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ABSTRACT

Double Negative (DN) B cells constitute a B cell population that lacks expression of immunoglobulin
D and CD27 memory marker. These cells expand in elderly healthy individuals, but also accumulate
prematurely in autoimmune and infectious diseases.

COVID-19 is a pandemic infectious disease caused by SARS-CoV-2, a coronavirus that was first
observed in Wuhan, China in December 2019. In its more severe cases, COVID-19 causes severe
pneumonia and acute respiratory syndrome with high morbidity and mortality.

Recent studies have revealed that the extrafollicular DN2 B cell subset, previously described in lupus
patients, does also expand in severe and/or critical groups of COVID-19 patients. These DN2 cells
correlate with disease severity and laboratory parameters of inflammation. However, their exact role
and function in COVID-19 require to be further investigated.

In this review, we highlight the DN immune responses in both rheumatic diseases and COVID-19,
and we point out the importance of clarifying DN’s role in the immunopathology of the aforemen-
tioned infection, as it could probably enable better management of rheumatic diseases during the
pandemic. Of note, the symptomatology of COVID-19, as well as the potential outcome of death,
have given rise to a worldwide concern and scare of exposition to SARS-CoV-2, especially among
the rheumatological patients who believe to be at higher risk due to their immunological background
and the immunosuppressive therapies. Nevertheless, there is no convincing evidence so far that
these patients are truly at higher risk than others.
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SARS-CoV-2: Severe acute respiratory syndrome coro-
navirus 2

SCD: Scleroderma

SLE: Systemic lupus erythematosus

INTRODUCTION

Coronavirus disease 2019 (COVID-19) is an infectious
disease caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), a single stranded RNA vi-
rus that was first observed in Wuhan, China in December
2019. Since then, the disease has emerged as a pan-
demic.” In most individuals, the infection is considered
as asymptomatic or paucisymptomatic, while in some
cases it causes severe pneumonia, myocarditis, acute
kidney injuries, hepatitis, acute respiratory distress syn-
drome (ARDS), multiorgan failure and even death."

The most severe cases of COVID-19 are characterised
by a cytokine storm which induces hyperinflamsmmation,
and lymphopenia, which affects both the innate and
adaptive immune responses.? Current evidence sug-
gests that the hyperinflammatory syndrome in COVID-19
patients results from a dysregulated host innate
immune response.®* Furthermore, the composition of
the surviving T lymphocytes, as significant reductions
in peripheral T cells have been reported in the severe
cases of COVID-19,° seems to be important for the
establishment of the hyperinflammatory state.®* Having
taken into account these facts, most studies so far have
focused on the innate immune system responses and
the phenotypic and/or molecular T-cell alterations.

On the other hand, the knowledge regarding the immu-
nology of B cells in COVID-19 is limited. However, a few
studies have turned their attention to humoral immune
responses, and thus investigated the role and function
of B cells in the infection.’® As in many other infectious
diseases such as HIV, hepatitis B and malaria,®
alterations of the B cell compartment have also been
reported in COVID-19. ¢%'2 |nterestingly, analyses of
B cell populations revealed that extrafollicular double
negative (DN) B cells, a characteristic of active systemic
lupus erythematosus (SLE),™ are a prominent feature of
severe COVID-19 as well.”'21415 Moreover, the frequen-
cies of these DN cells correlate with disease severity
profiles and some clinical and laboratory parameters of
the disease.®®'* Their exact role and function though in
COVID-19 is not yet fully understood.

In this review, we discuss the overlapping DN immune
responses in rheumatic diseases and severe COVID-19,
and we point out the importance of investigating the role
and the function of DN B cells in the immunopathology of
the aforementioned infection, as it could probably enable
better management of rheumatological patients during
the pandemic.

DN B CELLS IN RHEUMATIC DISEASES AND COVID-19

THE POPULATION OF DOUBLE-NEGATIVE (DN) B
CELLS

Double negative (DN) B cells, also known as atypical
memory B cells, constitute a B cell population that lacks
expression of immunoglobulin D and CD27 memory
marker.'® The population is expanded in the elderly,'® but
also represents a notable component of the B cell com-
partment in patients with autoimmune and/or chronic
infectious diseases.'”?° In general, DN B cells seem to
serve different functions in the context of different con-
ditions. For instance, in cases of HIV and malaria, these
cells have been characterised as having an exhausted
phenotype,'®2° while in cases of SLE they are poised to
become antibody-secreting cells (ASCs) in response to
TLRY7 ligands and the cytokines IFN-y and IL-21," and
are considered to be the direct source of ASCs and
serum autoantibodies during disease’s flares.'® 222 Such
a differing and condition-dependent functionality of DN
B cells, probably can be justified by the heterogeneity of
the DN population.

