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PPARδ inhibition blocks the induction and function
of tumor-induced IL-10+ regulatory B cells and
enhances cancer immunotherapy
Chen Chen1,2,3, Jianan Ma1,2, Chenchen Pi1,2, Wei Huang1,2, Tao Zhang1,2, Cong Fu1,2, Wentao Liu1,2✉ and
Yong-Guang Yang 1,2,4✉

Abstract
IL-10+ regulatory B cells (Bregs) play a significant role in cancer immunotherapy and their presence is an indicator of
negative outcome. We found that PPARδ is significantly upregulated in tumor-induced IL-10+ Bregs with a phenotype
of CD19+CD24hiIgDlo/−CD38lo or CD19+CD24hiIgDlo/−CD38hi in both mice and humans, and the level of PPARδ
expression was correlated with their potential to produce IL-10 and to inhibit T cell activation. Genetic inactivation of
PPARδ in B cells impaired the development and function of IL-10+ B cells, and treatment with PPARδ inhibitor
diminished the induction of IL-10+ Bregs by tumor and CD40 engagement. Importantly, immunotherapy with anti-
CD40 or anti-PD1 antibody achieved a markedly improved outcome in tumor-bearing mice with PPARδ deficiency in B
cells or treated with PPARδ inhibitor. This study shows that PPARδ is required for the development and function of IL-
10+ Bregs, providing a new and effective target for selectively blocking Bregs and improving antitumor
immunotherapy.

Introduction
Cancer immunotherapy has made revolutionary pro-

gress and produced remarkable results in recent years. It
can be broadly classified into two types according to
mechanisms of action. One is to resume or normalize pre-
existing antitumor immune responses by the use of
immune checkpoint (e.g., PD-1/PD-L1) blockades1,2.
Although this type of treatment is effective both experi-
mentally and clinically, it works only for “hot” tumors that
represent only a small portion of cancer patients1. The
other approach is to elicit and activate antitumor immune
responses by, e.g., agonists of dendritic cell (DC) and T

cell activation, such as CD40 agonist mAbs3, which has
the potential to covert cold tumors to hot4.
Emerging evidence demonstrates the presence of

tumor-associated immunosuppressive B cells or reg-
ulatory B cells (Bregs) that limit the efficacy of cancer
immunotherapy5–7. However, B cells were also reported
to elicit antitumor immunity8–12. In agreement with these
conflicting findings, B cell depletion was also found
ineffective13,14 or detrimental15 in other studies. These
findings implicate that tumor-associated B cells are a
highly heterogeneous population, consisting of both
immuno-stimulatory B cells and immunosuppressive
Bregs. Thus, understanding the insights into tumor-
induced Bregs and developing strategies for specifically
inhibiting Bregs are of paramount importance. Bregs are
mainly defined by their effector molecules. Unlike reg-
ulatory T cells (Tregs), for which the generation, pheno-
types and function were well identified, Bregs remain
highly elusive for their differentiation and phenotypes,
making specific Breg inactivation highly challenging7,12,16.
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In the present study, we discovered that peroxisome
proliferator-activated receptor delta (PPARδ) is highly
expressed in IL-10-producing Bregs and serves as a key
regulator controlling their development and function in
tumor-bearing mice and cancer patients. Furthermore,
combination therapy with PPARδ inhibitor and anti-
CD40 mAb or anti-PD1 achieved synergistically improved
antitumor responses.

Results
PPARδ inhibitor enhances the therapeutic effect of
agonistic anti-CD40 mAb
Genetic sensors of fatty acids, PPARγ and PPARδ are

required for maturation of alternatively activated macro-
phages (M2) in adipose tissues and disruption of PPARγ
or PPARδ results in macrophage polarization toward
M1 state17–20. Reversing macrophage polarization from
the immunosuppressive M2 to M1 state has been proven
to improve cancer immunotherapy21,22. We therefore
determined whether agonist anti-CD40 mAb (FGK45.5 or
FGK) in combination with PPARγ (T0070907 or T007) or
PPARδ (GSK3787 or GSK) inhibitor may achieve efficient
antitumor responses in mice with established B16 mela-
noma (Fig. 1a, left). In this model, although anti-CD40
mAb (given peritumorally to reduce its toxicity)23 induced
a dose-dependent antitumor response (Supplementary
Fig. S1a), the treatment also resulted in liver toxicity in a
dose-dependent manner as shown by tissue damage with
inflammatory cellular infiltrations (Supplementary
Fig. S1b) and increased serum levels of alanine amino-
transferase (ALT) (Supplementary Fig. S1c). Compared to
B16 melanoma-bearing mice treated with FGK (75 μg
divided into three injections with a 3-day interval) alone
that showed significant improvement relative to Rat IgG
controls, profoundly improved antitumor responses were
seen in mice receiving FGK in combination with GSK, but
not T007 (Fig. 1a, right). Although FGK at a higher dose
(200 μg divided into five injections with a 3-day interval)
induced a significantly stronger antitumor activity when
used alone, no difference was detected between mice
receiving high vs. low dose of FGK when used in com-
bination with GSK (Fig. 1b and Supplementary Fig. S1d).
GSK did not induce detectable hepatotoxicity when used
alone (Supplementary Fig. S1e), or aggravate hepatotoxi-
city induced by FGK (Supplementary Fig. S1c, e, f). A
similar observation was made in a mouse bladder carci-
noma (MB49) model, in which combination therapy with
FGK and GSK also induced a significantly improved
antitumor effect compared to FGK alone (Fig. 1c). The
enhanced antitumor effect by combination therapy was
associated with significantly increased CD3+, in particular
CD3+CD8+ tumor-infiltrating lymphocytes (TILs) (Sup-
plementary Fig. S2a, b). While CD8 T cells from different
groups of tumor-bearing mice expressed comparable

levels of perforin, Granzyme B and CD107a, PD1
expression appeared to be reduced in mice treated with
FGK (Supplementary Fig. S2c), which is consistent with
previous findings24,25. Immunohistochemistry (IHC)
results revealed that combination treatment not only
increased the density, but also infiltration depth of CD8+

TILs inside the tumor (Supplementary Fig. S2d).
Previous studies have shown that the antitumor effect of

CD40 agonist antibody is T cell-dependent23,26 and
induction of immune memory is essential to prevent
cancer recurrence27,28. Thus, we assessed antitumor
memory immune responses in tumor-free mice that were
initially inoculated (subcutaneously, s.c.) with B16 mela-
noma and treated with low-dose FGK (75 µg) plus GSK or
with high-dose FGK (200 µg) alone (Supplementary Fig.
S2e, top). These mice were re-challenged with intrave-
nous (i.v.) injection of 7 × 105 B16 cells 90 days after initial
tumor inoculation, and age-matched naïve mice without
previous tumor challenge were used as the control
(Supplementary Fig. S2e, top). Compared to naïve control
mice that all died by 31 days, mice that survived first
tumor challenge in both combination therapy and FGK
alone groups showed significantly improved long-term
survival (Supplementary Fig. S2e, bottom), indicating the
presence of antitumor memory immune responses in
these mice. It appeared that the combination therapy
group had a higher long-term survival rate (86%) than the
FGK alone group (50%), indicative of a stronger memory
response in the former group. Together, these results
indicate that PPARδ inhibitor may synergistically enhance
the antitumor effect of anti-CD40 mAb without aggra-
vating its toxicity, offering a potential approach to
improve immunotherapy with anti-CD40 mAb at
tolerable doses.

