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IMMUNOLOGY

B cells polarize pathogenic inflammatory T helper
subsets through ICOSL-dependent glycolysis

Qiu-Hui Zeng'*, Yuan Wei'*, Xiang-Ming Lao?*, Dong-Ping Chen'*, Chun-Xiang Huang',
Qian-Yi Lin%, Min He3, Yuan Liao? Limin Zheng', Bo Li*, Guang-Bo Zhang®',

Yun Chen’®', Dong-Ming Kuang*°*

B cells constitute abundant cellular components in inflamed human tissues, but their role in pathogenesis of
inflammatory T helper (Ty) subsets is still unclear. Here, we demonstrate that B cells, particularly resting naive
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B cells, have a previously unrecognized helper function that is involved in shaping the metabolic process and
subsequent inflammatory differentiation of T-cell receptor-primed Ty cells. ICOS/ICOSL axis-mediated glucose
incorporation and utilization were crucial for inflammatory Ty subset induction by B cells, and activation of mTOR
was critical for T cell glycolysis in this process. Consistently, upon encountering ICOSL* B cells, activated effector
memory Ty cells from patients with rheumatoid arthritis or systemic lupus erythematosus spontaneously differ-
entiated into inflammatory Ty subsets. Inmunotherapy using rituximab that specifically depleted B cells in
patients with rheumatoid arthritis efficiently abrogated the capabilities of memory Ty cells to incorporate and use
glucose, thereby impairing the pathogenic differentiation of inflammatory Ty subsets.

INTRODUCTION

B cells are lymphocytes that, along with T cells, constitute the adap-
tive immune system (I-4). Once they are activated, mature B cells
can produce antibodies that provide a specifically targeted response
to infection or malignancy (5, 6). Nevertheless, in antibody-dependent
pathways, B cells also trigger pathogenesis of autoimmune diseases
(7, 8). In addition to secreting antibodies, B cells are dominant antigen-
presenting cells (APCs) that initiate specific T helper (Ty) cell re-
sponses during immunization with inactivated influenza virus (9).
It should be emphasized that B cells are found not only in lymphoid
organs but also in inflamed regions in a tissue, which represent the
main site of inflammatory Ty subsets (10, 11). To date, direct evidence
is lacking to support a role for B cells in the immunopathogenesis of
inflammatory Ty subsets. Furthermore, a related issue that must be
addressed in this context is whether the nature and activation status
of B cells control the ability of those cells to polarize inflammatory
Th cells, and, if so, how the B cells exert that effect.

Inflammatory Ty subset differentiation is controlled by networks
comprising both extrinsic and intrinsic factors (12, 13). Metabolic
processes are now considered to represent a key regulator of T cell
functional specification and fate, and hence, modulation of those
processes can differentially influence development of Ty subsets
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(14, 15). It is known that effector and inflammatory Ty subsets re-
quire glycolysis, whereas memory and regulatory T cells depend on
oxidative phosphorylation and fatty acid metabolism (16, 17). In
parallel, excessive up-regulation of glucose uptake in Ty cells by
transfection of Glutl leads to increased cytokine production and
proliferation and, ultimately, to inflammatory diseases (18). Thus,
to understand the differentiation and functional status of Ty sub-
sets in immunopathogenesis, it is essential to evaluate the metabolic
processes of Ty subsets under pathological conditions. Inasmuch as
B cells are the APCs that most often cooperate with Ty cells (19, 20),
it is vital to determine whether and, if so, how B cells orchestrate
metabolic processes of Ty cells in pathological tissues.

Memory T cells are the most important cellular component in
the protection against secondary infection (21), but knowledge is
limited regarding the pathological roles of these cells in maintaining
inflammation or with respect to the mechanisms involved in regu-
lating that process. Here, we identify a direct helper function of
B cells, particularly resting naive B cells, in generating inflammatory
Ty subsets from memory T cells undergoing T cell receptor (TCR)
triggering. ICOS (inducible T-cell costimulator)/ICOSL axis-elicited
sequential mammalian target of rapamycin (mTOR) activation, in-
creased glucose uptake, and enhanced glycolysis are essential for
B cell-mediated generation of inflammatory Ty subsets. Corre-
spondingly, when activated effector memory Ty cells from patients
with rheumatoid arthritis (RA) or systemic lupus erythematosus
(SLE) encounter ICOSL™ B cells, without TCR triggering, they
spontaneously differentiate into inflammatory Ty subsets. In RA
patients, immunotherapy using an anti-CD20 antibody (rituximab)
that specifically depletes B cells effectively abrogates the capabilities
of Ty cells to incorporate and use glucose, impairs the inflammatory
differentiation of Ty cells, and suppresses disease progression.