Heterogeneity among DN B cells: subsets and DN re-
lationship to other B cells arising in autoimmunity and
infections

Various names have been used to describe CD19*IgD
CD27- cells, such as age-associated B cells (ABCs), atyp-
ical memory B cells, CD11c" B cells and of course double
negative B cells.'®182021 Tryth is that all these terms referred
to B cell populations that share a number of features and
are enriched in the peripheral blood of both elderly healthy
individuals and people with chronic infectious diseases or
inflammatory conditions, such as autoimmune disorders,
obesity and cancer.'62024-28 A recent study however, based
on transcriptomic and IgH repertoire analyses of B cells,
questions the equivalence of all these populations.?” Here,
we shall discuss the DN B cell population and its subsets,
as well as the DN relationship to other B cells arising in
autoimmunity and infections.

The various DN B cell subsets

In 2018, Jenks and colleagues from the Sanz group were
the first to divide DN B cells into two subgroups, based
on the expression of follicular homing marker CXCR5."®
Up to this time, the term DN B cells had been used to
describe all B cell populations that lack expression of
gD and CD27. However, according to Jenks and his
colleagues, the CXCR5* subgroup, now known as DN1,
is the DN sub-population that expands in elderly healthy
individuals,'® while the CXCR5" subgroup constitutes
the extrafollicular DN2 subset that is more marked in
active SLE."™'" Furthermore, transcription factor T-bet,
whose expression in B cells is considered to be of high
importance for the induction of autoimmunity and/or
the control of chronic infections,?®?° is expressed (now
obviously) in DN2 subset only.*®
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Of note, the frequencies of DN2 B cells in rheumatoid
arthritis (RA), primary Sjogren’s syndrome (pSS) and
scleroderma (SCD) patients were not as much elevated
as in SLE patients.'® Thus, the subset was presumed to
be SLE specific. However, subsequently published data
has implicated DN2 in the pathogenesis of common
variable immunodeficiency (CVID) as well.®® Moreover,
despite the fact that no classification into DN1 or DN2
has been achieved in incidents involving obese people,
the DN B cells in obese individuals are believed to be
predominantly DN2, as they secrete anti-self IgG anti-
bodies.?*25

In addition, a cytoplasmic FOXO1 DN population - termed
cytoFOX DN B cells - was identified in SLE via deep
immunophenotyping.®' FOXO1, which is a transcription
factor involved in B cell development,® translocates
from the nucleus to the cytoplasm in response to BCR
ligation and presumably in an AKT-dependent manner,
and gets inactivated.®® The cytoplasmic localization of
the transcription factor seems to serve as a biomarker
of SLE progression.®! Considering the fact that highest
frequencies of cytoFOX DN B cells have been observed
in African-American female SLE patients, made us be-
lieve -up to this day- that these cells belong to the DN2
subset,* as DN2 cells predominate in African-American
SLE patients (especially females).”® However, we still
cannot rule out the possibility that cytoFOX DN cells are
equivalent to another “new” DN subset in SLE.

Taking into account all these data, we believe that DN B
cells that have been reported in inflammatory conditions
other than SLE and obesity, such as multiple sclerosis
(MS),"® display a strong possibility to belong to the DN2
subset. However, we note that no confirmatory evidence
exists thus far regarding this issue, as functional, tran-
scriptional, phenotypic and other types of analyses need
to be done. For instance, our knowledge regarding the
presence of DN B cells in early-stage non-small cell lung
cancer (NSCLQC) is extremely limited at this time.?®

As far as infectious diseases are concerned, DN B
cells seem to play an inhibitory role in the humoral re-
sponses. 9203536 Actyally, these cells express a variety
of inhibitor receptors, such as FcRL4, and exhibit many
features of exhaustion, 9203536 in contrast to DN2 B cells,
which are very active in SLE.'®2'-2® Moreover, the ab-
sence of FcRL4 in SLE DN B cells,™'" further suggests
that DN B cells in infectious diseases differ from DN2
cells. However, once again, no confirmatory evidence
exists regarding this issue. Thus, as long as we cannot
classify DN B cells in chronic infections into either DN1
or DN2 cells, we prefer to refer to them as atypical or
tissue-based memory B cells.