PPARδ inhibitor acts synergistically with immunotherapy
to enhance antitumor immunity by blocking the
immunosuppressive function of B cells
Because both PPARγ and PPARδ inhibitors were

reported to inhibit tumor-induced M2 macrophage
polarization17–20, the different effects of PPARγ vs.
PPARδ inhibitors to enhance immunotherapy with anti-
CD40 mAb suggest that tumor-associated macrophages
(TAMs) were not the targeting cells as we initially
hypothesized. In support of this possibility, we found that
there was no significant difference in the frequency and
quantification of PPARγ+ cells or the level of PPARγ
expression among CD11b+F4/80+ monocytes/macro-
phages (Supplementary Fig. S3a, b) between untreated
and T007-injected tumor-bearing mice, and that levels of
PPARδ expression in macrophages were comparable
between naïve and tumor-bearing mice, and not affected
by treatment with FGK or GSK (Supplementary Fig. S3c).
However, PPARδ expression was unexpectedly found to
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be significantly upregulated in B cells from draining
lymph nodes (dLNs) of tumor-bearing mice (Fig. 1d, e),
while PPARγ expression was undetectable in these B cells
(data not shown). Compared to naïve mouse B cells,
increased PPARδ expression was observed in B cells from
tumor-bearing mice treated with Rat IgG but not with
GSK, and this tumor-induced PPARδ upregulation in B
cells was further elevated in mice treated with FGK but
not with FGK plus GSK (Fig. 1e). Together, these data
suggest that the effect of PPARδ inhibitor to enhance the
antitumor activity of CD40 activation was likely mediated
by targeting B cells rather than TAMs.
These results prompted us to analyze B cells in dLNs

where T cell priming to tumor antigens occurs. To
determine the function of B cells in dLNs of tumor-
bearing mice, we evaluated their ability to suppress IFNγ
production of T cells in response to anti-CD3/
CD28 stimulation in vitro. Compared to B cells from
naïve mice that had a moderate inhibitory effect, sig-
nificantly stronger inhibition of CD4 T cell IFNγ pro-
duction was induced by B cells from tumor-bearing mice
(Rat IgG-treated controls), which was further enhanced by
FGK treatment (Fig. 1f), indicating that tumor formation
and CD40 agonist may augment immunosuppressive B
cells. However, the potential of tumor and CD40 agonist
to promote the immunosuppressive activity of B cells was
markedly suppressed GSK (Fig. 1f). Furthermore, dLN B
cells from tumor-bearing mice treated with GSK alone or
along with FGK also showed a significantly reduced ability
to inhibit IFNγ production by CD8 T cells (regardless of
whether CD8 T cells were cultured with or without
CD4+CD25− T cells; Supplementary Fig. S4a–c), and the
production of perforin and granzyme B by CD8 T cells
(Supplementary Fig. S4d–f), compared to those from
tumor-bearing mice treated with Rat IgG or FGK. It
appeared that a significant increase in the proportion of

IFNγ-producing CD8 T cells was found when CD8 T cells
were cultured with CD4+CD25− T cells compared to
those cultured alone (Supplementary Fig. S4a–c). In line
with this observation, B cell depletion significantly
enhanced antitumor effects in mice treated with FGK
alone, but not in those receiving combination therapy
with FGK and GSK (Fig. 1g, h). Similar to synergism with
FGK, PPARδ inhibitor or B cell depletion also acted
synergistically to promote the antitumor effect of anti-
PD-1 antibodies (Fig. 1i). Together, these results suggest
that PPARδ plays a critical role in the development of
tumor-induced immunosuppressive B cells (i.e., Bregs)
that inhibit the antitumor effect of immunotherapy.

PPARδ is highly expressed by IL-10+ Bregs with a surface
phenotype of CD24hiIgDlo/−CD38lo or CD24hiIgDlo/−CD38hi

Bregs are mainly defined by their effector molecules.
Although multiple effector molecules have been reported,
IL-10 is considered the main mediator of tumor-
associated Breg function5,29–32. Therefore, we compared
PPARδ expression between splenic IL-10+ Bregs and IL-
10− B cells, and found that PPARδ was expressed sig-
nificantly higher in the former than the latter population
(Fig. 2a, b). To reveal IL-10+ Breg surface phenotypes,
multi-color flow cytometry was performed, and B cells
were clustered and visualized in 2-dimension using
t-distributed stochastic neighbor embedding (t-SNE). We
found that the proportion distribution of the identified
eight B cell clusters in IL-10+ Bregs was distinctive from
total B cells and IL-10− B cells (the latter two groups were
comparable) (Fig. 2c, d). Furthermore, the major clusters
in IL-10+ Bregs (clusters 2, 4 and 6) and the clusters that
were clearly detected in IL-10+ Bregs but almost unde-
tectable in IL-10− B cells (clusters 3 and 8) were all
CD24hi, IgDlo/− and CD38lo/hi (Fig. 2c, d). While both
CD24hiIgDlo/–CD38lo and CD24hiIgDlo/−CD38hi splenic B

(see figure on previous page)
Fig. 1 PPARδ inhibitor induces improved antitumor effects of anti-CD40 agonist mAb or anti-PD1 mAb through blocking tumor-induced
expansion of immunosuppressive B cells. a C57BL/6 mice were inoculated s.c. with 7 × 105 B16 cells and treated 8 days later with FGK or Rat IgG
(peritumorally s.c.; 25 μg per day at day 8, 11 and 14; FGKlo), T007, GSK, FGK plus T007, or FGK plus GSK. T007 (45 nmol) or GSK (300 nmol) was
administrated i.p. daily from day 8 to 16. Shown are schematic diagram of experiment setup (left; n= 5–6) and data of tumor growth (right). b C57BL/
6 mice (n= 8–9) were inoculated B16 cells, followed 8 days later by peritumoral injection of low-dose (25 µg × 3; FGKlo) or high-dose (40 µg × 5;
FGKhi) FGK or Rat IgG (40 µg × 5). GSK was administrated i.p. daily from day 8 to 16 or 22 (GSK alone group was given from day 8 to 22). Shown are
data of tumor growth. c Tumor growth in C57BL/6 mice (n= 5) that were inoculated s.c. with 7 × 105 MB49 cells, and treated with FGK or Rat IgG,
GSK, or FGK plus GSK as described in (a). d–f C57BL/6 mice were inoculated s.c. with 7 × 105 B16 cells and treated 8 days later by FGK or Rat IgG
(peritumorally s.c.; 25 μg per day at days 8, 11 and 14), or GSK (300 nmol; daily from day 8 to day 16), or FGK plus GSK. dLNs (inguinal LNs) were
harvested at day 17 and analyzed for PPARδ expression in B cells and B cell function. Shown are schematic diagram of experimental setup (d), PPARδ
expression in purified dLN B cells analyzed by western blot (n= 3/group) (e), and representative FACS profiles (left) and percentages (right) of IFNγ+

