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Autoantibodies elicited with
SARS-CoV-2 infection are linked
to alterations in double
negative B cells
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Double negative (DN) B cells (CD27-IgD-) comprise a heterogenous

population of DN1, DN2, and the recently described DN3 and DN4

subsets. In autoimmune disease, DN2 cells are reported to be precursors

to autoreactive antibody secreting cells and expansion of DN2 cells is

linked to elevated interferon levels. Severe SARS-CoV-2 infection is

characterized by elevated systemic levels of pro-inflammatory cytokines

and serum autoantibodies and expansion of the DN2 subset in severe

SARS-CoV-2 infection has been reported. However, the activation status,

functional capacity and contribution to virally-induced autoantibody

production by DN subsets is not established. Here, we validate the

finding that severe SARS-CoV-2 infection is associated with a reduction

in the frequency of DN1 cells coinciding with an increase in the frequency

of DN2 and DN3 cells. We further demonstrate that with severe viral

infection DN subsets are at a heightened level of activation, display

changes in immunoglobulin class isotype frequency and have functional

BCR signaling. Increases in overall systemic inflammation (CRP), as well as

specific pro-inflammatory cytokines (TNFa, IL-6, IFNg, IL-1b), significantly
correlate with the skewing of DN1, DN2 and DN3 subsets during severe

SARS-CoV-2 infection. Importantly, the reduction in DN1 cell frequency

and expansion of the DN3 population during severe infection significantly

correlates with increased levels of serum autoantibodies. Thus, systemic
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inflammation during SARS-CoV-2 infection drives changes in Double

Negative subset frequency, likely impacting their contribution to

generation of autoreactive antibodies.
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Introduction

B lymphocytes from human peripheral blood can be

categorized (based on the expression of IgD and CD27 surface

receptors) into naive (CD27-IgD+), unswitched memory (CD27

+IgD+) and Ig class-switched memory (CD27+ IgD-), or

Double-Negative (DN: CD27-IgD-) B cell subsets (1, 2). DN B

cells were first identified due to their expansion in patients with

Systemic Lupus Erythematosus (SLE) and are considered

memory B cells due to the similarity in phenotype with

conventional memory B cells, presence of class-switched

immunoglobulins IgG or IgA, and evidence of somatic

hypermutation indicating DN cells are antigen experienced (3–

5). In addition to SLE, expansion of the Double Negative

population has been reported in a variety of autoimmune

disorders including; Guillain-Barre syndrome, Myasthenia

gravis and Multiple sclerosis (6, 7), as well as, Common

Variable Immunodeficiency (CVID) where an expansion in

the autoreactive VH4-34 DN population was also reported (8).

Furthermore, expansion of DN B cells in SLE patients correlated

with higher titers of serum VH4-34 autoreactive antibodies (4,

5). Together these reports suggest a contribution of DN cells

to autoimmunity.
02
Further examination of SLE patients revealed that Double

Negative B cells are a heterogenous population of cells

comprised of DN1 and DN2 subsets identified based not only

on CD27-IgD- but also on differential expression of CD11c and

CD21, whereby DN1 cells express CD21 but not CD11c

(CD21+CD11c–) and DN2 cells express high levels of CD11c

in the absence of CD21 (CD21–CD11c++) (2, 9). In SLE flares,

there is a loss of DN1 cells with a corresponding increase in DN2

cells, with DN2 cells described as a pathogenic precursor to

autoreactive antibody secreting cells (9). Single cell

transcriptomic analysis of PBMCs from healthy controls has

suggested the existence of two additional DN subsets called DN3

and DN4 cells, whereby DN3 cells were enriched in IGHA2

transcripts and DN4 cells were enriched in IGHE transcripts

(10). More recently, cellular evidence confirming the existence of

a DN3 subset lacking expression of both CD11c and CD21 has

been reported (CD11c-CD21-), but there is limited evidence for

the existence of a DN4 subset expressing both CD11c and CD21

(11–13). The functional role of these diverse Double Negative

subsets in various immune responses, particularly in the context

of viral infection, and the mechanisms that promote generation

of each unique subset compared to another remain to

be determined.
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Given their relatively recent identification, there is limited

information on the B cell developmental pathways that populate

the DN3 and DN4 subsets. However, for the DN2 subset a role

for inflammatory cytokines in modulating their development

has been established. Specifically, increased frequencies of DN2

cells in SLE patients were correlated with increased levels of IFN-

g, IFN-l, and IFN-g-induced cytokines including TNF-a and IL-

6 (9, 14, 15). Accordingly, in vitro generation of DN2 cells from

naive B cell precursors can be facilitated by either IFN-g or IFN-
l in the presence of TLR7L, IL-21, BAFF and BCR stimulation, a

process that could be inhibited by IL-4 and CD40L mimicking T

cell help (9, 14, 15). Together, these reports suggest a role for

inflammatory cytokines, such as is typically induced during viral

infection, in regulating the composition of the Double

Negative population.

Severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2), the causative agent of the current coronavirus disease

2019 (COVID-19) has a multi-faceted immunopathology

including T cell activation, increased IFN-g, TNF-a, IL-6, IL-
1b cytokines and production of autoreactive antibodies (16–20).

Additionally, multiple groups have reported an expansion of the

DN2 and DN3 subsets in PBMCs from severe SARS-CoV-2

infection (11, 12, 21, 22) and a concordant reduction in the DN1

subset (11, 12). Stratification of severely infected samples into

those with high and low levels of C-reactive protein (CRP), an

indicator of overall systemic inflammation, revealed that

expansion of DN2 and DN3 cells was more predominant in

high CRP samples, implicating inflammation as a driver of DN2/

3 subset expansion with viral infection (21). Expansion of the

DN3 subset correlated with a variety of clinical parameters

including increased respiratory rate and increased levels of D-

dimer and CRP (11), suggesting a possible role for DN3 cells in

disease pathogenesis. Furthermore, individuals who recovered

from infection had a higher frequency of DN1 cells than

individuals who succumbed to infection (23), indicating DN1

cells may play a protective role in viral infection. Despite these

reports on DN subset frequency and correlation with disease

parameters, there is still limited information on DN cells in both

healthy controls and during SARS-CoV-2 infection. Specifically,

the phenotype of DN subsets with regard to activation and

inhibitory receptor expression as well as responses to BCR

signaling (to determine functionality of the BCR) have not

been reported for DN subsets in SARS-CoV-2 infection nor

has the association of DN subsets with autoreactive antibody

production in viral infection been reported. Therefore, the

phenotype, function and possible contribution to virally-

induced autoimmunity by DN subsets, particularly the novel

DN3 population, needs further characterization.

In this report, we have interrogated PBMCs and plasma from

healthy controls, individuals immunized against SARS-CoV-2 by

mRNA vaccines, and individuals with mild or severe SARS-CoV-2

infection. The results of these analyses confirm that there is a

reduction in the frequency of DN1 cells within the Double
Frontiers in Immunology 03
Negative population coinciding with an increase in the

frequency of DN2 and DN3 cells in severe SARS-CoV-2

patients. With severe viral infection, the B cells within each DN

subset are at a heightened level of activation, display changes in

immunoglobulin class isotype frequency and possess the ability to

signal through the BCR. Importantly, increases in overall systemic

inflammation (CRP), as well as increases in specific pro-

inflammatory cytokines (TNFa, IL-6, IFNg, IL-1b), significantly
correlate with the alteration in the frequencies of DN1, DN2 and

DN3 subsets during severe SARS-CoV-2 infection. Furthermore,

we show that the reduction in DN1 cells and expansion of DN3

cells is significantly correlated with increases in relative titer of

autoreactive antibodies during severe infection. Together these

data provide evidence that systemic inflammation during SARS-

CoV-2 infection likely drives changes in Double Negative subset

frequency, thereby impacting their contribution to generation of

autoreactive antibodies.
Materials and methods

Human peripheral blood
mononuclear cells

Individuals with severe SARS-CoV-2 infection were

hospitalized at the University of Colorado Hospital (UCH) or

St. Joseph’s Hospital (SJH). Informed consent to donate whole

blood was obtained from a legally authorized representative

(SJH) or by an approved waiver of consent (UCH). Subjects

were 18 years of age or older and mechanically ventilated for

acute respiratory distress syndrome, as defined by the Berlin

Criteria, due to SARS-CoV-2. The presence of virus was

confirmed by polymerase chain reaction of a nasal swab.

