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Abstract

Immunological memory is a remarkable phenomenon in which survival of an initial infection by a
pathogen leads to life-long protection from disease upon subsequent exposure to that same
pathogen. For many infectious diseases, long-lived protective humoral immunity is induced after
only a single infection in a process that depends on the generation of memory B cells (MBCs) and
long-lived plasma cells. However, over the past decade it has become increasingly evident that
many chronic human infectious diseases to which immunity is not readily established, including
HIV-AIDS, malaria and TB, are associated with fundamental alterations in the composition and
functionality of MBC compartments. A common feature of these diseases appears to be a large
expansion of what have been termed exhausted B cells, tissue-like memory B cells or atypical
memory B cells (aMBCs) that, for simplicity’s sake, we refer to here as aMBCs. It has been
suggested that chronic immune activation and inflammation drive the expansion of aMBCs and
that in some way aMBCs contribute to deficiencies in the acquisition of immunity in chronic
infectious diseases. Although aMBCs are heterogeneous both within individuals and between
diseases, they have several features in common including low expression of the cell surface
markers that define classical MBCs in humans including CD21 and CD27 and high expression of
genes not usually expressed by classical MBCs including T-bet, CD11c and a variety of inhibitory
receptors, notably members of the FcRL family. Another distinguishing feature is their greatly
diminished ability to be stimulated through their B cell receptors to proliferate, secrete cytokines
or produce antibodies. In this review, we describe our current understanding of the phenotypic
markers of aMBCs, their specificity in relation to the disease-causing pathogen, their functionality,
the drivers of their expansion in chronic infections and their life span. We briefly summarize the
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features of aMBCs in healthy individuals and in autoimmune disease. We also comment on the
possible relationship of human aMBCs and T-bet*, CD11c* age/autoimmune-associated B cells,
also a topic of this review volume.

INTRODUCTION

Throughout recorded history one of the most feared causes of death was infectious diseases
that in epidemic proportions have the power to decimate entire societies. From the writings
of the historian Thucydides describing the plague of Athens in 430 B.C. it is clear that it was
appreciated even at that time that individuals who survive an infection are subsequently
protected from future infections. Thucydides wrote: “Yet it was with those who had
recovered from the disease that the sick and the dying found most compassion. These had no
fear for themselves, for the same man was never attacked twice — never at least fatally” (1).
We now understand that Thucydides was describing the acquisition and function of
immunological memory and indeed, for most infectious diseases, those that survive are
immune to disease upon re-exposure to the same pathogens. However, not all pathogens
induce protective immunity, and by definition, cause chronic infectious diseases including
HIV-AIDS, malaria, TB and hepatitis viruses. Although these are complex diseases and we
do not in any case fully understand the cellular or molecular basis of the failure to rapidly
develop immunologic memory, it is now clear that many chronic infections are associated
with fundamental differences in the compaosition of the memory B cell (MBC) compartment.
It has been postulated that such alterations in immune cell populations may contribute to the
poor acquisition of immunity to such diseases. In this review we focus on a phenomena that
appears to be in common between HIV, Plasmodium falciparum, Mycobacterium
tuberculosis (Mth) and Hepatitis C infections, namely, the large expansion of a
subpopulation of B cells (up to 50% of all circulating B cells) that normally represents only
a small percent (approximately 3-5%) of peripheral blood B cells in healthy individuals.
These B cells have several characteristics of MBCs and are referred to variously as
exhausted MBCs, tissue-like memory (TLM) B cells in HIV-AIDS or atypical MBCs
(aMBCs) in malaria. Here we refer to these cells as aMBCs for simplicity’s sake. It is
becoming increasingly clear that aMBCs are not a homogenous population of B cells, but
rather show significant heterogeneity both within an individual for a given disease as well as
between different chronic infections. It is possible that aMBCs contain a variety of subsets
with specialized functions that differentially expand under different conditions. HIV-AIDS,
malaria and TB, that together cause more than five million deaths a year, continue to elude
conventional vaccine development. Thus, it is a public health priority to understand the
cellular and molecular basis of the function of aMBCs and the drivers of their
differentiation, to improve our chances of developing effective, life-saving vaccines for these
deadly diseases.

