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SARS-CoV-2 infection relaxes peripheral B cell
tolerance
Moriah J. Castleman1, Megan M. Stumpf1, Nicholas R. Therrien1, Mia J. Smith1,2, Kelsey E. Lesteberg1,3, Brent E. Palmer4,
James P. Maloney5, William J. Janssen6,7, Kara J. Mould6,7, J. David Beckham1,3,8, Roberta Pelanda1, and Raul M. Torres1

Severe SARS-CoV-2 infection is associated with strong inflammation and autoantibody production against diverse self-
antigens, suggesting a system-wide defect in B cell tolerance. BND cells are a B cell subset in healthy individuals harboring
autoreactive but anergic B lymphocytes. In vitro evidence suggests inflammatory stimuli can breach peripheral B cell
tolerance in this subset. We asked whether SARS-CoV-2–associated inflammation impairs BND cell peripheral tolerance. To
address this, PBMCs and plasma were collected from healthy controls, individuals immunized against SARS-CoV-2, or subjects
with convalescent or severe SARS-CoV-2 infection. We demonstrate that BND cells from severely infected individuals are
significantly activated, display reduced inhibitory receptor expression, and restored BCR signaling, indicative of a breach in
anergy during viral infection, supported by increased levels of autoreactive antibodies. The phenotypic and functional BND cell
alterations significantly correlate with increased inflammation in severe SARS-CoV-2 infection. Thus, autoreactive BND cells
are released from peripheral tolerance with SARS-CoV-2 infection, likely as a consequence of robust systemic inflammation.

Introduction
Mechanisms of central B cell tolerance prevent the development
of naturally arising high-affinity autoreactive B cells in healthy
individuals (Wardemann et al., 2004; Meffre, 2011; Meffre and
O’Connor, 2019; Pelanda and Torres, 2012; Lang et al., 2016;
Nemazee, 2017). Nevertheless, nearly 40% of B cells that emi-
grate from the bone marrow and 20% of mature naive peripheral
B cells in healthy humans are weakly autoreactive (Wardemann
et al., 2003). In healthy individuals, peripheral B cell tolerance
holdsweakly autoreactive B cells in a functionally inert state termed
“anergy,”whereby cells are restrained intrinsically and extrinsically
from signaling through their B cell antigen receptor (BCR; Yarkoni
et al., 2010; Cambier et al., 2007). Anergy is thought to be estab-
lished when autoreactive naive B cells receive signals through the
BCR in response to chronic self-antigen exposure in the absence of a
secondary signal from T cells or pathogen-associated molecular
patterns (PAMPs; Cambier et al., 2007; Franks and Cambier, 2018).
Importantly, anergic B cells are hyporesponsive to antigen stimu-
lation as evidenced by the lack of activation marker expression,
nominal protein phosphorylation downstream of the BCR, reduced
calcium signaling, and minimal proliferation or differentiation to
antibody secreting cells (Franks and Cambier, 2018).

Although the identification of a naturally occurring anergic
B cell subset was first shown in mouse models (Merrell et al.,
2006; Goodnow et al., 1988; Benschop et al., 2001), human pe-
ripheral blood has also been demonstrated to harbor an auto-
reactive anergic B cell population termed “BND cells” (Duty et al.,
2009). BND cells are mature naive B cells that do not express
surface IgM but do express surface IgD, make up roughly 2.5% of
total B cells, are enriched in autoreactive specificities (Duty
et al., 2009), and confirmed to be in an anergic state in
healthy humans (Chang et al., 2008; Quách et al., 2011; Smith
et al., 2015; Smith et al., 2019; Szodoray et al., 2016). In the
context of systemic lupus erythematosus (SLE), BND cells display
an activated phenotype (Quách et al., 2011), elevated calcium
flux upon BCR crosslinking (Szodoray et al., 2016), and are in-
creased in frequency with the upregulation of co-stimulatory
molecules CD80/CD86 (Chang et al., 2008), thereby indicating
a reversal of anergy concomitant with autoimmunity. BND cells,
which have been demonstrated to encompass naturally occur-
ring insulin-binding B cells in healthy humans, are reduced in
the blood of pre-diabetic individuals where it has been consid-
ered that they have transitioned to a non-anergic state and
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contribute to disease onset (possibly through the production of
autoreactive antibodies; Smith et al., 2015). A similar reduction
of anergic BND cells was observed in recent-onset autoimmune
thyroid disease and correlated with the appearance of auto-
reactive antibodies (Smith et al., 2018). Overall, these reports
suggest that BND cells from autoimmune diseases are less to-
lerized and could be a source of autoreactive antibodies with
disease.

Importantly, in mouse models, the removal of self-antigen
can reverse B cell anergy (Gauld et al., 2005). Similarly, the
anergic state of BND cells in healthy humans was also shown to
be reversible in vitro through stimulation with CD40L and IL-4
(mimicking T cell help), and was accompanied by an activated
phenotype with enhanced calcium flux upon BCR signaling
(Duty et al., 2009; Szodoray et al., 2016). Reversal of BND cell
anergy was also demonstrated with exposure to other stimuli
such as CpG, IL-2, anti-IgM, or CD40L with IL-21 (Quách et al.,
2011). Together these reports experimentally demonstrate that
anergy is flexible, especially in relation to the autoreactive BND
population.

Given the accumulating evidence that certain inflammatory
viral infections are often accompanied by autoantibody pro-
duction (Koma et al., 2018; Vo et al., 2020; Rivera-Correa and
Rodriguez, 2018; Tanay, 2017) and that in vitro immune-
stimulatory conditions exist that allow anergy to be overcome
in BND cells (Duty et al., 2009; Szodoray et al., 2016; Quách et al.,
2011), we considered it possible that SARS-CoV-2 infection and
ensuing inflammation promotes the relaxation of anergic au-
toreactive B cell peripheral tolerance. Indeed, severely infected
COVID-19 subjects have increased levels of inflammatory
markers IL-6, IL-8, TNFα, and IL-1β in the plasma (Del Valle
et al., 2020) and also harbor autoreactive antibodies with
specificity to type I IFN, phospholipids, anti-nuclear antigens
(ANA), or tissue-specific targets (Bastard et al., 2020; Xiao et al.,
2020; Chang et al., 2021; Wang et al., 2021). The wide breadth of
autoreactive specificities generated after SARS-CoV-2 infection
suggests a system-wide defect in B cell tolerance during viral
infection and that the source of autoreactive antibodies is likely
from a heterogenous subset of B cells, as could be found in the
naturally arising autoreactive BND subset. However, the role and
function of BND cells during viral infection needs further
investigation.

In this report, we have interrogated peripheral blood mon-
onuclear cells (PBMCs) and plasma from healthy controls, in-
dividuals immunized against SARS-CoV-2 infection with mRNA
vaccines, and subjects with either convalescent mild or severe
SARS-CoV-2 infection. The results of these analyses demon-
strate that BND cells from severe SARS-CoV-2 patients have an
altered phenotype consisting of an activated state with
concomitant loss of survival and inhibitory receptors. We
further demonstrate that with severe SARS-CoV-2 infection,
BND cells display enhanced BCR signaling, and that plasma
from severe patients with SARS-CoV-2 has increased levels
of serum autoantibodies and inflammatory cytokines, which
correlated with alteration in BND phenotype and function.
Together, these data provide strong evidence that peripheral
tolerance is relaxed with severe SARS-CoV-2 and likely as a

result of the inflammatory cytokines produced during severe
viral infection.