We have already mentioned that, apart from SLE cases,
DN2 cells have also been observed in severe and/or
critical cases of COVID-19,”121415 and the frequencies
of these cells correlate with the severity of the disease,

as well as with some clinical and laboratory parameters,
such as CRP, IL-6, and ferritin levels.®®'* Intriguingly,
T-bet expression in DN2 cells from COVID-19 patients,
was reduced as compared with healthy individuals,®
suggesting that these cells are probably not a major driv-
er of inflammation in this disease but is more likely to play
an inhibitory role in the regulation of T cell responses. We
have to note though that the two cohorts analysed for
T-bet expression, consisted of three COVID-19 patients
and four healthy controls, respectively.® We believe that a
new study including more individuals from both two co-
horts needs to be carried out, in order for these findings
to be further strengthened.

Even more interestingly, a previously unreported DN B
cell subset was detected in COVID-19 patients. This
novel subset, now known as DN3, is defined by the ab-
sence of CD21 and CD11c¢, and seems to be associated
with extrafollicular immune responses, along with DN2
cells.” Of note, in comparison to DN2, DN3 cells display
a broader significant correlation pattern with laboratory
features that have been related to critical COVID-19.8 In
general though, the subset is considered as entirely new
and not yet characterised.

The main features and functions of DN B cells in rheu-
matic diseases and COVID-19 shall be described, in
more detail, in next sections of this review. Nevertheless,
a table summarizing the topics discussed above is pro-
vided here (Table 1).

DN relationship to age-associated B cells (ABCs)

ABGCs are a CD11c*T-bet* B cell subset that expands
continuously with age in healthy individuals.®” In cases
of autoimmune and/or infectious diseases though,
these cells accumulate prematurely and contribute to
auto-antibody or anti-pathogen antibody production,
respectively.®#' Due to overlapping phenotypic markers,
as well as similar activation requirements and function-
ality, ABCs and DN2 B cells are considered by many
-including us- as relative populations. 3 21344248 However,
a recent study by Maul et al., in which a comparative
transcriptomic analysis was performed, suggests that
ABGCs are distinct from other CD11c¢c* B cell populations,
such as DN2 cells, as they display an elevated expres-
sion in multiple cytokines and chemokines, not detected
as increased in the other CD11c* subsets. %7

Although we do not call into question the results of this
study, we believe that the discrimination of ABCs from
other CD11c* populations came up from the use of a
strict immunophenotype for the ABCs. More specifically,
Maul et al. used the term “ABCs” to refer to murine spleen
cells, defined as B220+*CD19+*CD11b*, that may express
CD11c¢,?” while in the literature, consensus has not yet
been reached as to which phenotypic markers should
be used to properly define these cells.** The heteroge-
neity of the markers used in different publications for
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Table 1. Discrete double-negative (DN) B cell subsets.

DN B CELLS IN RHEUMATIC DISEASES AND COVID-19

Prominence .
Nomenclature Phenotype in (condition) Properties References
CD19+IgD-CD27-CD21+
DN1 CD11c ing:g%r&gegt?x ) Memory precursors [16,17]
T-bet CXCR5* 9ng
CD19*IgD-CD27-CD21- :
DN2 CD11c: SLE (autoimmunity) EX“""‘;‘;'(')'S;'@: SASC [17]
T-bet"CXCR5" P
CD19*IgDh-CD27-CD21-
DN3 CD11c COVID-19 27 [7,8]
[T-bet"]
CD19+IgD-CD27- . . Exhausted, mucosal
atMEM/tbMEM CD21-FcRLA* Chronic infections resident B cells [35,36]

DN1, DN2 and DNBS: first, second and third subset of DN B cells, respectively; atMEM/tbMEM: atypical/tissue-based
memory B cells; SLE: Systemic Lupus Erythematosus; ASC: antibody-secreting cell.