We now understand that MBCs develop in secondary lymphoid organs such as the spleen
and lymph nodes (2-5) (Figure 1). Naive B cells encounter antigens in the follicles in many
cases as immune complexes or complement fixed antigens bound to Fc receptors,
complement receptors or scavenger receptors on the surface of dendritic cells (DC). B cells
engage antigen through their B cell receptors (BCRs) that initiates signaling cascades that
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induce the transcription of a variety of genes associated with B cell activation. The BCR
bound antigen is then internalized into specialized compartments where the antigen is
processed and then presented on MHC class 1l molecules on the B cell surface. At the B-T
cell border of the follicle, B cells engage CD4* T cells that have been activated by antigen
processed and presented by DCs to initiate differentiation toward T follicular helper (Tfh)
cells. If the quality of the T-B interaction is high, the T cells further differentiate into Tth
cells and the Tfh cells and B cells proliferate and enter germinal centers (GCs). If the
interaction is in some way inadequate, B cells are not induced to enter the GCs but rather
proliferate and differentiate into short-lived antibody secreting plasma cells (PCs) and what
have been termed GC-independent MBCs (3). B cells that enter the GC first enter the GC
dark zone (DZ) where they clonally expand by proliferation and undergo class switching and
somatic hypermutation (SHM). B cells exit the DZ to enter the light zone (LZ) where B cells
with the highest affinity for antigen are ultimately selected by the Tfh cells to differentiate
into long-lived MBCs and PCs, in a process that depends on the ability of B cells to capture
antigen from follicular DC (fDC) and present it to Tfh cells.

In this review we describe the characteristics of aMBCs, the role of pathogen-derived
antigens in their expansion, the functionality of these cells, their longevity and cellular and
molecular mechanisms that drive their differentiation. We briefly comment on aMBCs in
autoimmune disease and in healthy individuals and the similarities between aMBCs and age-
associated B cells (ABCs) in mouse models. Lastly, we propose a model for the expansion
of aMBCs during chronic infectious diseases in the framework of the emerging view of the
normal development of B cell memory.

In HIV-AIDS there are striking changes in both the MBC compartment and in the dynamics
and quality of the peripheral blood plasmablasts. HI\-associated aMBCs were first
identified in 2008 by Moir et al. (6) as an abnormally expanded mature B cell population in
the blood of HIV-viremic patients. Moir et a/. used two B cell surface markers, namely
CD21 and CD27, to identify three circulating MBC populations in HIV-infected individuals
with persistent viremia. Conventional MBCs, also referred to as resting MBCs, that
represent the majority of MBCs in the peripheral blood of healthy individuals, express both
CD21 and CD27. In contrast two populations of B cells that are not present in substantial
numbers in healthy individuals are either CD27+ CD21°, referred to as activated MBCs or
CD27~ CD21%0, identifying aMBCs. Of note, both activated MBCs and aMBC express
higher levels of the pan B cell marker CD20 than other B cells populations that circulate in
the peripheral blood. The HIV-associated aMBCs also express markers that distinguish them
from other B cell populations, namely CD11c, T-bet and several inhibitory receptors (7, 8).
The aMBCs identified in the peripheral blood of HIV-viremic individuals were initially
named tissue-like memory B cells to reflect their similarity to a population of MBCs
described by Cooper and colleagues that are resident within tonsil tissue (9). This population
was defined by the expression of FCRL4, a member of the Fc receptor homologue family
that has the potential to inhibit BCR signaling. Tonsil B cells that expressed FcRL4 appeared
to represent a novel subpopulation of MBCs that lacked the classical CD27 marker for
MBCs in humans and were CD20H CD21L°. FcRL4* MBCs had a distinctive morphology,
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function and tissue distribution and had undergone similar levels of isotype switching and
SHM as compared to conventional CD27* MBCs. FcRL4* MBCs failed to proliferate in
response to BCR crosslinking but secreted Ig in response to T cell cytokines. The aMBCs in
HIV-viremic individuals also expressed FcRL4 and shared other properties of FCRL4* tonsil
MBC:s including refractoriness to stimulation through their BCRs. Moir et al. (6) also
reported that aMBCs expressed patterns of inhibitory receptors and markers associated with
homing to sites of inflammation similar to those described for antigen-specific T cell
exhaustion (10) and thus used the term “‘exhausted MBCs’. Notably, siRNA-mediated knock-
down of FcRL4 and other known or putative inhibitory receptors, including Siglec-6,
CD32b, LAIR1, CD85, CD72, CD22 and PD-1, led to enhanced BCR-mediated
proliferation and increased differentiation to HIV-specific antibody secreting cells (11).