Results
Alteration in BND cell phenotype during severe SARS-CoV-2
infection
We characterized BND cells in human PBMCs sourced from ei-
ther healthy controls, subjects immunized with an mRNA vac-
cine against SARS-CoV-2, subjects recovered from SARS-CoV-2
infection without the need for hospitalization (mild convales-
cent), or those hospitalized with SARS-CoV-2 infection (severe;
Table S1). BND cells were identified using multi-color flow cy-
tometry, as originally described (Duty et al., 2009), as a mature
naive population of B cells expressing CD19+ CD27−, with low to
negative levels of CD24 and CD38, expressing IgD and low to
negative levels of surface IgM (Fig. 1 A). These analyses revealed
no differences in the frequency of BND cells in individuals with
severe SARS-CoV-2 infection relative to BND cells in healthy
controls or immunized individuals within the respective naive/
transitional or total B cell populations, although severely in-
fected subjects had a significantly higher frequency of BND cells
than the mildly infected within the naive/transitional popula-
tion (Fig. 1 B). With severe SARS-CoV-2 infection, BND cells were
more frequent than transitional T1 or T2 cells, but still less
frequent than Naive B cells, both as a percent of naive/transi-
tional populations and as a percent of total B cells (Fig. 1 C;
“Naive” is used when referring to a specific population of B cells;
“naive” is used when referring to a general population). How-
ever, neither total B cell nor BND cell frequencies were altered
with severe SARS-CoV-2 infection when considered as a per-
centage of the combinedmyeloid and lymphocyte populations in
PBMCs (Fig. S1).

To begin to determine whether BND cells exhibited pheno-
typic changes indicative of a loss of anergy, these cells were
evaluated ex vivo for expression of the activation markers CD69
and CD86, the inhibitory receptors CD22 and CD72, as well as
CD21 and BAFFR (Sanz et al., 2019; Rathmell et al., 1998). These
results revealed that BND cells from individuals with severe
SARS-CoV-2 infection had significantly higher expression of
CD69 as compared with BND cells from healthy controls, im-
munized individuals, or those with mild infection (Fig. 2, A and
B). The average expression of CD86 was also higher on BND cells
from severe infection when compared with immunized subjects
(Fig. 2, A and B). Loss of CD21 expression has been correlated
with activation, particularly in autoreactive B cell populations
with chronic antigen exposure (Saadoun et al., 2013; Isnardi
et al., 2010). Examination of CD21 on BND cells showed a sig-
nificantly lower level of expression with severe infection as
compared with the expression on BND cells from healthy con-
trols, immunized individuals, or those with mild infection
(Fig. 2, A and B). Together these data indicate that BND cells
display a clearly activated phenotype in severe SARS-CoV-2
infection.

Competition between anergic B cells and other mature naive
B cells for the survival cytokine BAFF is dependent on the ex-
pression of its cognate receptor BAFFR (Lesley et al., 2004), with
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anergic B cells expressing lower levels and resulting in a shorter
lifespan (Cambier et al., 2007). Surprisingly, BAFFR was sig-
nificantly down-regulated on BND cells from those with severe
SARS-CoV-2 infection when compared with levels expressed on
BND cells from healthy controls, immunized subjects, or those
withmild infection (Fig 2, A and B). BND cells frommild infection
express an intermediate level of BAFFRwhen comparedwith the
other groups, indicating viral infection, regardless of severity,
leads to the down-regulation of this survival marker.

B cell–intrinsic mechanisms that contribute to maintaining
anergy include the expression of inhibitory regulators, such as
CD22 and CD72 (Smith et al., 1998; Gross et al., 2009; Adachi
et al., 2000). Examination of CD22 on BND cells from severe
SARS-CoV-2 infected individuals showed significantly lower
expression of this inhibitory marker when compared with the
expression on BND cells from healthy controls or immunized
subjects (Fig. 2, A and B). Similarly, a significantly lower level of
CD72 expression was observed on BND cells in individuals with
severe infection (Fig. 2, A and B). Both of these stark differences
demonstrate a loss of inhibitory regulators on BND cells during
severe SARS-CoV-2 infection.

Overall, the above data demonstrate that major phenotypic
changes occur in BND cells during severe SARS-CoV-2 infection
that includes significantly increased expression of CD69 and
CD86, decreased expression of inhibitory receptors CD22 and
CD72, as well as decreased expression of CD21 and BAFFR (Fig. 2
C). These phenotypic changes are consistent with cell activation,
suggesting loss of the anergic state.

BND cells from severe SARS-CoV-2 infection are a unique
population within the naive/transitional B cell compartment
Having observed striking changes in the BND cell phenotype
with severe SARS-CoV-2 infection, we next asked if these dif-
ferences were specific to BND cells or rather reflected a global
alteration of expression markers within multiple B cell sub-
sets during severe infection. To address this, BND cells were
compared with transitional T1, transitional T2, and mature
Naive B cells (expressing IgM) from individuals with severe
SARS-CoV-2 infection. BND cells expressed on average a
higher level of CD69 than T1, T2, or Naive B cells during SARS-
CoV-2 infection (Fig. 3, A and B). This is in contrast to BND

cells from healthy controls, immunized subjects, or those
mildly infected with SARS-CoV-2, where BND cells have lower
levels of expression of CD69 than T1, T2, or Naive B cells (Fig.
S2). CD86 was expressed at a significantly higher level on BND

cells from severe SARS-CoV-2 infection compared with T1, T2,
and Naive B cells (Fig. 3, A and B). A higher expression level of
CD86 was also observed on BND cells compared with T2 and
Naive B cells from immunized subjects but not from healthy
controls or mildly infected subjects (Fig. S2). Furthermore,
BND cells from severe SARS-CoV-2 infection displayed sig-
nificantly lower levels of CD21 than T2 and Naive B cells
(Fig. 3, A and B). Together, these data suggest that BND cells
are at a heightened level of activation when compared with
other subsets in the naive/transitional B cell compartment
during severe viral infection. Next, the survival marker
BAFFR was examined and found to be expressed at a lower

Figure 1. Identification of BND cells in human PBMCs. (A) Gating strategy used to identify BND cells by flow cytometry as lymphocyte single cell live CD3−

