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Abstract

Most mature B cells can be divided into four subtypes based on
the expression of the surface markers IgD and CD27: IgD*CD27~
naive B cells, IgD*CD27" unswitched memory B cells, IgD~CD27"
switched memory B cells, and IgD"CD27" double-negative (DN) B
cells. Despite their small population size in normal peripheral
blood, DN B cells play integral roles in various diseases. For exam-
ple, they generate autoimmunity in autoimmune conditions, while
these cells may generate both autoimmune and antipathogenic
responses in COVID-19, or act in a purely antipathogenic capacity
in malaria. Recently, DN B cells have been identified in nasopha-
ryngeal carcinoma and non-small-cell lung cancers, where they
may play an immunosuppressive role. The distinct functions that
DN B cells play in different diseases suggest that they are a hetero-
geneous B-cell population. Therefore, further study of the mecha-
nisms underlying the involvement of DN B cells in these diseases is
essential for understanding their pathogenesis and the develop-
ment of therapeutic strategies. Further research is thus warranted
to characterize the DN B-cell population in detail.
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Introduction

B cells are a key component of the adaptive immune response.
They can differentiate into plasma cells to secrete pathogen-
neutralizing antibodies and proinflammatory cytokines (Pioli, 2019)
or develop into memory B cells to provide long-lasting protection
(Batista & Harwood, 2009). Alternatively, they can present antigens
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to activate other immune cells (Hong et al, 2018). The myriad of
functions of B cells cements their status as an integral part of the
human immune system. Human “mature B cells,” which have
passed the B-cell selection progress in the bone marrow and spleen
(Rolink et al, 2001), can be categorized into different subsets based
on their expression of the surface markers IgD and CD27 (Li
et al, 2021). IgD is an antibody expressed on the surface of antigen-
naive B cells (Li et al, 2021), while CD27 expression on B cells indi-
cates the expression of immunoglobin genes that underwent
somatic hypermutation (SHM) in the germinal center (GC) within
the B-cell follicles of lymphoid organs, a process B cells endure to
produce high-affinity antigen-specific antibodies (Klein et al, 1998).
The four major mature B-cell subsets in human blood include
IgD"CD27~ antigen-naive B cells, IgD"CD27" unswitched memory B
cells that produce IgM antibodies in a T-cell-independent manner
(Capolunghi et al, 2013) and migrate to B-cell follicles, where they
differentiate into GC B cells to further their development (Seifert
et al, 2015), and IgD’CDZ?+ switched memory cells that mature
into IgD~CD27" antibody-secreting cells (ASCs) upon activation to
produce high-affinity antibodies. They express class-switched anti-
bodies such as IgG, which have higher affinity than unswitched
IgM antibodies (Makela et al, 1970). IgD"CD27~ B cells are termed
double-negative (DN) B cells and will be the focus of this review
(Li et al, 2021).

Consistent with what their lack of CD27 expression may suggest,
DN B cells underwent less SHM than their CD27-expressing counter-
parts. Fecteau et al (2006) compared IgG-producing DN B cells and
switched memory B cells from healthy individuals and detected sig-
nificantly lower mutation levels on the IgG transcripts from IgG" DN
B cells compared with IgG* switched memory B cells. Nevertheless,
DN B cells have undergone class-switching and antigen selection
(Fecteau et al, 2006) and have similar morphology and IGHV gene
usage to switched memory cells (Wu et al, 2011). The mechanisms
underlying their memory-cell features despite their lack of CD27
expression remain elusive and have ignited speculation regarding
DN B cells.

Double-negative B cells are a rare B-cell subset, making up
approximately 5% of all peripheral B cells in healthy individuals (Li
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Glossary

Adaptive immunity

A type of immune response that can form long-lasting immunological
memory after encountering pathogens allowing them to quickly
respond against those pathogens upon reinfection and generate
sterilizing immunity to eliminate the pathogen before their
replication. Immune B and T cells are involved in this process.
Affinity maturation

The general process by which B cells develop high-affinity antibodies
specific to antigens. Includes somatic hypermutation class switching
and clonal selection and occurs within the germinal center of the
B-cell follicles.

Antibody class-switching

Another process of B-cell development altering the type of antibody
produced by individual B cells allowing B cells to produce antibodies
that can bind to their antigens strongly.

Antigen

The “target” of antibodies produced by antibody-secreting cells. By
binding to their antigens on pathogens the antibodies could either
mark them for immune destruction or present them to activate other
immune cells.

B-cell follicles

An area within lymphoid organs where B cells can develop. Inside
B-cell follicles B cells can form germinal centers, where they can
undergo processes to promote their development into switched-
memory B cells or long-lived antibody-secreting plasma cells with the
help of different immune cells.

Bulk RNA sequencing

A gene sequencing method that measures the average expression
levels of individual genes within a sample. The results obtained by
this technique can generate an overall picture of the gene expression
of a sample.

Clonal selection

A process in which B cells coding for antibodies with varying antigen
affinities compete to interact with antigen-presenting immune cells
such as follicular T helper cells and follicular dendritic cells. B cells
that could successfully bind to the presented antibody can receive
activation signals to replicate, while the B cells that fail the process
die via apoptosis.

Cytokines and chemokines

Small proteins secreted by cells that can control the activity of other
cells usually immune cells. While cytokines usually affect the general
properties of cells, such as their activation or suppression, chemokines
are involved in the movement of these cells. Although immune cells are
not the only cell type that can secrete them, many cytokines and
chemokines are secreted by immune cells during an immune response.

et al, 2021). However, DN B cells are involved in various diseases,
including, but not limited, to systematic lupus erythematosus (SLE),
COVID-19, and malaria; low-grade chronic inflammatory disorders,
including aging; and certain cancers, such as non-small-cell lung
cancer (NSCLC) and nasopharyngeal carcinoma (NPC) (Colonna-
Romano et al, 2009; Centuori et al, 2018; Jenks et al, 2018; Wood-
ruff et al, 2020; Gong et al, 2021; Sutton et al, 2021). Detailed inves-
tigation of DN B cells in these diseases has suggested that DN B
cells may represent a heterogeneous group of B cells with varying
functions. While DN B cells are involved in the active immune
response in SLE, chronic inflammatory diseases, and infectious dis-
eases, current evidence regarding tumor-infiltrating DN B cells
implies that they may play an immunosuppressive role within the
tumor microenvironment (TME) (Centuori et al, 2018; Gong
et al, 2021). As DN B cells may be involved in various diseases,
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Deconvolution analysis

A computational method that uses data from a particular single-cell
RNA sequencing (scRNA-seq) dataset to estimate the proportion of
different cell types in another bulk RNA sequencing (bulk RNA-seq)
dataset. If both RNA-sequencing methods are conducted on patients
with known clinical parameters deconvolution analysis can be useful
in estimating the association between the cell populations from the
scRNA-seq dataset and the clinical parameters of the patients
sampled for the bulk RNA-seq dataset.