Particularly informative were studies comparing the HIV-specific antibody repertoires in
MBCs of HIV-viremic individuals. Within HIV-infected individuals, HIV-specific B cells
were enriched in activated memory and aMBC populations in contrast to B cells specific for
pathogens other than HIV, including influenza and tetanus, that were more concentrated in
resting MBC compartments (12). This finding provided the first evidence that the HIV virus
per sewas a driver of aMBC expansion in infected individuals. Indeed, consistent with these
data is the observation that the frequency of aMBCs decreased significantly in HIV-infected
individuals in the months following antiretroviral treatment and reduction in HIV viremia. A
number of longitudinal and cross-sectional studies have confirmed these findings (7, 13-17).
We can also infer from these data that the life span of aMBCs in the absence of HIV viremia
is on the order of months, although the longevity of aMBCs in viremic individuals is not
known and full normalization of aMBC is in the order of years (18). A recent Ig repertoire
analysis provided evidence that resting MBCs and aMBCs share clonal families of VH
suggesting a plasticity between MBC populations (19). These studies also showed that HIV-
specific mAbs from aMBCs have lower frequencies of SHM as compared to resting MBCs
despite having undergone a greater number of cell divisions and that the degree of SHM
correlated with HIV-neutralizing activity. Thus, HIV neutralization was significantly higher
in the antibodies expressed by resting MBCs as compared to aMBCs, suggesting that aMBC
expansion may contribute to inadequate antibody responses in HIV viremic individuals.

Malaria is a deadly disease caused by parasites of the Plasmodium species, the deadliest of
which, P, falciparum, accounts for approximately 400,000 deaths each year, mostly among
young African children (20). Antibodies play a key role in naturally acquired immunity to
malaria as demonstrated by the passive transfer of antibodies from malaria immune adults to
children with clinical malaria, resulting in the reduction of both parasitemia and fever in
these children (21). This study also provided evidence that adults living in malaria-endemic
areas acquire protective antibodies and we now understand from longitudinal studies of
children in malaria endemic Africa that this process is remarkably slow requiring years of
repeated A falciparum infections (22). The acquisition of resistance to clinical malaria with
age is accompanied by an increase in both malaria-specific classical MBCs and long-lived
antibody responses (23, 24). However, age is also accompanied by a large expansion of what
were termed aMBCs defined by flow cytometry immune-phenotyping as CD10~ CD19*
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CD20* CD21L0 €D27- CD11cHi (25, 26). These aMBCs also express an array of inhibitory
receptors including CD85, CD32B and CD22 as well as CD45 and the chemokine receptor
CXCR3 and decreased expression of CD35, CD40, CXCR5 and CCR7. As compared to
naive B cells, aMBCs express less of the inhibitory receptor LAIR1 which is intriguing
given the recent surprising finding of a LAIR1 insertion into broadly-reactive £ falciparunr
specific antibodies in malaria exposed individuals (27). Both aMBCs and classical MBCs
have similar percentages of cells expressing unswitched (30%) versus IgG switched (40—
70%) BCRs (25). Atypical MBCs are a minority of MBCs in healthy U.S. adults (perhaps 3-
6%) but in children and adults in malaria endemic areas these can represent over 50% of all
circulating B cells (25).

