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TIPE2 specifies the functional polarization of
myeloid-derived suppressor cells during
tumorigenesis
Dehong Yan1, Jinghui Wang1,2, Honghong Sun3, Ali Zamani3, Honglin Zhang1, Weihong Chen4, Aifa Tang4, Qingguo Ruan1, Xiaolu Yang5,
Youhai H. Chen3, and Xiaochun Wan1

Myeloid-derived suppressor cells (MDSCs) are “polarized” myeloid cells that effectively promote tumorigenesis by inhibiting
antitumor immunity. How myeloid cells acquire the protumoral properties during tumorigenesis is poorly understood. We
report here that the polarity protein TIPE2 (tumor necrosis factor-α–induced protein 8-like 2) mediates the functional
polarization of murine and human MDSCs by specifying their pro- and antitumoral properties. Tumor cells induced the
expression of TIPE2 in Gr1+CD11b+ cells through reactive oxygen species (ROS). TIPE2 in turn increased the expression of
protumoral mediators such as CCAAT/enhancer-binding protein-β while inhibiting the expression of antitumoral mediators.
Consequently, tumor growth in TIPE2-deficient mice was significantly diminished, and TIPE2-deficient MDSCs markedly
inhibited tumor growth upon adoptive transfer. Pharmaceutical blockade of ROS inhibited TIPE2 expression in MDSCs and
reduced tumor growth in mice. These findings indicate that TIPE2 plays a key role in the functional polarization of MDSCs
and represents a new therapeutic target for cancer immunotherapy.

Introduction
Myeloid-derived suppressor cells (MDSCs) are a heterogeneous
subpopulation of leukocytes important for cancer and inflammatory
diseases (Bronte et al., 2016; He et al., 2018; Kumar et al., 2016b;
Manjili, 2012; Solito et al., 2012; Trikha and Carson, 2014; Zhou
et al., 2018). Although MDSCs are present in low numbers in
healthy individuals, they increase markedly in patients with cancer
or chronic inflammation (comprising ≤10% of leukocytes in the
blood or spleen; Bronte et al., 2016; Gabrilovich, 2017; Kumar et al.,
2016b; Manjili, 2012; Solito et al., 2012; Trikha and Carson, 2014;
Zhou et al., 2018). This increase results from aberrant myelopoiesis
driven by inflammatory mediators. MDSCs, but not monocytes or
neutrophils, are potent suppressors of immune responses (Kumar
et al., 2016b; Manjili, 2012; Solito et al., 2012; Trikha and Carson,
2014; Zhou et al., 2018). Depletion of MDSCs leads to markedly
enhanced antitumor immunity andmay be crucial for the success of
cancer immunotherapy (Srivastava et al., 2012; Stromnes et al.,
2014; Veglia et al., 2018, 2019). Phenotypically, MDSCs are similar
to monocytes and neutrophils, but functionally and biochemically
they are distinct from the latter cell subsets. MDSCs are “polarized”

immature myeloid cells, producing selectively inhibitory but not
inflammatory mediators of myeloid cells (Bronte et al., 2016;
Gabrilovich, 2017; Kumar et al., 2016b; Manjili, 2012; Solito et al.,
2012; Trikha and Carson, 2014; Zhou et al., 2018). In mice, MDSCs
are defined as cells expressing both Gr1 and CD11b markers, which
can be further divided into two subpopulations: granulocytic
(G)-MDSCs (CD11b+Ly6G+Ly6Clow) and monocytic (M)-MDSCs
(CD11b+Ly6G−Ly6Chigh). In humans, G-MDSCs are defined as
CD11b+CD14−CD15+ or HLA-DR−/lowCD33+CD14−/lowCD66b+, and
M-MDSCs as CD11b+CD14+HLA-DR−/lowCD15− or HLA-DR−/lowCD33+

CD14+CD66b− (Veglia et al., 2018; Yan et al., 2019). Despite their
significance in cancer and inflammatory diseases, MDSCs remain
one of the least understood subsets of leukocytes. It is unclear what
specifies the polarized differentiation program of MDSCs, and it is
unknown how the inflammatory property of the myeloid lineage is
held in check in MDSCs.

MDSC development is driven by at least two transcription fac-
tors: CCAAT/enhancer-binding protein-β (C/EBPβ) and STAT3
(Cheng et al., 2008; Condamine et al., 2015; Hirai et al., 2006;
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Kumar et al., 2016a; Marigo et al., 2010; Mildner et al., 2017;
Ostrand-Rosenberg, 2010; Tamura et al., 2017). C/EBPβ (also known
as NF-IL6) contains an N-terminal transcriptional activation do-
main, a C-terminal DNA binding domain, and a pair of central
regulatory domains (RDs; Maekawa et al., 2015). RD2 is a Ser/Thr-
rich region with multiple potential phosphorylation sites (Li et al.,
2008; Shen et al., 2009). Phosphorylation of Thr188 mediated by
ERK and phosphorylation of Thr179 mediated by glycogen synthase
kinase 3β (GSK-3β) inhibit the ability of C/EBPβ-RD2 to bind to
DNA. There are at least three isoforms of C/EBPβ: liver-enriched
activator proteins (LAP* and LAP), which function as major tran-
scriptional activators of inflammation-related genes such as IL-6, IL-
10, and ARG1 (Li et al., 2008; Ruffell et al., 2009), and liver-enriched
inhibitory protein (LIP), which lacks the DNA transactivation do-
main and reduces inflammation by blocking LAP and LAP* activity
(Park et al., 2013; Rehmet al., 2014). STAT3 is activated by cytokines
such as IL-6, IL-10, and vascular endothelial growth factor (Cheng
et al., 2008; Kumar et al., 2016b). IL-6 plays a critical role in the
induction of phosphorylation of STAT3, which directly induces the
expression of ARG1 and inducible nitric oxide synthase (iNOS) and
the production of ROS in the nucleus (Gabrilovich, 2017; Marigo
et al., 2008). C/EBPβ can regulate STAT3 activity by controlling IL-6
levels in MDSCs. Conversely, STAT3 can also directly regulate
C/EBPβ activity (Lee et al., 2002; Panopoulos et al., 2006; Zhang
et al., 2010a). In the chronic inflammatory hypoxic environment,
STAT3 and C/EBPβ activity can be regulated by microRNA-142-3p,
which targets the IL-6 receptor gp130 (also called CD130) onMDSCs
(Kumar et al., 2016a; Sonda et al., 2013). Therefore, C/EBPβ and
STAT3 regulation in MDSCs is complex and remains to be fully
characterized.

TIPE2 (tumor necrosis factor-α–induced protein 8-like 2, or
TNFAIP8L2), is a member of the TIPE family that is preferentially
expressed by leukocytes (Sun et al., 2008; Zhang et al., 2009).
TIPE2 is a “professional” transfer protein of phosphoinositide
second messengers (Fayngerts et al., 2017). It controls leukocyte
polarity during migration by acting as both a local enhancer and a
global inhibitor of signal transduction (Fayngerts et al., 2017).
TIPE2 is also an essential regulator of inflammation and immune
homeostasis (Sun et al., 2008; Suo et al., 2016). Overexpression of
TIPE2 in tumor cells can induce cell death and significantly in-
hibit Ras-induced tumorigenesis in mice (Gus-Brautbar et al.,
2012). TIPE2 regulates cell death by binding to the Ras-interacting
domain of RGL (Ral GDP dissociation stimulator-like) and in-
hibiting the activation of the downstream signaling molecules Ral
and AKT (Gus-Brautbar et al., 2012; Lu et al., 2016; Sun et al., 2012;
Wang et al., 2012). In this manner, TIPE2 acts as a molecular
bridge between inflammation and cancer. However, whether
TIPE2 is involved in regulating MDSC function is unknown. In
this report, we describe an unexpected connection between
TIPE2 and MDSC in tumorigenesis.