Extrafollicular B-cell reactions

A type of B-cell reaction that involves the development of B cells into
short-lived antibody-secreting cells outside the B-cell follicles and
germinal centers. A potential development site for extrafollicular B-cell
reactions includes the extrafollicular loci within the lymph node.
Extragerminal center compartments

Areas outside the germinal center within lymphoid organs where
memory B cells can develop into antibody-secreting cells. One
example of this includes the subcapsular proliferative foci an area just
outside the B-cell follicle that contains proliferating cells.

Immune exhaustion

A phenomenon where adaptive immune cells have impaired immune
function after long-term exposure to antigens.

Nasopharynx

An anatomical location in the human head behind the nasal cavity.
Neoantigens

New proteins are displayed on the surface of cancer cells due to their
genetic mutations. They can be recognized by immune cells to attack
cancer cells.

Single-cell RNA sequencing

A gene sequencing method that sequences the RNA expression of
every individual cell within a sample. This method accounts for the
differences in gene expression from individual cells and is popular
among scientists to analyze different cell types within samples.
Somatic tumor mutation burden

The number of genetic mutations accumulated in the cancer cells
within a tumor as they become cancerous. Somatic mutations refer to
the DNA mutations acquired by the cells after fertilization.
T-independent type Il antigen

A type of polysaccharide antigen that can stimulate B-cell activation
without the assistance of T cells. In contrast to T-independent type |,
antigen another polysaccharide antigen that simulates B cells via Toll-
like receptor (TLR) signaling, T-independent type Il signaling requires
B-cell receptor engagement.

research on DN B cells will be essential in understanding these con-
ditions and their treatments. For instance, therapies targeting DN B
cells may improve clinical outcomes in severe COVID-19, while
understanding the reasons behind the enrichment of DN B cells in
SLE may provide insights into SLE pathogenesis. Likewise, the char-
acterization of potentially immunosuppressive tumor-infiltrating DN
B cells may contribute to the development of immunotherapeutic
strategies in NSCLC and NPC. The function of DN B cells in different
diseases is thus a topic warranting further exploration.

This review discusses the different subtypes of DN B cells in
humans and their roles in different diseases, including autoimmune
conditions, infectious diseases and cancers, and proposes hypothe-
ses about the roles of DN B cells within the TME. The DN B cells
discussed in this review are primarily defined using markers com-
monly found on human B cells.

© 2023 The Authors
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The different subtypes of “conventional” DN B cells

“Conventional” DN B cells, which refer to defined DN B-cell popula-
tions reported in previous studies, can be divided into four sub-
types: DN1 B cells, DN2 B cells, DN3 B cells, and DN4 B cells.
Table 1 provides a summary of the phenotypes of the four subtypes
of DN B cells, as well as their hypothetical functions.

The first subtype is DN1 B cells, which comprise the majority of
the DN B population in healthy individuals (Jenks et al, 2018). DN1
B cells express the surface proteins CD21 and CXCR5 (Jenks
et al, 2018). CD21 is a B-cell coreceptor that works with the surface
protein CD19 to enhance B-cell receptor (BCR) signaling and antigen
presentation to T cells (Cherukuri et al, 2001), while CXCRS is the
receptor for the chemokine CXCL13 and is important for B-cell
migration into germinal centers within the B-cell follicles of lym-
phoid organs, where the follicular B-cell response takes place (Kaza-
nietz et al, 2019). During the follicular B-cell response, B cells
interact with other immune cells, such as follicular-dendritic cells or
follicular helper-T cells, to undergo antigen affinity maturation, such
as SHM, antibody-class switching, and clonal selection (De Silva &
Klein, 2015). B cells in the follicular reaction can develop into two
cell types: long-lived plasma cells that secrete high-affinity IgG anti-
bodies (De Silva & Klein, 2015) and switched-memory B cells that
can re-enter the GC to further undergo SHM (McHeyzer-williams
et al, 2015) or directly differentiate into plasma cells upon antigen
stimulation (Kometani et al, 2013; Akkaya et al, 2020). Current evi-
dence suggests that DN1 B cells may act as precursors to switched
memory B cells. While Jenks et al (2018) found similarities between
the gene signatures of DN1 B cells and switched-memory B cells,
Stewart et al’s (2021) pseudotime analysis implicated DN1 B cells as
a potential predecessor to IgD~CD27" memory B cells. It could be
reasonable to hypothesize that DN1 B cells may belong to the follic-
ular pathway as well; however, further investigation is needed to
confirm the above hypotheses.

DN2 B cells are the most well-characterized DN B-cell subtype.
They do not express CD21 and CXCRS (Jenks et al, 2018) and lack
the expression of CD24, which is expressed on memory B cells and
DN1 B cells but poorly in ASCs (Mensah et al, 2018; Stewart
et al, 2021). DN2 B cells are characterized by their expression of
CDl11c (Jenks et al, 2018), a component of the complement receptor
that can bind to the complement fragment iC3 to induce phagocyto-
sis (Wu et al, 2018). Although the receptor is normally expressed by
dendritic cells, some B cells express CD11c, and CD11c" B cells have
an increased capability for plasma cell differentiation compared with
CD11c™ B cells (Golinski et al, 2020). DN2 B cells also express the
transcription factor T-bet, which promotes IgG2a class switching

Table 1. A summary of the four “conventional” DN B-cell subsets.

“Conventional” DN B-cell subsets
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and survival of memory B cells (Peng et al, 2002). Another protein
differentially expressed in DN2 cells is FCRL5 (Jenks et al, 2018). It
encodes an IgG-binding protein that alone inhibits BCR signaling
(Haga et al, 2007) but can cooperate with CD21 to enhance BCR sig-
naling (Franco et al, 2018). Moreover, DN2 B cells express CXCR3
on their surface (Woodruff et al, 2020). CXCR3 expression on B cells
is induced by IFN-y signaling and allows for travel via CXCL9-
mediated chemotaxis (Muehlinghaus et al, 2005). In vitro experi-
ments have identified a population of IgD*CD27 CD21 CD1lc"
“activated-naive” B cells, which are derived from naive B cells
exposed to proinflammatory factors such as TLR7 signaling, IFN-y
signaling, and IL-21 signaling, as a developmental precursor for
DN2 B cells (Jenks et al, 2018).