RESULTS

Identifying helper functions of B cells in generation

of inflammatory T, subsets

APCs are critical for initiating and maintaining the Ty responses.
In pathological RA, hepatocellular carcinoma (HCC), and inflamed
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tonsil tissues (n = 8, 11, and 11, respectively), B cells were the APCs
that were most often in contact with Ty cells (Fig. 1A and fig. S1A).
Also, in such tissues, increased proportions of Ty cells exhibited
polyfunctional features coexpressing inflammatory interferon-y
(IFN-vy), interleukin-17 (IL-17), and/or IL-22 (Fig. 1B and fig. S1B).
In contrast, anti-inflammatory Ty subsets related to IL-4, IL-9, or
IL-10 were rarely detected (Fig. 1B and fig. S1B). These data raise an
important and previously unrecognized question: Can B cells directly
polarize inflammatory Ty subsets under pathological conditions?
To address this, we explored conditions under which the process
could be reliably induced. We used freshly isolated blood B cells as
well as their activated counterparts. B cell activation was induced by
an anti-immunoglobulin M (IgM) [B cell receptor (BCR)-triggering]
antibody, Pam3CysSK4 [a Toll-like receptor 2 (TLR2) agonist],
lipopolysaccharide (LPS) (a TLR4 agonist), or CpG-DNA oligode-
oxynucleotide (ODN) (a TLR9 agonist), that is, not by poly(I:C)
(a TLR3 agonist), as assessed by determining CD69 up-regulation
and B and T lymphocyte attenuator (BTLA) down-regulation (fig. S1C).

In subsequent experiments, autologous Ty cells were incubated
with B cells or such cells stimulated with an anti-IgM antibody,
Pam3CysSK4, LPS, or CpG-DNA ODN, and this was done in the
absence or presence of CD3-cross-linking antibodies. We measured
T cell proliferation and production of IFN-y, IL-17, and IL-22 by
these cells on day 9 after incubation with IL-2. Unexpectedly, all
B cells actively promoted proliferation and differentiation of the
TCR-primed Ty cells (Fig. 1C and fig. S1D). More notably, the rest-
ing B cells, but not their activated counterparts, showed the greatest
potential to generate functional inflammatory Ty subsets express-
ing IFN-y, IL-17, and/or IL-22 (Fig. 1C and fig. S1, D and E), which
is in contrast to the general view that activated APCs are essential
in triggering specific Ty responses (22-26). Measuring lineage-
specifying transcription factors over time revealed rapid up-
regulation of T-bet, RORyt, and AHR, respectively, in TCR-primed
Ty cells incubated with B cells, and this increase reached a plateau
within 5 days (Fig. 1D and fig. S1F). B cells also elicited transient
generation of CXCR5" T follicular helper (Tg,) cells: Coculture of
autologous B cells and CXCR5™ Ty cells resulted in a rapid occur-
rence of CXCR5" Ty, cells, and this process reached a maximum on
day 3 and subsequently declined (fig. S1G). In contrast, in no cases
did B cells have any distinct effect on production of IL-4, IL-9, or
IL-10 by TCR-primed Ty cells (fig. S1D). Notably, without TCR trig-
gering, Ty cells incubated with B cells did not proliferate or differ-
entiate (Fig. 1, D to F). In addition, exposing TCR-primed Ty cells
to mature myeloid dendritic cells (mDCs) also generated Tyl cells
at levels comparable to those induced by B cells, but this process
only weakly triggered Ty17 and Ty22 (Fig. 1G). Also, in such a system,
subsequent addition of B cells successfully endowed mDC-induced
Tul cells with increased capacity to produce IL-17 and/or IL-22
(Fig. 1G). Together, these data reveal a previously unrecognized
helper role of B cells in generating inflammatory Ty subsets after
TCR engagement.

Naive B cells are more potent B cell subpopulations

in triggering memory inflammatory Ty subsets

Considering the fact that exposing of B cells to TCR-primed Ty cells
could lead to generation of memory B cells and plasma cells (Fig. 2A),
we afterward compared the capabilities of B cell subpopulations
to trigger inflammatory Ty subsets. To achieve that goal, we used
fluorescence-activated cell sorting (FACS) to purify naive and mem-
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ory B cells (fig. S2A) and unexpectedly found that naive B cells were
significantly superior to memory B cells in inducing IFN-y*, IL-17",
and/or IL-22" Ty cell subsets (Fig. 2, B and C). We subsequently
compared the capabilities of naive B cells and effector B cells (also
termed plasma cells) (fig. S2B) to trigger inflammatory Ty subsets.
Analogously, naive B cells also had a greater capacity to generate
inflammatory Ty cell subsets (Fig. 2, D and E). Thus, these observa-
tions reveal that, although most B cell subpopulations contribute to
inflammatory polarization of Ty subsets, naive B cells are more po-
tent in that process.

We subsequently probed functions of B cells in generating in-
flammatory Ty cell subsets from naive or memory CD4" T cells
(fig. S2C). We found that B cells rapidly and effectively triggered
production of IFN-y*, IL-17", and/or IL-22" Ty subsets from mem-
ory CD4" T cells, which reached a plateau within 7 days (Fig. 2,
F and G). By comparison, CD4" naive T cells primed by B cells gave
rise to only moderate production of IFN-y* Ty cells, and this effect
required an additional induction process (Fig. 2, F and G). In sup-
port of these findings, expression of T-bet, RORyt, and AHR was
rapidly and clearly up-regulated in B cell-primed memory CD4"
T cells, whereas there was only a gradual increase in expression of
T-bet in B cell-primed naive CD4" T cells (Fig. 2H and fig. S2D).
In addition, analysis of cytokine expression in naive/memory
(CD45RO™/CD45RO") Ty subsets revealed that IFN-y could be de-
tected in both naive and memory CD4" T cells from blood samples
obtained from healthy donors or patients with RA (Fig. 2I). In sup-
port of those observations, inflammatory IL-17 and IL-22 were
selectively expressed by memory CD4" T cells (Fig. 2I). These results
indicate that naive B cells are the most potent B cells generating
memory inflammatory Ty subsets.