the immunophenotyping of ABCs had previously been
summarised in a review article by Phalke and Marrack.*?
In that review, it becomes apparent that some scientific
groups use the term “ABCs” to refer to human circulating
B cells or even mouse circulating B cells that differ from
the B220+*CD19+*CD11b* murine spleen cells, but display
a similar immunophenotype to DN2 cells (as defined in
Table 1 of this review article).*? Taking into consideration
all the above, we still believe that ABCs and DN2 cells are
related to each other, especially when we treat the first
as non-murine cells only, but also as human cells, 82138
that express CD11c and T-bet, and lack expression of
CD21. %

EXTRAFOLLICULAR B CELL RESPONSES IN
RHEUMATIC DISEASES AND COVID-19

Germinal centres (GCs) are sites within the secondary
lymphoid organs, in which somatically mutated high-af-
finity memory B cells and long-lived plasma cells are
generated,* thus sustaining immune protection and
rapid recall responses against re-encountered antigens.
In this process, apart from the proliferating antigen-spe-
cific B cells, the participation of follicular helper T cells
and specialised follicular dendritic cells is also required.**
Although the GC reactions have remained the focus of
B cell research, extrafollicular B cell responses - devel-
opment of antibodies outside of the B cell follicles, in the
absence of GCs and independently of follicular T cells
- are nowadays of great interest to many scientists. 546
Traditionally, the extrafollicular B cell responses, in
contrast to GC reactions, are thought to produce anti-
bodies with low somatic mutations and develop short-
lived immunological memory, in a T cell - independent

manner.*“® Subsequent findings though, revealed that
peripheral helper T cells (or pre-GC follicular T cells) may
contribute, under persistent antigen stimulation combined
with Type | IFN signalling and innate-receptor sensing, '
to the induction of extrafollicular responses in patients
with rheumatic diseases and/or infections.” 234950 |n these
cases, B cells produced are class-switch recombination
competent and capable of sustaining long-lived immu-
nological responses.”234¢ However, a key question which
remains unanswered yet is whether these B cells which
lead to exaggerated extrafollicular responses, such as
DN2 cells reported in SLE and COVID-19,”'® are drivers
of disease pathogenesis or just a consequence of the
strong inflammation that occurs. The GC and extrafollic-
ular pathways (both T-independent and T-dependent) are
presented in Figure 1.

DN2 B cells in rheumatic diseases: emerging lessons
from SLE

DN2 B cells are a unique double-negative population
(lgD-CD27") that displays extrafollicular characteristics,
such as the lack of CXCR5 and CD62L expression.'®
These cells are developmentally related to activated
naive B cells. However, they are considered as a distinct
B cell population due to their unique transcriptomic
profile and the reported increased rates of class-switch
recombination.® DN2 cells are hyper-responsive to TLR7
and, according to transcriptomic analyses, they seem to
express a variety of cytokines and cytokine receptors,
transcription factors such as T-bet, signalling factors and
others.™

In severe cases of SLE, particularly in African-American
female patients characterised by lupus nephritis and high
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titres of autoantibodies, DN2 cells expand dramatically
and lead to the generation of autoreactive ASCs. In fact,
the DN2 subset often becomes the predominant B cell
population in these patients, with the highest frequencies
of them being observed in the youngest individuals. ™

In order for DN2 to be activated and differentiate into ASCs,
TLR7 cooperates with IL-21 and IFNy receptors. The syn-
ergistic triggering of these receptors is known to govern
T-bet and CD11c expression in activated B cells.’" The
elevated expression of T-bet in DN2 cells (and also ABCs)
has been associated with development of autoimmunity
and more specifically with autoreactive IgG production,
enhanced antigen presentation to T cells and formation of
spontaneous GCs. 338395253t ig also important to mention
that, in SLE mice models, conditional T-bet targeting in B
cells leads to general improvement of health status,®* thus
indicating that T-bet* B cells are a pathogenetic population
that may be targeted in clinical practice for therapeutic
interventions.®* Moreover, considering the fact that the
frequencies of these cells correlate with disease severity,
we believe that they may also serve as prognostic and/or
diagnostic markers of SLE.**

The fact that DN2 expansion is pronounced in African-
American female SLE patients, indicates that genetic
burden, as well as the sex of individuals, are crucial factors
for the generation of these DN cells. Of note, TLR7 gene,
which is of high importance for DN2 activation,® is a chro-
mosome X-linked gene, thus explaining (at least in part)
the sex-bias that accompanies SLE immunopathogene-
sis.%% As far as genetic burden is concerned, it is well
known that ethnicity -among other factors- is linked to the
severity of SLE manifestations.5” A better understanding
of the differences among the various ethnic groups could