CD19+ CD27− IgD+ CD24−/lo CD38−/lo CD10− IgM−/lo, shown here from mild SARS-CoV-2 infection. (B) Frequency of BND cells as a percent of the Naive/
Transitional (CD27−IgD+) population or as a percent of B cells (CD19+) in healthy controls (HC; n = 10), those immunized (Immuniz.) against SARS-CoV-2 (n = 15),
mild (n = 11), or severe SARS-CoV-2 infection (n = 14). (C) Frequency of BND cells from individuals with severe SARS-CoV-2 infection (n = 14) as a percent of the
Naive/Transitional (CD27−IgD+) population or as a percent of the B cell (CD19+) population and compared to the frequency of Transitional T1, T2, or Naive
B cells. Statistics: one-way ANOVA. *, P < 0.05; ***, P < 0.001; ****, P < 0.0001.
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level in BND cells than in T2 or Naive B cells (Fig. 3, A and B),
possibly suggesting a reduced dependency of BND cells on
BAFF for survival during severe viral infection. Examination
of inhibitory receptors CD22 and CD72 within the naive/
transitional compartment during severe infection revealed
that BND cells have significantly lower expression levels of
CD22 than Naive B cells and the average level is lower than T2
cells (Fig. 3, A and B). This is in contrast to comparing BND

cells with T1 and T2 B cells from healthy controls, immunized,
or mildly infected subjects, whereby, BND cells have higher
levels of CD22 expression at a level similar to Naive B cells
(Fig. S2). In addition, BND cells have significantly lower levels
of CD72 expression during severe viral infection when com-
pared to T1, T2, or Naive B cells (Fig. 3, A and B). However, we
further note that CD72 expression is also lower on BND cells
than T1, T2, and Naive B cells in healthy controls, immunized,
or mildly infected subjects (Fig. S2). Overall, these data indi-
cate that the phenotype associated with BND cells during se-
vere SARS-CoV-2 infection are specific to this subset of
autoreactive B cells (Fig. 3 C) within the naive/transitional
compartment.

Alteration in BND signaling through the BCR during severe
SARS-CoV-2 infection
Our data, thus far, demonstrate that BND cells in severe SARS-
CoV-2 infection are phenotypically activated and have lost ex-
pression of the CD22 and CD72 inhibitory receptors; features
that would be consistent with a concomitant loss of anergy in
BND cells with severe SARS-CoV-2 infection. We next evaluated
whether BND cells in severe SARS-CoV-2 infection also displayed
a functional loss of anergy as determined by an ability to
transduce signals emanating from the BCR and in contrast to BND
cells from healthy individuals. To address this, PBMCs from
healthy controls, immunized subjects, or subjects with either
mild or severe SARS-CoV-2 infection were stimulated with anti-
human Ig to induce BCR crosslinking of all B cell subsets, and the
BND cells were subsequently assessed for levels of phospho-SYK,
phospho-BLNK, and phospho-PLCγ2 signaling molecules, pre-
viously characterized as downstream BCR effector molecules
(Packard and Cambier, 2013). Preliminary experiments using
PBMCs from healthy controls verified that BCR crosslinking was
specific to B cells (Fig. S3 A) and the kinetics of response were
rapid (Fig. S3 B). As expected (Duty et al., 2009; Smith et al.,

Figure 2. BND cells become activated and down-regulate survival and inhibitory receptors during severe SARS-CoV-2 infection compared with
controls. (A) Representative histograms depicting expression (geometric mean fluorescent intensity; gMFI) of activation markers CD69 and CD86, chronic
antigen exposure marker CD21, survival marker BAFFR, or inhibitory markers CD22 and CD72 on BND cells from healthy controls (HC; white histogram), those
immunized against SARS-CoV-2 (Immunized; grey histogram), Mild (pink histogram), or Severe SARS-CoV-2 infection (red histogram). The control histogram
(dashed line) is an FMO for BND cells from healthy controls. (B) Summary quantification of marker expression for each population of healthy controls (HC; n =
10), those immunized (Immuniz.; n = 15) against SARS-CoV-2, Mild (n = 11), or Severe SARS-CoV-2 infection (n = 14). (C) A heatmap of the average geometric
mean fluorescent intensity values for each population. Statistics: one-way ANOVA; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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2019; Szodoray et al., 2016), BCR crosslinking of BND cells from
healthy controls resulted in minimal phosphorylation of SYK,
BLNK, and PLCγ2, which was lower compared to BCR-
stimulated Naive, T2, or T1 B cells (Fig. S4 A). Thus, as previ-
ously shown, BND cells from healthy humans are functionally
anergic with muted responses to BCR stimulation. In contrast,
BCR crosslinking of BND cells from individuals with either mild
or severe SARS-CoV-2 infection led to significantly increased
expression levels of pSYK, pBLNK, and pPLCγ2 compared with
BND cells from healthy controls or those immunized against
SARS-CoV-2 (Fig. 4, A and B). When considered as fold differ-
ence between unstimulated and BCR stimulated populations,
pSYK and pPLCγ2 were elevated in BND cells from severely in-
fected individuals compared with healthy controls and immu-
nized individuals (Fig. S4 B). These data demonstrate that BND
cells from individuals with mild or severe SARS-CoV-2 infection
are restored in the ability to signal via the BCR, a feature con-
sistent with the release from an anergic state.

To assess whether all B cell populations from individuals with
severe SARS-CoV-2 infection displayed elevated BCR signaling
ability, we compared the levels of pSYK, pBLNK, and pPLCγ2 in
BND cells after BCR crosslinking relative to those attained by T2
and Naive B cells. T2 cells from severe SARS-CoV-2 infection had

the highest level of expression of phosphorylated signaling
molecules (Fig. 5, A and B), in keeping with their reported en-
hanced response to antigen and BCR signaling, compared with
T1 and Naive B cells (Petro et al., 2002; Simon et al., 2016).
Notably, there were no significant differences in the expression
of pSYK, pBLNK, and pPLCγ2 in BND cells compared with Naive
B cells from severe SARS-CoV-2 infection (Fig. 5). Thus, these
data indicate that with severe SARS-CoV-2 infection, the BCR
signaling capacity of BND cells has been normalized to the level
of an IgM-expressing Naive B cell. Importantly, the levels of
pSYK, pBLNK, and pPLCγ2 reached after BCR crosslinking by
T2 and Naive B cells from severe SARS-CoV-2 individuals
were indistinguishable from the levels attained by BCR-
stimulated T2 and Naive B cells from healthy controls (Fig.
S4, C and D). Thus, overall, these data demonstrate that the
population of BND cells during severe SARS-CoV-2 infection
has largely restored BCR signaling and is consistent with
having lost functional anergy.