cells in CD4+CD25− T cells (f). g–i C57BL/6 mice (n= 5–7) were inoculated with B16 cells, and treated with Rat IgG, FGK (s.c.), PD-1 Ab (i.p.; 100 µg/
day at days 8, 11 and 14), GSK, or in combinations; some groups of mice were depleted of B cells by anti-CD19 mAbs (i.p.; 250 µg per day at days 6, 7
and 15). g Schematic diagram of experimental setup. Tumor growth for mice receiving immunotherapy with FGK (h) or anti-PD-1Ab (i). Data are
means ± SEM, or representative staining profiles or images. P values were determined by two-way ANOVA with Tukey’s multiple comparisons test
(a–c and h, i) or one-way ANOVA with Tukey’s multiple comparisons test (f). Shown are data from a representative of three (a–f) or two (h, i)
independent experiments.
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cells consisted of significantly higher proportions of IL-
10+ cells than the rest CD24loIgDhi mature B cells, the
latter subset was further enriched for IL-10+ cells (Fig. 2e,
f). Furthermore, flow cytometry and western blot analysis
revealed that the frequency of IL-10+ B cells positively
correlated with the level of PPARδ expression (Fig. 2g, h).
CD24hiIgDlo/–CD38lo and CD24hiIgDlo/–CD38hi B cells
were also detected in peripheral blood (Supplementary
Fig. S5a), and these cells also expressed higher levels of
PPARδ and IL-10 than CD24loIgDhi B cells (Supplemen-
tary Fig. S5b, c). Unlike splenic and peripheral blood B
cells, CD24hiIgDlo/– B cells in lymph nodes were mainly
CD38lo (i.e., CD24hiIgDlo/–CD38lo) (Fig. 2i), which also
consisted of a significantly higher frequency of IL-10+

cells (Fig. 2j) and expressed a higher level of PPARδ
(Fig. 2k) than mature (CD24loIgDhi) B cells. These results
indicate that PPARδ is significantly upregulated in IL-10+

Bregs that are phenotypically characterized as CD24hiIg-
Dlo/–CD38lo or CD24hiIgDlo/–CD38hi, and the level of
PPARδ expression positively correlates with their poten-
tial to produce IL-10.

PPARδ inhibitor inhibits the development and function of
IL-10+ Bregs induced by tumor and agonistic CD40
antibody
We next characterized CD24hiIgDlo/–CD38lo and

CD24hiIgDlo/–CD38hi IL-10+ Bregs in tumor-bearing mice
and their responses to FGK or GSK. Tumor-bearing mice
were treated with FGK or GSK alone or in combination, then
spleen and dLN cells were prepared 3 days after the last FGK
treatment or 1 day after the last GSK injection and analyzed
for B cell phenotypes (Fig. 3a). We found that, compared to
naïve mice, a significant increase in splenic CD24hiIgDlo/–

CD38lo and CD24hiIgDlo/–CD38hi Bregs, in particular the
latter subset, was seen in tumor-bearing mice treated with
Rat IgG, but not in those treated with GSK (Fig. 3b, c).
Although total Bregs were comparable between tumor-
bearing mice treated with Rat IgG vs. FGK, FGK treatment
resulted in a significant increase in the frequency of

CD24hiIgDlo/−CD38hi Bregs, and the magnitude of FGK-
induced increase in CD24hiIgDlo/−CD38hi Bregs was sig-
nificantly reduced by GSK (Fig. 3b, c). In line with the
increase in numbers, Ki-67 staining revealed that CD24hiIg-
Dlo/–CD38lo and CD24hiIgDlo/−CD38hi Bregs in tumor-
bearing mice showed greater proliferation than those in
naïve mice, which was further increased by FGK and inhib-
ited by GSK (Supplementary Fig. S6a). However, in contrast
to FGK-induced increase in Breg frequencies (Fig. 3b, c),
CD24hiIgDlo/−CD38lo Bregs proliferated more robustly than
CD24hiIgDlo/−CD38hi Bregs in tumor-bearing mice treated
with FGK (Supplementary Fig. S6a), suggesting that FGK
may promote transition of CD24hiIgDlo/−CD38lo Bregs to
CD24hiIgDlo/−CD38hi Bregs. IL-10 secretion by both Breg
subsets was also increased in tumor-bearing mice treated
with Rat IgG, but not in those-treated with GSK, compared
to those of naïve mice (Fig. 3d, e). Furthermore, IL-10
secretion by these Bregs was markedly elevated in tumor-
bearing mice treated with FGK, but to significantly less
magnitude in those treated with FGK plus GSK (Fig. 3d, e).
Similar results were obtained for dLN Bregs. Compared to
naïve mice, the frequency (Fig. 3f), proliferation (Supple-
mentary Fig. S6b) and IL-10 secretion (Fig. 3g) of
CD24hiIgDlo/−CD38lo Bregs in dLNs (similar to naïve mouse
LNs, dLNs from tumor-bearing mice also lacked CD24hiIg-
Dlo/−CD38hi Bregs; Supplementary Fig. S7) were significantly
elevated in tumor-bearing mice treated with Rat IgG, but not
those treated with GSK. Moreover, although increased fre-
quency (Fig. 3f), proliferation (Supplementary Fig. S6b) and
IL-10 secretion (Fig. 3g) of CD24hiIgDlo/−CD38lo Bregs in
dLNs were detected in tumor-bearing mice treated with FGK
compared to the controls treated with Rat IgG, the levels
were significantly lower in mice treated with FGK plus GSK.
To further determine the immunosuppressive activity of

CD24hiIgDlo/−CD38lo and CD24hiIgDlo/−CD38hi Bregs,
these cells were isolated from naïve or tumor-bearing mice,
and assessed for their ability to suppress T cell activation by
measuring IFNγ production following anti-CD3/CD28 sti-
mulation. Although both CD24hiIgDlo/−CD38lo and

(see figure on previous page)
Fig. 2 PPARδ is highly expressed by IL-10+ Bregs with a surface phenotype of CD24hiIgDlo/−CD38lo or CD24hiIgDlo/−CD38hi.
a Representative FACS profiles showing IL-10 and PPARδ expression in naïve mouse splenic CD19+ B cells. b Representative FACS profiles (left) and
levels (MFI) of PPARδ expression (right) in naïve mouse splenic CD19+IL-10− and CD19+IL-10+ B cells. c, d Naïve mouse splenic B cells were analyzed
by multi-color flow cytometry and clustered by the FlowSOM algorithm. c t-SNE plots (top panel) and percentages (bottom panel) of the identified B
cell clusters in total, IL-10− and IL-10+ B cells. d Heat map showing relative expression levels of the indicated markers in each CD19+ B cell clusters.
e–h IL-10 secretion and PPARδ expression in naïve mouse splenic CD19+CD24hiIgDlo/−CD38lo Bregs, CD19+CD24hiIgDlo/−CD38hi Bregs and
CD19+CD24loIgDhi mature B cells. e Gating strategy. f Representative profiles showing IL-10 expression (left) and percentages (n= 6) of IL-10+ cells
(right). g Representative FACS profiles (left) and levels (MFI) of PPARδ expression (right). h PPARδ expression in each sorted B cell subsets measured
by western blot assay (WT mouse naïve T cells and PPARδ KO mouse naïve B cells were used as controls). i–k IL-10 secretion and PPARδ expression in
naïve mouse LN CD19+CD24hiIgDlo/−CD38lo Bregs and CD19+CD24loIgDhi mature B cells. i Gating strategy. j Representative profiles showing IL-10
expression (left) and percentages (n= 6) of IL-10+ cells (right). k Representative FACS profiles (left) and levels (MFI) of PPARδ expression (right). Data
presented are means ± SEM, representative staining profiles or western blot images. P values were determined by unpaired two-tailed Student’s t test
(b, j and k) or one-way ANOVA with Tukey’s multiple comparisons test (f, g). Shown are data from a representative of three (a–g, i–k) or two (h)
independent experiments.
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CD24hiIgDlo/−CD38hi Bregs were capable of inhibiting IFNγ
production by T cells, the latter was superior to the former
(Fig. 3h and Supplementary Fig. S8). Furthermore, both Breg
subsets from tumor-bearing mice treated with Rat IgG, but
not those treated with GSK, showed stronger inhibition on
IFNγ production by CD4 T cells than the Breg counterparts
from naïve mice (Fig. 3h). Treatment of tumor-bearing mice
with FGK further enhanced the ability of these Bregs to
suppress T cell activation, but to a significantly less magni-
tude in mice receiving GSK (Fig. 3h). These results indicate
that PPARδ also plays a key role in tumor-induced devel-
opment and/or maintenance of IL-10+ Bregs and their IL-10
secretion and immunosuppressive activity. Furthermore,
engagement with agonistic anti-CD40 antibody may stimu-
late IL-10+ Bregs, leading to an increase in number and
function in tumor-bearing mice by a mechanism largely
dependent on PPARδ.
We also examined Bregs in the tumor and found that