Patients were excluded from this study if they had a history of

solid organ or bone marrow transplants, chronic lung disease,

hemoptysis, increased risk for bleeding, pregnancy or who were

immunosuppressed. We did not actively exclude patients with a

diagnose of autoimmune disease prior to acquisition of severe

SARS-CoV-2 infection, however upon retrospective review of

patient files, 13 out of 14 patients did not have an autoimmune

disease and 1 out of 14 patients had Type 1 Diabetes Mellitus.

Whole blood was collected from central venous catheters in cell

preparation tubes with sodium citrate and processed per the

manufacturer’s instructions (BD Biosciences, San Jose, CA).

Plasma was stored at -80 degrees until use. PBMCs were

resuspended in 90% FBS with 10% DMSO or 90% FBS +

DMEM and 10% DMSO and stored in liquid nitrogen until use.

For individuals immunized against SARS-CoV-2 by Pfizer

BNT162b2-mRNA or Moderna mRNA-1273, informed consent

was provided for the acquisition of whole blood as well as the

dates of their primary inoculation and booster. For individuals

deemed mildly infected (convalescent stage) with SARS-CoV-2,

informed consent was provided for the acquisition of whole
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blood, and they were included in this study if they had a positive

viral qPCR test or the presence of anti-SARS-CoV2 antibodies in

the absence of vaccination (samples were collected before

vaccination was available to the general public) and did not

require hospitalization. For these individuals, whole blood was

drawn by staff at the University of Colorado Clinical and

Translation Research Centers (CTRC), part of the Colorado

Clinical and Translation Sciences Institute (CCTSI), in sodium

heparin tubes (BD, Franklin Lakes, NJ). Whole blood was

centrifuged at 1,700 rpm for 5minutes to collect plasma.

Plasma was stored at -80°C until use. Cells were then diluted

in 1X PBS, suspended over a Ficoll-Paque gradient and

centrifuged 2,400 rpm for 25 minutes to isolate PBMCs from

the buffy coat. PBMCs were washed in 1X PBS, and enumerated

by hemocytometer. PBMCs were resuspended in 90% FBS with

10% DMSO and stored in liquid nitrogen until use.

For healthy control samples, plateletpheresis leukoreduction

filter (LRS chambers) were purchased from Vitalant Blood Center

(Denver, CO). Cells were diluted in media containing RPMI

Medium 1640 (Gibco, Netherlands) with 10% FBS, 1mM sodium

pyruvate (Gibco), 1X non-essential amino acids (Gibco), 1X

Glutamax (Gibco) and 50uM 2-mercaptoethanol (Sigma-Aldrich,

St. Louis, Missouri). Cells were then suspended over a Ficoll- Paque

gradient (Cytiva, Sweden) and centrifuged 2,400 rpm for 25

minutes at RT to isolate PBMCs in the buffy coat layer. PBMCs

were washed in media, the cell pellet was resuspended in 1X PBS

(Corning, Glendale, Arizona) and cell count was enumerated by

hemocytometer. PBMCs were resuspended in 90% FBS (Gemini,

Sacramento, CA) with 10% DMSO (ATCC, Manassas, VA) and

stored in liquid nitrogen until use. LRS chambers do not allow the

acquisition of plasma, thus when plasma was examined in this

study, the immunized individuals were used as a comparator to

mild or severe SARS-CoV-2 individuals.

The Colorado Multiple Institutional Review Board

(COMIRB) at the University of Colorado School of Medicine

and National Jewish Health approved the use of human plasma

and PBMCs, and this study was performed under the

Declaration of Helsinki.
Frequency and phenotyping of B cell
subsets ex vivo by flow cytometry

PBMCs were quickly thawed in a 37°C water bath, washed in

warmmedia containing RPMIMedium 1640 with 25mMHEPES

(Corning), centrifuged 1,500 rpm x 5min at RT, washed again

and enumerated by hemocytometer. PBMCs were stained for

20min on ice in 1X PBS with the following antibodies (clone in

parenthesis): CD3 (OKT3), CD19 (SJ25C1), CD27 (M-T271),

IgD (IA6-2), CD21 (Bu32), CD11c (B-ly6), FcRL5 (509f6), IgM

(MHM-88), CD69 (FN50), CD86 (IT2.2), CD72 (REA231),

CD22 (HIB22), BAFFR (11C1) and IgG (G18-145) and in the

presence of Live/Dead Blue for UV viability dye (Invitrogen,
Frontiers in Immunology 04
Eugene, OR). Cells were then washed in 1X PBS, centrifuged

1,500 rpm x 5min at 4°C, fixed in 4% PFA (Fisher, Fair Lawn, NJ)

for 15min at RT, washed with 1X PBS and resuspended in FACS

Buffer containing 1% BSA (Fisher, Fair Lawn, NJ) + 0.05%

Sodium Azide (Aldrich, St. Louis, MO) in 1X PBS.

All flow cytometry data was acquired on the Cytek Aurora.

PBMCs from healthy humans were used for single color reference

controls except where the use of Ultra Comp eBeads (Invitrogen)

was necessary. Flow cytometry data was analyzed using FlowJo

software (v 10.8.1). Within the lymphocyte single cell viable gates,

DN1 cells were identified as CD3- CD19+ CD27- IgD- CD21+

CD11c-, DN2 cells were identified as CD3- CD19+ CD27- IgD-

CD21- CD11c++, and DN3 cells were identified as CD3- CD19+

CD27- IgD- CD21- CD11c- in accordance with other groups (2,

11, 12). The frequency of DN1, DN2 or DN3 subsets were

enumerated out of the total Double negative population

(CD27-IgD-) or out of the total B cell population (CD19+).

Expression of surface markers on each DN subset are reported as

geometric mean fluorescent intensity (gMFI). FMOs used as

staining controls are indicated in figure legends.
Assessment of BCR signaling by phospho
flow cytometry

PBMCs were thawed as described above. After enumeration,

PBMCs were incubated for 45min at 37°C+ 5% CO2 to reduce

basal phosphorylation levels in warm serum-free RMPI Medium

1640 while in the prescence of the following antibodies (clone):

CD3 (OKT3), CD19 (SJ25C1), CD27 (M-T271), CD21 (Bu32),

CD11c (B-ly6), and Live/Dead Blue for UV viability dye. Cells

were centrifuged 1,500 rpm x 5min at RT, resuspended in warm

RPMI with 5% FBS and stimulated with either 10ug/mL Rabbit

anti-human IgG (H+L) F(ab’)2 (Southern Biotech, Birmingham,

AL) or 75mM pervanadate (used as an experimental positive

control) for 5 minutes in a 37°C water bath. After a quick

centrifuge spin to pellet the cells (2,400 g x 30 seconds at RT),

PBMCs were resuspended in 100uL per million cells Cytofix/

Cytoperm (BD) and incubated for 20 minutes on ice. Cells were

washed in 1X Perm/Wash (BD), then incubated in the presence

of this buffer for intracellular staining for 30min on ice with the

following antibodies (clone): pSYK Y348 (I120-722), pPLCg2
Y759 (K86-689.37) and IgD (IA6-2). Cells were washed with 1X

Perm/Wash, centrifuged 1,500 rpm x 5min at 4°C, and

resuspended in FACS Buffer containing 1% BSA (Fisher)+

0.05% Sodium Azide (Aldrich) in 1X PBS. Data was acquired

on the Cytek Aurora and cell subsets defined as described above.
Quantification of cytokines in plasma