Factors that are required for B cell-elicited polarization

of inflammatory Ty, subsets

It is noteworthy that inflammatory mediators released by APCs are
critical for inflammatory Ty subset polarization (12, 27), and re-
search has shown that, among these mediators, IL-1f, IL-6, IL-12,
IL-23, and/or transforming growth factor—p (TGF-B) participate in
the induction of Tyl, Tyl7, or Ty22 (22, 27, 28). Nevertheless, we
found that the neutralizing cytokines mentioned above, separately
or together, barely influenced the B cell-elicited inflammatory Ty
subset polarization, although such treatments did impair the effects
of LPS-activated monocytes (Fig. 3A and fig. S3A). Likewise, in our
coculture system of autologous B cells and T cells, we detected al-
most no IL-1B, IL-6, IL-12, IL-23, or TGF-f (fig. S3B), which sug-
gested involvement of unrecognized inflammatory mediators that
contribute to B cell-elicited Ty subset polarization. However, this
assumption was rapidly refuted by the further observation that con-
ditioned medium from culture of B cells alone or together with
T cells did not enable generation of inflammatory Ty subsets (Fig. 3B).
Ultimately, we found that when Ty cells were cultured indirectly
with B cells in different chambers, generation of inflammatory Ty
subsets was completely abrogated (Fig. 3C and fig. S3C). Thus, cell-
cell contact is crucial for B cell-mediated inflammatory Ty subset
differentiation.

It has been demonstrated that ICOS signaling instructs Tg, dif-
ferentiation in germinal centers (29). In general, we noted that ICOSL
was substantially expressed by all B cell populations (Fig. 3D), and
that the ICOSL intensities were much higher on naive B cells than
on memory B cells and plasma cells (Fig. 3D). Moreover, a remarkable
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Fig. 1. Identifying helper functions of B cells in generation of inflammatory Ty subsets. (A) Confocal microscopy analysis of expression of CD4 (red, Ty cells) and CD20
(green, B cells) in samples from RA synovial tissue (n = 8), HCC tissue (n = 11), and inflamed tonsils (n=11). Scale bars, 50 um. (B) FACS analysis of IFN-y, IL-17, IL-22, IL-4,
IL-9, and IL-10in Ty cells from paired blood and tissue samples from healthy donors (HD) and patients with RA, HCC, or inflamed tonsils (each n=5). (C) Purified total
B cells were left untreated or were stimulated with an anti-lgM antibody (algM), Pam3CysSK4 (Pam), LPS, or CoG-DNA ODN (CpG) for 18 hours and then cultured with
autologous T cells for 9 days. Expression of Ki-67 and indicated cytokines in Ty cells were detected by FACS (n =5). (D to F) Purified T cells were cultured in medium or with
autologous total B cells for 9 days (E and F) or indicated times (D) in the presence or absence of TCR triggering, as described in Materials and Methods. Expression of indi-
cated transcription factors (D), Ki-67 (E), and inflammatory cytokines (F) in Ty cells was detected by FACS (n =5). MFI, mean fluorescence intensity. (G) Purified T cells were
cultured in medium or with mature myeloid dendritic cells (mDCs) in the presence or absence of total B cells as described in workflow. FACS analysis was performed to
illustrate expression of IFN-y, IL-17, and IL-22 in Ty cells (n=5). Data are presented as means + SEM of four independent experiments (C to E and G). ns, nonsignificant.
*P <0.05, **P < 0.01, and ***P < 0.001 [one-way ANOVA test for (C), (D), and (G); two-way ANOVA test for (E)].
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Fig. 2. Naive B cells are more potent B cell subpopulations in triggering memory inflammatory Ty subsets. (A) Purified total B cells were cultured with T cells for
7 days in the presence of TCR triggering. The differentiation of B cells before and after coculture was analyzed by FACS (n = 3). (B to E) Purified T cells were cultured in
medium or with naive or memory B cells (B and C), or with naive B cells or plasma cells (D and E) for 7 days as described in Materials and Methods. Expression of IFN-y,
IL-17, and IL-22 in Ty cells was detected by FACS (each n=4). (F to H) Purified naive or memory T cells were cultured in medium or with autologous total B cells for 7 days
(F) or indicated times (G and H), as described in Materials and Methods. Expression of inflammatory cytokines (F and G) and transcription factors (H) in CD4" T cells was
detected by FACS (n =4 for each). (I) FACS analysis of IFN-y, IL-17, and IL-22 in naive (CD45R0O"~) or memory (CD45R0*) Ty cells from blood of healthy donors and RA
patients (each n = 3). Data are presented as means + SEM of four independent experiments (C, E, G, and H). *P < 0.05, **P < 0.01, and ***P < 0.001 [one-way ANOVA test for

(Q), (G), and (H); unpaired Student's t test for (E)].

reduction in ICOSL occurred on B cells after BCR triggering or ex-
posure to a TLR agonist (Fig. 3E). In parallel, we found significantly
higher expression of ICOS on memory Ty cells than on naive Ty cells
(Fig. 3F). Also, ICOS was markedly up-regulated on both memory
and naive Ty cells after TCR triggering, although the up-regulation
was more pronounced on memory T cells (Fig. 3F). These data indi-
cate that the ICOSL/ICOS axis may be responsible for B cell-elicited
inflammatory Ty subset differentiation. To address this question, we
used an antibody to specifically shield the ICOS receptor on T cells
and found that such treatment successfully abrogated the inflamma-
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tory Ty subset differentiation induced by B cells (Fig. 3G and fig. S3D).
Consistent with this, transfecting Ty cells with small interfering
RNAs (siRNAs) for ICOS (fig. S3, E and F) also effectively suppressed
B cell-elicited inflammatory Ty subset differentiation (Fig. 3H and
fig. S3G).