tumor-infiltrating Bregs, like lymph node Bregs, could not
be clearly divided into CD24hiIgDlo/−CD38lo and
CD24hiIgDlo/−CD38hi subsets (Supplementary Fig. S9a),
but also expressed a higher level of PPARδ and produced
more IL-10 (though not as high as splenic and blood
Bregs; Fig. 2e–g and Supplementary Fig. S5b, c) than
mature (CD24loIgDhi) B cells (Supplementary Fig. S9b, c).
Furthermore, GSK treatment resulted in a significant
decrease in tumor-infiltrating Bregs in both control (Rat
IgG-treated) and FGK-treated mice (Supplementary
Fig. S9d). However, it should be noted that Bregs only
accounted for a very small proportion of tumor-
infiltrating lymphocytes in all groups of mice (Supple-
mentary Fig. S9d).

PPARδ inactivation in B cells impairs the development and
function of IL-10+ Bregs
Cd19Cre/CrePpardf/f and Cd19Cre/CreIL-10f/f mice, with

PPARδ and IL-10 deletion limited in CD19+ B cells,
respectively, were used to further define the role of
PPARδ in the development, maintenance and function of
IL-10+ Bregs. Flow cytometric analysis revealed that
Cd19Cre/CrePpardf/f mice exhibited a significant reduction

in CD24hiIgDlo/−CD38lo and CD24hiIgDlo/−CD38hi Bregs,
in particular the latter population, compared to WT mice
(Fig. 4a and Supplementary Fig. S10). Although fre-
quencies of CD24hiIgDlo/−CD38lo and CD24hiIgDlo/−

CD38hi B cells in Cd19Cre/CreIL-10f/f mice were compar-
able to WT mice (Fig. 4a and Supplementary Fig. S10),
these B cells had no detectable inhibition on T cell acti-
vation (Supplementary Fig. S11). Furthermore, both Breg
populations from Cd19Cre/CrePpardf/f mice produced sig-
nificantly less IL-10 than the counterparts of WT mice
(Fig. 4b, c). Engagement with FGK resulted in a significant
elevation in IL-10 secretion, which was associated with an
increase in PPARδ expression, by WT CD24hiIgDlo/

−CD38lo and CD24hiIgDlo/−CD38hi Bregs, while, in con-
trast, FGK failed to stimulate IL-10 secretion by Cd19Cre/
CrePpardf/f Bregs (Fig. 4d, e).
We then compared the antitumor effect of FGK, either

alone or combined with GSK, in B16 tumor-bearing
WT and Cd19Cre/CrePpardf/f mice. Again, significantly
improved antitumor responses were seen in WT mice
treated with FGK plus GSK compared to those receiving
FGK alone (Fig. 4f). However, FGK alone induced a sig-
nificantly improved antitumor response in Cd19Cre/CreP-
pard

f/f

mice (comparable to that in WT mice treated with
FGK plus GSK), which was not further enhanced by GSK
(Fig. 4f). Similar results were observed in Cd19Cre/CreIL-
10f/f mice, in which FGK alone induced a strong anti-
tumor response comparable to that in WT mice treated
with FGK plus GSK, and no further enhancement was
seen when treated with FGK plus GSK (Fig. 4g). Together,
these results confirm that the effect of GSK treatment on
antitumor immunity is mediated through targeting
PPARδhi IL-10+ Bregs by inhibiting their PPARδ and
hence IL-10 production.

PPARδ inhibition blocks immunosuppressive function of
tumor-induced IL-10+ Bregs in cancer patients
We further validated the clinical relevance of our

findings in non-small-cell lung cancer (NSCLC) patients
with adenocarcinoma or squamous cell carcinoma
(Supplementary Table S1). Similar to the observations in

(see figure on previous page)
Fig. 3 GSK blocks the induction and immunosuppressive function of tumor-associated Bregs. a Schematic diagram of experimental setup.
b Representative profiles showing CD24, IgD and CD38 expression on gated CD19+ cells. c Percentages of total, CD19+CD24hiIgDlo/−CD38lo, and
CD19+CD24hiIgDlo/−CD38hi Bregs in splenic B cells of naive or tumor-bearing mice receiving the indicated treatment. Representative profiles showing
IL-10 staining (d) and percentages of IL-10+ cells (e) in splenic CD19+CD24hiIgDlo/−CD38lo and CD19+CD24hiIgDlo/−CD38hi Bregs from the indicated
groups. f Representative profiles showing CD24 and IgD expression on gated CD19+ cells (left), and percentages of CD19+CD24hiIgDlo/− B cells in dLN
B cells (right) of naive or tumor-bearing mice from different treatment groups. g Representative profiles showing IL-10 staining (left) and percentages
of IL-10+ cells (right) in dLN CD19+CD24hiIgDlo/− Bregs from the indicated groups. h CD19+CD24hiIgDlo/−CD38lo, CD19+CD24hiIgDlo/−CD38hi and
CD19+CD24loIgDhi B cells were sorted from the indicated groups and examined for the ability to inhibit IFNγ production of CD4+CD25− T cells in
response to CD3/CD28 stimulation. Shown are representative FACS profiles (left) and percentages (right) of IFNγ+ cells in CD4+ T cells. All data are
means ± SEM, and P values were determined by one-way ANOVA with Tukey’s multiple comparisons test (c, e–h). Shown are data from a
representative of three (b–e, h) or two (f, g) independent experiments.
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mice, human CD19+CD24hiIgDlo/−CD38lo and CD19+

CD24hiIgDlo/−CD38hi Bregs were also found to express a
higher level of PPARδ than human CD19+CD24loIgDhi

mature B cells (Fig. 5a), and frequencies of both Breg
subsets were increased in cancer patients compared to
healthy subjects (Fig. 5b). Furthermore, both Breg sub-
sets, in particular the CD24hiIgDlo/−CD38hi Breg subset,
of the cancer patients consisted of significantly more IL-
10+ cells than the counterparts of healthy subjects
(Fig. 5c). However, the level of IL-10 expression in
CD19+CD24loIgDhi mature B cells was comparably low
in normal subjects and patients (Fig. 5c). Importantly,
CD19+CD24hiIgDlo/−CD38lo and CD19+CD24hiIgDlo/