By genome-wide expression profiling of purified B cells from Mali (26) and a cohort of
individuals living in an area of high malaria transmission in Uganda (28), aMBCs were
shown to have a transcriptional profile that distinguished them from naive and classical
MBCs. aMBCs showed differentially reduced expression of genes in the BCR signaling
pathway and costimulatory molecules and increased expression of inhibitory receptors as
well as suppressed expression of genes encoding pro-apoptotic factors. Of interest is the
observation of a high degree of overlap in the gene expression patterns of aMBCs from
malaria exposed individuals and HIV-associated aMBCs with functional overlap in most
categories with the exception of apoptosis (28). In contrast to HI\-associated aMBCs that
express FCRL4, aMBCs from malaria exposed cohorts show differentially increased
expression of FCRL5 (26, 28). Using serological reagents available at the time it was first
reported that malaria-associated aMBCs expressed FCRL4 (25) but with improved reagents
and molecular analysis it is now clear that aMBCs in malaria express FCRL5 (and FCRL3)
and not FCRL4 (26, 28). This observation is of interest as it suggests that HI\V-associated
aMBCs and aMBCs in malaria, despite sharing several phenotypic and functional features
have differentiated to express different members of the FcRL family of receptors. It remains
to be determined if differential expression of FCRL4 versus FCRL5 influences the function of
these two subpopulations. To this point, we observed heterogeneity in the expression of
FcRL5 within the aMBC population in malaria exposed individuals (26) and Sullivan et al.
(28) reported that FCRL5* aMBCs were significantly more deficient in their ability to
secrete antibody in response to BCR crosslinking and CpG stimulation as compared to
FcRL5™ aMBCs. These results suggest the possibility of a functional heterogeneity among
aMBCs differentiating within an individual. Relevant to these observations, Li et al. (29)
reported that FCRL5 expression distinguished two subsets of aMBCs in healthy individuals
that have distinct gene expression profiles. FcRL5* aMBCs expressed more CD11c and
inhibitory receptors as compared to FCRL5~ aMBCs and responded poorly to multiple
stimuli. Analysis of genome-wide expression data showed that aMBCs from the peripheral
blood of adults with lifelong malaria exposure also expressed T-bet which distinguished
aMBCs from classical MBCs (Obeng-Adjei et al. unpublished observations). In these
studies, T-bet was also shown to be up-regulated in aMBCs in malaria exposed children
which showed a bi-nodal distribution of T-bet expression (T-bet intermediate and T-bet high)
with T-betH! expression correlating with the expression of aMBC markers.

Immune repertoire next generation sequencing of the VH and VL in naive, classical MBCs
and aMBCs from malaria-exposed individuals showed no significant differences in their
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SHM rate (26, 30). Both populations had undergone a similar number of cell divisions, had
similar clonal expansion profiles and shared approximately 10% of their VH clones. These
data suggest that aMBCs and classical MBCs are related and exhibit the plasticity noted for
HIV-associated aMBCs. In contrast, Wardemann and colleagues (31) came to the conclusion
that aMBCs and classical MBCs developed from different precursors based on an VH, VL
gene repertoire analysis of approximately 200 P, falciparum-specific Ig sequences from
adults in a highly endemic area of Gabon. They observed differences in the levels of SHM
and little clonal relationship between aMBCs and classic MBCs. It will be of interest to
learn if an analysis of a larger sample size confirms these results.

Several observations suggest that 2 falcjparum infection per se drives the expansion of
aMBCs including a positive correlation between aMBC expansion and intensity of 2
falciparum transmission in studies primarily carried out in Africa including Mali (25, 26,
32), Uganda (28, 33, 34), Kenya (35, 36), the Gambia (37) and Ghana (38). Of interest, in
HIV-malaria coinfected Rwandan adults the expansion of aMBC was greater as compared to
that in individuals infected with malaria alone (39). Moreover, Frosch et al. (40) showed that
in HIV-infected Kenyan adults the proportion of £ falciparum-specific aMBCs in peripheral
blood increased as a result of the loss of naive and resting MBCs. A differential expansion of
aMBC was observed in age-matched children living in similar villages in rural Kenya, with
the exception of £ falciparum exposure that occurred only in the village in which children
showed expansion of aMBCs (35). In addition, aMBCs have been reported in the peripheral
blood of healthy European adults following experimental 2 falciparum infection (41).
Wardemann and colleagues (31) first showed that the VH and VL genes isolated from single
P, falciparum antigen-binding aMBCs from malaria exposed individuals in Gabon encoded
antibodies specific for the P, falciparum recombinant antigen, GMZ2. Most recently, using
two different B cell tetramers containing the C-terminal region of the £ falciparum-encoded
proteins, merozoite surface protein 1 (MSP1) and apical membrane protein 1 (AMAL),
approximately 20% of MSP1- and AMAL1-specific B cells were found in the aMBC
compartment (42). Together these last two studies provide the most direct evidence that 2
falciparum antigens play a role in the expansion of aMBCs in malaria.