Results
TIPE2 deletion reduced tumor progression in mice in an
MDSC-dependent manner
To explore the potential roles of TIPE2 in tumor growth, we
compared tumor growth kinetics and the survival of WT and

TIPE2-deficient (Tipe2−/−) C57BL/6 mice s.c. injected with LLC
(Lewis lung carcinoma) and B16F10 melanoma cells. In both
tumor models, decreased tumor growth (Fig. 1 A) and extended
mouse survival (Fig. 1 B) were noted in Tipe2−/− mice, compared
with WT controls. In addition, decreased tumor and spleen size
and increased tumor cell necrosis were observed in tumors from
Tipe2−/− mice To test the roles of MDSCs in these mice, we de-
pleted MDSCs using an anti-Gr-1 antibody (Mundy-Bosse et al.,
2011). MDSC depletion significantly reduced LLC tumor growth
in WT mice but, unexpectedly, enhanced it in Tipe2−/− mice
(Fig. 1 C). Similar results were observed in B16F10 tumor-
bearing mice (Fig. S1 E). In addition, depletion of MDSCs
prolonged the survival of LLC-bearing WT mice but shortened
the survival of LLC-bearing Tipe2−/− mice (Fig. 1 D), suggesting a
change in MDSC function from pro-tumoral in WT mice to an-
titumoral in Tipe2−/− mice. Thus, deletion of TIPE2 induced an-
titumor activity in mice in an MDSC-dependent manner.

TIPE2-deficient MDSCs inhibited tumor growth in mice
We asked if Tipe2−/− MDSCs directly mediated antitumor re-
sponses. LLC cells were mixed at a 1:1 ratio with MDSCs isolated
from WT or Tipe2−/− mice bearing LLC tumors and injected s.c.
into WT or Tipe2−/− mice, with LLC alone as the control
(Thevenot et al., 2014). Coinjection of tumor cells with Tipe2−/−

MDSCs, but not WT MDSCs, into WT mice significantly delayed
tumor growth compared with LLC alone, whereas coinjection of
tumor cells with WT MDSCs, but not Tipe2−/− MDSCs, into
Tipe2−/− mice partially restored tumor growth compared with
LLC alone (Fig. 1 E).

We next evaluated the therapeutic effect of Tipe2−/− MDSCs
in established tumors. MDSCs isolated fromWT or Tipe2−/− mice
bearing LLC tumors were injected i.v. into WT mice on days 3
and 6 after s.c. LLC injection, with LLC alone as the control.
Adoptive transfer of Tipe2−/− MDSCs after LLC injection signif-
icantly diminished tumor growth compared with LLC alone,
whereas adoptive transfer ofWTMDSCs had no detectable effect
(Fig. 1 F). These results indicate that TIPE2-deficient MDSCs
promoted, but did not inhibit, antitumor effects. In bothWT and
Tipe2−/− mice, CD8 but not CD4 T cells played a role in sup-
pressing tumor growth (Fig. 1 G). TIPE2 deficiency reduced not
only in situ tumor growth but also tumor metastasis into the
lung (Figs. 1 H and S1 F).

TIPE2 deletion increased the accumulation, but blocked the
inhibitory function, of MDSCs
We then asked whether TIPE2 affected the distribution and
function of MDSCs. By flow cytometry, we found that the per-
centages of several CD45+ subsets, including G-MDSCs,
M-MDSCs, CD4+ T cells, and CD8+ T cells, were increased in
tumors of LLC-bearing Tipe2−/− mice compared with those of
WT controls (Figs. 2 A and S2, A and B). In addition, the per-
centages of MDSCs were also increased in the spleen, lung, and
liver, but not bone marrow (BM), of LLC-bearing Tipe2−/− mice
compared with those of WT controls (Fig. 2 B). However, the
percentages of dendritic cells (DCs), macrophages, B cells, and
natural killer (NK) cells in tumors were not different between
LLC-bearing WT and Tipe2−/− mice (Figs. 2 A and S2, A and B).
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Figure 1. TIPE2 deficiency significantly reduced tumor growth in mice in an MDSC-dependent manner. (A and B) Tumor growth curve (A) and mouse
survival rate (B) of WT and Tipe2−/− C57BL/6 mice (n = 10 mice/group) injected s.c. on day 0 with LLC lung carcinoma or B16F10 melanoma cells as indicated.
(C and D) Tumor growth curve (C) and mouse survival rate (D) of WT and Tipe2−/− C57BL/6 mice (n = 10 mice/group) injected s.c. on day 0 with LLC lung
carcinoma cells and that received i.p. injections of either anti-Gr-1 (RB6-8C5) or isotype control antibody once every 3 d. (E) Tumor growth in WT (left) and
Tipe2−/− (middle) mice (n = 6 mice/group) injected s.c. on day 0 with LLC cells alone or coinjected with LLC cells plus purified splenic MDSCs from WT or
Tipe2−/− mice, mixed at a 1:1 ratio. (F) Tumor growth in WT mice (n = 6 mice/group) injected s.c. on day 0 with LLC cells, with or without subsequent i.v.
injections, on days 3 and 6, of splenic WT or Tipe2−/− MDSCs as indicated. (G) Tumor growth in WT and Tipe2−/− C57BL/6 mice (n = 10 mice/group) injected s.c.
on day 0 with LLC cells and that received i.p. injections of anti-CD4, anti-CD8, or isotype control antibodies twice every week. (H) Number of lung tumors
assessed 14 d after i.v. injection of B16F10 cells into WT and Tipe2−/− C57BL/6 mice (n = 8 mice/group). Results are pooled from three (A–D, G, and H) or two
(E and F) independent experiments. Error bars show means ± SEM. Unpaired Student’s t test was used for A, C, and E–H. The log-rank test was used for B and
D. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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Figure 2. TIPE2 conferred the immunosuppressive function of MDSCs. (A) Percentages of indicated leukocyte subsets among live cells isolated from
tumors of WT and Tipe2−/− mice injected s.c. on day 0 with LLC cells and that received i.p. injections, starting on day 7, of either anti-Gr-1 (RB6-8C5) or isotype
control antibody once every 3 d, as determined by flow cytometry 17 d after LLC cell injection. Leukocytes were CD45+; MDSCs were CD45+CD11b+Gr-1+;
G-MDSCs were CD45+CD11b+Ly6G+Ly6Clow; M-MDSCs were CD45+CD11b+Ly6G−Ly6Chigh; DCs were CD45+CD11b+CD11c+; macrophages were
CD45+CD11b+F4/80+; CD3+ T cells were CD45+CD3+NK1.1−; CD4+ T cells were CD45+CD3+CD4+CD8−; CD8+ T cells were CD45+CD3+CD4−CD8+; B cells were
CD45+CD3−CD19+; and NK cells were CD45+CD3−NK1.1+. Gating strategies are shown in Fig. S2, A and B. (B) Percentages of MDSCs (CD11b+Gr-1+CD45+) in BM,
spleen, lung, and liver of WT and Tipe2−/− mice 17 d after LLC cell injection. (C) BM cells isolated from WT and Tipe2−/− mice were cultured in the presence of
GM-CSF for 3 d. The percentages of the indicated myeloid subsets before (day 0) and after the in vitro culture (day 3) were determined by flow cytometry.
Gating strategies are shown in Fig. S3 A. (D) Percentages of annexin V+ MDSCs in the spleens and tumors of WT and Tipe2−/− mice 17 d after LLC cell injection.
(E) Percentages of CD69+CD4+ T cells and CD69+CD8+ T cells among CD45+CD3+ cells isolated from tumors ofWT and Tipe2−/−mice injected s.c. with LLC cells
17 d earlier, as determined by flow cytometry. (F) Percentages of IFNγ-expressing CD8+ and CD4+ T cells among splenic CD45+CD3+ cells of WT and Tipe2−/−