Plasma was thawed on ice and TNFa, IL-6, IFNg, and IL-1b
were quantified by the U-PLEX Assay and CRP was quantified
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using the V-PLEX Assay according to manufacturer’s

instructions (Meso Scale Discovery, Rockville, MD). Both

assays were evaluated on the QuickPlex SQ 120 Instrument

(Meso Scale Discovery).
Measurement of autoreactive IgG
antibodies in plasma

Autoreactive IgG antibodies were enumerated in plasma

samples as previously described (24). Briefly, 96-well Nunc-

Immuno MaxiSorp plates (Thermo Fisher Scientific) were either

coated for 2 hours at 37°C with 0.5ug/mL 9G4 antibody to

identify VH4-34 (kind gift of Dr. John Cambier, University of

Colorado School of Medicine), coated overnight at 4°C with

either 15ug/mL of sonicated calf thymus DNA for chromatin

(Sigma-Aldrich), 1ug/mL Smith antigen (Arotec Diagnostics), or

50ug/mL cardiolipin (Sigma-Aldrich). The 9G4 monoclonal

antibody is specific to the VH4-34 idiotype and can be used to

identify B cells expressing the VH4-34 BCR (25, 26). Plates were

washed 3X, blocked for 1-2 hour at 37°C. To block plates for

detection of anti-chromatin, anti-Smith or VH4-34

autoantibodies, a buffer of 1X PBS, 1mM EDTA, 0.05% NaN3

and 1% BSA was used. To block plates for detection of anti-

cardiolipin autoantibodies a blocking buffer of 1X PBS with 1%

BSA was used. For 9G4 reactivity, each plasma sample was

plated starting at 1:200 in a 3-fold serial dilution across 6

dilutions and incubated for overnight at 4°C. For chromatin,

Smith or cardiolipin reactivity, each plasma sample was plated

starting at 1:8 in a 3-fold serial dilution across 6 dilutions and

incubated for 2 hours at 37°C. Plates were washed 3X and

incubated with Goat anti-human IgG (for 9G4 Goat anti-human

IgGmultispecies cross absorbed was used) conjugated to alkaline

phosphatase (Southern Biotech) for 1 hour at 37°C. Plates were

washed 3X and developed with 1 mg/ml of 4-nitrophenyl

phosphate disodium salt hexahydrate (Alkaline Phosphatase

Substrate; Sigma-Aldrich) diluted in developing buffer (1M

diethanolamine, 8.4 mM MgCl2, and 0.02% NaN3 in water)

and incubated at 37°C for 10-30 minutes. Absorbance values

(O.D.) were read at 405 nm on the VersaMax ELISA reader

(MDS Analytical Technologies). The dilutions were log

transformed to generate a curve and the linear part of the

curve was used to select a dilution at which to compare

relative O.D. values for each group. For absolute titers of

chromatin, Smith or cardiolipin reactivity O.D. values were

compared at 1/128 dilution and for 9G4 reactivity O.D. values

were compared at 1/16200 dilution. The absolute titers were then

normalized by the total amount of IgG in the corresponding

plasma sample (quantification of total IgG described below).
Quantification of total IgG in plasma

Levels of total IgG in plasma were quantified as previously

described (24). Briefly, 96-well plates were coated with Goat
Frontiers in Immunology 05
anti-human IgG capture antibody (Southern Biotech) overnight

at 4°C in 1X PBS. Plates were then washed 3X and blocked for 1

hour at 37°C. Plasma samples were plated starting at a 1:200

dilution in a 5-fold serial dilution across 6 points and incubated

for 2 hours at 37°C. A standard curve of IgG (Southern Biotech)

starting at 1pg/mL was used to quantify total levels of IgG in

each plasma sample. Plates were washed 3X and incubated with

Goat anti-human IgG conjugated to alkaline phosphatase

(Southern Biotech) in 1X PBS for 1 hour at 37°C. Plates were

washed and developed as described above. For absolute titers of

IgG O.D. values were compared at 1/12500.
Data analysis

Data was graphed and analyzed using Prism Graph-Pad

Software (v 9.2.0). One-way ANOVA was used to determine the

significance of differences between cohorts (healthy controls,

immunized samples, mild or severe infection) or between cell

subsets (DN1, DN2 and DN3) as indicated in the figure legends.

A Pearson correlation was used to determine the significance of

differences between systemic cytokines with the frequency of DN

subsets or between the frequency of DN subsets with the titer of

autoreactive antibodies as indicated in figure legends.

Significance was defined as p< 0.05. If a trend to significance

p<0.09 was observed, then it was noted on the figure. Each

human donor in a group is represented by a dot on the scatter

plot and the total sample size measured for each assay is

indicated in each figure legend.
Results

Altered frequencies of Double
Negative B cell subsets during severe
SARS-CoV-2 infection

To begin to characterize how immunization and viral

infection might influence the presence of Double Negative B

cell subsets, we collected human peripheral blood mononuclear

cells (PBMCs) from healthy controls, individuals immunized

with an mRNA vaccine against SARS-CoV-2, or individuals

convalescing from a mild SARS-CoV-2 infection or subjects with

severe SARS-CoV-2 infection requiring hospitalization

(Supplemental Table 1). Double Negative (CD27–IgD–) B cells

comprise a heterogeneous population of DN1, DN2 and DN3

subsets which are identified based on differential expression of

CD11c and CD21 (Figure 1A), whereby DN1 cells express CD21

but not CD11c (CD21+CD11c–), DN2 cells expressing high

levels of CD11c but not CD21 (CD21–CD11c++), and DN3

cells do not express either surface receptor (CD21–CD11c–) (2,

11, 12). A DN4 population expressing both CD11c and CD21,

has been suggested based on transcriptome and phenotypic
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analyses (10, 11), however, in our analyses we did not observe a

reproducibly distinct DN4 subset (CD21+CD11c+) in all

individuals, thus this population was not further characterized.

As expected (9), in healthy controls within the Double Negative

population, DN1 cells were the most frequent subset followed by

DN2 cells with DN3 cells being the most infrequent subset

(F igure 1B) . A s imi la r h ie ra rchy o f DN subse t s

(DN1>DN2>DN3) within the DN population was also

observed in individuals immunized against SARS-CoV-2

(Figure 1B). Conversely, individuals with mild SARS-CoV-2

infection harbored similar frequencies of DN3 and DN2 cells

with DN1 cells remaining as the predominant subset

(Figure 1B). Importantly, for individuals with severe SARS-

CoV-2 infection, DN3 cells were the most frequent subset

compared to DN1 and DN2 cells within the Double Negative

population (Figure 1B).

Upon comparison of the frequency of subsets within the

Double Negative population between healthy controls,

individuals immunized against SARS-CoV-2, and subjects with

either mild or severe SARS-CoV-2 infection demonstrated that

there is a significant loss of DN1 cells with severe infection

(Figure 1C), in keeping with previous reports (11, 12). A
Frontiers in Immunology 06
significant increase in DN2 cells within the Double Negative

population with severe SARS-CoV-2 infection was observed as

compared to DN2 cells from mild infection (Figure 1C).

Similarly, in severe infection a significant increase in DN3 cells

within the Double Negative population with severe infection was

observed as compared to DN3 cells from healthy controls,

individuals immunized against SARS-CoV-2 and subjects with

mild SARS-CoV-2 infection (Figure 1C).

DN cells are a relatively minor population within the total B

cell population (Figure 1D) and quantification of the DN1 subset

did not reveal any significant differences in the frequency of DN1

cells amongst CD19+ cells with severe SARS-CoV-2 infection

compared to other individuals (Figure 1E). Importantly, we

observed a significant increase in DN2 and DN3 cells within

the total B cell population with severe SARS-CoV-2 infection

compared to heathy controls, individuals immunized against

SARS-CoV-2 or subjects with mild infection (Figure 1E), in

accordance with previous reports (22, 23).

