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CD4+CD25+Foxp3+ regulatory T cells (Tregs) accumulate in bone marrow

microenvironment in acute myeloid leukemia (AML). However, little is known about

how the tumor environment including tumor cells themselves affects this process. Here

we demonstrated that AML cells expressed inducible T-cell costimulator ligand (ICOSL)

that can provide costimulation through ICOS for the conversion and expansion of Tregs

sustaining high Foxp3 and CD25 expression as well as a suppressive function. TNF-a

stimulation up-regulated the expression of ICOSL. Furthermore, both the conversion

and expansion of CD4+CD25+Foxp3+ T cells and CD4+ICOS+Foxp3+ T cells were

induced by co-culture with AML cells overexpressed ICOSL. CD4+CD25+ICOS+ T

cells possessed stronger ability to secrete IL-10 than CD4+CD25+ICOS− T cells. The

mechanism by which IL-10 promoted the proliferation of AML cells was dependent on

the activation of the Akt, Erk1/2, p38, and Stat3 signaling pathways. Blockade of ICOS

signaling using anti-ICOSL antibody impaired the generation of Tregs and retarded the

progression of an AML mice model injected with C1498 cells. The expression of ICOSL

of patient AML cells and ICOS+ Tregs were found to be predictors for overall survival

and disease-free survival in patients with AML, with ICOS+ Treg cell subset being a

stronger predictor than total Tregs. These results suggest that ICOSL expression by

AML cells may directly drive Treg expansion as a mechanism of immune evasion and

ICOS+ Treg cell frequency is a better prognostic predictor in patients with AML.

Keywords: acute myeloid leukemia, regulatory T cells, inducible T-cell costimulator ligand, inducible T-cell

costimulator, interleukin-10

INTRODUCTION

Acute myeloid leukemia (AML) is a genetically complex and heterogeneous set of diseases
characterized by overwhelming accumulation of immature myeloid cells in the bone marrow
and peripheral blood. Despite considerable advances in understanding of the molecular basis of
AML pathogenesis, overall survival in adult patients with AML has improved only modestly in the
past 3 decades (1).

Besides genetic abnormalities of malignant cells themselves, the aberrant status of
tumor microenvironment plays a crucial role on disease progression (2). As an important
component of microenvironment, regulatory T cells (Tregs), characterized by their
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expression of the transcription factor Foxp3, are required
to maintain immune homeostasis and prevent excessive tissue
damage (3). Tregs comprise natural and inducible Tregs, and
usually express CD25, glucocorticoid-induced TNFR-related
protein (GITR), cytotoxic T lymphocyte associated antigen 4
(CTLA-4) and CD45RO, and lack CD127 (3). Tregs can suppress
the proliferation and cytokine secretion of responding effector T
cells (Teffs) to prevent autoimmune diseases, allergies, infection-
induced organ pathology as well as transplant rejection (4, 5).
However, Tregs can be deleterious in cancer through suppression
of anti-tumor immunity (6). It has been found that Tregs
actively accumulate in distinct tumor microenvironments, and
their presence associates with poor antitumor immune response
and poor survival (7, 8). In AML, we have demonstrated
that 11.9% of the CD4+ T cells found in bone marrow are
CD25+CD127lo, with only 9.19% found in the peripheral blood
of the same patients (9). These results indicate that AML
cells attract and retain Tregs in the bone marrow, or that the
tumor microenvironment can promote the expansion of tumor-
infiltrating Tregs. Additionally, it has been reported that the
tumor microenvironment can favor the conversion of inducible
Tregs from CD4+CD25−T cells (10), with the total pool of Tregs
being comprised of both natural Tregs and induced peripheral
Tregs.