Concerning the functionality of aMBCs, Muellenbeck et a/. (31) first provided evidence that
P, falciparum antigen-specific aMBCs spontaneously secreted P, falciparum specific Abs.
However, the evidence for antibody secretion was based on the presence of Ig transcripts and
mass spec data of circulating antibodies not on direct detection of secreted antibodies from
aMBCs. In contrast, Portugal et a/. (26) provided evidence that aMBCs obtained from
uninfected adults living in a malaria endemic area had lost two key features of adaptive
immune B cell functions, namely the ability to respond to BCR crosslinking by
phosphorylating key BCR signaling molecules to initiate signaling cascades and to
proliferate and differentiate to antibody or cytokine secreting cells following a variety
stimuli including BCR crosslinking in combination with exposure to CD40 agonists, a Toll-
like receptor 9 agonist and T cell cytokines. Sullivan et al. (28) reported that aMBCs were
poor spontaneous producers of antibody and that higher surface expression of FCRL5
defined a distinct subset of aMBCs that failed to secrete antibody upon stimulation. In
addition, in recent studies the level of T-bet expression correlated inversely with the
phosphorylation of B cell signaling molecules (Obeng-Adjei et al. unpublished
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observations). Taken together these findings suggest that aMBC differentiation may involve
the altered expression of T-bet that drives inhibitory receptor expression resulting in the loss
of BCR signaling. Concerning the different results by Muellenbeck et a/., Portugal et a/. and
Sullivan et al., it may be that under some conditions aMBCs maintain the ability to secrete
antibodies, possibly reflecting heterogeneity in aMBC populations in individuals from
different malaria endemic areas or who have different malaria exposure histories.

Recent studies have begun to explore the possible mechanisms underlying the expansion of
aMBCs in malaria focusing on the role of inflammation and Tfh cells in this process (43)
(Figure 2). Several recent observations bear on this issue. aMBCs that expressed T-bet at
intermediate or high levels were shown to be more likely to express surface 19G3 as
compared to T-bet-negative B cells which skewed toward 1gG1 expression (Obeng-Adjei et
al. unpublished observations). Moreover, total serum 1gG3 had the greatest fold increase
among lgG subclasses during acute malaria, which correlated with serum levels of the
inflammatory cytokine IFN-y. Based on these data we speculate that in the context of
pediatric malaria, intermediate T-bet expression may contribute to IgG3 class switching,
while T-bet ‘overexpression’ may play a role in aMBC differentiation.

These observations raise the question of the link between inflammation and aMBC
expansion. A common theme emerging from recent studies is one in which malaria-induced
TH1 inflammatory cytokines drive the activation of Tfh cells impaired in B cell helper
function and the acquisition of TH1-like features in Tfh cells, resulting in GC dysfunction
and suboptimal antibody responses (43). Because malaria can induce IFN-y production in
multiple cell types, it remains possible that IFN-y from sources other than Tfh cells could
drive T-bet expression in B cells /n vivo. However, because of the proximity of Tth cells and
B cells in secondary lymphoid tissue, it seems plausible that Tfh-derived IFN-y plays a
greater role in driving T-bet expression in B cells. To this point, one BCR function that
appears to be intact in aMBCs is the ability to internalize bound antigen into the cell and
traffic it to acidic antigen processing compartments (S.K. Pierce, unpublished observations)
indicating that aMBCs may have the potential to interact with Tfh cells. Obeng-Adjei et al.
(44) recently provided evidence that Malian children have a population of resting Tth cells
(PD-1* CXCR5* CD4") in circulation that contain both CXCR3™ Tth cells that are superior
in providing help to B cells and TH1-polarized CXCR3™" Tfh cells that are less effective in B
cell help. In longitudinal studies they observed that acute febrile malaria, that is
accompanied by increases in TH1 inflammatory cytokines, resulted in the preferential
activation of CXCR3™" Tfh. These authors proposed that CXCR3* Tfh may play a role in the
slow acquisition of antibody-mediated immunity in malaria and perhaps even play a role in
driving aMBC expansion. Indeed, recent studies provided evidence that IFN-y, produced by
activated CXCR3* Tth cells in response to £, falciparum-infected red blood cell lysates,
plays an essential role, along with BCR crosslinking, in the generation of B cells /n vitro that
phenotypically and functionally resemble aMBCs (Obeng-Adjei et al. unpublished
observations).
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Hepatitis C virus