−CD38hi Bregs from cancer patients showed a sig-
nificantly stronger ability to inhibit T cell activation (as
measured by IFNγ production) than those from healthy
subjects (Fig. 5d, e, left). Furthermore, the inhibitory
activity of human CD19+CD24hiIgDlo/−CD38lo and
CD19+CD24hiIgDlo/−CD38hi Bregs from both healthy
subjects and cancer patients was significantly reduced by
treatment with GSK (Fig. 5d, e, left). Of note,
CD19+CD24hiIgDlo/−CD38hi Bregs from peripheral
blood of both healthy subjects and cancer patients
showed stronger suppression than CD19+CD24hiIgDlo/−

CD38lo Bregs (Fig. 5e, right).
We also examined peripheral blood samples of patients

with ovarian cancer or urothelial cancer (Supplementary
Tables S2 and S3). The proportion of CD19+CD24hiIgDlo/−

CD38lo Bregs in ovarian cancer patients was comparable to
that in healthy subjects, but the proportion of
CD19+CD24hiIgDlo/−CD38hi Bregs in ovarian cancer
patients was increased (Supplementary Fig. S12a). A sig-
nificant increase in both CD19+CD24hiIgDlo/−CD38lo and
CD19+CD24hiIgDlo/−CD38hi Bregs was found in urothe-
lium cancer patients compared to healthy subjects (Sup-
plementary Fig. S12a). Furthermore, Bregs in both groups
of patients exhibited a significantly increased PPARδ
expression (Supplementary Fig. S12b, c) and IL-10 pro-
duction (Supplementary Fig. S12d) compared to the
counterpart Bregs of healthy subjects. Together, these
results indicate that, consistent with the findings in mice,

human IL-10+ Bregs also highly express PPARδ, and their
expansion and function are largely PPARδ dependent.

Discussion
In this study, we report that PPARδ is highly

expressed in IL-10+ Bregs with a predominant surface
phenotype of CD19+CD24hiIgDlo/−CD38lo or
CD19+CD24hiIgDlo/−CD38hi, which present in naïve
mice and can be induced by tumor formation and
agonistic anti-CD40 mAb. Using mice with PPARδ
inactivation in B cells, we confirmed that PPARδ sig-
naling is essential for the development and immuno-
suppressive activity of IL-10+ Bregs. PPARδ
inactivation not only significantly reduced IL-10+ Bregs
in naïve mice, but also prevented IL-10+ Breg induction
by tumor and anti-CD40 engagement. Furthermore,
treatment of tumor-bearing mice with PPARδ inhibitor
could efficiently diminish the number and function of
IL-10+ Bregs, and act synergistically with anti-CD40 or
anti-PD1 antibody to improve antitumor immune
responses. These findings provide direct evidence
supporting the potential of PPARδ as a target for
selectively inhibiting tumor-induced Bregs to aid cancer
immunotherapy.
Increasing evidence demonstrates that Bregs are pow-

erful in suppressing antitumor responses, and considered
an important factor limiting the efficacy of cancer
immunotherapies5–7. However, it remains challenging to
develop practical strategies to specifically eliminate Bregs
due to the lack of a druggable marker or target that can
identify Bregs and distinguish them from non-Breg B cell
populations12. Because of the highly functional hetero-
geneity of B cells, and some are capable of eliciting anti-
tumor immunity8–12, pan-B cell depletion may result in
unwanted outcomes. Previous studies have shown that B
cell depletion could be effective5,6, ineffective13,14, or even
detrimental15 regarding to the effect on antitumor
responses. Our results showed that PPARδ inhibitor is
efficient in inhibiting tumor- and CD40 agonist-induced
IL-10+ Bregs, and preventing transition of CD19+

CD24hiIgDlo/−CD38lo Bregs to CD19+CD24hiIgDlo/

(see figure on previous page)
Fig. 4 Impaired Breg development and function in Cd19Cre/CrePpardf/f mice. a Representative profiles showing CD24, IgD and CD38 expression
on gated CD19+ cells (left) and percentages of CD19+CD24hiIgDlo/−CD38lo and CD19+CD24hiIgDlo/−CD38hi Bregs in splenic B cells of naive,
Cd19Cre/CrePpardf/f (PPARδ KO) and Cd19Cre/CreIL-10f/f (IL-10 KO) mice (right; n= 5). b, c Representative profiles showing IL-10 staining (b) and
percentages of IL-10+ cells (c) in the indicated splenic Breg subsets from naïve and Cd19Cre/CrePpardf/f mice. d, e Splenic CD19+CD24hiIgDlo/−CD38lo

and CD19+CD24hiIgDlo/−CD38hi Bregs were sorted from naïve WT and Cd19Cre/CrePpardf/f mice, cultured without or with FGK (20 μg/mL) for 24 h,
and examined for IL-10 secretion by flow cytometry (d) and PPARδ expression by western blot assay (e). f, g WT, Cd19Cre/CrePpardf/f and Cd19cre/creIL-
10f/f mice were inoculated s.c. with 7 × 105 B16 cells and treated 8 days later with FGK or Rat IgG (peritumorally s.c.; 25 μg per day at day 8, 11 and
14), or FGK plus GSK (i.p, 300 nmol daily from day 8 to 16). f Tumor growth in WT vs. Cd19Cre/CrePpardf/f mice (n= 6). g Tumor growth in WT vs.
Cd19cre/creIL-10f/f mice (n= 6–7). Data are means ± SEM, or representative staining profiles or photographs. P values were determined by one-way
ANOVA with Tukey’s multiple comparisons test (a, d), unpaired two-tailed Student’s t test (c), or two-way ANOVA with Tukey’s multiple comparisons
test (f, g). Shown are data from a representative of two independent experiments (a–g).

Chen et al. Cell Discovery            (2023) 9:54 Page 10 of 16



Fig. 5 (See legend on next page.)

Chen et al. Cell Discovery            (2023) 9:54 Page 11 of 16



−CD38hi Bregs with increased expression of PPARδ and
IL-10, leading to markedly improved antitumor responses.
Although PPARδ is expressed by multiple types of cells,
including macrophages18,19 and T cells33, the expression
levels were considerably lower than IL-10+ Bregs (Sup-
plementary Fig. S13). Previous studies using mice with
genetic PPARδ deletion revealed that PPARδ deficiency
impairs M2 differentiation and function18,19, as well as
thymocyte development and differentiation33. However,
alterations in PPARδ expression or function were not
detectable in macrophages or T cells in mice treated with
GSK at doses that could effectively inhibit IL-10+ Bregs
(Supplementary Figs. S3c and S14). These findings suggest
that the level of PPARδ expression is a crucial factor
determining the sensitivity of cells to PPARδ inhibitor.
Although treatment with GSK was found to inhibit

Bregs, it did not significantly inhibit tumor growth when
used alone, indicating that GSK may not significantly
improve the intratumoral immune response or destruc-
tion of tumor cells. In agreement with this, we found that
Bregs only accounted for a very small proportion (∼0.2%)
of tumor-infiltrating immune cells, suggesting that tumor
is not the main site for Bregs to inhibit antitumor immune
responses. LNs are the main site of T cell activation by
antigens, and a good antitumor response requires a
complete LN structure34. Furthermore, the proportion of
Bregs to T cells in LNs is much higher than in tumor.
Thus, we propose that dLN is an important site where
Bregs inhibit the induction of antitumor immune
responses, which may explain why GSK treatment could
act synergistically with anti-CD40 antibodies or immune
checkpoint blockades to improve antitumor effects, but
failed to do so when used alone.
Although the role of B cells in human cancer immu-

nity and immunotherapy remains poorly understood,
the presence of IL-10+ Bregs in human cancers was
reported previously, and their presence was found, for
some cancer types, to be an indicator of poor prog-
nosis12,32. Here, we found that patients with NSCLC,
ovarian or urothelial cancer also had a significant
increase in IL-10+ Bregs than healthy subjects.