A common hypothesis regarding the development of DN2 B cells
is that they may be a part of the extrafollicular B-cell responses. This
involves the GC-independent development of B cells into short-lived
antibody-secreting cells (ASCs) out of the B-cell follicles (Elsner &
Shlomchik, 2020) and can be divided into three possible types: T-
independent extrafollicular response elicited by T-independent type
I antigens (Jenks et al, 2019); T-dependent extrafollicular response
primed by BCL-6'PD-1" T cells (Lee et al, 2011); and memory B-cell
reactivation in the extragerminal center compartments outside the
GCs, such as the subcapsular proliferative foci (Moran et al, 2018;
Beek et al, 2022). A summary of the types of extrafollicular reac-
tions can be found in Table 2. Extrafollicular responses contribute
to autoimmunity in mice with lupus-like manifestations (William
et al, 2002). Since DN2 B cells can differentiate into ASCs in SLE
and display distinct gene expression from GC-derived memory B
cells (Jenks et al, 2018), they are hypothesized to be extrafollicular
in nature. However, the development site and pathways for human
DN2 B cells remain unknown, and studies focusing on DN2 B-cell
development are needed to assess whether DN2 B cells are truly
extrafollicular B cells.

Recent studies have also identified new DN B-cell subtypes.
One of these DN subtypes is the “DN3” subset, which lacks
expression of both CD21 and CD11c (Sosa-Hernandez et al, 2020;
Woodruff et al, 2020). Although DN3 B cells are yet to be fully
characterized, Stewart et al’s (2021) study on different DN B-cell
subsets suggested that they may be predecessors of DN2 B cells,
as trajectory analysis identified a strong developmental flow from
DN3 to DN2 B cells. The potential role of DN3 B cells as a possi-
ble precursor of DN2 B cells is supported by their similar gene
expression. For example, both DN2 and DN3 B cells lack CXCRS
expression and express T-bet, although DN3 B cells express T-bet at
a lower level (Stewart et al, 2021). However, DN3 cells express
CD24, while DN2 B cells do not (Stewart et al, 2021). Although

Anatomical
Subtype Defining markers Additional markers Possible function site
DN1 IlgD~CD27CXCR5"CD21°CD11c IgE~ CD24" T-bet™ FCER2™ FCRL5™ CXCR3~  Switched-memory B-cell precursor Blood
DN2 IlgD~CD27 CXCR5CD21 CD11c'IgE~  CD24 T-bet” FCER2™ FCRLS® CXCR3*  ASC precursor
DN3 lgD~CD27 CXCR5™CD217CD11c IgE~  CD24" T-bet" FCER2™ FCRL5™ CXCR3~  DN2 precursor
DN4 IlgD~CD27 CXCR5°CD21°CD11c IgE™ CD24" T-bet™ FCER2" FCRL5™ CXCR3™  IgE™ Switched-memory B-cell precursor

© 2023 The Authors
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Table 2. Summary of different types of extrafollicular responses.

Types of extrafollicular responses

Michael King Yung Chung et al

Initial B-
Name cell state Inducers Developmental site Class-switched Status References
T-cell Naive B T-independent type Il Extrafollicular foci May or may not be class- Lortan et al (1992) and

independent  cells antigens switched Jenks et al (2019)

T-cell BCL-6" PD-1" T-B border + extrafollicular foci Class-switching may occur, Toellner et al (1998),

dependent T cells + IL-21 IgM and IgG antibodies are Cunningham et al (2007)
involved and Lee et al (2011)

Memory B- GC-derived Antigen- Extragerminal center Class-switched Moran et al (2018) and

cell memory B reencounter + helper compartments including Beek et al (2022)

reactivation cells T cells subcapsular proliferative foci

both DN3 B cells and “activated naive B cells” are potential prede-
cessors of DN2 B cells, the genotype of both B-cell populations is
distinct. For example, “activated naive” B cells express CDllc,
which DN3 cells do not express (Jenks et al, 2018; Stewart
et al, 2021). DN3 B cells and “activated naive B cells” may there-
fore belong to different developmental stages or lineages in the DN2
B-cell developmental pathway, with studies uncovering the develop-
mental stages and relationships of both precursors being of value in
fully understanding the development of DN2 B cells.

Stewart et al (2021) also identified an IgE-enriched DN B popula-
tion, which they considered a novel DN subpopulation termed DN4.
As IgE antibodies are mainly involved in allergic reactions (Gould &
Sutton, 2008), DN4 B cells were suspected to be involved in allergic
responses, and their enrichment was hypothesized to be triggered
by prior allergen exposure (Stewart et al, 2021). Pseudotime analy-
sis suggested that DN4 B cells may be precursors to IgE-expressing
memory B cells, such as DN1 B cells, with both DN subpopulations
expressing CXCR5, CD24, and CD21 (Stewart et al, 2021). Interest-
ingly, DN4 B cells differentially express FCER2/CD23 (Stewart et al,
2021), an IgE receptor that downregulates BCR signaling (Liu
et al, 2016), while their differential expression of the BCR coacti-
vator CD40 indicates that they may be in an activated state in
patients suffering from allergic responses (Stewart et al, 2021).
However, caution is needed when interpreting these results, as
Stewart et al’s (2021) study was limited by a small sample size,
which only included one subject and two additional subjects for val-
idation. The fact that DN4 B cells were discovered in one subject
who suffered from an allergic response shortly before the study
(Stewart et al, 2021) has only raised more issues. As the properties
of B cells may be affected as a result of the allergic response, as seen
by the dramatic increase in IgE production of B cells from allergic
nasal mucosa compared with healthy nasal mucosa (KleinJan
et al, 2000), the DN B population may have only gained their spe-
cific gene expression features due to the allergic response and other-
wise may not express them. Additional caution is hence encouraged
when looking at this potential DN subset, and more studies with
larger sample sizes are needed to fully confirm the existence and
characterize the features of DN4 B cells if they do exist.

In summary, four DN B-cell subsets have been identified in previ-
ous studies, and they can be classified using various markers, such
as CD21, CXCRS5, CD11c, T-bet, and IgE. Figure 1 summarizes the
hypothetical pathways that naive B cells can utilize to develop into
these four subtypes of DN B cells and possible terminal

4 of 14  EMBO Molecular Medicine 15: e17341 | 2023

differentiation states that DN B cells can develop into. However, as
DN B cells are relatively not well-characterized in an overall sense,
information regarding many DN B-cell subpopulations remains
scarce, which prevents them from being characterized using those
markers. This includes DN B cells present in NPC and NSCLC, for
which there are few data on their gene signatures and surface
marker expression, let alone their precise roles within their respec-
tive malignancies (Centuori et al, 2018; Gong et al, 2021). Further-
more, the DN B population discovered in blood samples from
elderly humans by Colonna-Romano et al (2009) showed downregu-
lated expression of the anti-apoptotic gene BCL2 and antigen-
presenting genes such as HLA-DR and CD40. However, the expres-
sion patterns of genes not mentioned above remain elusive, and the
available data may not be sufficient for classifying them. Finally,
using the markers above to classify DN B cells may not be sufficient
to distinguish between DN2 B cells and the “atypical B-cell” DN B
subset in malaria (Sutton et al, 2021). Both DN B subpopulations
express CD11c and T-bet and lack the expression of CXCR5 and
CD21 (Jenks et al, 2018; Sutton et al, 2021). As a result, “atypical B
cells” may be considered analogous to DN2 B cells by examining
their marker expression. However, some differences exist between
these cells. For example, DN2 B cells have few somatic mutations
compared with “atypical B cells,” which have somatic mutation
levels comparable to those of switched-memory B cells (Jenks
et al, 2018; Sutton et al, 2021). The ambiguity surrounding whether
“atypical B cells” and DN2 B cells should be considered as the same
or distinct cell types cannot be addressed by the current classifica-
tion system, and further studies on the different DN B-cell subtypes
are needed for a comprehensive DN B-cell subset classification.