B

Hepatitis C virus (HCV) chronically infects over 170 million people worldwide (45) and
over 70% of HCV-infected individuals develop hepatitis and 20-30% of these individuals
progress to liver cirrhosis (46). HCV infections are characterized by persistent B cell
activation and profound hypergammaglobulinemia consisting of non-HCV specific
antibodies (47). Recent studies have suggested that B cell populations similar to aMBCs are
expanded in chronic HCV infections. Oliviero et al. (48) observed an increase in aMBCs
(characterized as CD10~, CD19* CD21°, CD277) in chronic HCV-infected individuals as
compared to healthy controls and a correlation between the proportion of aMBCs that
expressed FcRL4 and the degree of liver inflammation. In both cirrhotic and non-cirrhotic
HCYV infections, Doi et al. (49) observed an expansion of aMBCs (CD19* CD27~ CD217)
relative to healthy controls. The aMBCs proliferated poorly in response to BCR and CD40
crosslinking in the presence of CpG, IL-2 and 1L-10 but secreted isotype-switched
antibodies in response to CD40 crosslinking alone in the presence of CpG, IL-2 and IL-10.
Subsequently, these researchers found that HCV-infected individuals with nonfibrotic liver
disease, cirrhosis and liver cancer had expanded populations of aMBCs that expressed T-bet
(50). The maintenance of these T-bet* aMBCs depended on HCV viremia as effective
antiviral therapy resulted in a marked reduction in the number of T-bet* aMBCs.

Up to 50% of HCV infections are accompanied by the B cell lymphoproliferative disorder,
mixed cryoglobulinemia (MC), characterized by the aberrant production of rheumatoid
factor (RF)-containing immune complexes and a biased use of the RF-encoding VH1-69. It
has been proposed that RF bearing B cells are activated by persistently high levels of HCV-
containing immune complexes (51). Abnormal B cell lymphoproliferation is dependent on
the presence of HCV, as elimination of HCV results in resolution of MC (52). Charles et al.
(53) characterized VH1-69 expressing B cells from HCV-infected MC patients and
determined that these were predominantly CD20H CD10~ CD21-° CD27* CD11c*
FcRL4HI IL-4RM0, CD211° B cells whether from healthy individuals or HCV-infected MC
individuals were deficient in their ability to respond to BCR crosslinking by mobilizing
Ca?*. In addition, CD27+ CD21°, VH1-69-expressing B cell failed to differentiate into
antibody-secreting plasmablasts in response to CD40L, IL-2 and IL-10. Kong et al. (54)
observed an expansion of aMBCs (CD27~ CD21") in both chronic HCV-infected individuals
and HCV-related MC patients that was accompanied by an increase in the frequencies of
several T cell subpopulations including Tfh cells. In addition, HCV-associated MC was
shown to be accompanied by an increase in CD21™ marginal zone (MZ) B cells that
expressed FCRLS5 (55). Visentini et al. (56) reported that CD21~ VH1-69-expressing B cells
that were functionally exhausted, failing to respond to either BCR or TLR stimulation, were
also expanded in MC. These authors proposed that these cells may have differentiated from
MZ B cells under the conditions of chronic HCV infection.