Figure 1. Germinal centre (GC) and
extrafollicular B cell activation pathways.
(1): In GC reactions, naive B cells in-
teract with T follicular helper cells (Tfh),
thus generating class-switched memory
B cells and long-lived antibody-secreting
cells (ASCs). DN1 cells are considered
as precursors of the memory cells. (2):
Outside of the B cell follicles, naive B
cells may interact with peripheral helper
T cells or pre-GC Tfh cells and differ-
entiate, via the synergistic triggering of
TLR7, IL-21 and IFNy receptors, into
DN2 cells that highly express transcrip-
tion factor T-bet. DN2 cells serve as
progenitors of ASCs with long lifespan.
(8) An alternative T cell — independent
extrafollicular pathway, involves naive B
cells that give rise to short-lived ASCs.

probably enable better management of SLE patients.
In order to highlight this, we find it important to mention
that in a clinical trial, in which IFNy was targeted via an
anti-IFNy monoclonal antibody, no therapeutic impacts
were produced in a cohort of non-African-American SLE
patients with lupus nephritis.® IFNy is also of high impor-
tance for the activation of DN2 cells and, since these cells
are more marked in African-American SLE patients, we
consider the fact that no therapeutic impacts were ob-
served in non-African-American patients as unsurprising
and expected.'3%8

DNZ2 B cells in COVID-19

The function of DN B cells, both in health and disease,
but mainly related to infectious diseases, is not yet
fully elucidated and thorough investigation is required in
order to understand the importance of DN percentage
alterations that occur during pathological conditions. In
case of COVID-19, our knowledge regarding DN B cells
is extremely limited, as the disease was first observed
almost two years ago.

Accumulating evidence, arising from a few studies that
focused on B cell populations in COVID-19, suggest that
DN2 B cells, along with the newly discovered DNG subset,
expand in severe and/or critical cases of the disease,” 121415
while on the other hand, DN1 cells exhibit significant re-
ductions.”® According to longitudinal progression studies
though, the frequencies of these cells and the DN1/DN2
ratio are switching back to their initial levels (meaning the
frequencies and ratio reported in healthy individuals), as
the resolution of the disease approaches.®

In hospitalised COVID-19 patients, DN2 cells are asso-
ciated with high neutralising antibody titres and elevated
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plasma concentrations of inflammatory biomarkers, such
as CRP, CXCL10, and IL-6. 7 However, in general, it is
not clear whether these cells are playing an active role in
disease pathogenesis, or whether they just serve as bio-
markers of the strong inflammation that occurs. The fact
that T-bet expression in DN2 B cells from COVID-19 pa-
tients was found to be reduced, as compared to healthy
individuals,® indicates that the scenario of an active
pathogenetic role for these cells in the aforementioned
disease is not the most plausible. Nevertheless, some
direct pathogenetic effects of DN2 B cells in COVID-19
could probably include extrafollicular B cell cytokine pro-
ductions, enhanced antigen presentation to T cells and
of course (auto)antibody production. ™

Although we focus on DN2 cells here, as they are the DN
subset that is also (and mainly) marked in rheumatic dis-
eases,'® we find it inevitable not to make a few comments
regarding DN3 cells. The fraction of DN3 cells seems
to be by far the most altered in COVID-19, since their
frequency was seen to significantly increase as disease
severity increased.® Moreover, in contrast to other DN
subsets, DN3 showed significant negative correlation with
ventilator parameters, such as SpO, and PaO./FiO,,? thus
indicating that in hypoxic environments, the development
program tilts toward DN3 cells. Interestingly once again,
in comparison to the other two DN subsets, DN3 showed
more correlation with several laboratory parameters
including leukocytes, neutrophils, markers of increased
cellular turnover such as CPK and LDH, and others related
to critical COVID-19.8 Of note, DN3 cells were related to
predominant extrafollicular B cell responses, as they are
considered as newly recruited extrafollicular B cells with
low somatic mutations and low affinity maturation. ”