Elevated autoreactive antibodies during severe SARS-CoV-2
infection
Elevated levels of autoreactive antibodies are a feature of SARS-
CoV-2 infection (Bastard et al., 2020; Xiao et al., 2020; Wang

Figure 3. BND cells are a unique population in severe SARS-CoV-2 infection. (A) Representative histogram expression (geometric mean fluorescent in-
tensity) of CD69, CD86, CD21, BAFFR, CD22, and CD72 on BND cells (light blue) compared with the transitional T1 (dark blue), T2 (royal blue), and Naive
(medium blue) B cells from the same severe SARS-CoV-2–infected individual. The control histogram is an FMO for BND cells from healthy controls.
(B) Summary quantification of marker expression for each cell type from severe SARS-CoV-2–infected subjects (n = 14). (C) A heatmap of the average
geometric mean fluorescent intensity values for each cell type. Statistics: one-way ANOVA; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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et al., 2021; Chang et al., 2021); thus, we measured our cohorts
for total IgM and IgG titers as well as autoreactive antibodies to
specific autoantigens by ELISA. These results revealed that
while there were no differences in total IgM levels between
immunized, mild, and severely infected individuals, immunized
individuals harbored significantly increased titers of total IgG
compared with mild and severely infected individuals (Fig. 6 A).
Notably, normalizing autoantibody titers to total Ig levels dem-
onstrated that severely infected individuals harbored signifi-
cantly increased IgG, but not IgM, autoantibody titers against
chromatin, cardiolipin, and Smith autoantigens relative to either
immunized or mild convalescent individuals (Fig. 6, B and C).
Furthermore, the absolute IgG, but not IgM, autoantibody titers
were also significantly increased in severely infected individuals
relative to those measured in immunized and mild convalescent
individuals (Fig. S5, A and B).

Human B cells that express a germline VH4-34 Ig heavy chain
(with diverse IgL chains) have been characterized as auto-
reactive with BCRs displaying specificity for nuclear antigens,
dsDNA, chromatin, apoptotic cells, cardiolipin, CD45, and gly-
coproteins expressed on red blood cells (Cappione et al., 2004;
Smith et al., 1995; Richardson et al., 2013). Indeed, VH4-
34–encoded serum autoantibodies are found at elevated levels
in SLE (Bhat et al., 2002; Cappione et al., 2004). The 9G4
monoclonal antibody is specific for a VH4-34 idiotype (Isenberg
et al., 1993), and therefore can be used to identify VH4-
34–expressing autoreactive human B cells that are found
within an IgD+ IgM−/lo population in healthy individuals
(Cappione et al., 2005; Bhat et al., 2015). Using 9G4, we mea-
sured the levels of VH4-34–encoded IgG in plasma from im-
munized individuals and those with mild or severe SARS-CoV-2
infection. These results demonstrated significantly higher

Figure 4. SARS-CoV-2 infection is associated
with increased BCR signaling ability by BND
cells. (A) Representative histogram expression
(geometric mean fluorescent intensity) of pSYK
Y348, pBLNK Y84, or pPLCγ2 Y759 in BND cells
with (+) or without (−) 10 μg/ml anti-IgG (H + L)
F(ab’)2 treatment for 5 min from healthy controls
(white histograms), those immunized against
SARS-CoV-2 (grey histograms), mild (pink histo-
grams), or severe SARS-CoV-2 (red histograms).
The control histogram (dashed line) is a BND FMO
from healthy controls. (B) Summary quantification
of phosphorylated protein expression in each
patient population of healthy controls (n = 10),
those immunized against SARS-CoV-2 (n = 14),
mild (n = 8) or severe (n = 12) SARS-CoV-2 infection
(+) or without (−) treatment. Statistics: one-way
ANOVA; *, P < 0.05; **, P > 0.01.
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titers of plasma 9G4-reactive IgG antibodies from severe
SARS-CoV-2 infection either as normalized to total IgG (Fig. 6 D)
or as absolute titers (Fig. S5 C). Moreover, the elevated levels of
VH4-34 IgG antibodies correlated significantly with reduced
levels of CD21 and the CD72 inhibitory receptor (Fig. S5 D). These
findings further support the notion that severe SARS-CoV-2 in-
fection results in a loss of anergy in the BND cell population.

Systemic inflammation correlates with altered BND cells
phenotype and function during severe SARS-CoV-2 infection
Given the in vitro evidence that inflammatory stimuli can re-
lease BND cells from anergy (Duty et al., 2009; Szodoray et al.,
2016; Quách et al., 2011), and viral infections often correlate with
autoantibody production (Koma et al., 2018; Vo et al., 2020;
Rivera-Correa and Rodriguez, 2018; Tanay, 2017), we measured
systemic levels of C-reactive protein (CRP) after immunization
or with mild or severe SARS-CoV-2 infection and correlated
these levels with BND cell phenotype or BND cell BCR signaling
ability. As has been previously reported, CRP (Smilowitz et al.,
2021), an indicator of overall inflammatory state, was signifi-
cantly elevated in the plasma of subjects with severe SARS-

CoV-2 infection when compared to levels in immunized subjects
or those recovered from mild infection (Fig. 7 A). CRP levels
tended to be modestly elevated in mild SARS-CoV-2 infection
when compared with immunized subjects (Fig. 7 A). Higher
levels of CRP were also significantly correlated with the pres-
ence of VH4-34 IgG antibodies in severely infected SARS-CoV-2
(Fig. S5 D). Importantly, there were significant correlations
between CRP levels and alteration of BND cell phenotype and/or
function. Specifically, increased levels of CRP were positively
correlated with the upregulation of expression of activation
markers CD69 and CD86 on BND cells (Fig. 7 B). Increased
levels of CRP were also negatively correlated with the
downregulation of CD21, BAFFR, and inhibitory markers CD22
and CD72 on BND cells (Fig. 7 B). Furthermore, increased levels
of CRP significantly correlated with increased expression of
pSYK in BND cells (Fig. 7 C). A trend toward a positive corre-
lation between CRP and pBLNK or pPLCγ2 expression in BND

cells was also observed (Fig. 7 C). These data reveal that a
significant correlation exists between overall systemic in-
flammation and alterations in BND phenotype and function
with the viral infection.

Figure 5. BND cells from individuals with se-
vere SARS-CoV-2 infection have a BCR sig-
naling capacity similar to Naive B cells.
(A) Expression (geometric mean fluorescent in-
tensity) of pSYK Y348, pBLNK Y84, or pPLCγ2
Y759 in BND cells (light blue) as compared with
transitional T2 (royal blue), and Naive B cells
(medium blue) from severe SARS-CoV-2 infec-
tion (n = 12) after 10 μg/ml anti-IgG (H + L) F(ab’)
2 treatment for 5 min shown as representative
histogram. The control histogram (dashed line) is
a BND FMO from healthy controls. (B) Quantifi-
cation of pSYK, pBLNK, and pPLCγ2 after BCR
stimulation in T2, Naive, or BND cells. (C) Pair-
wise matching of Naive and BND cells from se-
vere SARS-CoV-2 infection (n = 12). Statistics:
one-way ANOVA or paired t test; *, P < 0.05; **,
P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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To further assess systemic inflammation in study subjects,
levels of several proinflammatory cytokines were measured in
plasma. These results revealed that individuals with severe
SARS-CoV-2 infection had significantly higher levels of all
proinflammatory cytokines measured, including TNF-α, IL-6,
IFNγ, and IL-1βwhen compared with the levels in mild infection
or immunized subjects (Fig. 8 A), confirming an altered in-
flammatory state with severe infection. Additionally, the levels
of the BAFF survival cytokine were elevated with severe infec-
tion (Fig. 8 A), suggesting that BND cells may not need to compete
with IgM-expressing naive or transitional cells for this survival
cytokine if excess levels are available and in consideration of the
lower levels of BAFFR on BND cells during SARS-CoV-2 infection
(Fig. 2, A and B). Levels of IL-10 were also significantly elevated

in severe infection (Fig. 8 A). Using the above cytokine levels, a
correlation matrix was generated to evaluate the level of sys-
temic inflammation in the context of BND cells. A distinct rela-
tionship between systemic inflammation and changes in BND
phenotype or BND response to BCR signalingwas observed (Fig. 8
B), suggesting a direct relationship between specific markers of
inflammation and changes in phenotype and function of BND
during viral infection.