mice injected s.c. with B16F10 cells 16 d earlier, as determined by flow cytometry. Cells were activated in vitro with anti-CD3 and anti-CD28 for 48 h before
testing. (G) Percentage of T cell suppression (left) and IFNγ-expressing T cells (right) in co-cultures of MDSCs and CFSE-labeled CD3+ T cells at the indicated
ratios, as determined by flow cytometry. MDSCs were isolated from spleens of WT and Tipe2−/− mice injected s.c. with LLC cells 17 d earlier. (H) Percentage of
T cell suppression (left) and IFNγ-expressing T cells (right) in co-cultures of CFSE-labeled CD3+ T cells and WT or Tipe2 knockdown (Tipe2 siRNA) MDSCs at an
MDSC:T cell ratio of 1:4, as determined by flow cytometry. MDSCs were generated from the BM of C57BL/6 mice and treated with pLKO.1-TRC-Tipe2 siRNA
lentivirus (for Tipe2 siRNA group) or control siRNA lentivirus (for WT group) before testing. Representative results from three independent experiments are
shown (n = 6 mice/group; A–H). Results are expressed as mean ± SEM. Unpaired Student’s t test for A–H. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P <
0.0001; ns, not significant.
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MDSC depletion by anti-Gr-1 treatment almost completely de-
pleted MDSCs in tumors of LLC-bearing WT and Tipe2−/− mice,
while the percentages of other myeloid cells such as DCs and
macrophages of LLC-bearing WT and Tipe2−/− mice were not
affected (Figs. 2 A and S2, A and B). MDSC depletion increased
the percentages of CD45+ leukocyte subsets, including NK cells,
CD3+ T cells, CD4+ T cells, and CD8+ T cells in LLC-bearing WT
mice but significantly decreased the percentages of CD8+ T cells
in LLC-bearing Tipe2−/− mice, while the percentages of other
CD45+ leukocytes such as CD3+ T cells, CD4+ T cells, B cells, and
NK cells in tumors of LLC-bearing Tipe2−/− mice were not af-
fected (Figs. 2 A and S2, A and B). Compared with the WT
controls, MDSC depletion also decreased the percentages of NK
cells and CD8+ T cells of LLC-bearing Tipe2−/− mice; however,
the percentages of other CD45+ leukocytes such as CD3+ T cells,
CD4+ T cells, and B cells in tumors were not different between
LLC-bearing WT and Tipe2−/− mice (Figs. 2 A and S2, A and B).

To explore the potential mechanism of increased MDSC accu-
mulation in Tipe2−/− mice, we investigated the effect of TIPE2 on
the differentiation potential of BM precursors to become MDSCs
or other myeloid subpopulations with known proliferation ca-
pacity and apoptosis of MDSCs. In the in vitro BM cell differen-
tiation assays, Tipe2−/− BM precursors showed a similar potential
to differentiate into MDSCs or other myeloid subpopulations (DCs
and macrophages) with known proliferation capacity compared
with WT controls (Figs. 2 C and S3 A). However, increased an-
nexin V and cleaved caspase 3 signals were also detected in tumor
MDSCs of Tipe2−/− mice, compared with those of WT controls
(Figs. 2 D and S3, B and C). These results suggest that TIPE2 de-
ficiency increased the turnover of MDSCs in Tipe2−/− mice.

Neither WT nor Tipe2−/− MDSCs displayed high levels of cy-
totoxicity when mixed with tumor cells in vitro (Fig. S3 D). The
frequencies of activated CD69+CD4+ and CD69+CD8+ T cells were
significantly increased in B16F10-bearing Tipe2−/− mice, com-
pared with those in WT controls (Figs. 2 E and S3 E). Further-
more, an elevated number of CD8+ T cells, but not CD4+ T cells,
producing IFNγ was observed in tumor-bearing Tipe2−/− mice
compared with WT controls (Figs. 2 F and S3 F). These results
indicated that Tipe2−/− MDSCs may regulate antitumor immu-
nity through T cells.

Indeed, when tested in vitro, tumor-derived MDSCs from
Tipe2−/− mice had a reduced capacity to block T cell proliferation
or IFNγ production, compared with those from WT controls
(Fig. 2 G). Importantly, siRNA-mediated knockdown of TIPE2 in
BM-derived MDSCs also significantly reduced their ability to
block T cell proliferation and T cell production of IFNγ, com-
pared with the controls (Fig. 2 H), suggesting that TIPE2 pro-
moted MDSC function in a cell-intrinsic manner.

TIPE2 specified the pro- and antitumoral gene expression in
MDSCs
We next determined whether TIPE2 controlled the expression of
MDSC signature genes using several methods, including RNA
sequencing (RNA-seq), reverse transcription quantitative PCR
(RT-qPCR), biochemical assays, ELISA, and flow cytometry. We
found that loss of TIPE2 caused a significant change in gene ex-
pression profiles important for MDSC function. Interestingly,

genes with increased expression in Tipe2−/− tumoral MDSCs were
enriched for M1 proinflammatory signatures (Pan et al., 2017),
compared with those in WT controls (Fig. S4 A). By RT-PCR, we
further confirmed the increase of a number of M1 immune
stimulatory signature genes (including Il12p35, Il12p40, Tnfα,
Inos, Arg2, Nfkb1, Cd80, Irf7, and Ccl5) and the decrease of a
number of M2 immunosuppressive signature genes (including
Arg1, Il10, Il6, P67phox, and Tgfb1) in Tipe2−/− tumorMDSCs (Fig. 3
A). Specifically, compared with WT MDSCs, Tipe2−/− MDSCs ex-
hibited significant defects in the expression of M2 immunosup-
pressive signature proteins such as arginase 1 (ARG1), ROS, PD-L1,
IL-6, IL-10, TGF-β, and IL-4Rα (Fig. 3, B–E; and Fig. S4, B and C).
By contrast, the expression of immune stimulatory molecules
such as MHC class I and II, costimulatory molecules CD80 and
CD86, TNF-α, IL-12, and NF-κB1 was increased in Tipe2−/− MDSCs
compared withWTMDSCs (Fig. 3, A, D, and E; and Fig. S4 B). The
latter molecules are known to be important for T cell activation.
These results indicate that lack of TIPE2 converted MDSCs from
an immunosuppressive phenotype to a stimulatory one.

TIPE2 regulated MDSC function via C/EBPβ
C/EBPβ plays a crucial role in MDSC development and function
(Marigo et al., 2010). Although similar levels of C/EBPβ mRNA
were found in tumor-derived WT and Tipe2−/− MDSCs (Fig. 4 A),
the expression of C/EBPβ-LAP*, C/EBPβ-LAP, and inhibitory
C/EBPβ isoform LIP proteins was markedly reduced in Tipe2−/−

MDSCs compared with WT MDSCs (Fig. 4 B). C/EBPβ trans-
activation activity is controlled by phosphorylation, which is
mediated by the AKT−GSK-3β or ERK signal pathway (Maekawa
et al., 2015; Shen et al., 2009). TIPE2 deletion in MDSCs in-
creased the abundance of phospho-AKT (S473) and phospho-
GSK-3β (Ser9), but not that of phosphor-ERK (Thr202/Tyr204;
Fig. 4 C). The total phosphorylation level of C/EBPβ (as deter-
mined by an anti-phosphothreonine antibody), but not the level
of phospho-C/EBPβ (Thr188), was significantly increased in
Tipe2−/− MDSCs compared with WT MDSCs (Fig. 4 D).

Consistent with these findings, C/EBPβ binding to its target
genes Il6 and Il10, as measured by chromatin immunoprecipita-
tion (ChIP), was significantly reduced in Tipe2−/− MDSCs com-
pared withWTMDSCs (Fig. 4 E). Notably, enforced expression of
C/EBPβ-LAP in Tipe2−/− MDSCs partially rescued their immu-
nosuppressive function (Fig. 4 F) and Il6 expression (Fig. 4 G),
suggesting that TIPE2 regulated MDSC function via C/EBPβ.