An overview of DN B-cell involvement within diseases

The current literature suggests that DN B cells participate in various
processes, through which they take part in autoimmunity, act as a
double-edged sword generating both autoimmune and antipatho-
genic immune responses, or function purely to defend the host
against pathogens, depending on the disease (Jenks et al, 2018;
Woodruff et al, 2020; Sutton et al, 2021). DN B cells can also
be found in tumors, and current evidence suggests that tumor-
infiltrating DN B cells may reflect the immunosuppressive nature of
the TME (Centuori et al, 2018; Gong et al, 2021). This subsection
aims to explore the nature of DN B-cell involvement in the disease

© 2023 The Authors
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pes of DN B cells.

ewart et al, 2021). Moreover, DN2 B cells can differentiate into ASCs, and “acti-
rsors (Jenks et al, 2018; Stewart et al, 2021). Although DN2 B cells have been

suggested to be on an alternate developmental pathway from switched memory B cells (Jenks et al, 2018), GC-derived memory B cells may gain features associated with

DN2 B cells under inflammatory conditions and develop into DN2-like “atypical B cells”
et al, 2021). Due to the ambiguity surrounding the developmental site of DN2 B cells, th

in malaria, which will be discussed further below (Ambegaonkar et al, 2019; Holla
e above findings surrounding “atypical B cells” opens the possibility of GC involve-

ment in DN2 B development. More research is needed to fully uncover the developmental pathways of different DN B cells.

types mentioned above, and Table 3 below summarizes the different
subtypes of DN B cells involved in various conditions and their
possible roles.

DN B cells within autoimmune conditions

Systemic lupus erythematosus (SLE)

Double-negative B cells are implicated in various autoimmune
conditions, with their involvement within SLE being the most
well-characterized. In SLE patients, autoantibodies targeting nucleic
acids are produced, while the removal of nucleic acid-containing

© 2023 The Authors

apoptotic cell debris is impaired, resulting in the persistence of
immune complexes capable of triggering autoimmune reactions
(Kaul et al, 2016). Different B-cell populations, including ASCs and
DN B cells, are involved in the pathogenesis of the disease through
the secretion of autoantibodies. DN B cells are enriched within SLE
patients, and they correlate with a high SLE disease activity score
(Wei et al, 2007). DN B cells may be involved in lupus nephritis, the
renal manifestation of SLE, where the kidney is damaged due to the
deposition of autoantibodies in glomerular sites (Anders et al,
2020). The frequency of DN B cells was positively correlated with
the incidence of lupus nephritis and increased 24-h urine protein
excretion levels in SLE patients (You et al, 2020). Since 24-h urine

EMBO Molecular Medicine 15:€1734112023 5 of 14
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Table 3. Different DN B subtypes involved in various diseases and
their hypothetical roles.

Type of DN B cells involved in human diseases

DN
subtypes Anatomical
Diseases involved Hypothetical role site
SLE DN2 + DN3 Autoimmunogenic Blood
Obesity DN2 Autoimmunogenic Blood
Aging Unspecified Exhausted B cells Blood
DN subtype
COVID-19 DN2 + DN3 Autoimmunogenic + Anti- Blood
pathogenic
Malaria “Atypical B Anti-pathogenic Blood
cells”
NSCLC Unspecified Potentially Tumor
NPC DN subtypes immunosuppressive tissue

protein extraction levels are commonly used to estimate the degree
of proteinuria and therefore renal damage within SLE patients
(Anders et al, 2020), this association suggests that DN B cells may
play a role in renal damage in SLE.

The autoimmune involvement of DN B cells in SLE is further
supported by evidence of their “activated” state in the disease. A
feature displayed by DN B cells in SLE is their cytoplasmic locali-
zation of FOXO1l. FOXO1 is a transcription factor that normally
resides within the nucleus and plays a key role in B-cell develop-
ment, with FOXO1 deficiency within peripheral B cells reducing
their migration to secondary lymphoid organs and impairing their
ability to undergo class-switching (Dengler et al, 2008). Hritizo
Ahye and Golding discovered that FOXO1 was mostly located
within the cytoplasm instead of the nucleus in SLE-patient-derived
DN B cells (Hritzo Ahye & Golding, 2018). Those DN B cells were
in an activated state, as evidenced by their reduced expression of
CD20 and increased CD95 expression (Hritzo Ahye & Gol-
ding, 2018). CD95 expression is induced after B-cell activation
(Catlett & Bishop, 1999) and upregulated in the DN B-cell popula-
tion in SLE (Jacobi et al, 2008). However, as CD95 can induce
apoptosis by binding to the FADD protein (Catlett & Bishop, 1999),
targeting DN B cells in SLE by inducing CD95-mediated apoptosis
may be a valid therapeutic strategy.

Jenks et al (2018) provided a more comprehensive study of the
DN B-cell population in SLE. The vast majority of the DN population
enriched in SLE was identified as CXCR5 CD21~ CD11c” DN2 B
cells, which occupied the majority of nonplasmablast CD19" B cells
within the disease. The presence of IFN-y, IL-21, and TLR7 signaling
was sufficient to give rise to DN2 B cells and their precursor, “acti-
vated naive” cells, from naive B cells and was essential for the
development of DN2 B cells into autoreactive ASCs (Jenks
et al, 2018). DN2 B cells were also found to be hyperresponsive to
TLR7 signaling (Jenks et al, 2018). A potential explanation for the
enrichment of DN 2 B cells in SLE is that B cells may have enhanced
access to the inflammatory signals required for DN2 B-cell genera-
tion. Genetic alterations in TLR7 function have been identified as
risk factors for SLE. Brown et al (2022) identified a gain-of-function
mutation of TLR7 in SLE patients that induces autoimmunity and
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the accumulation of DN2-like “age-associated B cells” within mice.
The deletion of XIST, a key player in X chromosome inactivation
capable of silencing genes on the X chromosome, such as TLR7
(Souyris et al, 2018), in human B cells can drive the accumulation
of DN2 B cells in vitro (Yu et al, 2021) by causing TLR7 from both X
chromosomes to be expressed in DN2 B cells. Moreover, blood IFN-
y levels are positively correlated with high SLE disease activity and
active nephritis (Oke et al, 2019), which are associated with DN B
cells in SLE (Wei et al, 2007; You et al, 2020). Systematic lupus
erythematosus patients were also observed to have an increased
population of IL-21-expressing T cells (Dolff et al, 2011). Therefore,
the chronic inflammatory landscape of SLE may provide an optimal
environment for B cells to develop into DN2 B cells.