Discussion
In this report, we have interrogated the phenotype and func-
tional ability of BND cells during SARS-CoV-2 infection and find
that the B cells within this normally anergic autoreactive B cell

Figure 6. SARS-CoV-2 infected individuals have higher titers of autoreactive antibodies than immunized controls. (A) Total levels of IgM or IgG were
quantified in plasma from subjects immunized against SARS-CoV-2 (n = 10) or those mildly (n = 12) or severely infected with SARS-CoV-2 (n = 14). (B and
C) Titers of autoreactive antibodies with specificity to autoantigens chromatin, cardiolipin, and Smith antigen were measured in plasma from subjects im-
munized against SARS-CoV-2 (n = 10), or those mildly (n = 12) or severely infected with SARS-CoV-2 (n = 14), then normalized to total IgM (B) or total IgG (C).
(D) Titers of VH4-34 antibodies were measure in plasma then normalized to total IgG. Statistics: One-way ANOVA; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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population are activated, display significantly reduced inhibi-
tory receptor expression, and have acquired the ability to signal
via the B cell antigen receptor. Importantly, both cell activation
and BCR signaling by BND cells correlate significantly and posi-
tively with markers of inflammation in SARS-CoV-2 infection.
Thus, these data provide compelling evidence that peripheral
immunological tolerance is relaxed within the BND cell popula-
tion during SARS-CoV-2 infection, likely a result of inflamma-
tory cytokine production during severe SARS-CoV-2 infection.

While the majority of individuals infected with SARS-CoV-2
do not suffer from severe COVID-19 disease (Salzberger et al.,
2021), a considerable subset of individuals develop a severe in-
fection that is accompanied by robust proinflammatory cytokine
production (Ragab et al., 2020; Yang et al., 2021). Autoantibody
production has long been appreciated to be a consequence of
inflammatory settings that not only include bacterial (Ramos
et al., 2005; Isenberg et al., 1987; Jafarzadeh et al., 2013) and
viral infections (Duca et al., 2017; Ruggeri et al., 2008; Kerr and
Boyd, 1996; Bartholomaeus et al., 1988; Tanay, 2017) but also
tissue injury (Davies et al., 2007; Burbelo et al., 2010). Thus, it is
not surprising that autoantibody production in severe SARS-
CoV-2 infection has been reported (Bastard et al., 2020; Chang
et al., 2021; Wang et al., 2021; Xiao et al., 2020; Su et al., 2022),
raising concern that autoantibodies may contribute to disease
pathology, as previously reported for viral infections with
Hepatitis B (Barzilai et al., 2007), the original SARS-CoV-1 (Lin
et al., 2005; Yang et al., 2005), and the Dengue viruses (Lin et al.,
2006). A pathogenic role for broad immune activation, and
specifically extrafollicular B cell activation, was reported in se-
vere SARS-CoV-2 infection in ICU patients, demonstrating an

increase in serum levels of 9G4-idiotype autoantibodies
(Woodruff et al., 2020), a finding confirmed in this study.
Whether autoreactive BND cells, which we show are function-
ally active after SARS-CoV-2 infection, are the source of serum
autoantibody and whether BND-derived autoantibodies con-
tribute to pathology observed in severe COVID-19 is not yet
clear, but is an area of active investigation.

The high frequency of autoreactive B cells in the periphery of
healthy humans (Wardemann et al., 2003) argues that there is a
beneficial purpose for these autoreactive B cells, rather than an
inherent defect in central B cell tolerance, even at the expense of
possibly developing autoimmunity. Weakly autoreactive B cells
that are allowed to escape bone marrow selection to exist in the
periphery may provide evolutionary protection against patho-
gens that use molecular mimicry since weak autoreactive anti-
bodies often cross-react against pathogenic epitopes (Rosenspire
and Chen, 2015). Indeed, we and others have demonstrated that
autoreactive antibodies can neutralize multiple tiers of HIV-1
virus (Agazio et al., 2020; Schroeder et al., 2017; Verkoczy and
Diaz, 2014). Given that autoreactive B cells may overcome an-
ergy in the presence of strong inflammation and TLR ligands,
such as is found with active viral infection, BND cells could be a
reservoir of uniquely poised anti-viral B cells. Future studies will
be needed to determine if the autoreactive specificities found
within this cell population provide protection against viral in-
fection, and possibly neutralizing cross-reactivity against SARS-
CoV-2.

Our data do not exclude the formal possibility that during
severe SARS-CoV-2 infection, our analysis of BND cells included
antigen- (e.g., viral) specific naive (IgD+CD27−) B cells that have

Figure 7. CRP levels during severe SARS-CoV-2 infection correlate with altered BND phenotype and function. (A) Quantification of CRP (µg/ml) in
plasma from those immunized (n = 8) against SARS-CoV-2, mild (n = 10), or severe SARS-CoV-2 infection (n = 13). (B and C) Correlation of levels of CRP (µg/ml)
in plasma with phenotypic markers on BND cells (geometric mean fluorescent intensity; B) or with (C) expression of pSYK Y348, pBLNK Y84, or pPLCγ2 Y759 in
BND cells with 10 μg/ml anti-IgG (H + L) F(ab’)2 treatment for 5 min from those immunized against SARS-CoV-2 (n = 8), mild (n = 8), or severe SARS-CoV-2
infection (n = 10). Statistics: one-way ANOVA or Pearson correlation; ****, P < 0.0001.
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recently encountered cognate antigen and downregulated sur-
face IgM, thus resembling IgD+CD27−IgM−/lo BND cells. However,
we consider this highly unlikely for several reasons. First, the
frequency of BND cells found with severe SARS-CoV-2 infection
is not expanded but instead is comparable in size with BND cells
in healthy controls and immunized individuals. Also, mature
naive B cells are CD27− but are induced to express CD27 upon
activation (Agematsu et al., 2000) and thuswould be expected to
be CD27+ and precluded from our BND cell analysis. Furthermore,
recently BCR-triggered naive B cells would also be expected to be
desensitized after BCR stimulation and refractory to subsequent

signaling (Vilen et al., 1999), unlike the BND cells from severe
SARS-CoV-2 infection in this study. Finally, we and others
(Woodruff et al., 2020), found elevated levels of VH4-34–encoded
autoantibodies in individuals with severe SARS-CoV-2 infec-
tion. The source of these autoantibodies, VH4-34–expressing
B cells, which predominantly express autoreactive specific-
ities (Richardson et al., 2013) with features of anergy (reduced
calcium flux upon BCR stimulation and exclusion from ger-
minal centers; Cappione et al., 2005) and reside within an
IgD+IgM−/lo cell subset (Cappione et al., 2005; Bhat et al.,
2015), would comprise cells in the BND population.