Importantly, these Bregs also expressed significantly
higher levels of PPARδ than mature B cells, and that the
level of PPARδ expression positively correlated with
their potential to produce IL-10. Furthermore,
the ability of these Bregs to produce IL-10 and to
suppress T cell activation was significantly suppressed
by treatment with PPARδ inhibitor. Thus, PPARδ offers
a potentially druggable target for inhibiting human IL-
10+ Bregs.

Materials and methods
Animals
C57BL/6N mice of 6–8 weeks of age were purchased from

Charles River (Beijing, China). C57BL/6J Cd19Cre, C57BL/6J
Ppardflox, C57BL/6J IL-10flox mice were purchased from
Shanghai Model Organisms, and Cd19Cre/CrePpardf/f and
Cd19Cre/CreIL-10f/f mice were generated by breeding C57BL/
6J Cd19Cre mice with C57BL/6J Ppardflox mice or with
C57BL/6J IL-10floxmice, respectively. Protocols involving the
use of animals were reviewed and approved by the Institu-
tional Animal Care and Use Committee of the First Hospital
of Jilin University and all experiments were performed in
accordance with the protocols.

Production of PPARγ-GFP reporter mice
PPARγ-GFP reporter mice were established using

CRISPR/Cas9 technology. Briefly, a vector containing
Cas9 and sgRNA sequences (5’-tagaaggaacacgttgtcagcgg-
3’) recognizing the 3’ end of exon 7 (gene id:19016), and a
targeting vector containing IRES-GFP (Addgene) flanked
by 1.7 kb 5’ and 1.1 kb 3’ homologous arms were con-
structed and microinjected into fertilized eggs of C57BL/6
mice. IRES-GFP was inserted between the 3’ end of exon 7
and 3’-UTR of pparg gene. The genotypes of F0 mice were
screened by PCR and sequencing. The F1 generation of
the PPARγ-GFP reporter mice with stable genotype were
established by mating F0 mice with wild type C57BL/6
mice, and identified by PCR and Southern blot analysis
with 5’ probe and GFP probe. The sequences of PCR
primes are 5’-taaacggccacaagttcagc-3’ and 5’-aaga-
taaccttggccaggcagt-3’.

(see figure on previous page)
Fig. 5 PPARδ inhibition blocks IL-10 secretion and immunosuppressive function of human IL-10+ Bregs. a Representative FACS profiles (left)
and levels (MFI; right) of PPARδ expression in gated CD19+CD24hiIgDlo/−CD38lo, CD19+CD24hiIgDlo/−CD38hi and CD19+CD24loIgDhi B cells from
peripheral blood of healthy subjects (n= 5). b Representative profiles showing CD24, IgD and CD38 expression on gated CD19+ B cells (left) and
percentages of CD19+CD24hiIgDlo/−CD38lo and CD19+CD24hiIgDlo/−CD38hi Bregs (right) in peripheral blood of healthy subjects and NSCLC patients
(n= 9). c Representative profiles showing IL-10 staining (top panel) and percentages of IL-10+ cells (bottom) in the indicated B cell populations.
d, e CD19+CD24hiIgDlo/−CD38lo, CD19+CD24hiIgDlo/−CD38hi and CD19+CD24loIgDhi B cells were sorted from PBMCs of healthy subjects (n= 4) or
NSCLC patients (n= 5) and pooled, respectively. The pooled cells were then cultured with or without GSK (200 nM) for 24 h, and examined for the
ability to inhibit human CD4+CD25− T cell activation in response to CD3/CD28 stimulation. Shown are representative FACS profiles (d) and
percentages (e; n= 3; the left and right panels were analyzed with the same data) of IFNγ+ cells in CD4+ T cells. All data are means ± SEM, and P
values were determined by one-way ANOVA with Tukey’s multiple comparisons test (a, e left) or unpaired two-tailed Student’s t test (b, c, e right).
Data from a representative of two (a) or three (c–e) independent experiments are shown.
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Abs and reagents
The following anti-mouse monoclonal antibodies

(mAbs) used for cell surface or intracellular staining were
obtained from Biolegend (San Diego, CA): FITC-anti-
CD45 (clone 30-F11), PB-anti-CD45 (clone 30-F11), PE/
Dazzle 594-anti-CD3 (clone 17A2), PE/Cy7-anti-CD3
(clone 17A2), PE-Cy5-anti-CD8a (53-6.7), BV605-anti-
CD8a (clone 53-6.7), Percp/Cy5.5-anti-CD4 (clone
GK1.5), AF647-anti-F4/80 (clone BM8), APC/Cy7-anti-
CD11b (clone M1/70), PE-anti-CD11c (clone N418),
APC-anti-CD19 (clone 6D5), APC/Cy7-anti-CD19 (clone
6D5), BV650-anti-CD19 (clone 6D5), APC/Cy7-anti-PD1
(clone 29F.1A12), APC-anti-Granzyme B (clone
QA16A02), PE-anti-perforin (clone S16009A), BV711-
anti-CD107a (clone 1D4B), BV421-anti-CD24 (clone M1/
69), FITC-anti-CD24 (clone M1/69), APC-anti-IgD (clone
11-26c.2a), BV510-anti-IgD (clone 11-26c.2a), PE/Cy7-
anti-CD38 (clone 90), PE-anti-CD38 (clone 90), PE/Cy5-
anti-IgM (clone RMM-1), BV711-anti-CD5 (clone 53-
7.3), BV650-anti-CD138 (clone 281-2), PB-anti-CD1d
(clone 1B1), BV570-anti-CD45R (clone RA3-6B2),
BV605-anti-CD23 (clone B3B4), AF700-anti-CD21/35
(clone 7E9), APC/Cy7-anti-CD27 (clone LG.3A10), PE-
anti-CD27 (clone LG.3A10), BV785-anti-CD274 (clone
10F.9G2), Percp/Cy5.5-anti-CD93 (clone AA4.1), PE-anti-
CD365 (clone RMT1-4), PE-anti-CD20 (clone SA271G2),
APC-anti-IFNγ (clone XMG1.2), Percp/Cy5.5-anti-IFNγ
(clone XMG1.2), PE/Dazzle 594-anti-IL-10 (clone JES5-
16E3), AF700-anti-Ki67 (clone 16A8), APC-anti-Rat
IgG1, κ Isotype (clone RTK2071), Percp/Cy5.5-anti-Rat
IgG1, κ Isotype (clone RTK2071), PE/Dazzle 594-anti-Rat
IgG2b, κ Isotype (clone RTK4530), PE-anti-Rat IgG2a, κ
Isotype (clone RTK2758) and AF700-anti-Rat IgG2a, κ
Isotype (clone RTK2758). BV480-anti-CD45 (clone 30-
F11), PE-anti-CD4 (clone H129.19) and FITC-anti-Mouse
IgG1, κ Isotype (clone MOPC-21) were purchased from
BD Biosciences (Mountain View, CA). PE-anti-CD21/35
(clone 8D9) and APC-anti-IgA (clone mA-6E1) were
purchased from Invitrogen (Carlsbad, CA). FITC-anti-
mouse/human PPARβ/δ (clone F-10) was purchased from
Santa Cruz (Santa Cruz, CA).
The following anti-human mAbs used for cell surface or

intracellular staining were obtained from Biolegend (San
Diego, CA): APC/Cy7-anti-CD19 (clone HIB19), APC-
anti-CD19 (clone HIB19), FITC-anti-CD24 (clone ML5),
BV785-anti-CD24 (clone ML5), PE/Cy7-anti-CD38 (HB-
7), AF647-anti-IgD (clone IA6-2), Percp/Cy5.5-anti-IgD
(clone IA6-2), AF700-anti-IgM (MHM-88), APC/Cy7-
anti-CD5 (clone UCHT2), BV570-anti-CD45R (clone
RA3-6B2), PE-anti-CD27 (LG.3A10), APC/Cy7-anti-
CD27 (LG.3A10), APC-anti-CD21 (clone Bu32), PB-anti-
CD138 (clone MI15), APC/Cy7-anti-CD4 (clone OKT4),
PE/Cy5-anti-CD4 (clone OKT4), AF647-anti-CD25
(clone BC96), Percp/Cy5.5-anti-IFNγ (clone 4S.B3),