It has been shown that CD40/CD40L axis up-regulated ICOSL
on germinal center B cells (30). We observed that CD40 intensities
were much higher on naive B cells than memory B cells, plasma cells,
and B cells activated by TLR or BCR agonists (Fig. 3, I and J). Ac-
cordingly, ICOSL intensities on B cells, particularly on naive B cells,
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Fig. 3. Factors required for B cell-elicited polarization of inflammatory Ty subsets. (A) Neutralizing indicated cytokines separately or together hardly affected
B cell-mediated Ty subset differentiation on day 7. (B) Effects of total B cells or conditioned medium from the culture of total B cells (B-CM) or of total B cells plus T cells
(BT-CM) on Ty subset differentiation on day 7. (C) Analysis of Ty subsets after cultured for 7 days in medium or with total B cells directly or in a transwell chamber. (D and
E) FACS analysis of ICOSL in indicated cells from blood of healthy donors (D) or in total B cells left untreated or stimulated with algM, Pam3CysSK4, LPS, or CpG for 18 hours
(E). (F) FACS analysis of ICOS in indicated cells left untreated or stimulated with CD3-cross-linking antibodies for 24 hours. (G and H) Blocking (G) or silencing (H) ICOS in
T cells abrogated B cell-mediated Ty subset differentiation on day 7. (I and J) FACS analysis of CD40 in indicated cells from blood of healthy donors (1) or in total B cells left
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were further up-regulated after exposing to TCR-primed Ty cells,
and this process could be considerably attenuated by blocking the
CD40 signals (Fig. 3K). In support of our hypothesis, blocking the
CD40 signals also partially suppressed B cell-mediated Ty polariza-
tion (Fig. 3L). Furthermore, it is known that signal transducer and
activator of transcription (STAT) proteins such as STAT1, STAT3, and
STAT4 play crucial roles in inflammatory Ty subset differentiation
(31-33). However, in our study, exposure to either B cells or an ICOS
agonist did not lead to marked activation of STAT1, STAT3, or STAT4
in Ty cells (Fig. 3M and fig. S3H). It should also be pointed out that
conditioned medium from LPS-activated monocytes rapidly and sub-
stantially induced activation of STAT1 and STAT3 in Ty cells (Fig. 3M
and fig. S3H). These data suggest that inflammatory Ty subsets are
generated by B cell ICOSL in a STAT signal-independent manner.

ICOSL-elicited glucose uptake is involved in inflammatory
Ty polarization by B cells

Fundamental processes in T cell biology, such as Ty lineage differ-
entiation, are closely linked to changes in the cellular metabolic
programs (34). To examine the metabolic process of Ty cells after
interaction with autologous B cells, we applied RNA sequencing
to analyze the transcriptional profiles of the Ty cells. We identified
52 genes that were up-regulated or down-regulated at least twofold
in Ty cells cultured with B cells and annotated these genes using
Gene Ontology (GO) (Fig. 4, A and B). Among the top 10 enrich-
ment GO terms, three pathways related to glycolysis were intensively
enriched (Fig. 4B). We also noted pathways involving pathological
processes, including immune activation, inflammatory response, or
defense response to virus (Fig. 4B). Using gene set enrichment anal-
ysis (GSEA), we confirmed that Ty cells that interacted with B cells
expressed genes related to glucose catabolic process (Fig. 4C and fig.
S4A) but not genes related to fatty acid catabolic process (Fig. 4D
and fig. S4B). Notably, we observed opposite changes in key enzymes
related to pentose phosphate pathway in Ty cells that interacted with
B cells (Fig. 4E).