The development of Tregs is dependent on intracellular
signal transduction events responded to stimulation by the T
cell receptor (TCR), co-stimulatory molecules, and cytokines.
Inducible T-cell costimulator (ICOS), being a member of the
CD28 family of co-stimulatory molecules, is implicated in
maintaining durable immune reactions upon binding to ICOS
ligand (ICOSL). ICOS costimulation of CD4+ T cells favors
the production of Th2 cytokines such as IL-4, IL-10, and IL-
13 (11). Particularly, ICOS/ICOSL axis plays a crucial role in
Treg cell function and promotes Treg differentiation through
activating the phosphoinositide 3-kinase/Akt pathway (12).
The finding that H.polyguras elicited Foxp3+ T cells were all
negative for expression of Helios, a specific marker of thymic-
derived Treg cells marker (13), and this population was absent
in ICOS−/− mice, suggests that ICOS affects the induction
of Treg cells predominantly in the periphery (14). Recent
studies showed that follicular lymphoma cells generate Treg
cells via ICOS/ICOSL cascade and are susceptible to treatment
by anti-ICOS/ICOSL therapy (15). Accumulating evidence has
demonstrated that multiple normal tissues express ICOSL and
regulate CD4+ T-cell activation and cytokine production (12, 16).
Tregs present in tumor tissues have been found to express ICOS
on their surface, and ICOS+ Tregs have been demonstrated to
powerfully dampen T-cell responses indirectly through impairing
antigen-presenting cells (APCs) with interleukin (IL)-10 (17).
The source of ICOS costimulation for Tregs still remains
largely unknown. In AML, it has been reported that AML
cells express ICOSL (18, 19), whereas how ICOSL expressed
by AML cells regulate CD4+ T-cell activation has not been
characterized yet.

In this study, we reported that multiple AML cell lines
and primary AML cells expressed ICOSL on their surface and
could co-stimulate Tregs to promote high expression of CD25,

Foxp3, and ICOS. We also observed an increased frequency of
ICOS+ Tregs secreted IL-10 as a positive feedback to promote
the proliferation of AML cells. Anti-ICOSL antibody inhibited
the generation of ICOS+ Tregs and retarded the progression
of AML in a murine model. ICOS+ Treg cell frequency may
be a better predictor than total Treg cell frequency in patients
with AML.

MATERIALS AND METHODS

Selection of Patients
This study was approved by the Institutional Ethics Committee
of the First Affiliated Hospital of Wenzhou Medical University,
and informed consent was obtained from all participants in
accordance with the Declaration of Helsinki. A total of 121 newly
diagnosed adult patients with AML excluding APL with t (15, 17)
(q22;q12); PML-RARA consisted of 69 males and 52 females
with a mean age of 40 years old (range: 17–60) were enrolled
at Department of Hematology of the First Affiliated Hospital
of Wenzhou Medical University (Table S1). The diagnosis and
subtype identification of AML were established according to
the 2008 WHO Classification for AML (20). The age-matched
control group consisted of 40 healthy donors, which included 17
males and 23 females with a mean age of 41 years old (range:
19–62). All peripheral blood and bone marrow mononuclear
cells (BMMNCS) were isolated using Ficoll-hypaque density
gradient centrifugation and stored, and meanwhile, peripheral
blood plasma and bone marrow plasma were also obtained and
stored.

Isolation and Culture of TREGs and TEFFs
ICOS+CD4+CD25high T cells, ICOS−CD4+CD25high T cells,
and CD4+CD25− effector T cells (Teffs) were isolated from
BMMNCs of 5 patients with AML by FACSAria III (Becton
Dickinson, San Jose, CA, USA). The suppressive function
of ICOS+CD4+CD25high T cells and ICOS−CD4+CD25high

T cells was determined using mixed leukocyte culture assay.
Briefly, carboxyfluorescein diacetate succinimidylester (CFSE,
5 µmol/L)-labeled CD4+CD25− T cells were incubated for
5 days with 20µg/ml mitomycin-treated PBMCs in the
presence of autogeneic ICOS+CD4+CD25high T cells or
ICOS−CD4+CD25high T cells, with stimulation with plate-
coated anti-CD3 (1µg/ml) and soluble anti-CD28 (3µg/ml) and
IL-2 (20 ng/ml), and cell division was subsequently monitored by
flow cytometric assay of CFSE dye dilution.