BV421-anti-IL-10 (clone JES3-9D7), Percp/Cy5.5-anti-
mouse IgG1, κ Isotype (clone MOPC-21), BV421-anti-Rat
IgG1, κ Isotype (clone RTK2071) and AF647-anti-mouse
IgG1, κ Isotype (clone MOPC-21). BV480-anti-CD45
(clone HI30), BV711-anti-CD3 (clone UCHT1), BV605-
anti-CD8 (clone SK1), BV711-anti-CD19 (clone SJ25C1),
Percp/Cy5.5-anti-CD138 (clone MI15) and AF647-anti-
IFNγ (clone 4S.B3) were purchased from BD Biosciences
(Mountain View, CA). Percp-eFlour 710-anti-CD1d
(clone 51.1) and PE-eFluor610-anti-CD23 (clone
EBVCS2) were purchased from Invitrogen (Carlsbad, CA).
Antibodies for in vivo treatments include agonist anti-

mouse CD40 (clone FGK45.5 or FGK) mAb, Rat IgG2a
(clone 2A3) and anti-CD19 mAb (clone 1d3), which were
purchased from BioXcell (West Lebanon, NH). LIVE/
DEAD™ Fixable Aqua Dead Cell Stain Kit (catalog num-
ber: L34957) and CellTrace CFSE Cell Proliferation Kit
(catalog number: C34574) were purchased from Invitro-
gen (Carlsbad, CA). PPARγ inhibitor T0070907 (T007;
catalog number: S2871) and PPARδ inhibitor GSK3787
(GSK; catalog number: S8025) were purchased from
Selleck. Dynabeads-coated with anti-human or mouse
mAb to CD3 plus mAb to CD28 (catalog number: 11131D
or 11456D) were purchased from GIBCO BRL (Grand
Island, NY).

Cell staining and flow cytometry
For cell surface staining, single-cell suspensions were

suspended in FACS buffer (PBS containing 0.5% BSA) and
stained with fluorochrome-conjugated Abs on ice for
30min. The cells were washed twice with FACS buffer
and fixed in 1% paraformaldehyde for FACS analysis. For
mouse IL-10 staining, mouse B cells were stimulated for
5 h with phorbol 12-myristate 13-acetate (50 ng/mL),
ionomycin (550 ng/mL; Sigma-Aldrich) and LPS
(1 μg/mL) in the presence of GolgiPlug (BD Biosciences).
For human IL-10 staining, human B cells were stimulated
for 48 h with 2.5 mg/mL CpG-B ODN 2006 from Invi-
vogen and 0.5 mg/mL recombinant human CD40L from
Biolegend. Cells were further stimulated for 5 h with PMA
(50 ng/mL) and ionomycin (550 ng/mL) in the presence of
GolgiPlug before staining. For mouse/human IFNγ and
mouse granzyme B, perforin staining, T cells were sti-
mulated for 5 h with PMA (50 ng/mL) and ionomycin
(550 ng/mL) in the presence of GolgiPlug. Then cells were
fixed and made permeable with Cytofix/Cytoperm solu-
tion (BD Biosciences) and were stained with anti-mouse
IL-10-PE/Dazzle 594 (clone JES5-16E3; Biolegend), anti-
human IL-10-BV421 (clone JES3-9D7; Biolegend), anti-
mouse IFNγ-APC (clone XMG1.2; Biolegend) or
anti-human IFNγ-AF647 (clone 4S.B3; BD Biosciences),
anti-mouse granzyme B-APC(clone QA16A02; Biolegend)
or anti-mouse perforin-PE(clone S16009A; Biolegend)
according to the manufacturers’ instructions. For PPARδ
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intracellular staining, mouse B cells, mouse macrophages
or human B cells were stained firstly for surface antigens
and washed twice with FACS buffer, then fixed and per-
meabilized with foxp3/transcription factor staining buffer
set (eBioscience), followed by staining with anti-mouse/
human PPARβ/δ-FITC mAb (clone F-10; Santa Cruz)
according to the manufacturers’ instructions. For Ki67
intracellular staining, mouse B cells were stained firstly for
surface antigens and washed twice with FACS buffer, then
fixed and permeabilized with foxp3/transcription factor
staining buffer set, followed by staining with anti-Ki67-
Alexa Fluor 700 (clone 16A8; Biolegend). All samples
were acquired using BD LSR Fortessa (BD Biosciences,
Mountain View, CA) or Cytek Aurora (Cytek Biosciences,
Fremont, CA) and data analysis was performed using
FlowJo software (Tree Star).

t-SNE analysis
Spleen cells from WT, Cd19Cre/CrePpardf/f (PPARδ KO)

and Cd19Cre/CreIL-10f/f (IL-10 KO) mice were stained with
multiple markers including CD45, CD19, B220, CD1d,
IgM, CD5, CD23, IgD, CD21/35, CD27, CD138, CD38,
CD24, IL-10 and PPARδ, and analyzed by Cytek Aurora.
To generate t-SNE maps, flow cytometry data were first
gated for live CD45+CD19+ B cells, and then randomly
down sampled to appropriate events for each sample
(200,000/sample for Fig. 2; 20,000/sample for Supple-
mentary Fig. S10) and the resulting data concatenated
into a single dataset. t-SNE was used to reduce dimen-
sionality of the dataset with the following settings:
Auto(opt-SNE), Iterations: 1000, KNN algorithm: Exact
(vantage point tree), gradient algorithm: Barnes-Hut.
Then the automated clustering analysis was done by the
FlowSOM algorithm for clustering of the data into sub-
populations. The resulting subpopulations were further
analyzed for specific marker expression and frequency. All
data were analyzed using FlowJo version 10.

Western blot analysis
In total, 2 × 106 cells were pelleted and collected in

1.5 mL EP tubes and lysed on ice for 15 min with 100 μL
RIPA lysis buffer (Invitrogen, P0013E). The samples
were then centrifuged at 12,000 rpm for 10 min at 4 °C,
and the supernatant was transferred to a new EP tube.
After the concentration was detected by Pierce™ BCA
Protein Assay Kit (Thermo Fisher Scientific, Cat#
23227), the samples were denatured by boiling at 100 °C
for 10 min.
Fifty μg of total protein from each sample was loaded

for sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis analysis. Protein samples were loaded onto
4%–12% precast gels (Beyotime, P0056A) for electro-
phoresis, and then the gels were blotted to nitrocellu-
lose membranes. Nitrocellulose membranes were

blocked with 5% skim milk in Tris-buffered saline with
Tween-20 (TBST, 10 mM Tris pH 8.0, 150 mM NaCl
and 0.1% Tween 20) for 1 h at room temperature.
Membranes were then incubated overnight with the
primary anti-PPARδ antibody (1:1000 dilution, Abcam,
ab137724) or anti-β-actin antibody (1:1000 dilution,
Cell Signaling Technology, 3700S) in 5% BSA-TBST
buffer. Membranes were washed and incubated with
anti-rabbit/mouse IgG, HRP-linked Antibody (1:5000
dilution; Cell Signaling Technology, 7074/7076) for 1 h
at room temperature. After washing, the membrane was
visualized with High-sig ECL Western Blotting Sub-
strate (Tanon, 180-5001), and the bands were quanti-
fied with ImageJ software.