The impact of chronic intracellular bacterial infections including that of Mycobacterium
tuberculosis (Mtb), on B cells has not been studied in detail in part because there was little
evidence for a direct role for antibodies in immunity to these pathogens (57). However,
interest in the B cell biology of Mtb infections increased with the demonstration that B cells
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play key roles in the regulation of T cell responses in TB. Joosten et a/. (58) analyzed the
phenotype and function of B cells in individuals with latent TB infection (LTBI) or active
TB and in individuals successfully treated for TB. Both individuals with TB and LTBI
showed expansion of B cells with an aMBC phenotype, namely CD21~ CD27~ or IgD~
CD277, and a large portion of the CD21~ CD27~ B cells in some individuals with TB and
LTBI expressed FcRL4, CD85, and CD22. Overall, CD19* B cells from TB and LTBI
patients were refractory to stimulation by CD40 and BCR crosslinking. These alterations in
B cell populations appear to be dependent on the presence of Mtb and disappeared upon
successful treatment of the infection.

aMBCs in healthy individuals

In general, little is known about T-bet* B cells in healthy individuals (59). T-bet has been
detected in MBCs and plasmablasts in healthy adults, but at lower levels than other T-bet*
lymphocytes (60). T-bet expression in circulating CD21~CD27~ has been described in
healthy adults, in whom CD21~CD27~ B cells are a relatively rare population (8, 29) and T-
bet*, CD11c* B cells appear to be expanded in healthy elderly individuals (61). But whether
CD21-CD27~ T-bet™ B cells in healthy adults represent the same population of
CD21-CD27- T-bet* aMBCs that are expanded in settings of chronic infections remains
unclear. Interestingly, a recent study showed that yellow fever and vaccinia vaccinations
stimulated an acute T-bet* B cell response and that the T-betHiCD85jHi population may
function as an early responder during acute viral infections (8). Of note, the same study
reported that HIV infection maintains an expanded T-bet* B cell population that was
primarily comprised of T-betMiCD85j" B cells.

aMBCs in autoimmune disease

Several recent studies have described T-bet expression in B cells of individuals with
autoimmune diseases. For example, transcriptome analysis of CD21 /LW versus CD21*
mature naive B cells from subjects with rheumatoid arthritis or common variable
immunodeficiency found that T-bet expression was upregulated in CD217/L0W B cells (62).
Similarly, transcriptome analysis of CD19* B cells isolated from individuals with systemic
lupus erythematosus revealed increased T-bet expression as compared to CD19" B cells of
healthy controls (63). Importantly, T-bet* CD19* B cells in individuals with autoimmune
diseases appear to be able to produce proinflammatory cytokines and autoreactive antibodies
(64-66) in contrast to HIV and malaria-associated aMBCs that exhibit markedly reduced
cytokine and antibody production capacity (6, 11, 26). Therefore, T-bet* B cells that arise in
humans in the context of chronic infections versus autoimmunity may differ phenotypically
and functionally, although further studies are needed to determine if this is a consistent
pattern.

ABCs in mice

As reviewed in this volume, T-bet*, CD11c* B cells that express unique phenotypic and
functional characteristics, termed age-associated B cells (ABCs), appear in mice with age,
autoimmunity and viral infections (67-69). T-bet expression in this context was shown to be
driven by IFN-y (70, 71). ABCs are generated through the interplay of IL-4, IL-21, and
IFN-7 in concert with Toll-like receptor engagement (72), and have been shown to play a
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role in the pathogenesis of lupus-like autoimmunity (69) and anti-viral immunity (73, 74).
Although mouse ABCs are similar to human aMBCs in that they upregulate T-bet and
CD11c, and downregulate CD21, unlike aMBCs (26), murine ABCs proliferate in response
to TLR agonists, produce 1L-10 and IFN-y and differentiate into ASCs—distinct functional
profiles that call into question the relatedness of mouse ABCs and human aMBCs that are
associated with chronic infections. Instead, the available evidence suggests that murine
ABCs more closely resemble the phenotype and function of T-bet* B cells in humans with
autoimmune diseases described above (63, 64, 66, 75). Although differences in IgG
subclasses between mice and humans make direct comparisons difficult, in mice, T-bet is a
selective inducer of IFN-y-mediated class switching to 19G2a (70, 76, 77), which is
functionally similar to human IgG1 and IgG3 in terms of FcR binding and complement
fixation capacity. Interestingly, a recent study showed that HIV infection drives the
expansion and maintenance of T-bet™ B cells that correlate with an overrepresentation of
surface-expressed and soluble 1gG1 and IgG3 (8). Therefore, there may be a consistent
theme in mice and humans: that IFN-y drives T-bet expression in B cells, which promotes
class switching to 1gG subclasses that are potent triggers of effector mechanisms.