Finally, DN3 B cells are also enriched within SLE (Jenks
et al, 2021), consistent with their proposed role as DN2 B-cell pre-
cursors; however, other than a study reporting their increased fre-
quency in SLE patients treated with the B-cell depleting antibody
rituximab (Faustini et al, 2022), the involvement of DN3 cells within
the pathogenesis and treatment of SLE is yet to be uncovered.

To conclude, DN2 B cells may play a significant role in SLE auto-
immunity by developing into autoreactive ASCs. Moreover, studies
investigating their use as therapeutic targets, such as by administrat-
ing TLR7 inhibitors or by inducing CD95-mediated apoptosis, may
reveal valid therapeutic strategies for SLE. Furthermore, future
research on SLE can focus on the role of DN3 B cells within SLE and
assess their utility as therapeutic targets to boost our understanding
of autoimmune disease.

Obesity

In obesity, macrophages are recruited into adipose tissues and stim-
ulated through various mechanisms, including damage-associated
molecular patterns released from dying adipocytes and free fatty
acids in the blood to activate TLR4 signaling (Reilly & Saltiel, 2017).
This causes the secretion of chemokines and proinflammatory cyto-
kines into the bloodstream (Russo & Lumeng, 2018), recruiting and
activating other immune cells in adipose tissue. Some of these
proinflammatory cytokines in obesity include IFN-y, secreted by
CD4" T cells upon receiving antigen presentation from adipocytes
(Bradley et al, 2022), and IL-21, which is upregulated in adipose tis-
sues from obese mice (Fabrizi et al, 2014). Mice fed a high-fat diet
have increased production of nucleic acid-containing extracellular
traps by neutrophils and macrophages, which can activate adipose
macrophages via TLR7 signaling (Revelo Xavier et al, 2016). As B
cells are involved in the inflammatory landscape present in obesity,
undergoing expansion in adipose tissues from mice fed a high-fat
diet, where they can activate T cells and macrophages (Winer
et al, 2014; Zatterale et al, 2019), they have the potential to receive
IL-21, IFN-y, and TLR7 stimulation, priming them to a DN2 B-cell
fate. Furthermore, CD11c" T-bet" DN2 B cells are elevated in the
blood of obese individuals compared to lean individuals (Frasca
et al, 2021) and may be involved in autoimmune responses in obe-
sity. DN2 population frequency in obese subjects positively corre-
lates with autoantibody production, and their depletion is
associated with a decrease in antibody titer (Frasca et al, 2021).
Since antibodies can form immune complexes to activate macro-
phages in mice while autoantibody production is linked to insulin
resistance, a symptom of obesity (Winer et al, 2011), DN2 B cells
may contribute to the pathogenesis of obesity, and research should
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be conducted to elucidate their role within the chronic inflammatory
landscape of this condition.

Aging
Aging weakens the immune system. The overall B-cell population in
elderly humans has been observed to decline over age, with B cells
derived from elderly blood having reduced AID expression (Frasca
et al, 2008). Since AID is an enzyme important for immunoglobulin
class-switching for B cells that results in the production of stronger-
affinity antibodies (Muramatsu et al, 2000), these B cells have
defects in antibody class-switching (Frasca et al, 2008). Consistent
with the functional defects reported in aged B cells, Colonna-
Romano et al (2009) identified an unspecified subset of DN B cells
in elderly humans, which they speculated to be exhausted B cells
due to their reduced function. The DN B cells they discovered had
short telomere lengths and low BCL2 expression, suggesting suscep-
tibility to apoptosis (Colonna-Romano et al, 2009), while their low
expression of CD80, HLA-DR, and CD40 suggested a reduced
antigen-presenting capability, implying a reduced ability to activate
other immune cells (Colonna-Romano et al, 2009). However, many
features regarding the DN B-cell population have yet to be eluci-
dated, such as their surface marker expression pattern and the genes
that may be enriched in this population. Therefore, more research is
needed to further characterize the DN B population and uncover the
circumstances giving rise to the cell type in elderly individuals.
Despite the age-associated decline in immune function, aging can
be considered a chronic inflammatory condition to some extent, as
aging bodies are constantly in a state of chronic low-grade inflam-
mation characterized as “inflammaging.” This process is mediated
by the innate immune response, activated by stimuli such as cell
debris and interactions with the aging gut microbiota (Franceschi
et al, 2018). However, the innate immune system is not the only
player in “inflammaging,” as adaptive immune cells such as T cells
may be involved. CD4" T cells from aged humans have enhanced
proliferation and activation due to cytoplasmic DNA accumulation
and are differentially enriched in autoimmunity-related genes com-
pared with those from young subjects (Wang et al, 2021). DN B cells
may also be involved in “inflammaging.” Rubtsov et al (2011) dis-
covered a murine B-cell population termed “age-associated B cells”
(ABCs) that was enriched in aged mice. “Age-associated B cells” are
similar to human DN2 B cells, as they both express CD11c and T-bet
and can be activated through TLR7 signaling (Rubtsov et al, 2011,
2015). Age-associated B cells were hypothesized to play an autoim-
mune role within aged mice, as they were noted to be potent
antigen-presenting cells and were capable of producing autoanti-
bodies in vivo (Rubtsov et al, 2011, 2015). As aged individuals pos-
sess higher frequencies of autoantibodies than younger people
(Manoussakis et al, 1987), while DN2 B cells are associated with
autoantibody production (Jenks et al, 2018; Frasca et al, 2021),
research focusing on how DN2 B cells play an autoimmune role in
elderly humans similar to that of DN2-like ABCs in mice would be
of interest.

DN B cells within infectious diseases

Not only do DN B cells play a role in conditions involving autoim-
munity and chronic inflammation, but recent studies have also
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found DN B-cell populations to be enriched in infectious diseases,
such as COVID-19 and malaria (Woodruff et al, 2020; Sutton et al,
2021). While DN B-cell populations may play both autoimmune and
antipathogenic roles in COVID-19, DN B cells in malaria function to
defend the host against the pathogen. This subsection aims to
explore the origins and roles of DN B cells in both diseases.