Figure 8. Elevated systemic inflammation
during severe SARS-CoV-2 infection and cor-
relation with BND phenotype and function.
(A) Cytokines TNF-α, IL-6, IFNγ, IL-1β, BAFF, and
IL-10 (pg/ml) were measured in plasma from
those immunized against SARS-CoV-2 (n = 8), or
those with mild (n = 10) or severe SARS-CoV-2
infection (n = 13). (B) A correlation matrix was
generated using the values from those immu-
nized against SARS-CoV-2 (n = 8), or subjects
with mild (n = 8) or severe SARS-CoV-2 infection
(n = 10) of the following parameters: frequency
of BND cells as a percent of Naive/Transitional
(CD27−IgD+) or as a percent of B cells (CD19+),
expression (geometric mean fluorescent inten-
sity) of CD69, CD86, CD21, BAFFR, CD22, and
CD72 on BND cells, or pSYK Y348, pBLNK Y84,
and pPLCγ2 Y759 expression in BND cells after
5 min incubation with anti-IgG (H + L) F(ab’)2 cor-
related with plasma levels of CRP (ng/ml), TNF-α,
IL-6, IFNγ, IL-1β, BAFF, and IL-10 (pg/ml). Statis-
tics: one-way ANOVA; *, P < 0.05; ***, P < 0.001.
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One limitation of this study is the older average age of sub-
jects with severe SARS-CoV-2 infection compared with healthy
and immunized controls. An additional limitation of this study is
the sample size in each cohort. A larger sample size of severe
SARS-CoV-2 infected subjects with a broader distribution and
spectrum of disease severity would allow us to better interpret
how systemic inflammation mediates alterations in BND cells.
Despite these limitations, the current study demonstrates a
strong correlation between systemic inflammation and alter-
ations in BND phenotype and function with increases in auto-
antibody levels. The exact mechanism by which inflammatory
cytokinesmodulate BND cell phenotype and function is an area of
current investigation. A working hypothesis is that inflamma-
tory cytokines could upregulate expression of TLRs, thereby
lowering the threshold of BND responsiveness to self-antigen in
the presence of the virus, eliminating the need for T cell help
(provision of the secondary signal).

Whether the changes in BND phenotype and function asso-
ciated with SARS-CoV-2 infection in addition to autoantibody
production are durable or transient is not yet clear. Previous
findings would suggest that autoantibody production associated
with acute inflammation is transient rather than long-lasting
(Chang et al., 2021). Our data would imply that as inflamma-
tion resolves, so too does the relaxation of peripheral tolerance
in BND cells. However, reports of patients with ongoing symp-
toms termed “long haulers” (Tan et al., 2021; Ramakrishnan
et al., 2021) would indicate that at least in a subset of people
disease resolution is kinetically slower. Likewise, it has been
observed that antinuclear antibodies were detectable in 43.6% of
patients post–SARS-CoV-2 infection, and those with higher tit-
ers of ANA exhibited increased frequency of neurocognitive
defects (Seessle et al., 2021), suggesting a link between autoan-
tibody production and persistent symptoms (Su et al., 2022).
Regardless, the characterization of BND cell phenotype and re-
sponse to BCR signaling in COVID-19 long haulers would address
whether this B cell subset continues to break anergy after viral
resolution.

Intriguingly, it is unknown if subjects who generate auto-
reactive antibodies have subclinical autoimmunity and are
therefore predisposed to severe SARS-CoV-2 infection or
whether severe SARS-CoV-2 infection triggers aspects of de
novo autoimmunity (Knight et al., 2021). Anecdotally, viral infection
is thought to promote autoimmune diseases, as has been suggested
for Epstein-Barr virus, Hepatitis B virus, and Cytomegalovirus
(Barzilai et al., 2007). Furthermore, Zika virus infection has been
associated with the development of Guillain-Barré Syndrome, an
autoimmune disease of the nervous system (Duca et al., 2017), and
Chikungunya virus is associated with persistent arthritis (Tanay,
2017). Longitudinal studies examining changes in the BND immu-
noglobulin repertoire over time may provide insight as to how in-
fection alters the propensity of this autoreactive population to
contribute to virally induced autoimmunity.

In summary, our study provides compelling evidence that
human peripheral B cell tolerance is relaxed in a B cell subset,
BND cells, during severe SARS-CoV-2 infection, and that this
release from anergic restraint significantly correlates with in-
flammation. Importantly, these findings also imply that

peripheral immunological B cell tolerance may not be a static
barrier but, instead, physiologically regulated. Perturbation of
this regulation may contribute to autoimmunity in releasing
anergic autoreactive B cells. It remains to be determinedwhether
purposeful relaxation of peripheral tolerance and release of the
BND cell autoreactive subset provides antibody-mediated pro-
tection to combat viral infection through cross-reactivity.

Materials and methods
Study participants and human PBMCs
For people immunized against SARS-CoV-2 by Pfizer BNT162b2-
mRNA or Moderna mRNA-1273, participants provided the dates
of the primary inoculation and the booster. For people mildly
infected (convalescent) with SARS-CoV-2, participants were
included in this study if they had a positive viral qPCR test or the
presence of anti–SARS-CoV-2 antibodies in the absence of vac-
cination (samples were collected before vaccination was avail-
able to the general public) and did not need hospitalization. For
the above subjects, whole blood was drawn by staff at the Uni-
versity of Colorado Clinical and Translation Research Centers
(CTRC), part of the Colorado Clinical and Translation Sciences
Institute (CCTSI), in sodium heparin tubes (BD) and centrifuged
at 1,700 rpm for 5 min to collect plasma. Plasma was stored at
−80°C until use. Cells were then diluted in 1× PBS (Life Tech-
nologies), suspended over a Ficoll–Paque gradient (Cytiva) and
centrifuged at 1,700 rpm for 30 min to isolate PBMCs from the
buffy coat. PBMCs were resuspended in 90% FBS (Gemini) with
10% DMSO (ATCC) and stored in liquid nitrogen until use. For
subjects with severe SARS-CoV-2 infection at National Jewish
Health (NJH) and the University of Colorado Hospital (UCH),
participants were enrolled from two academic teaching hospitals
in the Denver metropolitan area, were 18 yr of age or older, and
were mechanically ventilated for acute respiratory distress
syndrome, as defined by the Berlin Criteria, due to SARS-CoV-2
confirmed by PCR of a nasal swab. Patients with a history of
solid organ or bone marrow transplants, chronic lung disease,
hemoptysis, increased risk for bleeding, pregnancy, orwhowere
immunosuppressed were excluded from this study. Whole blood
was collected from central venous catheters in cell preparation
tubes with sodium citrate (BD Biosciences) and processed per
the manufacturer’s instructions. Cells were cryopreserved at
−80° in 90% FBS + DMEM and 10% DMSO or 90% FBS with 10%
DMSO. Plasma was preserved at −80° until use. For healthy
control samples, plateletpheresis leukoreduction filter (LRS
chambers) was purchased from Vitalant Blood Center. Cells
were suspended over a Ficoll–Paque gradient and centrifuged at
2,400 rpm for 20 min to isolate PBMCs. PBMCs were re-
suspended in 90% FBS with 10% DMSO and stored in liquid
nitrogen until use. Given that plasma could not be isolated from
LRS chambers for healthy controls, the immunized subjects
were used as a comparator for mild or severe SARS-CoV-2 sub-
jects when the plasma was examined.