Tumor cell lines and culture
The murine cell lines of B16 melanoma and MB49

bladder cancer were obtained from the American Type
Culture Collection. The above cells were maintained in
DMEM (Carlsbad, CA, USA) supplemented with 10% FBS
(Waltham, MA, USA), 100 U/mL penicillin and 100 U/mL
streptomycin. All cells were cultured in a humidified
incubator at 37 °C, with 5% CO2.

Tumor models and treatments
B16 or MB49 tumor cells were washed and resus-

pended in PBS and s.c. injected (7 × 105 cells/mouse in
100 mL PBS) into the flank of mice which had pre-
viously shaved. The mice were monitored every day and
tumors were measured with a caliper every 4 days.
Tumor volumes were measured by length (a) and width
(b) and calculated as tumor volume= ab2/2. When
tumor reached about 4–5 mm in diameter (i.e., between
6 and 8 days after B16 or MB49 cells injection), the
animals were randomly divided into groups and treated
with peritumoral injection (s.c.) of FGK or isotype-
matched antibody (Rat IgG2a; clone 2A3), and/or
intraperitoneal injection of T007 or GSK at the indi-
cated dosage and schedule. Unless otherwise indicated,
both T007 (a selective PPARγ inhibitor with IC50 of
1 nM) and GSK (a selective and irreversible PPARδ
antagonist with IC50 of 6.6 nM) were given at ~45 times
of their IC50 (i.e., 45 nM and 300 nM, respectively). In
the experiments assessing antitumor immune memory,
mice surviving first tumor challenge were rechallenged
by B16 melanoma cells using the same number of cells
as the first time via tail vein injection. For in vivo
depletion of CD19+ B cells, mice were injected with
250 μg anti-CD19 antibody (clone 1d3; intraperitoneal,
i.p.) at days 6, 7 and 15 after inoculation of tumor cells.
Efficient depletion was confirmed by measuring CD20+

cells in blood and tissues. The mice were euthanized at
the indicated timepoints or when tumor volume
reached 1500 mm3.
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Serum ALT analysis
Serum samples were taken from mice as the indicated

time points, and measured for ALT levels using an alanine
aminotransferase Assay Kit (Nanjing Jiancheng Bioengi-
neering Institute, C009-2) according to the manu-
facturers’ instructions.

Tissue histopathology and IHC analysis
Liver and tumor were prepared from mice at the indi-

cated time points after treatment, fixed with 4% paraf-
ormaldehyde and embedded in paraffin, and sectioned for
H&E (2.5 μm) and IHC (4 μm) staining. For IHC staining,
tissue sections were stained with monoclonal rabbit anti-
mouse CD8a antibody (Abcam, ab209775), and the
immunoreactivity was detected with UltraSensitiveTM
Streptavidin-Peroxidase Kit (Mai Xin, KIT-9706) accord-
ing to the manufacturers’ protocol. Images were captured
using an IX2-SL microscope and processed using CellSens
Dimension software.

Tissue harvest and dissociation
For cell isolation from tumor tissues, tumors were col-

lected in ice-cold PBS and diced into small pieces (around
1mm3) and incubated with digestive solution (0.1% (w/v)
type IV collagenase) at 37 °C for 30min in a water bath
shaker. Spleens and inguinal lymph nodes were harvested
from normal or tumor-bearing (the tumor dLNs) mice,
crushed, and single-cell suspensions were obtained by
filtering through a 70 μm cell strainer (Millipore).

In vitro mouse B cell suppression assay
Naïve mouse CD4+CD25− or CD8+ T cells were sorted

from spleens of 6–8-week-old C57BL/6 mice using BD
Influx TM (BD Biosciences). CD19+ cells from dLNs,
CD19+CD24hiIgDlo/−CD38lo, CD19+CD24hiIgDlo/−CD38hi

and CD19+CD24loIgDhi B cells from spleens of naïve or
tumor-bearing mice were sorted. Purified B cells were
cocultured with T cells from naïve mice (at 1:1 ratio) in the
presence of anti-mouse CD3/CD28 dynabeads in 96-well
plates with U-shaped bottom for 3 days. GolgiPlug (BD
Biosciences) was added for the last 5 h along with PMA
(50 ng/mL) and ionomycin (550 ng/mL). T cell function was
analyzed by measuring IFNγ secretion using flow cytometry.

Mouse T cells proliferation assay
Purified CD4 or CD8 T cells were labeled with 2.5 μM

CFSE ex vivo. The stained cells were resuspended in
complete RPMI 1640 medium to 1 × 106/ml and cultured
with or without 300 nm GSK3787 in the presence of anti-
mouse CD3/CD28 dynabeads in 96-well plates with
U-shaped bottom for 72 h. T cell proliferation was ana-
lyzed by measuring CFSE dilution using flow cytometry.
Cell proliferation rate of CFSE-labeled T cells was calcu-
lated using the following formula: (1−MFI value of CFSE

of T cells in experimental group/MFI value of CFSE of
T cells in control group) × 100%.

Human samples
Blood samples were obtained from cancer patients with

adenocarcinoma, squamous cell carcinoma, ovarian can-
cer or urothelial cancer (diagnosed by imaging and his-
topathology; Supplementary Tables S1–S3) and healthy
individuals (aged 45–60 years), and PBMCs were isolated
by Ficoll-Paque Plus (Amersham Biosciences, Uppsala,
Sweden) gradient centrifugation. All participants were
given written informed consent and all procedures in this
study were approved (reference number: 2021-028) by the
ethics committee of the First Hospital of Jilin University.

In vitro human B cell suppression assay
B cells in peripheral blood of multiple healthy subjects

or patients were isolated and pooled. CD19+CD24hiIg-
Dlo/−CD38lo, CD19+CD24hiIgDlo/−CD38hi and
CD19+CD24loIgDhi B cells were sorted from the pooled
B cells using BD Influx TM and cultured in complete
RPMI 1640 medium with or without GSK for 24 h. Then,
these B cells were washed twice, and cocultured with
CD4+CD25− T cells from healthy subjects (at 1:1 ratio)
in the presence of anti-human CD3/CD28 dynabeads in
96-well plates with U-shaped bottom for 48 h. T cell
function was analyzed by measuring IFNγ using flow
cytometry.

Statistical analysis
Statistical analyses were performed on GraphPad

Prism 7 and data are presented as means ± SEM. P
values were calculated using unpaired two-tailed Stu-
dent’s t test and one-way analysis of variance (ANOVA)
with Tukey’s multiple comparisons test. The statistical
evaluation of mouse survival was performed using the
log-rank test. Tumor growth curve was analyzed using
two-way ANOVA with Tukey’s multiple comparisons
test. P value of < 0.05 is considered significant.
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