CoVID-19

COVID-19 is an acute respiratory disease caused by the beta-
coronavirus SARS-CoV-2 and since 2020 has been responsible for a
global pandemic (Hu et al, 2021). Severe cases of COVID-19
usually present with “cytokine storms,” an aggressive inflammatory
response characterized by increased production of proinflammatory
cytokines causing severe lung damage (Huang et al, 2020). Cytokine
storms are triggered by SARS-CoV-2 infection of lung epithelial cells,
causing them to secrete cytokines and chemokines to recruit
immune cells to the lung tissue. Once arriving at the site of infec-
tion, immune cells are further stimulated to secrete proinflammatory
cytokines, ultimately resulting in further lung damage (Yang
et al, 2021). IFN-y is among the various cytokines produced en
masse, with plasma levels of the cytokine increased in the blood of
COVID-19 patients who require intensive care (Huang et al, 2020),
while B cells can recognize single-stranded RNA viruses, including
coronaviruses such as SARS-CoV-2, via TLR7 signaling (Lund
et al, 2004; V’Kovski et al, 2021). Since TLR7 and IFN-y signaling
are two of the three signaling pathways required for DN2 B-cell
development (Jenks et al, 2018), although the involvement of IL-21
in the COVID-19 cytokine storm has yet to be studied, viral infection
may provide an environment conducive for the generation of DN2 B
cells.

Woodruff et al (2020) discovered that severe COVID-19 patients
had enriched DN2 B-cell populations compared with mild COVID-19
patients and healthy controls, consistent with the expansion of ASCs
such as plasmablasts in severe COVID-19 (Kuri-Cervantes
et al, 2020; Woodruff et al, 2020). DN3 B cells were first discovered
in COVID-19 patients and were also found to be enriched in severe
and critical COVID-19 patients (Sosa-Hernandez et al, 2020; Wood-
ruff et al, 2020). Similar to DN2 B cells, DN3 B cells may play a role
in the pathogenesis of COVID-19, as their frequency was negatively
correlated with several ventilatory parameters, such as respiratory
rate and oxygen saturation levels, in patients (Sosa-Herndndez
et al, 2020) and positively correlated with proinflammatory features,
such as high blood neutrophil/leukocyte count and high blood che-
mokine concentration (Cervantes-Diaz et al, 2022). The evidence
above implicates DN2 and DN3 B cells with severe COVID-19 and
poor prognosis. Owing to the similarity behind the B-cell responses
in COVID-19 and SLE (Woodruff et al, 2020), the involvement of
DN2 and DN3 B cells in autoimmune responses may provide a plau-
sible explanation behind the association of DN B cells with poor
prognosis in COVID-19. Emerging evidence has supported the
notion that B cells may be involved in COVID-19-associated autoim-
munity, as high ASC content in COVID-19 patients was associated
with an enrichment of autoantibodies (Schultheiss et al, 2021).
Woodruff et al (2022) also characterized a population of IgG1-
producing ASCs in severe COVID-19 patients and discovered that
some of the antibodies produced by those ASCs bound to both
SARS-CoV-2 antigens and self-antigens, suggesting that the ASCs
above can be both antipathogenic and autoimmune in nature. Those
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ASCs enriched in severe COVID-19 may originate from DN2 B cells
owing to the low mutation frequencies on the ASC-derived IgG1
antibodies (Woodruff et al, 2022), which is consistent with the
reduced IgG mutation rate seen in DN2 B cells and DN2-derived
ASCs from SLE patients (Jenks et al, 2018). Finally, the DN3 B-cell
population was positively correlated with the autoreactive
antibody titer of COVID-19 patients (Castleman et al, 2022), further
supporting the involvement of DN B cells in the autoimmunity sur-
rounding severe COVID-19. As autoantibodies were discovered in
patients with post-COVID-19 syndrome, which involves the persis-
tence of COVID-19 symptoms after recovery from COVID-19 (Rojas
et al, 2022); research focusing on identifying the possible roles of
DN B cells in post-COVID-19 syndrome would be of interest.

Malaria

Malaria is caused by Plasmodium parasites, which are carried by
anopheline mosquitos and can infect hepatocytes to generate mero-
zoites (Phillips et al, 2017; Sato, 2021). The merozoites will then
proceed to infect red blood cells, which produce malaria endotoxins
to stimulate immune cells via Toll-like receptor-9 (TLR-9) signaling
(Phillips et al, 2017). As TLR-9 signaling can cause unswitched-
memory B cells to differentiate into CD27 IgD™ B cells (Torigoe
et al, 2017), DN B cells may be potentially involved in the antima-
larial immune response.

A CD27CD21~ B-cell population termed “atypical B cells” was
found in blood samples from malaria patients and those with prior
exposure to Plasmodium antigens (Portugal et al, 2015) and was
confirmed to be double-negative for IgD and CD27 by recent stud-
ies (Sutton et al, 2021; Hopp et al, 2022). Current evidence has
suggested that the “atypical B-cell” population may have under-
gone affinity maturation in the germinal center, as evidenced by
their comparative SHM level with IgD~ CD27" switched memory B
cells (Sutton et al, 2021). This finding contrasts with the low level
of SHM observed in DN B cells in general, including DN2 B cells
(Fecteau et al, 2006; Jenks et al, 2018). Nevertheless, the “atypical
B-cell” population expresses genes associated with DN2 B cells,
such as ITGAX/CD11c, TBX21/T-bet, and FCRLS (Kim et al, 2019;
Sutton et al, 2021; Hopp et al, 2022). Single-cell pseudotime analy-
sis suggests that the DN B-cell subpopulation may belong to an
alternative developmental pathway and in a further developmental
state compared with “classical” switched-memory B cells (Sutton
et al, 2021), opening up the possibility that the gain of DN2-B-
associated genes may have occurred in a later developmental event
than affinity maturation. The “atypical B-cell” DN subtype was ini-
tially reported to have impaired BCR signaling and reduced in vitro
function (Portugal et al, 2015). However, emerging evidence sug-
gests that they could be involved in the immune response against
malaria. Furthermore, recent studies have provided evidence that the
DN B-cell population can respond to BCR signaling from membrane-
associated antigens but not soluble antigens (Ambegaonkar
et al, 2020) and that their seemingly impaired BCR signaling may be
due to an increased antigen affinity threshold for activation, as
I[gD"CD27~ “atypical B cells” respond less well to low-affinity anti-
gens (Holla et al, 2021). During acute malaria, the “atypical B cells”
upregulate TLR9 expression (Hopp et al, 2022), while their increased
expression of the antigen-presenting HLA-class I and class II proteins
allows them to present antigen well (Hopp et al, 2022). Finally, the
“atypical B cells” can produce immune memory, with “atypical B
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cells” from mice previously infected with Plasmodium 3 months ago
responding to restimulation to produce antibodies ex vivo (Kim
et al, 2019).