MANAGEMENT OF RHEUMATIC DISEASES
DURING THE COVID-19 PANDEMIC: POTENTIAL
EFFECTS OF DN B CELLS

The symptomatology of COVID-19, as well as the po-
tential outcome of death, have given rise to a worldwide
concern and scare of exposition to SARS-CoV-2, espe-
cially among the rheumatological patients who believe to
be at higher risk due to their immunological background
and the immunosuppressive therapies. Nevertheless,
contrary to these patients’ thoughts, it is strongly recom-
mended by their caring physicians that all their therapies
should be continued, as there is no convincing evidence
so far that patients with rheumatic diseases are truly at
higher risk than others.*®

We strongly believe that the clarification of DN B cells’
role and function, especially for DN2 cells as they are
an overlapping population in rheumatic diseases and
COVID-19, can lead to better management of rheuma-
tological patients during the pandemic. Of course, there
are some major issues that -in our opinion- require in-
vestigation, in order to make good use of our knowledge

DN B CELLS IN RHEUMATIC DISEASES AND COVID-19

regarding DN B cells and thus manage the rheumatic
disease patients more wisely.

The first one of these major issues refers to the activation
pathway of COVID-19 and more specifically to all the
phases of the infection, from the moment SARS-CoV-2
invades the host to the moment cytokine release syn-
drome occurs, as a result of inefficacious viral response
and host inflammatory response.?®* The synthesis of
pro-infammatory cytokines promotes the recruitment
of macrophages and neutrophils into the lung alveoli,
thus inducing a hyper-inflammation.®®6' We mentioned
before that we cannot say for sure whether DN2 cells
play an active role in these processes or whether they are
just a consequence of the inflammation. However, we
find it interesting that TLR7, as well as IL-6, IFNa, IFNy,
TNFa, and other DN related cytokines or chemokines
are involved in the pathway.*® Of note, TLR7 hyper-re-
sponsiveness is considered as crucial in the promotion of
pathology mediated by IL-21,'® IL6 and IFNa.®? Also, the
elevated soluble mediators in severe COVID-19, such as
IL-6, CXCL10 and TNFa, may suppress GC reactions,
and thus promote extrafollicular pathways.63:6465

The second major issue that requires investigation
refers to the impact of anti-rheumatic therapies, such
as biologics, on the immunological memory achieved
by COVID-19 vaccination or even resolved infection.
Rituximab, an anti-CD20 chimeric monoclonal antibody
used in battle against RA,% as well as in management
of lymphoma,®” significantly increases the risk of HBV-
reactivation in resolved patients and of viraemic flares in
chronically infected patients with low viral loads.®%° Of
course, even so, long-lived ASCs which lack CD20 ex-
pression, are thought to be preserved and thus maintain
serum antibody responses in the absence of memory B
cells.” However, we cannot guarantee that under these
circumstances ASCs can be reliably formed following
HBV infection. In a similar way to HBV infection, we
wonder whether, and to what extent, B cell depletion via
pharmacological agents, such as Rituximab, Belimumab
and others,%7" affects the immunological memory
achieved by COVID-19 vaccination or infection. In ad-
dition to this, there is also something else that is of high
importance. DN2 cells expand in severe and/or critical
cases of COVID-19, in contrast to more mild cases.” 2141
However, we do not know whether a COVID-19 vaccina-
tion, which we do not consider as a severe or critical
COVID-19 case, induces DN2 expansion. Of note, an in-
crease in circulating DN B cells has been observed after
vaccination against influenza virus in healthy subjects.”
Finding the answers to these questions, probably could
enable better management of rheumatological patients
during the pandemic, as determining the most proper
vaccination and medication time points for the patients,
would bring the most effective therapeutic benefits.

The third major issue, which is the last we want to
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discuss about, but not the least important, refers to
pharmacological agents, approved for anti-rheumatic
therapies and now also registered in clinical trials to treat
COVID-19. Interestingly, some of this medication, such
as tocilizumab, an IL-6 receptor antagonist, is known
to affect DN B cell percentages in RA,”® while others
such as baricitinib, a JAK1 and JAK2 inhibitor,”* can
target the IL-12-STAT4 axis which is the most potent at
inducing both IFNy and IL-21 by human CD4+ T cells,
the cytokines promoting the differentiation of DN B cells
in human SLE.” Taking into account this evidence, we
believe that targeting DN B cells (especially DN2 and
DN3) may contribute to the management of rheumatic
diseases during COVID-19 era, and even become a
successful therapeutic approach for the infection.
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