Purified CD4+ T cells, isolated from PBMNCs of healthy
donors using MACS CD4+ T cell isolation kit (Miltenyi Biotec,
Bergisch Gladbach, Germany), were seeded at 5 × 104 cells/well
on 96-well plates coated with 1µg/ml anti-CD3 monoclonal
antibody (eBiosciences, San Diego, CA, USA) and stimulated
with 3µg/ml anti-CD28 monoclonal antibody (eBiosciences)
and 20 ng/ml IL-2 for 5 days. Full-length hICOSL cDNA was
cloned into eukaryotic expression vector GV230. HEL or HL-
60 cells were transfected transiently with the positive clones
of constructed recombinant plasmid GV230-hICOSL, and were
subsequently screened with 800µg/ml G418 for 7 days. QPCR
and western blot were performed to determine the mRNA and
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protein levels of ICOSL to confirm the overexpression of ICOSL.
After treatment with 20µg/ml mitomycin for 1 h, AML cells
or AML overexpressed ICOSL were co-cultured with CD4+ T
cells at a ratio of 1:1 for 5 days in the presence or absence of
10µg/mL neutralizing anti-ICOSL antibody (eBiosciences), with
stimulation with plate-coated anti-CD3 (1µg/ml) and soluble
anti-CD28 (3µg/ml) and IL-2 (20 ng/ml).

Immunostaining and Flow Cytometric
Analysis
The surface and intracellular immunostaining for flow
cytometric analysis was performed as described previously
(9). Briefly, the cells were treated with human immunoglobulin
to block non-specific binding and then stained with appropriate
fluorochrome-conjugated surface monoclonal antibodies
(mAbs), including anti-ICOS-PE, anti-CD4-PerCP, and
anti-CD25-APC (all from BD Pharmingen, San Diego, CA,
USA), followed by incubating in the dark for 30min at 4◦C.
Isotype-matched negative controls were used in all assays.
For intracellular Foxp3 staining, the cells were stained with
appropriate surface mAbs, and subsequently fixed, permeabilized
and incubated with anti-Foxp3-PE (BD Pharmingen) for 30min
at 4◦C. For analysis of intracellular cytokine staining, PBMCs,
Tregs or Teffs were stimulated for 5 h with phorbol 12-myristate
13-acetate (PMA) and ionomycin in the presence of brefeldin A
(all from Sigma-aldrich, St.Louis, MO, USA). After staining with
surface mAbs, the cells were fixed, permeabilized, and stained
with mAbs against cytokines including IFN-γ, IL-2, IL-17,
and IL-4 (all from BD Pharmingen). Acquisition and analysis
were performed on a flow cytometry (FACSCalibur; Becton
Dickinson). AML blasts were gated on CD45dimSSCdim and the
expression of ICOSL was assessed based on the percentage of
positive cells.

Quantitative RT-PCR for Gene Expression
Analysis
CD33+CD45dim cells were sorted from BMMNCs of healthy
donors and patients with AML using FACSAria III, respecitively.
Total RNA was extracted using Trizol (Invitrogen, Carlsbad,
CA, USA) and reverse transcribed into cDNA, and then cDNA
was amplified and quantified on an ABI Prism 7500 Sequence
Detection System (Applied Biosystems, Foster city, CA, USA)
using a SYBR Green PCR master mix (Takara, Dalian, China)
with primer pairs (Table S2), respectively.

Cytokine Analysis
The plasma samples were collected from peripheral blood
and bone marrow of healthy donors and newly diagnosed
patients with AML. The CD4+CD25highICOS+ cells and
CD4+CD25highICOS− cells were sorted and cultured in 200 µl

X-VIVO
TM

15 (Lonza, Walkersville, MD, USA) supplemented
with 20 ng/ml IL-2. After 2 days, the supernatants were collected
and the levels of IL-10 were measured using a commercial
ELISA kits from MultiSciences (Hanzhou, China) according to
the manufacturer’s protocols. Additionally, plasma levels of TNF-
α were determined using an ELISA kits from Thermofisher
Scientific (Vienna, Austria). Human AML cell lines HL-60, HEL,

THP-1, or U937 as well as murine AML cell lines C1498 were
treated with recombinant human or murine TNF-α 50 ng/ml
(both from PeproTech, Rocky Hill, NJ, USA) for 48 h, and the
expression of ICOSL was determines using immunostaining and
flow cytometric analysis.