Tipe2−/− MDSCs exhibited not only reduced IL-6 expression
but also diminished phospho-STAT3 signals (Fig. 5 A). However,
the expression of IL-6 receptors CD126 and CD130 was similar in
tumor-derived MDSCs of WT and Tipe2−/− mice (Fig. 5 B). To
determine the effect of reduced IL-6 expression in Tipe2−/− mice,
B16F10 cells overexpressing IL-6 (B16F10-IL-6) were injected into
WT and Tipe2−/− mice. Ectopic expression of IL-6 restored tumor
growth in Tipe2−/− mice (Fig. 5 C), and B16F10-IL-6 tumor-
derived MDSCs from Tipe2−/− mice were equally suppressive as
WT MDSCs (Fig. 5 D). Furthermore, the decreased levels of
phospho-STAT3 in Tipe2−/− MDSCs were partially restored after
ectopic expression of IL-6 in tumor cells (Fig. 5 E). These results
suggest that IL-6, which is controlled by C/EBPβ, plays an im-
portant role in TIPE2-mediated pro-tumoral effects.
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Pharmacological inhibition of ROS decreased TIPE2 expression
in MDSCs and reduced tumor growth in mice
To determine whether tumor-derived factors regulated TIPE2
expression in MDSCs, BM-MDSCs were treated with tumor
explant supernatant (TES), IL-6, hydrogen peroxide (H2O2), and
L-arginine, and their TIPE2 levels were measured by immuno-
blotting. TES, IL-6, and to a lesser degree, H2O2 and L-arginine,
all markedly induced TIPE2 expression in MDSCs (Fig. 6 A).
Interestingly, TES-induced TIPE2 expression was blocked by
ROS inhibitor N-acetyl cysteine (L-NAC) but not ARG1 inhibitor
Nω-hydroxy-nor-arginine (nor-NOHA) or iNOS inhibitor L-NG-

monomethyl arginine citrate (L-NMMA; Qin et al., 2013; Yan
et al., 2013; Yang et al., 2015; Fig. 6 B). Moreover, treatment of
tumor-bearing WT mice, but not Tipe2−/− mice, with L-NAC
resulted in a significant decrease in tumor growth (Fig. 6 C).
The combination of L-NAC with immune checkpoint inhibitor
anti-PD-1, however, did not enhance its antitumor effect in
WT or Tipe2−/− tumor-bearing mice (Fig. 6 D). L-NAC treat-
ment also impaired MDSC function (Fig. 6 E) and reduced the
expression of Tipe2 and Arg1 (Fig. 6 F); the abundance of ROS
in tumor-derived MDSCs (Fig. 6 G). p47phox, a key component
of NADPH oxidases (NOXs) that is responsible for ROS

Figure 3. TIPE2 specified gene expression patterns of MDSCs. (A) RT-qPCR analyses of mRNA abundance of M1 or M2 signature genes in WT and Tipe2−/−

MDSCs isolated by FACS from the tumors of C57BL/6 mice that were injected s.c. with B16F10 cells 16 d earlier (n = 3 mice/group). PCR values were normalized
to the internal β-actin signal. The values of the Tipe2−/− MDSCs were set as 1 (left), and the values of the WT MDSCs were set as 1 (right). (B) Flow cytometry
analysis of mean fluorescence intensity (× 102) of the indicated proteins in WT and Tipe2−/− MDSCs isolated by FACS from the tumors, BM, and spleens of
C57BL/6 mice that were injected s.c. with LLC cells 17 d earlier (n = 6 samples per group). (C) Arginase enzyme activity (U/liter) and NO levels (μmol/liter) of
MDSCs isolated by FACS from the tumors of C57BL/6 mice that were injected s.c. with LLC cells 17 d earlier. (D) The mean fluorescence intensity and
percentages of MDSCs expressing the indicated proteins as determined by flow cytometry. MDSCs were isolated by FACS from the tumors of WT and Tipe2−/−

C57BL/6 mice that were injected s.c. with B16F10 cells 17 d earlier. They were stimulated with LPS (1 µg/ml) for 6 h before the test. (E) Cytokine abundance as
determined by ELISA in the whole-cell extracts of MDSCs isolated by FACS from the tumors of WT and Tipe2−/− C57BL/6 mice that were injected s.c. with
B16F10 cells 16 d earlier. Data are means ± SEM pooled from three independent experiments (A and B) or from one representative of three independent
experiments (C–E, n = 6 samples per group). Unpaired student t test for A–E. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; ns, not significant.
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production in MDSCs (Corzo et al., 2009), was down-
regulated by L-NAC (Fig. 6 H); and its knockdown by shRNA
blocked TIPE2 expression in MDSCs (Fig. 6 I). In addition,
blocking ROS by L-NAC also inhibited C/EBPβ LAP* and LAP
expression (Fig. 6 J). These results indicate that TIPE2 may be
manipulated pharmacologically to treat cancer.

TIPE2 conferred immunosuppressive function of human MDSCs, and
its high-level expression in MDSCs of lung cancer patients
correlated with poor long-term survival
Although M-MDSCs (HLA-DR−/lowCD33+CD14+CD66b−) and
G-MDSCs (HLA-DR−/low CD33+CD14−/lowCD66b+) have been
described in humans, it has been suggested that both subsets

Figure 4. TIPE2 controlledMDSC function through C/EBPβ. (A and B) C/EBPβ expression as determined by RT-qPCR (A) and immunoblotting (B) inMDSCs
isolated from tumors ofWT and Tipe2−/− C57BL/6 mice that were injected s.c. with B16F10 cells 16 d earlier. Right graph of B shows levels of C/EBPβ LAP, LAP*,
and LIP proteins as determined by densitometry. Data are means ± SEM pooled from three independent experiments (n = 6 mice per group per experiment).
Molecular weights: LAP* = 38 kD; LAP = 34 kD; LIP = 20 kD. (C) Expression levels of the indicated proteins as determined by immunoblotting in MDSCs isolated
from tumors ofWT and Tipe2−/− C57BL/6 mice that were injected s.c. with B16F10 cells 16 d earlier. (D) Abundance of the indicatedmolecules as determined by
immunoblotting (IB) in the immunoprecipitates (IP) of WT and Tipe2−/− MDSCs isolated from the spleens of B16F10 tumor-bearing mice; the im-
munoprecipitates were collected with protein G agarose beads after incubating the MDSC lysates with anti-C/EBPβ. (E) ChIP PCR analyses of the Il6 and Il10
promoter regions with anti-C/EBPβ for tumor-derivedWT and Tipe2−/−MDSCs isolated from B16F10 tumor-bearing mice. (F and G) C/EBPβ–LAP rescue of the
functional deficiency of Tipe2−/− MDSCs. (F) Left: Immunoblot analysis of HEK293T cells treated with or without pLVX-IRES-ZsGreen1/LAP (pLVX-LAP), pLVX-
IRES-ZsGreen1/ LIP (pLVX-LIP), or pLVX-IRES-ZsGreen1 (pLVX- Vector) viruses. Right: Percentage of T cell suppression mediated by WT MDSCs and Tipe2−/−

MDSCs infected with pLVX-Vector control, pLVX-LAP, or pLVX-LIP lentiviruses at an MDSC:T cell ratio of 1:4. (G) RT-qPCR results of Il6 and Il10 gene
expression levels in WTMDSCs and Tipe2−/− MDSCs infected with pLVX-Vector control, pLVX-LAP, or pLVX-LIP lentiviruses. All MDSCs were isolated from the
spleens of B16F10 tumor-bearing mice 16 d after tumor cell injection. For C–G, data are means ± SEM and are from a representative experiment of three; n = 6
mice per group. Unpaired Student’s t test for A, B, and E–G. *, P < 0.05; ***, P < 0.001; ****, P < 0.0001; ns, not significant.
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originate from HLA-DR−CD33+ cells containing mixed groups of
MDSCs defined as “early-stage” MDSCs (eMDSCs) comprising
more immature progenitors (Bronte et al., 2016). To assess
whether TIPE2 affected the phenotype and function of human
MDSCs in lung cancer patients, we first analyzed the phenotype
and percentages of both subsets in peripheral blood mononu-
clear cells (PBMCs) by flow cytometry. The percentages of
MDSC subsets, including M-MDSCs and G-MDSCs, among
HLA-DR−CD33+ cells of lung cancer patients were significantly
higher than those of healthy donors (HDs; Fig. 7, A and B).
TIPE2 expression by M-MDSCs and G-MDSCs of lung cancer
patients was significantly higher than that of monocytes and
neutrophils, respectively, of HDs (Fig. 7 C), indicating that
MDSCs of lung cancer patients overexpressed TIPE2. To es-
tablish the roles of human TIPE2 in MDSCs, PBMCs from lung
cancer patients were cultured in the presence of human GM-
CSF and IL-6 for 2 d, and HLA-DR−CD33+ eMDSCs isolated by
FACS were infected with control or human TIPE2 (hTIPE2)
shRNA-encoding lentiviruses. The percentages of G-MDSCs
and M-MDSCs among HLA-DR−CD33+ cells increased signifi-
cantly in hTIPE2 shRNA-treated PBMCs compared with control
shRNA-treated PBMCs (Fig. 7 D). Importantly, shRNA-mediated
knockdown of TIPE2 in G-MDSCs also significantly reduced
their ability to suppress T cell proliferation and T cell produc-
tion of IFNγ, compared with the controls (Fig. 7 E). In addition,
compared with control shRNA-treated G-MDSCs, hTIPE2

shRNA-treated G-MDSCs exhibited significant defects in the
expression of immunosuppressive proteins such as ARG1 and
ROS-related p47phox, but more iNOS (Fig. 7 F). hTIPE2 shRNA-
treated G-MDSCs expressed markedly less C/EBPβ-LAP* and
C/EBPβ-LAP proteins (Fig. 7 F) and C/EBPβ downstream target
molecules IL-6 and IL-10, but more TNF-α (Fig. 7 G), compared
with control shRNA-treated G-MDSCs. These results indicate
that knockdown of TIPE2 converted human MDSCs from an
immunosuppressive phenotype to a stimulatory one.