Overall, these data demonstrate that the Double Negative

population undergoes major alterations in subset frequency with

severe SARS-CoV-2 infection suggesting that viral infection

regulates the composition of DN1, DN2 and DN3 B cell subsets.
B

C

D

E

A

FIGURE 1

Alteration in the frequency of Double Negative subsets with Severe SARS-CoV-2 infection. (A) Flow plots demonstrating the gating strategy to
identify DN1, DN2 and DN3 populations in human PBMCs. (B) Pie charts depicting the average frequency of DN1, DN2, and DN3 subsets within
the total double negative population (CD27-IgD-) for healthy controls (HC), individuals immunized against SARS-CoV-2 (IM), individuals with
mild or severe SARS-CoV-2 infection. (C) Quantification comparing the frequency of each DN subset within total double negative population
(CD27-IgD-). (D) Pie charts depicting the average frequency of DN1, DN2, and DN3 subsets within the total B cell population (CD19+).
(E) Quantification comparing the frequency of each DN subset within total B cells (CD19+) between healthy controls (HC, N=10), individuals
immunized (IM, N=15) against SARS-CoV-2, and individuals with mild (N=11) or severe SARS-CoV-2 infection (N=14). Statistics: one-way
ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Comparison of DN1, DN2, and DN3 cells
in healthy individuals

To better characterize the uniqueness of B cell subsets within

the Double Negative B cell population, especially the novel DN3

subset, we phenotypically compared the DN1, DN2 and DN3

subsets with each other from healthy controls. It was previously

reported that DN2 cells from SLE patients express higher levels

of the activation marker CD69 when compared to conventional

memory B cells (9). In accord with that finding, our study

revealed DN2 cells from healthy individuals have on average the

highest level of CD69 expression compared to DN1 and DN3

cells in healthy controls (Figure 2), indicating DN2 cells

naturally reside at a more activated state than other Double

Negative subsets. In healthy controls, DN2 cells also have the

highest expression level of CD86, a co-receptor that stimulates T

cells (27), compared to DN1 or DN3 cells, with DN3 cells
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displaying a higher level of CD86 expression than DN1 cells

(Figure 2). These data indicate that under normal conditions

DN2 cells are poised to participate in B-T cell interactions, which

was unexpected given DN2 cells are reported to participate in

extrafollicular antibody responses (9), a process that includes T-

cell independent antibody responses (28). Finally, our results

further suggest DN3 cells are more likely to participate in

activation of T cells through higher CD86 expression than

DN1 cells.

Comparison of BAFFR expression, a receptor important for

response to the survival cytokine BAFF (29), demonstrated that

in healthy controls DN1 cells have significantly higher

expression of BAFFR than DN2 and DN3 cells and DN2 cells

express an intermediate level compared to the lowest BAFFR

levels on DN3 cells (Figure 2). These data suggest that DN1 cells

are the subset most dependent on BAFF for survival, whereas

DN3 cells are the least dependent on BAFF for survival.
B

A

FIGURE 2

Phenotypic comparison of DN1, DN2 and DN3 cells in healthy controls. (A) Quantification of expression level (gMFI: geometric mean
fluorescent intensity) of CD69, CD86, BAFFR, CD22, CD72 and FcRL5 on DN1, DN2 or DN3 cells from healthy controls (N=10) and (B) a
heatmap visualizing the differences between DN1, DN2 and DN3 subsets of average gMFI values. Statistics: one-way ANOVA, *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001.
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We also queried expression of receptors known to inhibit

BCR signaling (30–32), specifically measuring CD72, CD22 and

FcRL5 inhibitory receptor expression on Double Negative B cell

subsets in healthy controls. DN2 cells from SLE patients were

reported to express the highest level of CD22 when compared to

conventional memory cells (9). Examination of CD22

demonstrated comparable CD22 expression between DN2 and

DN1 cells in healthy controls (Figure 2) whereas DN3 cells

expressed the lowest level of CD22 (Figure 2), implying that

DN3 cells might experience the least CD22-mediated inhibition

of BCR signaling via the recruitment of SHP-1 (33).

Examination of another inhibitory receptor, CD72, revealed

that DN1 cells have the highest level of CD72 expression

compared to DN2 and DN3 cells, and DN3 cells have the

lowest expression level of CD72 (Figure 2). These data suggest

that in healthy controls CD72 may play an important role in

regulating DN1 cells compared to other Double Negative B cell

subsets. Finally, we compared expression of FcRL5 on Double

Negative B cell subsets and demonstrate that in healthy controls

DN2 cells express the highest level of FcRL5 (Figure 2),

suggesting FcRL5 uniquely regulates the DN2 subset.

Together these findings begin to characterize the novel DN3

subset phenotype relative to the better characterized DN1 and

DN2 subsets in healthy individuals with key features of DN3
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cells expressing the lowest levels of CD22, CD72, CD69 and

BAFFR out of the DN subsets.
Phenotypic alteration in DN1 cells during
severe SARS-CoV-2 infection

We next questioned how SARS-CoV-2 infection might

promote a reduced frequency of DN1 cells and initially

measured expression of CD21, the defining receptor on DN1

cells. This analysis revealed a significant reduction in CD21

expression on DN1 with severe SARS-CoV-2 infection as

compared to DN1 cells from healthy controls, immunized

individuals and those with mild SARS-CoV-2 infection

(Figures 3A, B). These data suggest that with severe viral

infection, loss of CD21 surface expression may account, at

least in part, for the reduction in DN1 cell frequency.

Examination of BAFFR on DN1 cells revealed that DN1 cells

from severe SARS-CoV-2 infected subjects express significantly

lower levels of BAFFR when compared to DN1 cells from

healthy controls or individuals immunized against SARS-CoV-

2 or with mild SARS-CoV-2 infection (Figures 3A, B). This

would suggest DN1 cells inefficiently compete for BAFF and a

subsequent reduction in DN1 cell survival may accompany
B

C

A

FIGURE 3

Phenotypic changes in DN1 cells with Severe SARS-CoV-2 infection. (A) Representative histograms depicting expression of CD21, BAFFR CD69,
CD86, CD72, and CD22 on DN1 cells from a healthy control (HC), an individual immunized against SARS-CoV-2 or with mild or severe SARS-
CoV-2 infection. Control dotted histogram is an FMO for CD69, CD68, CD72 and CD22. Control dotted histogram for BAFFR and CD21 is
expression on CD3+ T cells from a healthy control subject. (B) Quantification of CD21, BAFFR, CD69, CD86, CD72, and CD22 expression (gMFI:
geometric mean fluorescent intensity) on DN1 cells from healthy controls (HC), individuals immunized against SARS-CoV-2 (IM), or with mild or
severe SARS-CoV-2 infection. (C) Pie charts depicting the average frequency of IgM+, IgG+, or IgG-IgM- DN1 cells for healthy controls (HC,
N=10), individuals immunized against SARS-CoV-2 (N=15), or with mild (N=11) or severe SARS-CoV-2 infection (N=14). Statistics: one-way
ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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severe viral infection and further account for the diminution of

the DN1 population.

To assess the influence of viral infection on DN1 B cell

activation, we evaluated expression of the CD69 and CD86

activation receptors on virally infected and control individuals.

These analyses revealed that there was a significant increase in

expression of CD69 on DN1 cells with severe SARS-CoV-2

infection as compared to healthy controls, immunized

individuals or those who had experienced mild SARS-CoV-2

infection. We also observed a trend of higher CD86 expression

on DN1 cells from severe SARS-CoV-2 infection as compared to

DN1 cells from individuals immunized against SARS-CoV-2

(Figures 3A, B). Together these results indicate that DN1 cells

are in an activated state with viral infection.

We also measured the levels of the CD22 and CD72

inhibitory receptors on DN1 B cells as an assessment of

functional capacity since both inhibitory receptors are able to

negatively regulate BCR signaling (30, 31). DN1 cells from severe

SARS-CoV-2 infected subjects express significantly lower levels

of CD72 compared to DN1 cells from healthy controls or

individuals immunized against SARS-CoV-2 or with mild

SARS-CoV-2 infection (Figures 3A, B). Interestingly,

immunization against SARS-CoV-2 appeared to increase

expression of CD22 on DN1 cells such that DN1 cells from

healthy controls and individuals with mild or severe SARS-CoV-

2 infection had significantly lower levels of CD22 expression

than DN1 cells from immunized subjects (Figures 3A, B). These

data indicate that immunization and viral infection differentially

effect inhibitory receptor expression on DN1 cells and DN1 cells

in severe infection express relatively reduced levels of both the

CD72 and CD22 inhibitory receptors.