Studies investigating the origin of “atypical B cells” have pro-
posed hypotheses about their developmental origin. Naive and
memory B cells cultured with IFN-y and TLR9 agonists under
chronic antigen engagement expressed “atypical B-cell”-like features
such as T-bet, FCRLS, CD11c, and CXCR3, implicating IFN-y, TLR9
signaling and chronic antigen stimulation as potential stimulations
inducing “atypical B-cell development” (Ambegaonkar et al, 2019).
IFN-y production was increased in mice infected with Plasmodium
parasites to promote TLR-mediated immune responses against
malaria (Franklin et al, 2009), while prolonged antigen exposure
could have occurred due to the difficulty of obtaining sterilizing
immunity against Plasmodium infection despite repeated infections,
as exemplified by the lack of change in the P. falciparum infection
rate with age (Tran et al, 2013). Although both naive B cells and
memory B cells gain “atypical B-cell” features, only memory B cells
induced under the above conditions have downregulated CD21
expression in the DN B-cell subset (Ambegaonkar et al, 2019),
suggesting that memory B cells may be a more immediate precursor
to “atypical B cells.” Holla et al (2021) conducted pseudotime analy-
sis on different B cells from adults exposed to malaria, and their
findings suggested that IgD~CD27" memory B cells may be a close
developmental precursor to “atypical B cells”.

Taken together, the above data suggest that “atypical B cells”
may develop from switched memory B cells under proinflammatory
conditions. However, more research is needed to evaluate the
hypotheses regarding “atypical B cells” and identify the circum-
stances regulating them in malaria, such as determining the reasons
behind their downregulated CD27 expression and increased antigen
affinity threshold for activation and their role in the difficulties of
forming sterilizing immunity against malaria. Likewise, as “atypical
B cells” share many similarities with DN2 B cells despite their differ-
ences, studies determining whether they belong to the same cell
type and reconciling their difference are needed.

The role of DN B cells in cancers

In the field of oncology, IgD™ CD27" B cells have been identified in
two types of cancers: non-small-cell lung cancer (NSCLC) and naso-
pharyngeal carcinoma (NPC) (Centuori et al, 2018; Gong et al,
2021). This subsection aims to introduce the two types of cancers in
which DN B cells are involved and discuss the role of DN B cells
within their TME.

Non-small-cell lung cancer is an umbrella term for a variety of
subgroups of lung cancers, with the majority of cases belonging to
the adenocarcinoma subtype, which has glandular histology and is
located in the distal lung, while tumors of the squamous cell carci-
noma subtype are located in the proximal airways (Chen
et al, 2014). Due to the close association between smoking and
NSCLC, cancer cells in NSCLC have a high somatic tumor mutation
burden because of prolonged carcinogen exposure from cigarette
smoke (Alexandrov et al, 2013). This means that NSCLC cancer cells
might express relatively high amounts of neoantigens and may
therefore be vulnerable to immune destruction, making the modula-
tion of immune cells in the TME a viable strategy to treat NSCLC.

© 2023 The Authors



Michael King Yung Chung et al

Double-negative B cells are enriched in the NSCLC TME com-
pared with normal lung tissues, making up approximately 0.2-8.5%
of all live singlet cells derived from NSCLC patients (Centuori
et al, 2018). Despite their low abundance and the lack of association
between NSCLC-infiltrating DN B cells and major clinical parame-
ters, other than a positive correlation with the presence of moder-
ately differentiated tumors (Centuori et al, 2018), DN B cells may
be associated with immunosuppression within the NSCLC TME, as
the DN B-cell frequency was inversely correlated with that of
IgD"CD27" “affinity-matured” B cells in the tumor (Centuori
et al, 2018), which included switched memory B cells and ASCs
such as plasmablasts and plasma cells (Sanz et al, 2019). This find-
ing suggests that NSCLC-infiltrating DN B cells may have a develop-
mental relationship with [gD~CD27" B cells in the NSCLC TME and
potentially be associated with a decline in IgD~CD27" B cells within
NSCLC tumors. As early NSCLC patient-derived plasma cells have
tumor-suppressing capabilities, while late NSCLC patient-derived
plasma cells can promote tumor growth in NSCLC cell lines (Chen
et al, 2020), DN B cells may have varying functions in different
NSCLC stages if they are developmentally related to plasma cells in
the “affinity-matured” B-cell population. Research focused on fur-
ther investigating the relationship between DN B cells and the cell
subpopulations within the “affinity-matured” B cells will be
important.

Moreover, NPC is a subtype of head-and-neck cancer occurring
in the nasopharynx. This type of cancer is endemic in South China,
Southeast Asia, and North Africa (Wong et al, 2021), and it can be
divided into keratinizing, nonkeratinizing, and basaloid squamous
cell carcinoma subtypes, with the nonkeratinizing subtype further
divided into “well-differentiated” or “poorly differentiated” subtypes
based on the tumor differentiation status (Wong et al, 2021;
Badoual, 2022). Epstein—Barr virus (EBV) infection is highly associ-
ated with NPC, with the virus being detected in all NPC cases
belonging to the nonkeratinizing subtype, the most common NPC
subtype in endemic regions (Tsao et al, 2017). Epstein-Barr virus
infection can activate the NF-«B signaling pathway in epithelial cells
within the nasopharynx causing them to secrete proinflammatory
factors, such as the cytokines IL-6 and IL-8 (Eliopoulos et al, 1997;
Koon et al, 2010), therefore creating a chronically inflamed environ-
ment shaping the NPC TME.

Under EBV-induced chronic inflammation, different types of
immune cells, such as plasma B cells and DN B cells, are recruited
into the NPC TME from the surrounding blood circulation. NPC-
infiltrating DN B cells were first identified in Gong et al’'s (2021)
study, where the authors conducted scRNA-seq on tissue biopsies
obtained from NPC patients. Similar to the findings in the NSCLC
study (Centuori et al, 2018), NPC tumors were enriched in DN B
cells, occupying a median proportion of 5.3% out of the total B-cell
population from each patient, while they only appeared in negligible
quantities in nasopharyngeal lymphatic hyperplasia tissue samples
(Gong et al, 2021). The enrichment of DN B cells within the NPC
TME was confirmed by a deconvolution analysis utilizing public
bulk RNA sequencing data from NPC patients (Gong et al, 2021).
Additionally, NPC-infiltrating DN B cells interacted with exhausted
T cells within the NPC TME via the CXCL13-CXCRS5 axis, suggesting
that at least a portion of DN B cells expressed CXCRS and were
recruited into NPC tumors via CXCL13-mediated chemotaxis. How-
ever, further investigation is needed to determine whether the
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CXCR5-expressing DN B population corresponds to the DN1 subtype
and elucidate the proportion of CXCR5™ DN B cells within the over-
all DN B-cell population. Although Gong et al’s (2021) study was
not solely focused on NPC-infiltrating DN B cells and therefore did
not fully characterize them, they discovered that the population size
of those DN B cells within NPC patients was correlated with a worse
clinical outcome. This finding implicates DN B cells as a potential
immunotherapeutic target in NPC and calls for further investigation
to uncover the functional role of NPC-infiltrating DN B cells and the
detailed mechanisms underlying their association with poor clinical
outcomes in NPC.