We next evaluated the relationship between TIPE2 mRNA
levels and the presence of MDSCs in human lung cancers using
The Cancer Genome Atlas dataset (Cancer Genome Atlas
Research Network, 2014). Interestingly, TIPE2 levels signifi-
cantly correlated with the expression of MDSC-associated sur-
face markers (CD33, CD14) or MDSC-associated genes (IL-10,
NOX2) and weakly associated with the expression of C/EBPβ
and ARG1 (Spearmanp value: 0.115 and 0.0489, respectively),
but only inversely correlated with the expression of iNOS
(Spearman p value: −0.0139; Fig. S5 A). To determine the
relationship between TIPE2 expression in MDSCs and long-
term lung cancer patient survival, we examined TIPE2 ex-
pression levels in HLA-DR−/lowCD33+CD11b+CD14−/lowCD66b+

G-MDSCs of 92 lung cancer patients using multiplexed fluo-
rescence immunohistochemistry (mIHC), which allows anal-
yses of seven-parameter immunofluorescence signals on each
sample (Figs. 8 A and S5 B). Patient characteristics are shown

Figure 5. IL-6–mediated rescue of the functional deficiency of Tipe2−/− MDSCs. (A) Expression levels of the indicated proteins in WT and Tipe2−/− tumor-
derived MDSCs as determined by immunoblotting (left) and densitometric analysis of the immunoblots (right). (B) Histograms of CD126 and CD130 expression
by CD45+CD11b+Gr-1+ tumor-derived MDSCs fromWT and Tipe2−/− B16F10 tumor-bearingmice. (C) Tumor growth inWT and Tipe2−/−mice injected with mock
or IL-6–expressing B16F10 cells. (D) T cell suppression by tumor-derived MDSCs fromWT and Tipe2−/−mice injected s.c. with mock or IL-6–expressing B16F10
cells, at an MDSC:T cell ratio of 1:4. (E) Expression levels of the indicated proteins as determined by immunoblotting in tumor-derived MDSCs from WT and
Tipe2−/−mice injected s.c. with mock or IL-6–expressing B16F10 cells. Data are means ± SEM and are from a representative experiment of three; n = 6 mice per
group (A, B, D, and E) or n = 10 mice per group (C). Unpaired Student’s t test for A–D. ***, P < 0.001; ****, P < 0.0001; ns, not significant.
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in Fig. S5 B. Interestingly, we observed statistically significant
inverse correlations between MDSC TIPE2 levels and long-
term survival, reinforcing the notion that lung cancer pa-
tients with high-TIPE2 MDSCs have poor long-term survival
(Fig. 8 B). Taken together, these results support the model

wherein ROS-induced TIPE2 controls MDSC immunosup-
pressive function by releasing IL-6 via C/EBPβ, thereby lim-
iting T cell responses in carcinomas (Fig. S5 C). Thus,
targeting TIPE2 represents a new strategy for cancer
immunotherapy.

Figure 6. Tumor-derived ROS-induced TIPE2 expression in MDSCs. (A) TIPE2 expression in BM-derived MDSCs cultured for 24 h in medium alone or
medium containing 40% TES, IL-6 (40 ng/ml), hydrogen peroxide (H2O2; 250 mM), and L-arginine (1 mM). TES was collected after culturing B16F10 tumor cells
overnight at 1 × 107 cells/ml. (B) TIPE2 expression in BM-derived MDSCs cultured with or without 40% TES, 1 mM L-NAC (ROS inhibitor), 100 µM L-NMMA
(arginase I inhibitor), or 100 µM nor-NOHA (iNOS inhibitor). (C) B16F10 tumor growth in WT and Tipe2−/− mice treated i.p. once a day with PBS or 1.5 mg/
mouse L-NAC (n = 10 mice per group). (D) Tumor growth in WT and Tipe2−/− mice injected s.c. on day 0 with B16F10 cells and treated i.p. once a day with PBS
or 1.5 mg/mouse L-NAC and that received, starting on day 7, i.p. injections of anti-PD-1 antibodies or isotype control antibodies twice a week for 2 wk (n = 10
mice per group). (E) T cell suppression by tumor-derived MDSCs from PBS- or L-NAC–treated B16F10 tumor-bearing mice, at an MDSC:T cell ratio of 1:4 (n = 6
mice per group). (F) Tipe2 and Arg1 expression in tumor-derived MDSCs from B16F10 mice treated with PBS or L-NAC for 16 d (n = 6 mice per group). (G) Flow
cytometry analysis of ROS in tumor-derived MDSCs from B16F10 mice treated with PBS or L-NAC for 16 d. Right graph shows means ± SEM, n = 6 mice per
group. (H) Immunoblot for p47phox and TIPE2 in tumor-derived MDSCs from B16F10 mice treated with PBS or L-NAC for 16 d. (I) Immunoblot for p47phox and
TIPE2 in B16F10 tumor-derived MDSCs treated with or without pLKO.1-TRC-p47phox shRNA lentiviruses (p47phox shRNA). (J) Expression of LAP, LAP*, and LIP
in tumor-derived MDSCs from B16F10 mice treated with PBS or L-NAC for 16 d. Molecular weight: LAP* = 38 kD; LAP = 34 kD; LAP = 20 kD. Data are means ±
SEM and are from a representative experiment of three (A–D and H–J) or from two independent experiments (E and F). Unpaired Student’s t test for C–G.
**, P < 0.01; ***, P < 0.001; ****, P < 0.0001; ns, not significant.
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Discussion
Here, we report that TIPE2 is a molecular switch between pro-
tumoral MDSCs and antitumoral MDSCs. Tumor-induced in-
flammation up-regulates TIPE2 expression, which in turn drives
MDSC polarization. As a consequence, TIPE2-deficient MDSCs
lose their immune-inhibitory functions, and TIPE2-deficient
mice have reduced tumor progression and metastasis.

TIPE2 may regulate tumorigenesis directly inside tumor cells
or indirectly through immune cells. TIPE2 expression in tumor
cells induces cell death (Gus-Brautbar et al., 2012; Lu et al., 2016)
and therefore inhibits tumorigenesis (Gus-Brautbar et al., 2012;
Sun et al., 2008; Wang et al., 2017; Wu et al., 2016). However,
as reported here, by acting on immune cells such as MDSCs,
TIPE2 promotes tumorigenesis (Yan et al., 2017). TIPE2 plays