Since the more broadly-defined Double Negative B

population was initially described as an antigen-experienced

memory B cell population lacking expression of CD27 with

nearly half of the population class-switched to IgG (5), and the

majority of DN1 cells from heathy controls express IgG (9), we

asked whether viral infection also modified isotype class

dominance in DN1, DN2 and DN3 subsets. In healthy

controls, the majority of DN1 cells are IgG+, a third of DN1

cells are IgG–IgM– and the remaining small portion are IgM+

(Figure 3C). A similar breakdown of immunoglobulin isotype

class was observed with DN1 cells from immunized individuals

and subjects with mild SARS-CoV-2 infection (Figure 3C).

Conversely, with DN1 cells from subjects with severe SARS-

CoV-2 infection we observed a significant reduction in IgG+ cells

and a corresponding increase in IgM+ DN1 cells (Figure 3C),

suggesting that severe viral infection modifies immunoglobulin

class type in DN1 cells.

Overall, these data demonstrate that DN1 are phenotypically

altered with severe SARS-CoV-2 infection such that they are at a

heightened level of activation and express reduced levels of

inhibitory receptors and BAFFR and display a shift in

antibody isotype class.
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Activation of DN2 cells during severe
SARS-CoV-2 infection
Given the increased frequency of DN2 cells with severe

SARS-CoV-2 infection (Figure 1), we anticipated that these

cells might exhibit enhanced survival as indicated by increased

expression levels of BAFFR. However, we did not find significant

differences in BAFFR expression on DN2 cells from healthy

individuals or those with either mild or severe SARS-CoV-2

infection although DN2 cells from severe viral infection trended

to have reduced BAFFR expression (Figures 4A, B). Notably,

immunization against SARS-CoV-2 increased expression levels

of BAFFR on DN2 cells (Figures 4A, B), suggesting that

vaccination may modify longevity of these cells.

To determine how viral infection influenced the activation

state of DN2 cells, we quantified levels of the CD69 and CD86 on

this subset. DN2 cells from severely infected SARS-CoV-2

subjects had significantly higher levels of CD69 expression, but

not CD86, when compared to individuals immunized against

SARS-CoV-2 or those with mild infection (Figures 4A, B).

Together, these data indicate that DN2 cells are more activated

with severe infection.

We next again assessed if immunization or viral infection

influenced inhibitory receptor expression on DN2 B cells by

measuring CD72 and CD22 surface expression. The mean

fluorescence intensity (MFI) of CD72 was found to be

expressed at a higher level on DN2 cells from immunized

individuals and those with mild viral infection compared to

healthy controls (Figures 4A, B). Accordingly, CD72 was

expressed at a significantly lower level on DN2 cells from

severe SARS-CoV-2 infection compared to DN2 cells after

immunization or those with mild infection (Figures 4A, B).

Examination of CD22 revealed no significant difference in levels

of expression on DN2 cells from each group, however, similar to

the CD72 inhibitory receptor, the average CD22 MFI was higher

on DN2 cells after immunization against SARS-CoV-2

suggesting that vaccination induces inhibitory receptor

expression on DN2 cells (Figures 4A, B). DN2 cells from

healthy controls and SLE patients were reported to also

express the FcRL5 inhibitory receptor (9). Measurement of

FcRL5 revealed that there is a wide distribution of expression

on DN2 cells in all cohort populations and without significant

differences in expression (Figures 4A, B). Together, these data

indicate that while CD72 expression is depressed with severe

SARS-CoV-2 infection, the expression of the CD22 and FCRL5

inhibitory receptors on DN2 cells does not change with severe

infection. In contrast, immunization appears to elevate

expression of CD22 and CD72 on DN2 B cells.

DN2 cells from healthy controls or individuals with SLE

have been reported to predominantly express IgG (9). In accord,

our evaluation of immunoglobulin isotype class expressed by

DN2 cells reveals that the majority of DN2 cells are IgG+,
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approximately one quarter of DN2 cells are IgG–IgM–and a

smaller fraction are IgM+ (Figure 4C). Interestingly, compared

to DN2 cells from healthy controls, there was a slight increase in

the frequency of IgG+ DN2 cells after immunization against

SARS-CoV-2, or in individuals with mild or severe SARS-CoV-2

infection (Figure 4C). Importantly, with severe SARS-CoV-2

infection we observed a significant increase in IgM+ DN2 cells

compared to healthy controls and a corresponding decrease in

IgG–IgM– DN2 cells with severe infection (Figure 4C),

demonstrating that viral infection alters the composition of

immunoglobulin isotype expression in DN2 cells.

Together these data indicate that DN2 cells persist with

severe viral infection, are more activated with minimal change in

inhibitory receptor expression and slight changes in

immunoglobulin isotype class.
Phenotypic characterization of the
novel DN3 cells during severe SARS-
CoV-2 infection

DN3 cells are a newly reported subset of the Double

Negative population with an unknown phenotype (12). Given

the significantly increased frequency of DN3 cells with severe

SARS-CoV-2 infection (Figure 1), we anticipated that that DN3

cells might display enhanced survival resulting from increased
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expression levels of BAFFR. Surprisingly, DN3 cells were

observed to express significantly lower levels of BAFFR with

severe SARS-CoV-2 infection compared to DN3 cells from

heathy controls or individuals immunized against SARS-CoV-

2 (Figures 5A, B). Together these data, along with the

maintenance of BAFFR expression on DN2 cells described

above (Figure 4), suggests the DN2 and DN3 subsets

apparently rely less on the survival cytokine BAFF with severe

viral infection.

Given that DN2 cells express the FcRL5 inhibitory receptor

and expression is unchanged with viral infection (Figure 4), we

wondered whether DN3 cells also express this receptor. Analysis

of FcRL5 expression on DN3 cells reveals that this population

appears to normally express low levels of FcRL5 and expression

is variably increased on DN3 cells with severe SARS-CoV-2

infection and when compared to immunized individuals or

those with mild infection (Figures 5A, B). Examination of

other inhibitory receptors, CD72 and CD22, revealed that

there was a significant increase in expression level of CD72 on

DN3 cells from mild SARS-CoV-2 compared to heathy controls,

such that DN3 cells from subjects with severe SARS-CoV-2

infection have significantly lower levels of CD72 expression than

from mild infection (Figures 5A, B). Expression of CD22 on

DN3 cells from severe SARS-CoV-2 infection trends to a higher

level of expression than DN3 cells from heathy controls and

subjects with mild infection (Figures 5A, B). Together these data
frontiersin.org
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FIGURE 4

Phenotypic changes in DN2 cells with Severe SARS-CoV-2 infection. (A) Representative histograms depicting expression of BAFFR, CD69, CD86,
CD72, CD22 and FcRL5 on DN2 cells from a healthy control (HC), individual immunized against SARS-CoV-2 or individuals with mild or severe
SARS-CoV-2 infection. Control dotted histogram is an FMO for CD69, CD68, CD72 and CD22. Control dotted histogram for BAFFR and FcRL5 is
expression on CD3+ T cells from a healthy control subject. (B) Quantification of BAFFR, CD69, CD86, CD72, CD22 and FcRL5 expression (gMFI:
geometric mean fluorescent intensity) on DN2 cells from healthy controls (HC), those immunized against SARS-CoV-2 (IM), or individuals with
mild or severe SARS-CoV-2 infection. (C) Pie charts depicting the average frequency of IgM+, IgG+, or IgG-IgM- DN2 cells for healthy controls
(HC, N=10), individuals immunized against SARS-CoV-2 (N=15), and individuals with mild (N=11) or severe SARS-CoV-2 infection (N=14).
Statistics: one-way ANOVA, *p < 0.05, **p < 0.01.
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indicate that inhibitory receptor expression on DN3 cells from

severe SARS-CoV-2 infection appears modestly increased

compared to DN3 cells from healthy controls.

Our analyses of DN1 and DN2 cell subsets show these

populations were both highly activated with severe SARS-

CoV-2 infection (Figures 3, 4). Therefore, we next asked

whether DN3 cells were also activated as indicated by

increased expression of the CD69 and CD86 markers.