Cell Viability Assay
HL-60 or HEL cells were seeded in 96-well plates at a density
of 1 × 104 cells/well and treated with various doses of IL-10
(PeproTech) for 24 h. Then, the cell viability was determined
using the Cell Counting Kit-8 (CCK-8) assay according to the
manufacturer’s protocol (Dojindo, Kumamoto, Japan).

Western Blot Assay
After treatment with 10 ng/ml IL-10 for different times, the
cells were collected and lysed immediately using RIPA Lysis
Buffer (Beyotime Institute of Biotechnology, Haimen, China)
containing PMSF and Halt protease and phosphatase inhibitor
cocktail (Pierce, Rockford, IL, USA). The protein was boiled
and subjected to western blot with antibodies against Akt, p-
Akt (Ser473), Erk1/2, p-Erk1/2 (Thr202/Tyr204), p38, p-p38
(Thr180/Tyr182), Stat3, p-Stat3 (Tyr705) or GAPDH (all from
Cell Signaling Technology, Beverly, MA, USA), respectively.

C1498 AML Model
This study was carried out in accordance with the
recommendations of “institutional guidelines, Wenzhou
Medical University Animal Care and Use Committee.” The
protocol was approved by the “Wenzhou Medical University
Animal Care and Use Committee.” The C1498 AML model was
established as described previously with minor modifications
(21). Briefly, C57BL/6 mice (6–8 weeks old/20–25 g body
weight) were purchased from Laboratory Animal Centre of
Wenzhou Medical University. C1498 cells were cultured in
complete DMEM supplemented with 10% fetal bovine serum.
C1498-GFP cells were engineered by retroviral transduction
using the pLEGFP plasmid. The GFP expression of C1498-GFP
cells was maintained with puromycin (2µg/ml) and periodically
monitored by flow cytometry. Exponentially growing C1498 cells
(5 × 106) were suspended in 100 µl PBS, and then intravenously
injected into the tail vein of recipient mice, which had been
already exposed to 5Gy myeloablative irradiation 4 h before.
According to the method reported by Raynor et al. (22), these
mice were injected intraperitoneally with 7.5 mg/kg anti-mouse
ICOSL antibody (clone: HK5.3) or with rat IgG2a isotype control
(both from BioXcell, West Lebanon, NH, USA) on days 0, 3, 6, 9,
12, and sacrificed on day 15.

Statistical Analysis
The data were presented as mean ± SEM and analyzed by t-
tests or one-way ANOVA followed by a post hoc Turkey’s test to
determine the differences between the groups. Differences were
considered significant at P < 0.05.
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FIGURE 1 | The expression of ICOSL in acute myeloid leukemia. (A) The mRNA expression of ICOSL in CD45dimCD33+ cells isolated from healthy donors, patient

AML cells, and four AML cell lines HL-60, THP-1, U937, and HEL were determined and expressed as mean ± SEM representing at least three independent

(Continued)
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FIGURE 1 | experiments. ANOVA was used to determine the differences between the groups. (B) Representative plots (left panel) and statistical data (right panel)

showed that the expression of ICOSL in SSCdimCD45dimcells isolated from bone marrow of 11 healthy donors and 121 patients with AML. Unpaired t-test was used

to determine the difference. (C) Treatment with TNF-a 50 ng/ml for 48 h induced the expression of ICOSL in HL-60, HEL, THP-1, and U937 cells. Overlay histograms

showing antibody stains with (solid red) or without (solid blue) TNF-a stimulation and isotype stains (filled gray) are representatives of three independent experiments.