SUMMARY

As described here, over the last decade it has become increasingly evident that for many
chronic human infectious diseases humoral immunity is not readily acquired. Moreover,
these chronic infections are accompanied by fundamental changes in the MBC
compartment. Here we focused on aMBCs that for the most part have the phenotype: CD10~
CD19*" CD21~ CD27~ T-bet*, CD11c* and FcRL*. aMBCs also express an array of
inhibitory receptors and appear refractory to stimulation through their BCR, TLRs, CD40
and cytokine receptors and consequently cannot be readily induced to proliferate or secrete
antibodies or cytokines. What function, if any, aMBCs provide in chronic human diseases is
at present only a matter of speculation. It has been postulated that aMBCs either interfere
with the acquisition of functional MBCs or at least are an epiphenomenon of the negative
impact of chronic infection and inflammation of the development of normal MBC. The
expansion of aMBCs appear to be driven, at least in part, by the infecting pathogen per se, as
shown by the dependence of aMBCs on the presence of the infectious disease-causing
pathogen and the accumulation of pathogen-specific B cells in the aMBCs subpopulation.
aMBCs highly express T-bet, and the exposure of naive B cells to Tfh-1 cells correlates with
the expansion of T-bet" B cells. Because the development of long-lived MBCs depends on
the function of Tth cells, there is considerable interest in exploring the possibility that TH1-
produced cytokines in chronic infections drive the expansion of Tfh cells with impaired B
cell helper function and promote the differentiation of pre-Tfh cells to acquire TH1 features
rather than fully functional Tfh cells. The net result of which is GC dysfunction, suboptimal
antibody responses and the expansion of aMBCs (Figure 2). It will be of interest in future
studies to employ methods such as siRNA gene silencing and ChIP-seq to determine
whether T-bet plays a causal role in aMBC differentiation, and if so, how it directly affects B
cell programming. Moreover, as described for CD4* T cell differentiation (78), it is likely
that several transcription factors combine to generate aMBCs (79). A high priority should
also be placed on ascertaining the “plasticity’ (80) of aMBCs, and whether and how their
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apparent loss of function can be reversed. In this regard, Kardava et a/. (11) showed that
HIV-associated human B cell exhaustion could be attenuated by siRNA downregulation of
inhibitory receptors, particularly Fc receptor-like-4 (FCRL4) and sialic acid-binding 1g-like

lectin 6. However, emerging data suggests that the array of inhibitory receptors expressed by
aMBCs varies by disease; for example, malaria-associated aMBCs upregulate the expression

of
ch

FCRL3 and FCRLS5 rather than FCRL4 (26). An important commonality among the
ronic infectious diseases described here, namely, HIV-AIDS, malaria, HCV and TB, is

that each has eluded our ability to generate an effective vaccine. The hope is that a detailed

un

derstanding of the cellular and molecular mechanisms underlying the expansion and

function of aMBCs will contribute to ongoing efforts in vaccine development.
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Chronic infection
Secondary lymphoid organ

Figure 1. A model for the generation of T cell-dependent B cell memory
As detailed in the text in the follicle naive B cells gather antigen from DC surfaces and

present it to antigen-activated CD4* T cells resulting in the differentiation of PD1*,
CXCR5* Tfh cells at the T/B border and expansion of B cells that then enter the dark zone
of the GC. Following proliferation, class switching and SHM B cells enter the light zone of
the GC where high affinity B cells are selected by Tfh cells to ultimately differentiate to
long-lived MBCs and plasma cells, based on their ability to gather, process and present
antigen. If B cells are unable to adequately process and present antigen at the T-B border, B
cells fail to enter GC and rather differentiate into GC-independent MBCs and short-lived
plasma cells, according to Kuroski et a. (3).
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Figure 2. A model for the generation of aMBCs during chronic infection
In the inflammatory environment of chronic infections CD4* T cells differentiate into IFN-y

expressing TH1 cells and T-bet* PD1* CXCR5* CXCR3* Tfh-1 cells that drive the
differentiation of CD11c* FcRL* CD20* aMBCs and short-lived plasma cells at the expense
of GC reactions.
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