Quantification of CD69 on DN3 cells revealed that, while

variable, on average there is a higher level of expression of

CD69 on DN3 cells from severe SARS-CoV-2 infection

compared to healthy controls, individuals immunized against

SARS-CoV-2 and those with mild infection (Figures 5A, B).

These results suggest severe SARS-CoV-2 infection promotes

robust activation on DN3 cells. Intriguingly, expression of CD86

was significantly downregulated on DN3 cells from subjects with

mild or severe SARS-CoV-2 infection compared to healthy

controls, suggesting DN3 cells may have less capacity to

activate T cells with viral infection (Figures 5A, B).
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To the best of our knowledge, the immunoglobulin isotype

class of DN3 cells has not been reported. In this study, the

majority of DN3 cells from healthy controls are IgG–IgM– (likely

IgA given the reported enrichment in IGHA2 transcripts) (10),

followed by an intermediate frequency of IgG+ DN3 cells, with a

smaller proportion of IgM+ DN3 cells (Figure 5C). A similar

breakdown of IgG–IgM– DN3 cells as the most frequent

immunoglobulin class followed by an intermediate frequency

of IgG+ DN3 cells and fewer IgM+ DN3 cells was observed in

immunized individuals and those with mild or severe SARS-

CoV-2 infection (Figure 5C). Importantly, with severe SARS-

CoV-2 infection we again observed a significant increase in IgM+

DN3 cells and a trend to an increase in IgM+ DN3 cells with mild

infection compared to DN3 cells from healthy controls

(Figure 5C). These changes were concomitant with significant

decreases in the frequency of IgG–IgM– DN3 cells from mild or

severe SARS-CoV-2 subjects compared to DN3 cells from

healthy controls (Figure 5C). These data demonstrate that viral

infection modifies isotype class dominance in the DN3 subset.
B
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FIGURE 5

Phenotypic changes in DN3 cells with Severe SARS-CoV-2 infection. (A) Representative histograms depicting expression of BAFFR, CD69, CD86,
FcRL5, CD72, and CD22 on DN3 cells from a healthy control (HC), a subject immunized against SARS-CoV-2, or individuals with mild or severe
SARS-CoV-2 infection. Control dotted histogram is an FMO for CD69, CD68, CD72 and CD22. Control dotted histogram for BAFFR and FcRL5 is
expression on CD3+ T cells from a healthy control subject. (B) Quantification of BAFFR, CD69, CD86, FcRL5, CD72, and CD22 expression (gMFI:
geometric mean fluorescent intensity) on DN3 cells from healthy controls (HC), individuals immunized against SARS-CoV-2 (IM), or individuals
with mild or severe SARS-CoV-2 infection. (C) Pie charts depicting the average frequency of IgM+, IgG+, or IgG-IgM- DN3 cells for healthy
controls (HC, N=10), individuals immunized against SARS-CoV-2 (N=15), and individuals with mild (N=11) or severe SARS-CoV-2 infection
(N=14). Statistics: one-way ANOVA, *p < 0.05, **p < 0.01.
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Overall, it is clear that viral infection modulates the

phenotype of the novel DN3 subset such that these cells have

reduced BAFFR and CD86 but elevated levels of FcRL5, CD22,

and CD69 during severe disease. A summary of these findings is

depicted in Supplemental Table 2.
Double negative B cells subsets maintain
the ability to signal through the BCR
during severe SARS-CoV-2 infection

DN2 cells from SLE patients have the ability to signal

through the BCR despite expressing CD22 and FCRL5

inhibitory receptors (9), however the functional capacity of

DN2 cells to respond to BCR signaling in healthy individuals

or other disease states has not been reported. DN2 cells from

severe SARS-CoV-2 infection also express inhibitory receptors

and thus we asked whether DN2 cells maintained an ability to

signal through the BCR. To address this, PBMCs from healthy

controls, immunized individuals, or individuals with either mild

or severe SARS-CoV-2 infection were stimulated with anti-

human Ig to induce BCR signaling and DN subsets were

subsequently assessed for activation of BCR signaling effector
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molecules as previously described (34). Specifically, we used flow

cytometry to measure the mean fluorescence intensity of

phospho-SYK (pSYK), a tyrosine kinase signaling molecule

proximal to the BCR (34), with and without anti-Ig

stimulation. The results from these analyses revealed that DN1

cells from all cohorts (heathy controls, immunized individuals

and SARS-CoV-2 mild and severe infected individuals)

displayed significant increases in pSYK levels after BCR

stimulation (Figure 6). Similar increases in pSYK levels were

observed for DN2 and DN3 cells in all cohorts (Figure 6). We

further quantified levels of pPLCg2, another BCR signaling

effector molecule further downstream in the BCR signal

transduction cascade. Here, we again found that the B cells

within all three DN subsets, DN1, DN2 and DN3, and from each

cohort, displayed significant increases in pPLCg2 levels after

BCR stimulation (Figure 6). These data indicate that despite

changes in B cell inhibitory receptor expression with severe

SARS-CoV-2 infection observed above, the B cells within all DN

subsets maintain the ability to transduce signals originating from

the BCR.

We have previously reported that severe SARS-CoV-2

infection enhances BCR signaling by BND cells, a typically

functionally anergic B cell population in healthy controls (24).
BA

FIGURE 6

Maintenance of BCR signaling in Double Negative subsets during Severe SARS-CoV-2 infection. (A) Representative histograms depicting
expression of pSYK and pPLCg2 on DN1, DN2, or DN3 cells from a healthy control (HC), individual immunized against SARS-CoV-2, and
individual with mild or severe SARS-CoV-2 infection without (-) or with (+) stimulation by 10mg/mL anti-IgG (H+L) F(ab’)2 for 5 min. Control
dotted histogram is an FMO. (B) Quantification of expression levels of pSYK and pPLCg2 (gMFI: geometric mean fluorescent intensity) on DN1,
DN2, or DN3 cells from healthy controls (HC, N=10), individuals immunized against SARS-CoV-2 (N=15), or individuals with mild (N=10) or
severe SARS-CoV-2 infection (N=12) without (-) or with (+) stimulation by 10mg/mL anti-IgG (H+L) F(ab’)2 for 5 min. Statistics. one-way ANOVA,
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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To determine if DN2 or any of the B cells within the different

DN subsets display enhanced BCR signaling with severe viral

infection, we calculated the fold difference of pSYK and pPLgC2
between unstimulated and BCR-stimulated B cells and

compared these values between cohorts. The results of these

analyses did not reveal any significant enhancement in the ability

of B cells from any DN subset, or cohort, to transduce BCR

signals leading to SYK and PLCg2 activation (Supplemental

Figure 1). Thus, despite residing at a higher activation level as

observed above (CD69), DN2 cells do not display an

enhancement in BCR signaling with severe viral infection.

However, we noted that DN2 cells from healthy controls,

immunized individuals and individuals with mild infection

displayed increased basal levels of pSYK and pPLCg2 relative

to DN1 and DN3 cells (Supplemental Figure 2). We observed a

similar higher basal level of pSYK and pPLCg2 expression in
Frontiers in Immunology 13
DN2 cells compared to DN1 or DN3 cells from individuals with

severe SARS-CoV-2 infection (Figure 7). This suggests that DN2

cells naturally have the largest capacity to signal through the

BCR compared to other DN subsets, a process which may be

independent of traditional inhibitory receptors (CD22, CD72,

FcRL5) and/or that the function of inhibitory receptors is

impaired during viral infection.
Systemic inflammation during severe
SARS-CoV-2 infection is linked to
alteration in Double Negative
B cell frequency

Inflammatory cytokines such as IFNl and IFNg are able to
promote the in vitro generation of DN2 cells from naive B cells
B

A

FIGURE 7

Functional comparison of DN1, DN2 and DN3 cells in severe SARS-CoV-2 infection. (A) Quantification of expression level of pSYK or pPLCg2 on
DN1, DN2 or DN3 cells from individuals with severe SARS-CoV-2 infection (N=12) without (unstimulated) or (B) with stimulation by 10mg/mL
anti-IgG (H+L) F(ab’)2 for 5 min. Statistics. one-way ANOVA, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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(9, 14, 15) and we and others have reported an increase in pro-

inflammatory cytokines with severe SARS-CoV-2 infection

(Supplemental Table 1) (16, 24, 35). Accordingly, we

questioned whether the increased systemic inflammation

associated with severe viral infection might account for the

observed changes in DN subset frequencies. We began to

address this by measuring levels of C-reactive protein (CRP)

in plasma, an indicator of overall inflammatory state, from

immunized and virally infected cohorts and as expected found

that CRP levels were significantly higher in severe SARS-CoV-2

when compared to levels found in individuals immunized

against SARS-CoV-2 (Supplemental Table 1). Furthermore,

levels of CRP significantly correlated negatively with the

frequency of DN1 cells within the Double Negative population

(Figure 8A). In line with the CRP correlation, there were also

significant negative correlations between the levels of TNF, IL-6,

IFNg, and IL-1b and the frequency of DN1 cells (Figure 8A).