At this point, we considered whether an ICOS signal is required
for B cell-elicited glycolysis of Ty cells. To address this issue, we used
an antibody to specifically shield the ICOS signal in a culture system
of Ty cells and B cells. As expected, blockade of the ICOS signal
successfully suppressed up-regulation of the key rate-limiting gly-
colytic enzymes HK2, PFKFB3, PFKL, PKM2, and LDHA in Ty cells
(Fig. 5, A and B). We simultaneously evaluated the extracellular
acidification rate (ECAR), which quantifies proton production as a
surrogate for lactate production and thus reflects overall glycolytic
flux (35). In support of our assumption, Ty cells interacting with
B cells continued to exhibit substantially (more than fourfold) higher
basal and maximal glycolytic rates compared to B cells cultured alone
in medium, and this process was effectively abrogated by shielding
the ICOS signal (Fig. 5C and fig. S5, A and B). We also detected a
marked up-regulation of glucose transporter Glutl in Ty cells after
incubating with B cells, and this was also regulated by the ICOS signal
(Fig. 5D), suggesting that B cells enhance the ability of Ty cells to
incorporate glucose in an ICOS signal-dependent manner. Accord-
ingly, we used the fluorescent glucose analog 2-(N-[7-nitrobenz-2-
oxa-1,3-diazol-4-yl] amino)-2-deoxyglucose (2-NBDG), which
allows direct quantification of glucose incorporation in living cells
(36). Consistently, after interacting with B cells, Ty cells incorporated
significantly more 2-NBDG, and such incorporation was abolished
by shielding the ICOS signal (Fig. 5E).
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To further probe the signaling pathways involved in ICOS signal-
mediated inflammatory T cell differentiation, we examined activa-
tion of the mitogen-activated protein kinase (MAPK), nuclear factor
kB (NFxB), and phosphatidylinositol 3-kinase (PI3K)/AKT/mTOR
pathways in Ty cells stimulated with an ICOS agonist. Notably,
after undergoing TCR triggering, most signaling pathways in the
T cells we analyzed were activated, although to varying extents
(Fig. 5F and fig. S5C). In Ty cells, an ICOS agonist robustly activated
the PI3K/AKT/mTOR pathways, but not other signals (Fig. 5F and
fig. S5C), suggesting that ICOS-induced mTOR activation is in-
volved in B cell-mediated glucose uptake and utilization in Ty cells.
In line with this, using rapamycin to inhibit the mTOR activation
effectively attenuated the expression of key rate-limiting glycolytic
enzymes and the incorporation of 2-NBDG in Ty cells (Fig. 5, G
and H). Also, in support of our view that ICOS signal-elicited mTOR
activation and subsequent enhanced glycolysis are essential for the
B cell-mediated inflammatory Ty subset differentiation, we found
that suppressing the mTOR activation with rapamycin or inhibiting
the glycolysis with 2-deoxy-p-glucose (2DG) in Ty cells considerably
attenuated B cell-mediated inflammatory Ty subset differentiation
to levels comparable to those achieved with an ICOS-shielding
antibody (Fig. 5I).

B cell ICOSL-elicited glycolysis maintains pathogenic
differentiation of Ty subsets in patients with

inflammatory disease

The results described above suggest that ICOSL/ICOS axis—elicited
glycolysis plays a pathogenic role in patients with inflammatory dis-
eases. Ty cells from blood of RA or SLE patients strongly expressed
ICOS receptor at intensities similar to their abilities to produce in-
flammatory IFN-y, IL-17, and IL-22 (Fig. 6, A and B). Also, we
found significant correlations between ICOS receptor intensities and
the pathological parameters rheumatoid factor (RF), erythrocyte
sedimentation rate (ESR), anti-cyclic citrullinated peptide antibody
(CCP), and C-reactive protein (CRP) in RA patients (Fig. 6C). Anal-
ogously, the Ty cells from blood of RA or SLE patients expressed
significantly more Glutl and actively incorporated 2-NBDG (Fig. 6,
D and E). In support of the mentioned observations, exposing these
Ty cells to the glycolysis inhibitor 2DG for 12 hours markedly at-
tenuated the ability of the cells to produce IFN-y, IL-17, and IL-22
(Fig. 6F and fig. S6A). Such treatment did not affect inflammatory
signature of healthy blood Ty cells (Fig. 6F and fig. S6A).

B cells are considered to be a pathogenic factor in autoimmune
diseases, and they serve as an important source of ICOSL (Fig. 3,
D and E). Therefore, our next goal was to determine the inflamma-
tory signature of Ty cells, as well as the ability of such cells to in-
corporate and use glucose in RA patients who were or were not
treated with rituximab, a monoclonal antibody that targets the CD20
B cell-specific antigen (fig. S6B). As expected, Ty cells obtained
from RA patients after 1 month of rituximab treatment exhibited
reduced expression of ICOS and Glutl, and also incorporated sig-
nificantly less 2-NBDG (Fig. 6, A, D, and E). In support of our
hypothesis, the proportion of inflammatory Ty subsets sharply
declined in RA patients after 1 month of rituximab (Fig. 6G). Fur-
thermore, the percentages of Ty cells exhibiting an activated effector
memory phenotype (CD69"CD45RA™CCR7") were significantly
increased in blood from RA or SLE patients compared with normal
blood (fig. S6C). In an ex vivo coculture system of Ty cells and
autologous B cells from blood obtained from untreated RA or SLE
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patients, we observed that B cells efficiently expanded inflammatory
Tu subsets from activated effector memory Ty cells, but not from
the CD69™ Ty cells, and this process was attenuated by an ICOS
antibody or a glycolysis inhibitor (Fig. 6, H and I, and fig. S6, D and
E). It is important to note that, in the described system, we cultured
Ty cells and B cells without additional TCR triggering and only un-
der serum conditions, which supports our hypothesis that B cells,
under pathological conditions, can spontaneously polarize inflam-
matory Ty subsets.

DISCUSSION

Previous studies have established the central roles of B cells in adap-
tive host defense (5, 37), and in the present investigation, we identified
a previously unrecognized helper function of B cells, particularly rest-
ing naive B cells. This function is involved in shaping the metabolic
process and subsequent pathogenic differentiation of inflammatory
Ty subsets, and we used multiple complementary strategies to map
the conditions, mechanisms of regulation, and clinical relevance of
this interplay during pathological processes.