(D) Treatment with murine TNF-α 50 ng/ml for 48 h induced the expression of ICOSL in C1498 cells. The expression of ICOSL was increased on day 5 when

C1498-EGFP cells were injected in vivo. Overlay histograms showing antibody stains (solid red) and isotype stains (filled gray) are representatives of three independent

experiments. (E) The plasma levels of TNF-α were determined by ELISA on day 5 in C57BL/6 mice intravenously injected with or without C1498 cells (5 ×

106/mouse). Unpaired t-test was used to determine the difference.

FIGURE 2 | The frequencies and function of ICOS+ Tregs in patients with AML. (A,B) Representative plots (left panel) and statistical data (right panel) showed that the

frequencies of CD4+CD25+FoxP3+ cells and CD4+FoxP3+ ICOS+ cells in 11 healthy donors and 121 patients with AML. Unpaired t-test was used to determine the

difference. (C) The CD4+CD25high ICOS+ cells and CD4+CD25high ICOS− cells were sorted from bone marrow mononuclear cells of patients with AML using flow

cytometry, and then incubated for 5 days with PBMCs treated with 20µg/ml mitomycin and CFSE-labeled CD4+CD25− T cells, with stimulation with plate-coated

anti-CD3 (1µg/ml) and soluble anti-CD28 (3µg/ml) and IL-2 (20 ng/ml). The cell division was measured by levels of CFSE dilution by flow cytometry. Histograms were

representatives of four independent experiments and ANOVA was used to determine the differences.
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FIGURE 3 | The effect of ICOSL in AML cells on Treg induction. (A,B) AML cell lines HL-60 and HEL were transduced to constitutively express full-length human

ICOSL. Meanwhile, these two cell lines were transduced with the empty vector. The mRNA expression of ICOSL was determined and unpaired t-test was used to

determine the difference. Overlay histograms showing cell surface protein expression of ICOSL with antibody stains (solid red) and isotype stains (filled gray) were

representatives of three independent experiments. (C) CD4+ CD25+Foxp3+ cells and CD4+ ICOS+Foxp3+ cells were significantly increased when CD4+ T cells

co-cultured with HL-60 cells overexpressed ICOSL for 5 days. (D) Anti-ICOSL antibody reduced the expansion of CD4+CD25+Foxp3+ cells and

CD4+ ICOS+Foxp3+ cells in CD4+ T cells co-cultured with HEL cells for 5 days. Data were expressed as mean ± SEM representing four independent experiments

and AVONA was used to determine the differences.

RESULTS

Expression and Induction of ICOSL
Molecules on AML Cells
Compared with CD45dimCD33+ cells isolated from bone

marrow of healthy donors, blasts cells from a substantial number

of AML patients strongly expressed ICOSL at a transcriptional

level (Figure 1A). Among the cell lines tested, HL-60 and HEL
cells constitutively expressed ICOSL, and THP-1 and U937
cells expressed an increased but not statistically significant level
of ICOSL mRNA (Figure 1A). The increased expression of
ICOSL protein was also present on the plasma membrane of
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FIGURE 4 | IL-10 promotes the proliferation of AML cells. (A) IL-10 levels were increased in plasma and bone marrow plasma in 20 AML patients compared with 10

healthy donors. Unpaired t-test was used to determine the differences. (B) The CD4+CD25high ICOS+ cells and CD4+CD25high ICOS− cells were sorted and

cultured in 200 µl X-VIVO
TM

15 supplemented with 20 ng/ml IL-2 for 2 days, and the supernatants were subsequently collected and the levels of IL-10 were

determined using a commercial ELISA kits. Data were expressed as mean ± SEM representing four independent experiments and unpaired t-test was used to

determine the difference. (C) Treatment with IL-10 for 24 h promoted the proliferation of HL-60 cells and HEL cells in a dose-dependent manner. Data were expressed

as mean ± SEM representing five independent experiments and ANOVA was used to determine the differences. (D) IL-10 promoted the phosphorylation of Akt,

