibodies as their non-RBD counterparts.(40) In addition, this group also found that the
non-RBD antibodies had lower neutralization than their RBD-specific counterparts and
failed to provide protection in an Jin vivo small animal model.4%) In contrast, a subset of

the donors we analyzed showed a significant residual activity after RBD depletion, such
that greater than 30% of the neutralization activity remained after depletion. There could

be a number of explanations for this difference. It is possible that non-RBD antibodies are
most potent in a synergistic environment in which antibodies against multiple epitopes or
antigens act together to elicit neutralizing responses — this hypothesis would explain why
neutralization effects observed in serum are not seen when testing monoclonal antibodies.
Alternatively, these donors may have initiated a response that produced potently neutralizing
antibodies to non-RBD epitopes. Analysis of monoclonal antibodies derived from these
donors is currently ongoing. Thus, in conclusion, while our study shows that the majority

of neutralizing activity in circulating serum is driven by RBD-specific antibodies, questions
remain concerning the importance and combinatorial potency of non-RBD antibodies /n
vivo. This finding has potential implications for vaccine design, as it appears that generation
of antibodies targeting solely SARS-CoV-2 RBD are sufficient for viral neutralization in the
majority of individuals assayed. Thus, vaccines containing RBD rather than FL Spike or
whole virus would seem likely provide sufficient, if not greater, elicitation of SARS-CoV-2
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neutralizing antibodies. It was also found that a subset of individuals possess neutralizing
antibodies targeting potentially non-RBD epitopes, which could lead to the discovery of
potent neutralization targets outside the RBD. However, further investigation is necessary

to ascertain the targets of the neutralizing antibodies, as confirmation of RBD can be

critical for the function of specific antibody subsets and thus, we cannot confirm that

these antibodies do not bind to RBD in some form. Taken together, these findings serve

as a platform for further exploration of the immune response to SARS-CoV-2 and will be
instructive for current vaccine design and development and optimization of prophylactic and
therapeutic strategies based on monoclonal antibodies
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Key Points

Increased plasmblasts/activated RBD-specific MBCs observed SARS-CoV-2
infection.

RBD/S/NP titers increase over infection; RBD titers correlate with
neutralization.

RBD-specific antibody depletion greatly reduces neutralization in most
individuals.
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Figure 1: Acute COVID-19 patients exhibit loss of circulating memory B cells and expansion of
plasmablasts.
A) CD19+ B cells are identified from live single CD14-CD16" cells in a healthy control

(left) or COVID-19 (right) participant. B) Percentage of CD19+ B cells are shown for
healthy controls (n=8) or hospitalized COVID-19 patients (n=46) over time, measured as
days post symptom onset. Six patients contributed more than one timepoint. C) CD19+

B cells are further subsetted as unswitched memory B cells (MBC), isotype-switched
CD27+ MBC and CD27- MBC, and plasmablasts (PB). Unswitched MBC are identified
as CD27+IgD+, while MBC and PB are IgD- and then separated by CD27 and CD38
expression. D) Unswitched MBC, CD27+ MBC, CD27- MBC and plasmablasts are shown
as % of CD19+ cells in healthy controls and COVID-19 patients. Significance is calculated
by Brown-Forsythe ANOVA test. *p<0.05, **p=<0.01, ***p<0.001
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Figure 2: RBD-specific memory B cells expand rapidly and exhibit high levels of activation in
COVID-19 patients.
A) RBD-specific memory B cells (CD19+CD20+IgD-CD38-) are shown for a healthy

control (left) or COVID-19 patient (right). B) RBD+ MBCs are shown as a percentage
of total MBC:s for healthy controls (n=8) and COVID-19 patients (n=34) over time. Four
COVID-19 patients contribute repeat timepoints. C) Gating is shown for IgM+ (left),
IgA+ (middle), and 1gG+ (right) RBD+ MBCs in the COVID-19 patient shown in (A).
Percentages shown are % of total MBC. D) RBD+ MBCs are shown as in (B), split

into IgM+ (left), IgA+ (middle) and IgG+ (right). E) Activated B cells, gated by CD71
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expression, for both total (left) and RBD+ (right) MBC. F, left) Total activation in healthy
controls (n=8) and COVID-19 patients RBD- MBC (n=33) or RBD+ MBC (n=30). F, right)
A comparison of activation over time between RBD- and RBD+ MBC. Significance is
calculated by Brown-Forsythe ANOVA test (B, D, F left) or Holm-Sidak multiple T test (F
right). *p<0.05, **p<0.01, ***p<0.001

J Immunol. Author manuscript; available in PMC 2022 June 01.
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Figure 3. RBD-binding fraction of patient serum antibody strongly correlates with neutralization

capacity.

(A) ELISA endpoint titers for serum binding against SARS-CoV-2 receptor binding domain
(RBD), Spike (S), and nucleoprotein (NP) recombinant protein from a cohort of acutely
infected individuals (n=46). Significance is calculated by Brown-Forsythe ANOVA test.
*p<0.05, **p<0.01 (B) 1gG binding titers against RBD, Spike, and NP correlated with
SARS-CoV-2 serum neutralization activity. The coefficient of determination (r2) is reported

following linear regression analysis.
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Figure 4. SARS-CoV-2 viral neutralization activity is mediated by RBD specific antibody in a

majority of COVID-19 patients.

(A) ELISA endpoint titers for SARS-CoV-2 receptor binding domain (RBD) specific 1gG
and IgM in sera from 19 acute COVID-19 patients before (Pre) and after (Post) depletion
of RBD binding antibodies. (B) For each patient, bars represent the percent reduction in
serum IgG (black) or IgM (white) RBD binding endpoint titers relative to pre-depleted
samples. (C) Serum neutralization activity against SARS-CoV-2 before and after depleting
RBD binding antibodies. Values represent the FRNT5g titer. (D) For each donor, the effect
of reducing RBD binding serum antibodies on the viral neutralization titer is expressed as
percent reduction in the FRNT5q value relative to pre-depleted samples.
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