Mature B cells act via an antibody-dependent pathway to mobi-
lize effector cells (macrophages and natural killer cells) to enhance
antibody-dependent cellular cytotoxicity (38). However, during
chronic inflammation, participation of mature B cells, also in an
antibody-dependent manner, is implicated in pathogenic M2b
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macrophage differentiation (23, 39, 40). Analogously, memory
B cells function via an HLA-DR (human leukocyte antigen-DR)-
dependent pathway to present antigens that initiate Tyl responses
(41, 42), whereas regulatory B cells, which frequently display a
CD27*/high memory phenotype, defeat cytotoxic T cells by releasing
IL-10 (43-45). Thus, B cells are versatile in that they create either
immune surveillance or suppression according to their differentia-
tion stages or environmental signals. In the present study, resting
B cells spontaneously triggered inflammatory Ty subsets from mem-
ory CD4" T cells undergoing TCR triggering. Comparing the func-
tions of naive B cells, memory B cells, and plasma cells in generating
inflammatory Ty subsets reveals that naive B cells have the greatest
potential during that process. It is plausible that B cell maturation
can represent a feedback mechanism that hampers the ability of
these cells to trigger inflammation. This notion is supported by our
finding that B cells preexposed to TLR or BCR agonists that activate
signals associated with B cell maturation (46, 47) displayed an im-
paired potential to generate inflammatory Ty subsets.

In both mice and humans, phosphorylation of STAT3 is involved
in Ty17 and Ty22 development, whereas STAT1 is selective for Tyl
(32, 33). We have previously demonstrated that Ty1/Ty17 and Tyl/
Ty22 subset development is promoted by inflammatory cytokines
that are released by activated monocytes operating via pathways de-
pendent on both STAT1 and STAT3 (22, 48). However, in the cur-
rent investigation, we observed that B cells generate inflammatory
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Fig. 6. Depleting B cells attenuates CD4" T cell inflammation and glycolysis in SLE and RA patients. (A to E and G) FACS analysis of ICOS expression (A), Glut1 (D),
incorporated 2-NBDG (E), and inflammatory cytokines (G) in circulating Ty cells from healthy donors (n=7), SLE patients (n=7), RA patients (n=15), and RA patients
treated with rituximab (n =5). Correlations between ICOS expression and inflammatory cytokines in circulating Ty cells are shown in (B); correlations between ICOS
expression and pathological parameters in circulating Ty cells from RA patients are presented in (C). P and R values were calculated based on the analysis of Pearson’s
correlation. (F) Purified T cells from blood of healthy donors (n=5) or patients with SLE (n=4) or RA (n=5) were cultured for 12 hours in the presence or absence of
2DG. Expression of IFN-y, IL-17, and IL-22 in Ty, cells was detected by FACS. (H and I) Purified CD69™ effector Ty cells were cultured in medium or with blood total B cells
from patients with SLE (H, n=3) or RA (I, n=6) for 7 days in the absence or presence of ICOS-neutralizing antibody or 2DG. Expression of IFN-y, IL-17, and IL-22in Ty cells
was detected by FACS. Data are representative of six independent experiments (F, H, and I). Data are presented as means + SEM (A, D, E, and G to ). *P < 0.05, **P < 0.01,
and ***P < 0.001 [one-way ANOVA test for (A), (D), (E), and (G) to (I); two-way ANOVA test for (F)].

Ty subsets via mechanisms that differ from those used by activated
monocytes. We found that the ICOSL/ICOS axis is vital for B cell-
mediated inflammatory Ty subset differentiation, and this is sup-
ported by the results of four sets of experiments. First, most types of
B cells we analyzed express ICOSL, and their abilities to trigger in-
flammatory Ty subsets depend on ICOSL intensities. Second, upon
TCR triggering, Ty cells exhibited amplified ICOS expression, and
they were subsequently able to differentiate into inflammatory Ty
subsets after interacting with B cells. Third, either blocking the ICOS
receptor by a specific antibody or silencing ICOS expression by an
siRNA successfully abrogated such B cell-mediated inflammatory
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Ty subset differentiation. Fourth, an ICOS agonist effectively acti-
vated the mTOR signal in Ty cells, and inhibiting the mTOR signal
terminated polarization of the inflammatory Ty cells by B cells.
Therefore, modulation of ICOSL/ICOS interaction may represent a
mechanism that controls the inflammatory response mediated by
T cells. In support of our findings, although not directly related to
inflammatory Ty17 and Ty22, studies have identified the ICOSL/
ICOS axis as an important regulator of differentiation of germinal

center T, cells (29).