Erk1/2, p38, and Stat3. Images shown were representatives of three independent experiments.
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patient AML cells, consistent with the results of ICOSL mRNA
(Figure 1B). However, the expression of ICOSL protein on the
four AML cell lines tested was almost undetectable or very
weak (Figure 1C). Since it has been well-established that TNF-
α stimulation enhances the expression of ICOSL in several
different cell types (23), we next determined whether TNF-
α stimulation influences the expression of ICOSL on AML
cells. TNF-α 50 ng/ml robustly up-regulated the expression of
ICOSL in four AML cell lines tested (Figure 1C). Additionally,
we also determined whether three other cytokines IFN-γ, IL-
10, IL-17A or IL-21 affect the expression of ICOSL and found
that these four cytokines did not change the expression of
ICOSL on two AML cell lines HL-60 and HEL (Figure S1).
The expression of ICOSL was very weak on the murine AML
cell line C1498 and treatment with TNF-α 50 ng/ml for 48 h
also induced the expression of ICOSL in C1498 cells in vitro
(Figure 1D). Since it has been recognized that the level of
TNF-α is elevated in AML patients (24, 25), we speculate that
the expression of ICOSL on AML cells can be enhanced in
vivo. As expected, the expression of ICOSL was increased when
C1498 cells were injected intravenously into C57BL/6J mice
(Figure 1D). Meanwhile, the mice injected C1498 cells had a
higher plasma levels of TNF-α than the vehicle control mice
(Figure 1E). The results suggested that AML cells express ICOSL
and the expression of ICOSL is increased in vivo due to the
stimulation of TNF-α.

Bone Marrow-Infiltrating TREGs Express
High Levels of ICOS
Although Tregs have been shown to be prevalent in the
bone marrow microenvironment of AML patients (9), further
characteristics of these cells still need to be well-identified.
We analyzed the frequency of Treg cells and found that
the frequency of Treg cells was significantly increased in
bone marrow of AML patients compared with those of
healthy donors (Figures 2A,B) as previously reported (9).
Meanwhile, the expression of ICOS was also robustly increased
in CD4+CD25+ Foxp3+ T cells (Tregs) from bone marrow
of AML patients compared with those from healthy donors
(Figures 2A,B). We next investigated the inhibitory capability
of the ICOS+CD4+CD25high T cells (ICOS+ Tregs) against
the conventional effector T cells. As shown in Figure 2C, the
proliferation inhibition of CFSE-labeled CD4+CD25− T cells was
greater using ICOS+ Tregs than ICOS− Tregs from the same
patients with AML.

AML Cells Promotes the Induction of TREG
Cells Through the Interaction of ICOS and
ICOSL
To evaluate the critical role of ICOSL as a putative Treg
inducer, we overexpressed ICOSL in HEL cells and HL-60
cells by transducing them with plasmid carrying the full-
length human ICOSL gene. ICOSL at both mRNA and cell
surface protein levels were strongly expressed without any
stimulators (Figures 3A,B). Under in vitro induction of Tregs,
HL-60 overexpressed ICOSL inducedmore CD25+Foxp3+ Tregs

from CD4+ T cells than those with HL-60 transduced with
NC plasmids (Figure 3C). Meanwhile, Tregs induced by HL-
60 cells overexpressed ICOSL also expressed higher ICOS than
those induced by HL-60 cells transduced with NC plasmids
(Figure 3C). To further confirm the role of ICOSL as a Treg
inducer, a neutralizing anti-ICOSL antibody was used to block
the interaction of ICOS and ICOSL, and potently decreased the
induction of CD25+Foxp3+ Tregs from CD4+ cells (Figure 3D).
ICOS expression was also robustly reduced in these Tregs
(Figure 3D). Additionally, co-culture of HEL cells resulted
in the inhibition of Th1 cytokine profile (decreased IFN-γ)
and promoting the expansion of Th17 cells from CD4+ cells
(Figure S2).