These data indicate that SARS-CoV-2 associated inflammation

promotes a loss of the DN1 population. In contrast, the observed

increases in the DN2 subset were significantly and positively

correlated with levels of CRP as was the frequency of DN2 cells

within the Double Negative population (Figure 8B), in keeping

with similar previous observations (12, 21). We further observed

significant positive correlations between the levels of specific

cytokines including TNF, IL-6, IFNg, and IL-1b with the

increased frequency of DN2 cells (Figure 8B). These data

suggest that the inflammation associated with severe SARS-
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CoV-2 infection likely drives expansion of the DN2 subset.

Moreover, correlation of levels of CRP with the frequency of

DN3 cells again demonstrated a significant positive relationship

(Figure 8C), and as previously reported (11). There were again

significant positive correlations between the levels of the TNF,

IL-6, IFNg, and IL-1b proinflammatory cytokines and the

frequency of DN3 cells in our cohorts (Figure 8C). Overall,

these data link broad systemic inflammation and specific

inflammatory cytokines with the observed changes in specific

DN subset frequencies during severe SARS-CoV-2 infection.
Changes in Double Negative B cell
frequency are linked to increased levels
of autoreactive antibodies during severe
SARS-CoV-2 infection

We and others have reported an increase in systemic

autoreactive antibodies during severe SARS-CoV-2 infection

(Supplemental Table 1) (18–20, 24, 36), suggesting an

infection-induced breach in immunological tolerance and

expansion of autoreactive B cells in response to inflammation

during viral infection. Whereas DN1 cells are not thought to

harbor autoreactive specificities, DN2 cells were demonstrated to

be enriched in cells harboring a VH4-34 specificity (9), an

indicator of autoreactivity in SLE patients (26, 37). Expression

of germline VH4-34 Ig heavy chain in human B cells is
B
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FIGURE 8

The alteration in the frequency of Double Negative populations correlates with increased systemic inflammation during Severe SARS-CoV-2
infection. (A) Correlation of systemic cytokine levels (CRP, TNFa, IL-6, IFNg, IL-1b) in individuals immunized against SARS-CoV-2 (grey circles,
N=8), individuals with mild (pink circle, N=9) and severe SARS-CoV-2 infection (red circle, N=12) with frequency of DN1 cells, (B) frequency of
DN2 cells, or (C) frequency of DN3 cells within total double negative population (CD27-IgD-). Statistics: Pearson correlation, r and p values
noted on each panel.
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associated with BCRs with specificity to nuclear antigen,

chromatin, CD45 and glycoproteins on red blood cells (26,

37). We and others have demonstrated that serum

autoantibodies of VH4-34 origin are elevated in severe SARS-

CoV-2 infection (12, 24). The specificities displayed by DN3

cells, and whether there is a similar enrichment in autoreactive

specificity, has not been established. As we observe increased

frequencies of both DN2 and DN3 subsets with severe viral

infection, we asked whether either DN2 or DN3 subset was

associated with autoantibody production during severe SARS-

CoV-2 infection. Correlating of the frequency of DN1 cells

within the Double Negative population with the plasma titer

of VH4-34 IgG normalized to total IgG levels revealed a

significant negative correlation between these parameters

(Figure 9A). Similarly, we observed a significant negative

correlation between the frequency of DN1 cells and the

relative titer of anti-Smith IgG antibodies (Figure 9A). A trend

was further observed between the correlation of the frequency of

DN1 cells with the relative titers of anti-Chromatin IgG or anti-

Cardiolipin IgG (Figure 9A). These data indicate that a

reduction in the presence of DN1 cells with severe viral

infection correlates with a rise in autoreactive antibody titers

suggesting that DN1 cells may be limiting in the formation

of autoantibodies.
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Surprisingly, despite the reported enrichment of

autoreactive specificities within the DN2 cell subset in SLE,

our data did not demonstrate any significant correlation

between the frequency of DN2 cells within the Double

Negative population and the relative titers of VH4-34, anti-

Chromatin, anti-Smith or anti-cardiolipin IgG (Figure 9B). In

contrast, we instead find that a significant positive correlation

exists between the frequency of DN3 cells within the Double

Negative population and relative titers of VH4-34 (Figure 9C).

Furthermore, the frequency of DN3 cells significantly and

positively correlated with the relative titers of not only VH4-

34 but also anti-chromatin IgG, anti-Smith IgG, and anti-

cardiolipin IgG (Figure 9C). Importantly, there was a

significant negative correlation between the frequency of

DN3 and DN1 cells, whereas no correlation was observed

between the frequency of DN3 and DN2 cells (Supplemental

Figure 3). These data suggest that as DN3 cells expand in

frequency with severe SARS-CoV-2 infection so too do

the levels of autoreactive antibodies and implicating this

novel cell type as a potential driver of autoimmunity.

Together these data indicate a strong link between the

alteration in the frequency of DN1 and DN3 subsets during

severe SARS-CoV-2 infection and the development of

autoreactive antibodies.
B

C

A

FIGURE 9

Correlation of autoreactive antibodies with changes in Double Negative subset frequencies during Severe SARS-CoV-2 infection. (A) Correlation
of frequency of DN1 cells, (B) frequency of DN2 cells, or (C) frequency of DN3 cells within total double negative population (CD27-IgD-) with
systemic levels of autoreactive IgG antibodies (VH4-34, Chromatin, Smith, cardiolipin) normalized to total IgG from individuals immunized
against SARS-CoV-2 (N=10), and individuals with mild (N=11) or severe SARS-CoV-2 infection (N=13). Statistics: Pearson correlation, r and p
values noted on panel.
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Discussion
In this report we have interrogated the proportion,

phenotype, and functional ability of DN1, DN2 and DN3 B

cell subsets in healthy individuals, individuals immunized

against SARS-CoV-2 and those with either mild or severe

SARS-CoV-2 infection. We also quantified the level of

inflammation by measurement of C-reactive protein and

specific proinflammatory cytokines in plasma as well as titers

of specific serum autoantibodies. From these findings we

confirm a striking alteration in composition of the Double

Negative population in individuals with severe SARS-CoV-2

infection such that the frequency of DN1 B cells decreases,

whereas the DN2 and DN3 subset frequencies increase. We

reveal by in-depth characterization of the DN subsets that B cells

within each DN1, DN2, and DN3 subset with severe viral

infection are highly activated, express altered frequencies of

immunoglobulin isotype class, and maintain ability to signal

via the BCR, suggesting these DN B cells are able to mount an

antibody response. Importantly, an increased frequency of DN3

cells with concomitant loss of DN1 cells significantly correlated

with increased systemic inflammation and autoreactive antibody

production during SARS-CoV-2 infection. Thus, these data

provide strong evidence that inflammatory cytokines promote

alteration of the Double Negative B cell compartment during

SARS-CoV-2 infection, likely contributing to the production of

autoreactive antibodies with viral infection.