Ex vivo phenotyping by flow cytometry
PBMCs were thawed in warm media containing RPMI Medium
1640 (Gibco) with 25 mM Hepes (Corning), centrifuged at
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1,500 rpm for 5 min at room temperature, washed with media,
centrifuged again, resuspended in 1× PBS, and enumerated by
hemocytometer. For the ex vivo surface stain, PBMCs were in-
cubated on ice for 20 min with Live/Dead Blue for UV (In-
vitrogen) viability dye and the following antibodies (clone in
parentheses) in 1× PBS: CD3 (OKT3), CD19 (SJ25C1), CD27
(M-T271), IgD (IA6-2), CD24 (ML5), CD38 (HB7), CD10 (Hl10a),
IgM (MHM-88), CD22 (HIB22), CD72 (REA231), CD21 (Bu32),
CD86 (IT2.2), CD69 (FN50), and BAFFR (11C1). Cells were then
washed in 1× PBS, centrifuged at 1,500 rpm for 5 min, fixed in
4% PFA (Fisher) for 15 min at room temperature, washed again,
and resuspended in FACS buffer containing 1% BSA (Fisher) +
0.05% Sodium Azide (Aldrich) in 1× PBS.

All flow cytometry data were acquired on the Cytek Aurora,
and the data were analyzed using FlowJo software (v 10.7.1).
PBMCs were used for single color reference controls, except
where the use of Ultra Comp eBeads (Invitrogen) was necessary.
Within the lymphocyte single-cell viable gates, BND cells were
identified as CD3− CD19+ CD27− IgD+ CD24low/− CD38low/− CD10−

IgM−, as was originally described for these cells (Duty et al.,
2009), Naive B cells were defined as CD3− CD19+ CD27− IgD+

CD24low/− CD38low/− CD10− IgM+, T1 B cells were defined as CD3−

CD19+ CD27− IgD+ CD24+++ CD38+++, and T2 B cells were defined
as CD3− CD19+ CD27− IgD+ CD24++ CD38++ (Simon et al., 2016;
Palanichamy et al., 2009).

BCR signaling assessment by phospho flow cytometry
PBMCs were thawed as described above, then incubated for
45 min at 37°C + 5% CO2 to reduce basal phosphorylation levels
while in the presence of the following antibodies (clone) in
warm serum-free media: CD3 (OKT3), CD19 (SJ25C1), CD27
(M-T271), CD24 (ML5), CD38 (HB7), CD10 (Hl10a), and viability
dye. Cells were then centrifuged at 1,500 rpm for 5 min, re-
suspended in warm RPMI with 5% FBS, and stimulated with
either 10 μg/ml rabbit anti-human IgG (H + L) F(ab’)2 (Southern
Biotech) or 75 μMpervanadate (used as an experimental positive
control) for 5 min in a 37°C water bath. After a quick spin (2,400 g
for 30 s), cells were resuspended in 100 μl per million cells Cy-
tofix/Cytoperm (BD) and incubated for 20 min on ice. Cells were
washed in 1× Perm/Wash (BD), then incubated in the presence of
this buffer for intracellular staining for 30 min on ice with the
following antibodies (clone in parentheses): pSyk Y348 (I120-722),
pBlnk Y84 (REA240), pPLCγ2 Y759 (K86–689.37), IgD (IA6-2), and
IgM (MHM-88). Cells were washed with 1× Perm/Wash and re-
suspended in FACS buffer containing 1% BSA (Fisher) + 0.05%
sodium azide (Aldrich) in 1× PBS. Data were acquired on the Cytek
Aurora and cell subsets defined as described above.

Measurement of total IgM/IgG and autoreactive antibodies
in plasma
For the detection of autoreactive antibodies, 96-well Nunc-
Immuno MaxiSorp plates (Thermo Fisher Scientific) were
coated overnight at 4°C with either 15 μg/ml of sonicated calf
thymus DNA (Sigma-Aldrich) in buffer (1× PBS, 1 mMEDTA, and
0.05% NaN3), 1 μg/ml Smith antigen (Arotec Diagnostics) in
buffer (1× PBS, 15 mM Na2CO3, 35 mM NaHCO3, and 0.02%
NaN3), 50 μg/ml cardiolipin (Sigma-Aldrich) in 100% molecular

grade ethanol (Thermo Fisher Scientific), as was previously
described (Schroeder et al., 2017), or coated for 2 h at 37°C with
0.5 μg/ml 9G4 antibody (kind gift of Dr. John Cambier, Uni-
versity of Colorado School of Medicine, Aurora, CO) in buffer (1×
PBS) in a total volume of 50 μl per well. For measurement of
total IgM and IgG, plates were coated with either 10 μg/ml of
goat anti-human IgM or goat anti-human IgG capture antibody
(Southern Biotech) overnight at 4°C in 1× PBS. Plates were then
washed three times in wash buffer (1× PBS with 0.5% Tween-
20), blocked for 1–2 h at 37°C in buffer (1× PBS, 1 mM EDTA,
0.05% NaN3, and 1% BSA or 1× PBS with 1% BSA for cardiolipin),
and washed three times. For chromatin, Smith, or cardiolipin
reactivity, each plasma sample was plated starting at 1:8 in a
threefold serial dilution across six dilutions in a total volume of
50 μl per well and incubated for 2 h at 37°C. For 9G4 reactivity,
each plasma sample was plated starting at 1:200 in a threefold
serial dilution across six dilutions in a total volume of 50 μl per
well and incubated overnight at 4°C. For total IgM, plasma
samples were plated starting at 1:100 in a fivefold serial dilution
across six points in a total volume of 100 μl per well and incu-
bated for 2 h at 37°C. A standard curve of IgM (Thermo Fisher
Scientific) starting at 1 pg/ml was used to quantify the total
levels of IgM in each plasma sample. For total IgG, plasma
samples were plated starting at 1:200 in a fivefold serial dilution
across six points in a total volume of 100 μl per well and incu-
bated for 2 h at 37°C. A standard curve of IgG (Southern Biotech)
starting at 1 pg/ml was used to quantify the total levels of IgG in
each plasma sample. Plates were then washed three times and
incubated with goat anti-human IgM or goat anti-human IgG (for
9G4, goat anti-human IgG multispecies cross-absorbed was used)
conjugated to alkaline phosphatase (Southern Biotech) in 1× PBS
for 1 h at 37°C. Plates were then washed and developed with 1 mg/
ml of 4-nitrophenyl phosphate disodium salt hexahydrate (Alka-
line Phosphatase Substrate; Sigma-Aldrich), diluted in developing
buffer (1 M diethanolamine, 8.4 mM MgCl2, and 0.02% NaN3 in
water) for a total of 100 μl per well, and incubated at 37°C for
10–30 min. Absorbance values (O.D.) were read at 405 nm on the
VersaMax ELI SA reader (MDS Analytical Technologies). The di-
lutions were log transformed to generate a curve, and the linear
part of the curve was used to select a dilution at which the relative
O.D. values for each group were compared. For chromatin, Smith,
or cardiolipin reactivity, O.D. values were compared at 1/128 di-
lution; for 9G4 reactivity, O.D. values were compared at 1/16,200
dilution; for total IgM, O.D. values were compared at 1/2,500; and
for total IgG, O.D. values were compared at 1/12,500.