Il-10 Secreted by TREG Cells Promotes the
Proliferation of AML Cells
In addition to direct killing of cytotoxic cells and modulation
of other immune cells, Treg cells secrete immunomodulatory
cytokines, in particular TGF-β and IL-10, to directly affect
tumor cells. As shown in Figure 4A, elevated levels of IL-
10 was observed in circulating blood and bone marrow
microenvironment. As expected, ICOS+ Tregs secreted more
IL-10 than ICOS− Tregs (Figure 4B). IL-10 stimulation dose-
dependently promoted the proliferation of HL-60 cells and HEL
cells (Figure 4C). We further analyzed the signaling pathways
closely related with cell proliferation. On IL-10 stimulation,
Erk1/2, p38, and Stat3 were phosphorylated at 1 h, lasting for 5 h.
Akt was also phosphorylated with the peak phosphorylation at 3–
6 h apparently later than other three proteins in HL-60 cells and
HEL cells (Figure 4D).

Anti-ICOSL Antibody Restores
C1498-Induced Elevation of Regulatory T
Cells in an AML Model
The examinations of bone marrow smear and biopsy
demonstrated that the C1498 AML model had been established
on 15 days after intravenous injection (Figures 5A,B). We found
the expression of ICOSL were gradually enhanced when C1498
cells were injected into the blood (Figure 1D). When the mice
injected C1498 cells were sacrificed, the expression of ICOSL in
mononuclear cells isolated from peripheral blood, bone marrow,
and spleen were significantly increased at both mRNA and cell
surface protein levels (Figures 5C,D, S3). The antibody against
ICOSL did not affect the expression of ICOSL of mononuclear
cells on these tissues (Figures 5C,D, Figure S3). The frequency
of Treg cells and ICOS+ Tregs were significantly increased
in peripheral blood, bone marrow and spleen in C1498 AML
model compared to those of the vehicle mice (Figures 5E,F,
Figure S3). Meanwhile, decreased Th1 cell frequency and
increased Th17 and Th2 cell frequencies were also occurred
in bone marrow and spleen in C1498 AML model compared
to those of the vehicle mice (Figure S4). The antibody against
ICOSL markedly decreased the frequency of Tregs and ICOS+

Tregs in peripheral blood, bone marrow and spleen (Figure 5E,F,
Figure S3). Meanwhile, this antibody injected also increased
the frequency of Th1 cells and decreased the frequencies
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FIGURE 5 | Blockade of ICOS signaling by anti-ICOSL mAb retards the progression of C1498-injected AML mice by impairing the generation of Tregs.

(A,B) Representative images and statistical data about immature leucocyte cells were shown using Wright-stained bone marrow smears from 5 mice each group. The

(Continued)
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FIGURE 5 | scale bars are10µm, and arrows indicate immature leucocyte cells. ANOVA was used to determine the differences. (C) The mRNA expression of ICOSL

of bone marrow mononuclear cells were determined using qRT-PCR in 5 mice each group. ANOVA was used to determine the differences. (D) Histograms showing

the expression of ICOSL of bone marrow mononuclear cells were representatives of 5 mice each group. The black lines indicate isotype control, and the red lines

indicate the expression of ICOSL. ANOVA was used to determine the differences. (E) The frequencies of CD4+CD25+Foxp3+ cells was significantly increased in the

bone marrow microenvironment of C1498-injected mice and anti-ICOSL mAb dramatically reduced the generation of CD4+CD25+Foxp3+ cells in bone marrow.

(F) Blockade of ICOS signaling by anti-ICOSL mAb reduced the generation of CD4+ ICOS+Foxp3+ cells in bone marrow of C57B6/L mice elicited by injection of

C1498 cells. Representative images and statistical data were shown for 5 mice each group. ANOVA was used to determine the differences. *P < 0.05, **P < 0.01,

***P < 0.001, NS stands for not significant.

of Th17 and Th2 in C1498 cells injected mice (Figure S3).
Finally, the immature leucocyte cells in bone marrow smear
were dramatically reduced in the mice injected the antibody
against ICOSL (Figures 5A,B). These data demonstrate a crucial
role of ICOS/ICOSL signaling for the generation of ICOS+

Tregs.