Figure 7. TIPE2 conferred immunosuppressive function of humanMDSCs. (A) Representative flow cytometry plots illustrating the gating strategy to show
human MDSCs, monocytes, and neutrophils from PBMCs of lung cancer patients and HDs. Human neutrophils and G-MDSCs were HLA-
DR−/lowCD33+CD14−/lowCD66b+; human monocytes and M-MDSCs were HLA-DR−/lowCD33+CD14+CD66b−. FSC, forward scatter; SSC, side scatter. (B) Per-
centages of indicated patient MDSC subsets and HD monocytes or neutrophils among HLA-DR−CD33+ cells of lung cancer patients and HDs, as determined by
flow cytometry. (C) TIPE2 expression in indicated patient MDSC subsets and HD monocytes or neutrophils from PBMCs of lung cancer patients and HDs.
Results are from a representative experiment of three (A–C). HD, n = 5; patients, n = 11 (A–C). (D–G) PBMCs from lung cancer patients were cultured in the
presence of human GM-CSF and IL-6 for 2 d. HLA-DR−CD33+ eMDSCs were infected with control or human TIPE2 (hTIPE2) shRNA-encoding lentiviruses and
cultured for 2 additional days with GM-CSF and IL-6. (D) Percentages of indicated human MDSC subsets among cultured PBMC-derived HLA-DR−CD33+ cells,
as determined by flow cytometry. (E) Percentage of T cell suppression (upper panel) and IFNγ-expressing T cells (lower panel) in co-cultures of HLA-
DR−/lowCD33+CD14−/lowCD66b+ G-MDSCs and CFSE-labeled human CD3+ T cells at the indicated ratios, as determined by flow cytometry. G-MDSCs were
isolated from PBMC cultures. (F) Expression levels of the indicated proteins as determined by immunoblotting in G-MDSCs isolated from PBMC cultures.
(G) Cytokine abundance as determined by ELISA in the human G-MDSC culture supernatant among PBMC cultures. Data are means ± SEM from one rep-
resentative of three independent experiments (D–G; n = 6 samples per group). Multiple unpaired Student’s t test for B; unpaired Student’s t test for D, E, and G.
*, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant.
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anti-inflammatory roles by negatively regulating TCR and TLR
signaling (Sun et al., 2008). In humans, the down-regulated
expression of TIPE2 is inversely associated with systemic auto-
immunity, diabetic nephropathy, and hepatitis B infection (Fan
et al., 2015; Li et al., 2016; Zhang et al., 2010b). TIPE2 is also
implicated in the development of inflammatory diseases such as
atherosclerosis, experimental stroke, and acute colitis (Lou et al.,
2013, 2014; Zhang et al., 2012).

The induction of TIPE2 expression in MDSCs is mediated by
tumor-derived ROS. Tumor cells generate ROS from catabolites
of amino acids (arginine, tryptophan, and cysteine), by lipid
peroxidation, or by activating endogenous NOXs (Leavy, 2014;
Nathan and Cunningham-Bussel, 2013). The latter enzyme has
seven isoforms that are differentially expressed in diverse tis-
sues (Tsukagoshi et al., 2010). Among them, NOX1/2 play im-
portant roles in immune cells (Tschopp and Schroder, 2010).
The subunit p47phox recruits p40phox, p67phox, and small GTPases
Rac1/2 to plasma membrane-bound subunit gp91 or NOX1 to
form the NOX1 or NOX2 complex (Agudo and Brown, 2016).
TIPE2 may also regulate ROS production in neutrophils (Wang

et al., 2012) and MDSCs as reported here, but its effect is likely
cell specific. Notably, L-NAC treatment decreased the levels of
ROS, NOX subunit p47phox, and TIPE2 and blocked the immune-
inhibitory function of MDSCs. In addition, shRNA silencing of
p47phox in MDSCs led to reduced TIPE2 protein expression,
suggesting that once MDSCs are generated, they can use en-
dogenous p47phox to regulate TIPE2 expression. However, the
mechanisms of this regulation remain to be established.

Our results indicate that TIPE2 is a critical regulator of
C/EBPβ function in MDSCs. TIPE2 increased C/EBPβ abundance
and blocked the phosphorylation of C/EBPβ through an AKT-
and GSK-3β–dependent, but ERK-independent, mechanism. This
finding is consistent with earlier reports that TIPE2 deficiency in
T cells and macrophages leads to heightened activation of
AKT(Ser473) but not ERK (Fayngerts et al., 2017; Gus-Brautbar
et al., 2012; Sun et al., 2008). TIPE2-deficient MDSCs had de-
creased C/EBPβ binding to the IL-6 promoter but increased
C/EBPβ phosphorylation. This finding is consistent with earlier
reports that phosphorylation of C/EBPβ by GSK-3β inhibits its
DNA-binding and transcriptional activation of target genes

Figure 8. Lung cancer patients with high-TIPE2MDSCs have poor long-term survival. (A) Left: Representative mIHC images of a lung cancer patient with
low TIPE2 expression in HLA-DR−/lowCD33+CD11b+CD14−/lowCD66b+ G-MDSCs (with 1–15% cells positive for TIPE2) who was still alive 64 mo after surgery.
Right: Representative mIHC images of a lung cancer patient with high TIPE2 expression in HLA-DR−/lowCD33+CD11b+CD14−/lowCD66b+ G-MDSCs (with >15%
cells positive for TIPE2) who died 22 mo after surgery. TIPE2 high-expressing G-MDSCs are marked by arrows. Nuclei were stained with DAPI. Scale bars, 100
µm. (B) Kaplan–Meier analysis of cumulative survival rates of lung cancer patients subdivided by TIPE2 expression in HLA-
DR−/lowCD33+CD11b+CD14−/lowCD66b+ G-MDSCs. Statistical significance was assessed using log-rank test (P = 0.013). TIPE2 low expression, n = 58; TIPE2 high
expression, n = 17; no TIPE2 expression, n = 17. The percentages of TIPE2 expression in HLA-DR−/lowCD33+CD11b+CD14−/lowCD66b+ G-MDSCs of all patients
(n = 92) are listed in Fig. S5 B.
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(Maekawa et al., 2015; Shen et al., 2009; Wu et al., 2016). Ad-
ditionally, the levels of C/EBPβ-LAP and C/EBPβ-LAP* were
reduced in Tipe2−/− MDSCs, likely further reducing C/EBPβ
target gene expression.

In summary, we have discovered that TIPE2 controls MDSC
polarization at least in part through C/EBPβ. This regulation is
crucial for tumorigenesis because its loss leads to substantially
delayed tumor progression. Thus, targeting TIPE2 represents a
new strategy for cancer immunotherapy.

Materials and methods
Mice and treatment procedures
All experiments withmicewere preapproved by the Animal Care
and Use Committee of Shenzhen Institutes of Advanced Tech-
nology, Chinese Academy of Sciences. Themice weremaintained
in the Animal Facilities of Shenzhen Institutes of Advanced
Technology, Chinese Academy of Sciences, under pathogen-free
conditions. C57BL/6 mice (6–8-wk-old females) were obtained
from Guangdong Province Animal Care Facilities. The female
TIPE2-deficient (Tipe2−/−) mice (C57BL/6J background, 6–8 wk
old) were described previously (Sun et al., 2008).

LLC and B16F10 cells were obtained from Cell bank, Chinese
Academy of Sciences, and were routinely cultured in DMEM
supplemented with 10% FBS (Hyclone), 2 mM L-glutamine, 100
U/ml penicillin, and 10 mg/ml streptomycin. All cultures were
maintained in a humidified 5% CO2 incubator at 37°C and rou-
tinely passaged when 80–90% confluent. To establish s.c. tumors
in Tipe2−/− mice, 8 × 106 LLC or 4 × 106 B16F10 cells were injected
s.c. into the mice, and tumor volume was measured and calcu-
lated using the formula [(small diameter)2 × (large diameter) ×
0.5] (Corzo et al., 2010). For lung metastasis assays, 1 × 106

B16F10 cells were injected i.v., and the number of lung tumors
was assessed 14 d later. IL-6–expressing B16F10 cells (B16F10-
IL-6) were generated by transfection using Lipofectamine
3000 (Life Technologies) with vectors coding for IL-6 and GFP
(Manderson et al., 2007). GFP-positive B16F10 cells were sorted
by FACS (FACSAria III; BD). For MDSC depletion, 200 µg anti-
Gr-1 antibody (clone RB6-8C5; BioXcell) was administered i.p.
on day 0 and every 3 d for 2 wk. For CD4+ or CD8+ T cell de-
pletion studies, on day 0 after tumor injection, mice were ad-
ministered i.p. with 400 µg anti-CD4 (clone GK1.5; BioXcell) or anti-
CD8 (clone 53.6.72; BioXcell) for 2 wk. Maintenance doses of the
depleting antibodies were given twice a week. L-NAC (Sigma-Al-
drich) was injected i.p. once a day at a dose of 1.5 mg/mouse.

Patients
Lung cancer patient blood samples were obtained from Shenz-
hen Second People’s Hospital, The First Affiliated Hospital of
Shenzhen University. Clinical stages were classified according to
the guidelines of the International Union Against Cancer. We
purchased the lung cancer tissue array (HLugA180Su03) from
Shanghai Outdo Biotech (http://www.superchip.com.cn/). De-
tails on lung cancer patient tissue are provided in Fig. S5 B. All
human studies were performed with approval from the ethics
committee and Institutional Review Board of Shenzhen In-
stitutes of Advanced Technology.