Measurement of cytokines in plasma
For the measurement of analytes, plasma was thawed on ice, the
levels of IL-1β, IL-6, IL-10, IFNγ, TNFα, and BAFFweremeasured
by the U-PLEXAssay, and levels of CRPweremeasured using the
V-PLEX Assay according to manufacturer’s instructions (Meso
Scale Discovery). Both assays were quantified on the QuickPlex
SQ 120 Instrument (Meso Scale Discovery).

Statistics
Data were analyzed using Prism Graph-Pad Software (v 9.2.0).
One-way ANOVA or unpaired t test was used as indicated in
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figure legends to determine the significance of differences be-
tween healthy controls, immunized samples, and mild or severe
infection. For the comparison of cell types within a group (e.g.,
BND cells compared to naive cells within the immunized group)
one-way ANOVA or paired t tests were used as indicated in the
figure legends. For the correlation of CRP levels with the ex-
pression of surface markers or phospho proteins of BND cells, a
Pearson correlation was used as indicated in the figure legends.
Significance was defined as P < 0.05. If a trend to significance of
P < 0.09was observed, then it was noted on the figure. Every dot
on a scatter dot plot within a group represents one human donor
in that group.

Study approval
The use of human plasma and PBMCs in this studywas approved
by the Colorado Multiple Institutional Review Board (COMIRB)
at the University of Colorado School of Medicine and NJH and
performed under the Declaration of Helsinki. Participants pro-
vided informed consent, and informed consent was obtained
from a legally authorized representative (NHJ) or by an ap-
proved waiver of consent (UCH).

Online supplemental material
Fig. S1 shows the proportion of B cells in PBMCs for each cohort.
Fig. S2 displays the phenotypic characterization of BND cells in
healthy controls, immunized subjects, or mild SARS-CoV-2 in-
fected subjects. Fig. S3 shows BCR signaling is specific to CD19+

B cells and occurs rapidly. Fig. S4 displays BCR signaling ability
in BND cells, T1, T2, or Naive B cells from healthy controls, the
fold difference in pSYK, pBLK, and pPLCγ2 in BND cells from
subjects used in this study, and the comparison of BCR signaling
between healthy controls and severe SARS-CoV-2 infection for
Naive and T2 B cells. Fig. S5 shows the absolute titers of IgM and
IgG autoantibodies. Table S1 presents the demographic data of
subjects whose samples were used in this study.
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Supplemental material

Figure S1. Proportion of B cells in PBMCs. The proportion of CD19+ total B cells, BND cells, Naive, T1 or T2 B cells were enumerated as a percent of the
PBMCs (myeloid and lymphocyte combined populations) from healthy controls (HC; n = 10), those immunized against SARS-CoV-2 (n = 15), or mild (n = 11) or
severe infection with SARS-CoV-2 (n = 14). Statistics: one-way ANOVA.
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Figure S2. Characterization of BND cells in other patient populations. (A–C) Expression (geometric mean fluorescent intensity) of CD68, CD86, CD22, and
CD72 on BND cells ex vivo from healthy controls (n = 10; A), those immunized against SARS-CoV-2 (n = 15; B) or subjects mildly infected with SARS-CoV-2 (n =
11; C). Statistics: one-way ANOVA; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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Figure S3. BCR signaling is specific to CD19+ B cells and phosphorylation proximal to the BCR occurs rapidly. (A) Expression (geometric mean fluo-
rescent intensity) of pSYK Y348, pBLNK Y84, and pPLCγ2 Y759 in CD3+ T cells or CD19+ B cells from healthy controls (n = 6) after 5-min incubation with (+) or
without (−) anti-IgG (H + L) F(ab’)2. (B) Expression of pSYK Y348, pBLNK Y84, and pPLCγ2 Y759 in CD19+ B cells from healthy controls (n = 1, repeated three
times) after 2- or 5-min incubation with anti-IgG (H + L) F(ab’)2. Statistics: one-way ANOVA; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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Figure S4. BND cells have reduced BCR signaling in healthy controls and Naive/T2 B cells from healthy controls and severe SARS-CoV-2 infection
have comparable levels of BCR signaling. (A) Expression (geometric mean fluorescent intensity) of pSYK Y348, pBLNK Y84, and pPLCγ2 Y759 in Transitional
T1, T2, Naive, or BND cells from healthy controls (n = 10) after 5-min incubation with anti-IgG (H + L) F(ab’)2. (B) Fold difference between expression level of
pSYK, pBLNK, and pPLCγ2 from unstimulated BND cells and stimulation with anti-IgG (H + L) F(ab’)2 for 5 min in each patient population from healthy controls
(n = 10), those immunized against SARS-CoV-2 (n = 15) or those with mild (n = 10) or severe SARS-CoV-2 infection (n = 12). (C and D) Expression (geometric
mean fluorescent intensity) of pSYK Y348, pBLNK Y84, and pPLCγ2 Y759 in Naive B cells (C) or T2 cells (D) from healthy controls (n = 10) and severe SARS-
CoV-2 infection (n = 10) after 5-min incubation with anti-IgG (H + L) F(ab’)2. Statistics: one-way ANOVA or unpaired t test; #, P = 0.06; *, P < 0.05; **, P < 0.01;
***, P < 0.001; ****, P < 0.0001.
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Provided online is Table S1. Table S1 presents the demographics of subjects used in this study.

Figure S5. Immunoglobulin plasma levels and VH4-34 IgG correlation with BND cells. (A and B) Absolute titers of IgM (A) or IgG (B) autoantibodies in
plasma with reactivity against chromatin, cardiolipin, and Smith antigen from subjects immunized against SARS-CoV-2 (n = 10) or subjects with mild (n = 12) or
severe SARS-CoV-2 infection (n = 14). (C) Absolute titers of VH4-34 IgG in plasma from subjects immunized against SARS-CoV-2 (n = 10) or subjects with mild
(n = 12) or severe SARS-CoV-2 infection (n = 14). (D) Correlation of absolute titers of VH4-34 IgG with phenotypical or functional measurements of BND cells
from those immunized against SARS-CoV-2 (n = 10), or subjects with mild (n = 11) or severe SARS-CoV-2 infection (n = 13). Statistics: one-way ANOVA or
Pearson’s correlation; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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