Despite recent success in demonstrating the importance of glycol-
ysis in maintaining the development and functions of inflammatory
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T cells (14), the mechanisms that reshape the metabolic program of
T cells during that process are still unclear. It has been established
that the TCR signal is an important inducer of T cell glycolysis (49).
However, TCR triggering alone only marginally trigger inflammatory
polarization of Ty subsets. Our data show that, after encountering
ICOSL" B cells, TCR-primed T cells additionally acquire the capac-
ity to efficiently incorporate and use glucose, and subsequently dif-
ferentiate into pathogenic inflammatory Ty subsets. Besides being
improved by ICOSL* B cells, T cell glycolysis is also enhanced by
activated myeloid cells (13, 50). Notably, ICOSL* B cells enhance
T cell glycolysis via cell-to-cell contact, whereas activated myeloid
cells promote T cell glycolysis by releasing inflammatory mediators
(13,50, 51). Together, these observations reveal a complicated con-
texture of T cells using glycolysis. Analogously, TCR triggering can
activate multiple signaling pathways in T cells, and ICOSL exclu-
sively induces phosphorylation of mTOR signal in those cells and
contributes to subsequent Ty subset differentiation. Therefore, study-
ing the mechanisms that can selectively modulate the activities of
T cell glycolysis might provide a novel approach to therapeutic strat-
egies for inflammatory diseases.

Under chronic pathological conditions, Ty cells often play a patho-
genic role by initiating and maintaining inflammation, even though
most of these cells exhibit an activated effector memory phenotype
(52-54). Our results provide important new insights into the pre-
viously unrecognized helper role of B cells during the immuno-
pathogenesis of T cell inflammation. After interacting directly with
ICOSL" B cells, TCR-primed memory Ty cells acquire the ability to
incorporate and use glucose, and they subsequently differentiate
into pathogenic inflammatory Ty subsets and thereby create condi-
tions that are conducive to chronic inflammation. Consistent with
this, when activated effector memory Ty cells derived from blood of
RA or SLE patients encounter autologous B cells, they spontaneously
polarize into inflammatory Ty subsets. A strategy that specifically
targets B cells with an anti-CD20 antibody in RA patients effectually
retracts the increased glucose uptake and glycolysis in Ty cells, and
successfully abrogates the pathogenic differentiation of those cells.
In addition to being of biological importance, our work may be rel-
evant in clinical management of inflammatory diseases. Our data raise
an important clinical question: Is B cell depletion suitable for patients
suffering from autoimmune diseases with a high degree of inflam-
matory Ty cell infiltration? We suggest that B cell-associated thera-
peutic strategies should target not only autoantibody-elicited tissue
damage but also the pathogenic inflammatory responses of Ty cells.

MATERIALS AND METHODS
Patients and specimens
Blood samples were collected from RA and SLE patients at the
Guangdong Provincial Hospital of Chinese Medicine and The Third
Affiliated Hospital of Sun Yat-sen University. The specific charac-
teristics of the RA and SLE in the patients are outlined in tables S1
and S2. Rituximab therapy was administered intravenously at a dose
of 1000 mg at baseline and week 2. All patients given rituximab
therapy had active disease before treatment and thereafter were re-
sponding (American College of Rheumatology >50). The synovial
biopsy specimens were obtained from all RA patients by needle ar-
throscopy of the affected knee at baseline.

HCC samples were obtained from patients undergoing curative
resection at the Cancer Center of Sun Yat-sen University (table S3).
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None of the patients had received anticancer therapy before sam-
pling, and those with concurrent autoimmune disease, HIV, or
syphilis were excluded. Paired fresh blood samples taken on day of
surgery and tumor tissues from seven patients with HCC who
underwent surgical resections in 2015 were used to isolate pe-
ripheral and tissue-infiltrating leukocytes. Clinical stages were
classified according to the guidelines of the International Union
Against Cancer.

Human tonsil tissue samples from patients with tonsillitis under-
going routine tonsillectomies were obtained from The Third Affili-
ated Hospital of Sun Yat-sen University.

All samples were anonymously coded in accordance with local
ethical guidelines (as stipulated by the Declaration of Helsinki).
Written informed consent was obtained from the patients, and the pro-
tocol was approved by the Review Board of Sun Yat-sen University.

Immunohistochemistry and immunofluorescence
Paraffin-embedded human HCCs, tonsils, and RA samples were cut
in 5-um sections, which were processed for immunohistochemistry.
The sections were subsequently incubated with antibodies against
human CD4 (1:200, Abcam), CD20 (1:200, ZSBio), CD68 (1:200,
Dako), or S100 (1:200, ZSBio) and then stained in the Envision Sys-
tem (DakoCytomation).

Sections (5 um) of frozen HCCs, tonsils, and RA samples were
processed for immunofluorescence. The sections were stained with
rabbit anti-human CD4 (1:200, Abcam) and mouse anti-human
CD20 (1:200, ZSBio), followed by Alexa Fluor 555-conjugated
anti-rabbit IgG and Alexa Fluor 488-conjugated anti-mouse IgG.
Positive cells were detected by confocal microscopy (Carl Zeiss,
Oberkochen, Germany).

Isolation of mononuclear cells from peripheral blood

and tissues

Peripheral mononuclear leukocytes were isolated by Ficoll density
gradient centrifugation, and fresh tissue-infiltrating mononuclear
leukocytes were obtained as described previously (22). Thereafter,
the mononuclear cells were washed and resuspended in RPMI 1640
supplemented with 10% fetal bovine serum. Isolation of total B cells,
T cells, naive T cells, and memory T cells from the leukocytes was
achieved with a MACS column purification system (Miltenyi
Biotec). CD19IgD*CD27™ naive B cells, CD19"IgD"CD27" memory
B cells, CD19"CD38""CD27"*CD138" plasma cells, and CD19"
CD387CD27  naive B cells were further sorted by FACS (MoFlo,
Beckman Coulter, Brea, CA) (fig. S2, A and B). These cells were used
in subsequent experiments.