Cell isolation and purification
Single-cell suspensions were prepared from BM and spleen, fol-
lowed by red cell removal using ammonium chloride lysis buffer.
CD45+ splenic leukocytes were subdivided into the following
subsets: CD11b+Gr1+, CD11b+Gr1−, CD11b+CD11c+, CD11b+F4/80+,
NK1.1+, CD19+, and CD3+. To obtain single-cell suspensions from
tumors, tumors were digested with enzymatic mix containing
0.1 mg/ml hyaluronidase, 2 mg/ml collagenase I, 1 mg/ml DNase I,
and 2 mg/ml collagenase IV (Sigma-Aldrich) in RPMI 1640
(Quatromoni et al., 2015). The digested tissue was passed through
a 70-µm mesh and washed thoroughly to remove debris. Tumor
CD11b+ cells were isolated using magnetic microbeads conjugated
with monoclonal rat anti-CD11b antibody. MDSCs were purified
on a BD FACSAria III flow cytometer after staining with anti-Gr-
1 mAbs, as previously reported (Marigo et al., 2010). The purity of
cell populations, which exceeded 90%, was evaluated by flow
cytometry.

Flow cytometry
Antibodies specific for the mouse cell surface markers CD19,
CD3, CD11b, CD11c, F4/80, Gr-1, Ly6C, Ly6G, MHCI, MHCII,
CD80, CD86, PD-L1, IL-4Ra, IL-10R, CD45, CD4, CD8, CD69,
CD126, CD130, HLA-DR, CD33, CD14, and CD66b were purchased
from BioLegend (all antibodies shown in Table S2). For intra-
cellular staining of IL-6, IL-10 and TGF-β, tumor MDSCs were
isolated and stimulated with LPS (1 µg/ml; Sigma-Aldrich) for
6 h, and then stained with the cell surface marker antibodies,
followed by fixation, permeabilization with Intracellular Fixa-
tion & Permeabilization Buffer Set (eBioscience), and intracel-
lular staining with IL-6, IL-10, and TGF-β antibodies (BioLegend).
Flow cytometry data were acquired using Beckman Coulter Cy-
toFLEX or BD FACSCanto II flow cytometer and analyzed with
FlowJo software (TreeStar).

MDSC functional assays in vitro and in vivo
For in vitro mouse MDSC function assays, CFSE-labeled CD3+

T cells activated with anti-mouse CD3/CD28 were co-cultured
at different ratios with tumor MDSCs isolated from WT and
Tipe2−/− mice bearing s.c. LLC tumors. For in vitro human
MDSC function assays, human CD3+ T cells were sorted from
HDs. CFSE-labeled CD3+ T cells activated with anti-human
CD3/CD28 were co-cultured at different ratios with
HLA-DR−/lowCD33+CD14−/lowCD66b+ G-MDSCs isolated from
PBMCs of lung cancer patients, which were cultured in the
presence of human GM-CSF and IL-6 for 2 d, then infected
with control or human Tipe2 shRNA-encoding lentiviruses
and kept for an additional 2 d in culture with the cytokines.
T cell proliferation was measured by the dilution of CFSE
fluorescence compared with nonactivated T cells. Percentage
of T cell suppression was calculated as follows: [(% T cell
proliferation of cultures with anti-CD3 and anti-CD28 − %
T cell proliferation of cultures with anti-CD3, anti-CD28, and
MDSCs)/% T cell proliferation of cultures with anti-CD3 and
anti-CD28] × 100. IFNγ expression in T cells was monitored
72 h later by flow cytometry. For in vivo MDSC coinjection
experiments, 1 × 106 tumor-derived MDSCs were injected
with 1 × 106 LLC cells s.c. For in vivo MDSC adoptive transfer
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experiments, LLC tumor-bearing mice were injected i.v. with
control or Tipe2−/− tumor MDSCs (3 × 106) on days 3 and 6
after tumor injection.

Cytotoxic effects of tumor MDSCs on LLC cells were deter-
mined in vitro by lactate dehydrogenase release (Beyotime).
Flow cytometry was used to determine the levels of arginase I
(with anti-arginase I mAb; Cell Signaling Technology), iNOS
(with anti-iNOS mAb; Cell Signaling Technology), and ROS
(with CM-H2DCFDA; Invitrogen) in MDSCs.

BM-derived MDSCs
BM-MDSCs were generated by culturing BM cells for 4 d in
the presence of GM-CSF (40 ng/ml; Peprotech). BM-MDSCs
were exposed to tumor-derived factors by the addition of 40%
B16F10 TES, IL-6 (40 ng/ml; Peprotech), hydrogen peroxide
(H2O2; 250 mM; Sigma-Aldrich), and L-arginine (1 mM;
Sigma-Aldrich) during the last 24 h of culture. In another
assay, BM-MDSCs were cultured with or without 40% TES,
1 mM L-NAC (Sigma-Aldrich), 100 µM L-NMMA (Cayman
Chemical), or 100 µM nor-NOHA (Cayman Chemical). TES
was produced by culturing B16F10 tumor cells, freshly pre-
pared from B16F10 tumors, at 1 × 107 tumor cells/ml for 24 h,
and stored at −80°C until use.

Immunoblot
The cells were lysed in radioimmunoprecipitation assay buffer
(Beyotime) in the presence of protease inhibitors (Roche).
Whole-cell lysates were prepared and subjected to 10% SDS-
PAGE (GeneStar) and transferred to polyvinylidene fluoride
membrane (Bio-Rad). The membranes were probed overnight at
4°C with the antibodies specific for TIPE2 (Proteintech), ARG1,
iNOS, p-STAT3 (Tyr705), STAT3, p-ERK (p-Erk1/2, Thr202/
Tyr204), ERK (Erk1/2), p-AKT (Ser473), AKT, p-GSK-3β (Ser9),
GSK-3β, p-C/EBPβ (Thr235, Thr188, and Thr47), p-threonine
(Cell Signaling Technology), p47phox, C/EBPβ, and β-actin
(Santa Cruz), at a 1:1,000 dilution (all antibodies shown in Ta-
ble S2). Membranes were washed and incubated for 1 h at room
temperature with secondary antibodies conjugated with perox-
idase. Membrane-bound immune complexes were detected us-
ing Super ECL detection reagent (Applygen) on an Amersham
Imager 600 (GE Healthcare).

Arginase enzymatic activity and NO production
Arginase activity was measured in cell lysates as previously
described (Corzo et al., 2010). In brief, cells were lysed for
30 min with 0.1% Triton X-100. To 100 µl of protein lysate (25
µg/ml), 100 µl of 25 mM Tris-HCl and 10 µl of 10 mM MnCl2
were added, and the enzymewas activated by heating for 10min
at 56°C. Arginine hydrolysis was conducted by incubating the
lysate with 100 µl of 0.5 M L-arginine, pH 9.7, at 37°C for
120 min. The reaction was stopped with 900 µl H2SO4 (96%)/
H3PO4 (85%)/H2O (1:3:7, vol:vol:vol). The urea concentration
was measured at 540 nm after addition of 40 µl β-isonitroso-
propiophenone (dissolved in 100% ethanol; Sigma-Aldrich),
followed by heating at 95°C for 30 min. One unit of enzyme
activity is defined as the amount of enzyme that catalyzed the
formation of 1 μmol urea per min.

To detect NO production, equal volumes of cell culture su-
pernatants (100 µl) were mixed with Greiss reagent (Beyotime).
After a 10-min incubation at room temperature, the absorbance
at 550 nm was measured using a microplate plate reader
(Thermo NanoDrop 2000c). NO concentrations were deter-
mined by comparing the absorbance values for the test samples
to a standard curve generated by serial dilution of 0.25 mM
sodium nitrite.

ELISA
ELISA was used to determine the concentrations of IL-6, IL-10,
TGF-β1, TNF-α, and IL-12 in the lysates or culture supernatants
of MDSCs.