Research perspectives

Despite the emergence of studies focusing on DN B cells, this B-cell
subpopulation is still understudied and needs further investigation.
For instance, creating a unifying term defining IgD~ CD27~ B cells
may aid research toward DN B-cell populations. In the literature,
human DN B cells have been referred to by many names, including
“double-negative B cells,” “age-associated B cells,” and “atypical B
cells” (Jenks et al, 2018; Sutton et al, 2021; Brown et al, 2022).
The lack of unifying nomenclature for DN B cells may cause confu-
sion, which can be solved by creating an umbrella term for DN B
cells.

Furthermore, the site of DN2 B cell development in humans is
unknown. DN2 B cells have been suggested to be extrafollicular B
cells that develop independently from GCs, as their distinct fea-
tures compared with GC-derived memory B cells suggest that DN2
B cells may lie on an alternative developmental branch (Jenks
et al, 2018; Woodruff et al, 2020; Stewart et al, 2021). However,
the exact developmental site and pathways of human DN2 B cells
have yet to be elucidated. To add to the ambiguity of the mecha-
nisms giving rise to DN2 B cells, GC-derived memory B cells may
gain DN2-like features such as CD11c and T-bet expression under
proinflammatory signals and chronic antigen exposure, which
might be the case for DN2-like “atypical B cells” (Ambegaonkar
et al, 2019; Holla et al, 2021; Sutton et al, 2021). The findings on
“atypical B cells” open the possibility that the GC may be involved
in DN2 B-cell development contrary to what was implied previ-
ously, especially since memory B cells could develop into short-
lived ASCs upon restimulation (Moran et al, 2018). Although Song
et al (2022) provided evidence of the germinal center-independent
development of a DN2-like T-bet'CD11c" B-cell population in mice,
future studies are needed to evaluate whether this is the case for
DN2 B cells in humans. Moreover, the highly overlapping gene sig-
nature between “atypical B cells” and DN2 B cells implies that
they might belong to the same subpopulation despite their distinct
terminology (Holla et al, 2021). Due to existing data supporting a
GC-derived memory B-cell origin for “atypical B cells,” studies
comparing both DN B subtypes to see whether they correspond to
each other would provide valuable hints for understanding DN2 B-
cell development.

In contrast to the relatively high level of attention that DN2 B
cells have received in past research studies, other DN B-cell subsets
have relatively not been well-studied. For example, there are many
questions regarding the precise developmental position of DN1 and
DN3 B cells, with more functional studies being needed to fully
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Pending issues

Generate a unifying nomenclature for IgD CD27~ DN B-cell

populations.

ii Conduct more studies to characterize DN B cells to refine the cur-
rent DN B classification system.

i Conduct functional studies to validate the hypothetical develop-
mental positions of DN1-DN4 subsets.

iv Evaluate the site of development of DN2 and DN3 B cells in lym-
phoid tissues to determine if they belong to the follicular or extra-
follicular B-cell reaction.

v Conduct studies with larger sample sizes to confirm the presence
of DN4 B cells identified by Stewart et al (2021).

vi Determine if “atypical B cells” in malaria correspond to DN2 B cells
and reconcile the differences between the two cell types.

vii Further characterize the origin and features of the DN B-cell popu-
lation discovered by Colonna-Romano et al (2009), which remains
understudied at the time of writing.

viii Conduct more in-depth functional and bioinformatics studies
uncovering the roles of tumor-infiltrating DN B cells in NSCLC and
NPC.

ix Develop therapeutic regimens targeting pathways enriched in DN
B cells in SLE, such as TLR-7 and CD95 signaling.

x Investigate the roles of DN2 B cells in the chronic inflammatory
landscape in obesity and determine if older individuals have
enriched DN2 B cells consistent to findings on aged mice.

xi Confirm the autoimmune capabilities of DN2 and DN3 B cells
within severe COVID-19 and conduct research to elucidate their
involvement in post-COVID syndrome.

xii Conduct more in-depth functional and bioinformatics studies
uncovering the roles of tumor-infiltrating DN B cells in NSCLC and
NPC.

xiii Investigate the developmental trajectory of the “atypical B-cell”
DN subtype in malaria to understand the mechanisms behind
their downregulation of CD27 and their increased antigen affinity
threshold for activation.

xiv Identify and characterize novel subtypes of DN B cells and their

roles in other diseases.

confirm many of the hypotheses about them. This is also the case
for DN B cells enriched in NSCLC and NPC samples and the unspeci-
fied DN population associated with aging. Current evidence implies
that their function may be contrary to that of DN B cells in other dis-
eases. While the former two may border immunosuppressive effects
via cytokine release or cell-cell interactions or at least reflect the
immunosuppressive nature of the TME (Centuori et al, 2018; Gong
et al, 2021), the latter may reflect an age-associated weakening of
the immune system (Colonna-Romano et al, 2009). Therefore, they
may be different DN B-cell populations compared to those cells pre-
viously characterized in the scientific literature, and future research
focusing on the further characterization of those DN B cells and the
conditions giving rise to them is needed. In addition, the implication
of tumor-infiltrating DN B cells with cancer immunosuppression
means that they might be immunotherapeutic targets, which
encourages the identification and characterization of DN B cells in
the TMEs of other cancers.

The findings regarding human DN B cells suggest that they may
represent a heterogeneous B-cell population capable of playing vary-
ing functions in different conditions. Future studies are needed to
characterize currently known DN B-cell subtypes and identify DN B-
cell subtypes and their functions in other diseases.
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i CDC fact sheet for SLE: https://www.cdc.gov/lupus/facts/detailed.htmi

iv. CDC fact sheet for Malaria: https://www.cdc.gov/parasites/malaria/

v CDC fact sheet for COVID-19. https://www.cdc.gov/coronavirus/2019-
ncov/

vi  CDC fact sheet for “long COVID-19,” a condition that may be linked to
autoimmunity as suggested by this literature review: https://www.cdc.
gov/coronavirus/2019-ncov/long-term-effects/index.html

vii A link to a CDC webinar relating to the aging immune system, which is
discussed by this literature review: https://www2.cdc.gov/vaccines/ed/
nvpo/archives/downloads/NVPO_9_26_2017.pdf

viii  National Cancer Institute fact sheet for Non-Small Cell Lung Cancer
(NSCLQ): https://www.cancer.gov/types/lung/patient/non-small-cell-lung-
treatment-pdq

ix National Cancer Institute fact sheet for Nasopharyngeal carcinoma
(NPC): https://www.cancer.gov/types/head-and-neck/patient/adult/
nasopharyngeal-treatment-pdq

X World Health Organization’s report about obesity in Europe. Mentions
health complications of obesity, such as inflammation: https://apps.who.
int/iris/bitstream/handle/10665/353747/9789289057738-eng.pdf
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