Flow cytometry (FACS)

T and B cells from peripheral blood, tissues, and ex vivo or in vitro
culture were stained with fluorochrome-conjugated antibodies and
then analyzed by FACS. The peripheral leukocytes, tissue-infiltrating
leukocytes, and T cells from in vitro culture were stimulated with
Leukocyte Activation Cocktail (BD Pharmingen) at 37°C for 5 hours.
Thereafter, the cells were stained with surface markers, fixed and
permeabilized with IntraPrep reagent (Beckman Coulter), and finally
stained with intracellular markers. To detect T-bet, RORyt, AHR,
and Ki-67 in nuclei, the cells were fixed and permeabilized using
reagent from eBioscience. Data were acquired using a Gallios flow
cytometer (Beckman Coulter). The fluorochrome-conjugated anti-
bodies used are shown in table S4.
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Immunoblotting
Proteins from cells were extracted as previously described (41). The
antibodies used are shown in table S4.

Enzyme-linked immunosorbent assay

Concentrations of the inflammatory cytokines IL-1f, IL-6, IL-12p70,
IL-23, TGF-B, IFN-y, IL-17, and IL-22 in the supernatants from
in vitro culture systems were detected using enzyme-linked immuno-
sorbent assay (ELISA) kits according to the manufacturer’s instruc-
tions (eBioscience). The antibodies used are shown in table S$4.

Real-time polymerase chain reaction

TRIzol reagent (Invitrogen) was used to isolate total RNA of cells
from an in vitro culture system. Aliquots (2 pg) of the RNA were
reverse-transcribed using Moloney murine leukemia virus reverse
transcriptase (Promega). The specific primers used to amplify the
genes are listed in table S4. Polymerase chain reaction (PCR) was per-
formed in triplicate using SYBR Green Real-Time PCR MasterMix
(TOYOBO) in a Roche LightCycler 480 System. All results are pre-
sented in arbitrary units relative to 18S ribosomal RNA expression.

In vitro T cell culture system

Purified autologous total T cells, naive T cells, and memory T cells
(Miltenyi Biotec) were left untreated; were pretreated with an ICOS
neutralizing antibody (10 pg/ml), 2DG (5 mM), or rapamycin
(20 nM); or were infected with siRNA. Thereafter, the T cells were
cultured for 2 days in medium alone or with CD19" B cells, naive
B cells, memory B cells, plasma cells, or culture supernatant from
B cells or B cells plus T cells in the presence or absence of anti-CD3
and anti-CD28 (2.5 ug/ml) (eBioscience). Subsequently, the cells were
maintained in RPMI medium supplemented with IL-2 (20 IU/ml)
(eBioscience) for indicated times in the presence of different cells or
antibodies. In some cases, CD19* B cells were stimulated with
anti-IgM antibody (5 ug/ml), Pam3CysSK4 (5 ug/ml), LPS (5 ug/ml),
poly(I:C) (5 pg/ml), or CpG ODNs (2.5 pg/ml) for 18 hours and
then washed and cultured with T cells. Other culture systems
were treated with neutralizing antibodies against IL-1f (10 pg/ml),
IL-6 (25 ug/ml), IL-12p70 (10 pg/ml), IL-23 (10 pg/ml), or TGF-B
(25 pg/ml) (all from R&D Systems); the neutralizing antibodies were
present throughout the entire culture processes and are listed in
table S4.

T cells infected with siRNA

The candidate sequences for human si-ICOS or si-NC were trans-
ferred into the cells through nucleofection technology (Nucleofector
4D Device, Lonza). The efficiency of knockdown was determined
by FACS 24 hours later, and the cells were used in subsequent ex-
periments. The specific siRNA sequences are listed in table S4.

ECAR analyses

Measurement of the ECAR of T cells was done using the XF-24
Extracellular Flux Analyzer (Seahorse Bioscience). T cells were pre-
treated with ICOS-neutralizing antibody or isotype and then cultured
alone or with autologous B cells for 7 days. T cells were isolated
from a culture system using a MACS column purification system
(Miltenyi Biotec). The purified cells were subsequently resuspended
in XF Base Medium Minimal DMEM (pH 7.4) with L-glutamine
(2 mM) and then placed on a cell culture microplate (5 x 10° cells
per well; XF-24, Seahorse Bioscience). Glucose (10 mM), oligomycin
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A (1 pM), and 2DG (50 mM) were added to the cells before per-
forming real-time measurement of the ECAR.

Glucose uptake assay

Purified T cells were starved of glucose by incubation for 1 hour in
phosphate-buffered saline (PBS) and then stained with 2-NBDG
(Sigma-Aldrich) for 30 min at 37°C and subjected to flow cytometric
analysis.

Statistical analysis

Results are expressed as means + SEM. Group data were analyzed
by analysis of variance (ANOVA) or Student’s ¢ test. All data were
assessed using two-tailed tests, and P < 0.05 was considered statisti-
cally significant. No statistical method was used to predetermine
sample size.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/37/eabb6296/DC1

View/request a protocol for this paper from Bio-protocol.
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