Lentivirus-mediated gene silencing or overexpressing assays
For silencing assays, HEK293T cells (ATCC) were trans-
fected with mouse Tipe2 siRNA, mouse p47phox shRNA, hu-
man Tipe2 shRNA, and scrambled control siRNA or shRNA
plasmids (all sequences shown in Table S1) with pLKO.1-
TRC lentiviral packaging constructs (Addgene) using Lip-
ofectamine 3000 (Life Technology), according to the man-
ufacturer’s instructions. The virus supernatants were
harvested 48 h after transfection, filtered, concentrated by
ultracentrifugation, and titrated by limiting dilution assay
using HEK293T cells. BM-MDSCs were infected by mouse
Tipe2 siRNA or mouse p47phox shRNA lentivirus for 48 h, and
cells were collected to measure TIPE2 and p47phox knock-
down efficiency by immunoblotting. MDSCs from PBMC
cultures were infected with human Tipe2 shRNA lentivirus
for 48 h, and cells were collected to measure human TIPE2
knockdown efficiency by immunoblotting. For over-
expressing assays, HEK293T cells (ATCC) were transfected
with mouse LAP, mouse LIP, and control vector plasmids
(all sequences shown in Table S1) with pLVX-IRES-
ZsGreen1 lentiviral packaging constructs (Clontech, Ta-
kara) for 48 h, and cells were collected to measure LAP or
LIP overexpression efficiency by immunoblotting.

ChIP assays
ChIP assays were performed using SimpleChip kits (Cell Sig-
naling Technology). Chromatin was prepared from 4 × 106

MDSCs positively selected from spleens of WT and Tipe2−/− mice
bearing B16F10 tumors. Chromatin was immunoprecipitated
with antibodies against C/EBPβ, histone H3, or rabbit control
IgG. Eluted and purified DNA was analyzed by qPCR with
prevalidated primers (shown in Table S1 and synthesized by
Synbio Technologies) against the IL-6 promoter (C/EBPβ) and
the IL-10 promoter (C/EBPβ).

Immunoprecipitation
Lysates from 12 × 106 splenic MDSCs of WT and Tipe2−/− mice
bearing B16F10 tumors were incubated overnight with 10 µg of
antibodies against C/EBPβ at 4°C. The pulled-down proteins on
protein G agarose beads (Cell Signaling Technology) were sep-
arated by centrifugation, washed several times with 0.5% PBST,
and boiled with sample buffer for 5 min at 100°C, followed by
centrifugation to collect supernatant and immunoblotting using
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antibodies for p-C/EBPβ (Thr235), p-threonine (Cell Signaling
Technology), and C/EBPβ.

H&E staining and IHC
B16F10 tumors were fixed in 10% neutral buffered formalin,
embedded in paraffin, sectioned, and stained with H&E (Sigma-
Aldrich) and/or cleaved caspase 3 antibody (Cell Signaling
Technology).

mIHC and imaging analysis
We purchased the lung cancer tissue array (HLugA180Su03)
from Shanghai Outdo Biotech and performed mIHC using an
Opal 7-color fluorescent IHC kit (PerkinElmer) combined with
automated quantitative analysis (AQUA; Genoptix) to assess the
expression of HLA-DR, CD33, CD11b, CD14, CD66b, and TIPE2.
First, the concentration and the order of the seven antibodies
were optimized, and the spectral library was built based on the
single-stained slides. Slides were dewaxed and rehydrated
through a series of xylene-to-alcohol washes before being in-
cubated in distilled water. mIHC staining was then performed
after heat-induced antigen retrieval. Primary antibodies to the
following antigens were used: HLA-DR (1:100; Abcam), CD33 (1:
500; Abcam), CD11b (1:500; Proteintech), CD14 (1:100; Cell Sig-
naling Technology), CD66b (1:500; Abcam), and TIPE2 (1:100;
Proteintech). The following secondary antibodies were used:
anti-mouse Envision HRP (Dako), anti-rabbit Envision HRP
(Dako) and DAPI. Fluorescence images were acquired using the
Vectra 2 Intelligent Slide Analysis System using Vectra software
v2.0.8 (PerkinElmer).

First, monochrome imaging of the slide at 4× magnification
using DAPI was conducted. An automated algorithm (developed
using inForm software) was used to identify areas of the slide
containing tissue to create RGB (red-green-blue) images. Ac-
cepted images were processed using AQUAduct (PerkinElmer),
wherein each fluorophore was spectrally unmixed into indi-
vidual channels and saved as a separate file. These files were
analyzed using AQUAnalysis software. DAPI was used to gen-
erate a binary mask of all viable cells in the image. Similarly,
HLA-DR, CD33, CD11b, CD14, CD66b, and TIPE2 expression was
used in conjunction with DAPI to create binary masks of all cells
expressing these biomarkers of interest. Additionally, the binary
mask of CD14 or CD66bwas further combinedwith the CD33 and
CD11b double-positive masks to limit the analysis to M-MDSCs
or G-MDSCs. The total area of M-MDSCs or G-MDSCs, measured
in pixels, was divided by the total area of the CD33+CD11b+ cells,
measured in pixels, to determine the percentage of M-MDSCs or
G-MDSCs, respectively. Next, the binary mask of TIPE2 was
combined with CD14+CD33+CD11b+ or CD66b+CD33+CD11b+

masks to determine the high (with >15% cells positive for TIPE2)
or low (1–15% cells positive for TIPE2) expression of TIPE2.

RNA-seq and gene set enrichment analysis (GSEA)
CD45+CD11b+Gr-1+ MDSCs from tumors of WT and Tipe2−/−

C57BL/6 mice (6–8 wk old) were enriched with CD45 beads and
sorted on a FACSAria III (BD Bioscience). The purity of MDSCs
was >95%. RNA-seq was performed on the BGISEQ500 platform
(BGI-Shenzhen). RNA-seq data were aligned using bowtie2

against mm10 version of the mouse genome, and RSEM v1.2.12
software was used to estimate the raw read counts using
Ensemble v84 gene information. DESeq2 was used to estimate
the significance of differential expression between sample
groups. Overall gene expression changes were considered
significant if their false discovery rate was <5%. RNA-seq data
have been deposited in the Sequence Read Archive database
(accession no. PRJNA545000). For tumor MDSC data, differ-
entially expressed genes were identified as those that satisfy
both Student’s t test nominal P value of <0.05 and have a mean
log2 expression difference of ≥1. For the analysis of M1 sig-
natures, GSEA was performed using the Broad Institute’s
GSEA program. M1 Signature was copied from M1 gene set
reported by Pan et al. (2017).

qPCR
Total RNA was isolated fromMDSCs using TRIzol (Takara). RNA
was then converted to cDNA using PrimeScript RT Master Mix
(Takara). qPCR was performed on a Bio-Rad Thermal Cycler
(S1000) using SYBR Premix Ex Taq II (Takara) with primers
against indicated murine genes. Relative expression was calcu-
lated using the delta-delta Ct method and normalized to the
reference gene β-actin. All primers were synthesized by In-
vitrogen and are shown in Table S1.

Statistical analyses
Statistical analyses were performed using Prism 6 software
(GraphPad). All data are presented as mean ± SEM, and P < 0.05
was considered significant. The repeated measurements of tu-
mor growth were assessed by two-way ANOVA. Kaplan–Meier
survival analysis was performed for the comparison of survival
curves. In figures, asterisks were used as follows: *, P ≤ 0.05;
**, P ≤ 0.01; ***, P ≤ 0.001; and ****, P ≤ 0.0001.

Online supplemental material
Fig. S1 shows the impact of TIPE2 deletion on tumor growth,
necrosis, and metastasis and spleen size. Fig. S2 shows flow
cytometry analyses of leukocytes and the effect of anti-Gr-
1 treatment in mice. Fig. S3 shows the impact of TIPE2 deletion
on MDSC precursor differentiation, MDSC apoptosis, and func-
tion. Fig. S4 shows the impact of TIPE2 deletion on gene ex-
pression and protein expression profiles in tumor-infiltrating
MDSCs. Fig. S5 shows that lung cancer patients with high-TIPE2
MDSCs had poor long-term survival and TIPE2 control of MDSCs
and T cell–dependent responses to cancer. Table S1 shows pri-
mers used for PCR or sequences used for plasmid construction.
Table S2 shows key resources including antibodies, reagents,
plasmids, and mice. Table S3 shows genes of the heatmap in Fig.
S4 A.
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