We present data in this study suggesting that the expansion

of the DN2 and DN3 subsets and contraction of the DN1 subset

in severe SARS-CoV-2 infection is driven by elevated virally-

associated cytokines. Expansion of DN2 in SLE is associated with

elevated levels of IFN-g or IFN-l (9, 14, 15). Importantly,

exposure of naive B cells in vitro to IFN-g or IFN-l in the

presence of TLR7L, IL-21, BAFF and BCR stimulation promotes

generation of DN2 cells (9, 15, 38), demonstrating a role for

inflammatory cytokines and viral ligands in driving expansion of

the DN2 subset. Given these reports, and that we and others

have reported increased levels of IFN-g with SARS-CoV-2

infection (16, 24, 39), it is possible that an analogous process

occurs in vivo during severe viral infection to promote DN2

subset expansion. As the DN3 population has only recently been

identified, the B cell developmental pathway(s) leading to a DN3

cell is not clear, although trajectory analysis suggests that DN3

cells may be precursors to DN2 cells (10); in this study we

confirm previous findings that elevated levels of CRP in severe

SARS-CoV-2 infection is associated with an increased frequency

of DN3 cells (11). Further supporting the role for viral-

associated inflammation in driving expansion of the DN3

subset, we identify four specific pro-inflammatory cytokines

(IFN-g, TNF-a, IL-6, and IL-1b) that positively correlate with

increased DN3 frequencies. To the best of our knowledge, no

other studies have reported an expansion of DN2 or DN3 cells
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with other viruses. One study did report an expansion of the

total DN population after immunization with live attenuated

virus against tick borne encephalitis, however the exact subset(s)

responsible for the increased frequency was not determined (6).

Based on our data here we speculate that if systemic

inflammation increases with viral infection or vaccination with

whole virus so too would expansion of the DN2 and DN3

subsets. The precise mechanism(s) by which inflammatory

cytokines modulate the expansion of DN3/DN2 cells and loss

of DN1 cells during severe SARS-CoV-2 infection is an area of

current investigation.

Here in this report, we have confirmed the expansion of

DN2 and DN3 subsets associated with severe SARS-CoV-2

infection reported by others (11, 21, 22). It remains to be

determined whether these subsets contribute to protective

humoral responses during viral infection or contribute to

COVID-19 disease pathology or both. In severe SARS-CoV-2

infection, broad immune activation of the extrafollicular B cell

pathway (a dominant pathway for DN2 generation in SLE) was

associated with poor clinical outcomes (12) and an elevated

presence of DN3 cells has been associated with worse clinical

outcomes (23), suggesting pathogenic roles for DN2 and DN3

cells. Importantly, DN2 cells are enriched in autoreactive VH4-

34 clones in SLE and are precursors to autoreactive antibody

secreting cells (9), and we and others have reported an increase

in VH4-34 IgG levels during severe SARS-CoV-2 infection (12,

24). In this study we demonstrate that expansion of the DN3

subset positively correlates with increased levels of the specific

autoreactive antibodies we tested (VH4-34, chromatin, Smith,

cardiolipin) indicating that DN3 cells may contribute to

autoantibody production during SARS-CoV-2 infection.

Conversely, SARS-CoV-2 DN2 and DN3 cells able to bind

Spike Receptor Binding Domain (RBD) have been identified,

suggesting that viral infection can induce expansion of B cells

with specificity to neutralizing epitopes in the Double Negative

population (21, 22), although whether DN subsets have

specificity to other viral antigens remains to be determined.

Interestingly, a preprint study has identified an antibody with

specificity to both SARS-CoV-2 and glomerular basement

membrane, indicating that cross-reactive antibodies that are

anti-viral and autoreactive can be produced during SARS-

CoV-2 infection (Woodruff et al., 2021 medRxiv). Finally,

determining if DN3 cells are a key source of autoantibodies

and/or contribute to pathology observed in severe COVID-19 is

an area of active investigation.

We did not address whether the expansion of the DN2 and

DN3 subsets with severe viral infection was transient or durable.

Our data here on the presence of these DN subsets in healthy

controls, immunized individuals and those with mild viral

infection would suggest that with resolution of viral-associated

inflammation, the frequency of DN2 and DN3 subsets will revert

back to levels that are observed in healthy controls. In support of

this, a decreased frequency of RBD-specific DN2 cells was
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observed 10 weeks post-infection when compared to levels

during acute infection (22), suggesting that expansion of virus-

specific DN2 cells is transient and resolves with infection.

However, it should be noted that even five months post-

recovery from severe infection, RBD-specific Double Negative

B cells are still detectable (40), indicating that expansion of

virally-associated DN subsets likely contracts with infection but

are not lost. Furthermore, expansion of atypical memory B cells

(CD27–CD21lo/–), which would include both DN2 and DN3

subsets, is resolved in patients recovered from severe SARS-

CoV-2 infection (41, 42). Importantly, 6 months post-recovery

from severe SARS-CoV-2 infection, one group reports a

reduction in autoreactive antibody levels, suggesting a loss or

contraction of the autoreactive B cell population (Woodruff

et al., 2021 medRxiv). It would be of interest to determine if

those who present to the clinic as COVID-19 ‘long-haulers’

maintain expansion of DN2 and DN3 subsets to determine if

these subsets play a role in remaining disease pathology.

Previous studies of atypical memory B cells (CD27–CD21lo/

–), that by definition include DN2 and DN3 cells, in the context

of malaria and HIV viral infection have reported these B cells to

display impaired BCR signaling and proliferative responses (43,

44), a finding that has also been demonstrated in atypical

memory B cells from patients with rheumatoid arthritis and

Common Variable Immunodeficiency (45, 46). In this study, we

do not find any evidence of defective BCR signaling in the DN1,

DN2 or DN3 cells from healthy individuals or those with severe

SARS-CoV-2 infection. In support of our findings, it has been

shown that DN2 cells from SLE patients display intact BCR

signaling as determined by levels of the BCR signaling effector,

phospho-BLNK (9). Interestingly, we show that DN2 cells from

severe SARS-CoV-2 infection had the highest level of pSYK

expression upon BCR stimulation when compared with DN1 or

DN3 cells. Overall, these findings indicate that DN1, DN2 or

DN3 cells have functional BCR responses during severe SARS-

CoV-2 infection. The evaluation of CD86 expression on DN

subsets from healthy individuals and individuals with severe

SARS-CoV-2 infection is also potentially informative given that

CD86 provides a costimulatory signal to T cells. In healthy

individuals, CD86 expression on DN1 cells is relatively low and

compared to DN2 and DN3 suggesting that these latter

populations in healthy individuals are poised to interact with

T cells. In contrast, with severe viral infection, DN3 cells lose

CD86 expression possibly indicating these cells may be less likely

to receive T cell help.

There are limited studies examining immunoglobulin gene

family usage, specifically in the Double Negative B cell subsets,

during SARS-CoV-2 infection. Analysis of the V(D)J repertoire

in antibody secreting cells from severe SARS-CoV-2 infection

demonstrated significant oligoclonal expansion with low

mutation frequencies (majority expressing germline VH genes)
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and autoreactive VH4-34 gene usage (12). This pattern has been

associated with extrafollicular B cell activation (38), particularly

in the DN2 subset during an SLE flare (9). Here in this study we

demonstrate that increased frequency of DN3 cells positively

correlates with the increase in VH4-34 IgG autoreactive

antibodies, suggesting DN3 may be a source of autoreactive

antibodies and that DN3 cells do not edit against autoreactive

VH4-34 gene family usage. However, more work is needed to

determine the degree of somatic hypermutation away from

germline and if there is preferential immunoglobulin heavy

chain family gene usage in each DN subset, including the

novel DN3 cells, during viral infection.

In summary, our study provides evidence that the human

Double Negative B cell compartment is altered during severe

SARS-CoV-2 infection and that this change in subset type

significantly correlates with inflammation and production of

autoreactive antibodies. Importantly, these findings also imply

that an additional B cell subset, the novel DN3 cells, may

contribute to autoreactive antibody production. It remains to

be determined whether these autoreactive antibodies are also

cross-reactive and can mediate an anti-viral response

during infection.
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