Prognostic Significance of the ICOSL
Expression of Patient AML Cells, TREGs,
and ICOS+ TREGs
To investigate whether the ICOS/ICOSL pathway affects the
clinical outcome, the survival of AML patients was examined.
When AML patients were classified into two groups using the
median of ICOSL positivity, cases in high ICOSL group (n =

61, named ICOSLhigh AML) showed a short but not statistically
significant overall survival and a markedly shorter disease-
free survival compared with ICOSLlow AML cases (n = 60;
Figure 6A). Meanwhile, the influence of Treg cell frequency in
bone marrow on patient survival was analyzed. The patients
were divided into two groups based on the median frequency
of Treg cells. The overall survival and disease-free survival in
high Treg group were significantly shorter than those in low Treg
group (Figure 6B), suggesting that increased Treg cell frequency
might be an unfavorable prognostic marker for AML patients.
Furthermore, the frequency of ICOS+Tregs was determined and
the patients were divided into two groups based on the median
frequency of ICOS+Tregs. The overall survival and disease-free
survival in high ICOS+Treg group was evidently shorter than
those in low ICOS+Treg group (Figure 6C).

DISCUSSION

Costimulatory molecules of the B7 family are essential for T cell
activation during antigen recognition on APCs and other tissues.
In tumor, some B7 family members are immune suppressive
and facilitate immune evasion. For example, B7-H1 broadly
detectable on the majority of tumors, can deliver an potent
inhibitory signal to its receptor PD-1 on T cells, whereby B7-
H1 inhibits the expansion and survival of antitumor T cells and
is associated with worse prognosis (26). The results presented
in this study demonstrate that a high proportion of AML cells
express cell surface ICOSL. We found that a proinflammatory
cytokine TNF-α could upregulate the expression of ICOSL in
AML cells. Blockade of ICOS signaling by application of a
blocking anti-ICOSLmAb impaired the interaction between Treg
cells and tumor cells and improved disease.

ICOSL expression in the tumor microenvironment serves
as a potential source mediating powerful costimulation for the
tumor-infiltrating lymphocytes. For example, ICOSL expressed
onmesenchymal stem cells, andmelanoma cells, can promote the
induction and expansion of IL-10-producing CD4+ T cells (12,
27). In this study, we found that ICOSL expressed by AML cells
could costimulate Tregs to induce high levels of Foxp3, CD25,
and ICOS. The co-culture of CD4+ T cells and AML cells suggest
that tumor cells themselves may act as direct APC. In contrast,
blockade of ICOSL during T cell activation reduced Foxp3
expression but did not eliminate it, indicating that there are some
other factor influencing Foxp3 expression, such as TCR signals
and perhaps other tumor factors. Thus, our results are consistent
with a previous report that signaling via ICOS considerably
contributes to the survival and expansion of Foxp3+ Tregs and
does not only control the pool size of effector and memory
T cells (28). Several studies have also shown that AML cells
expressed other molecules, such as indoleamine 2, 3-dioxygenase
(29, 30), to induce the expansion of Tregs. Additionally, B7-2

expressed by AML cells has also been reported to be capable
to directly provoking Th-cell responses, and subsequently, the
interaction between stimulated T cells and AML cells results in
upregulation of inhibitory B7-H1 and B7-DC on AML cells that

may contribute to immune evasion in AML (19).
As found here, increased expression of ICOS has been

found in subsets of activated Foxp3+ Tregs from peripheral
blood (31). Since responses measured in the blood may not
always overlap with those measured in the bone marrow, it

is critical to identify the relation between immune cells and
signaling at the tumor microenvironment. Elevated ICOS+

Tregs were also present in bone marrow of AML patients,

indicating an active presence of these cells in the tumor
microenvironment. Moreover, ICOS+ Tregs were demonstrated
to elicit superior suppressive activity in our and other studies
(32). Taken together, these data indicate that ICOS+ Tregs

are a subset of recently activated Tregs as a result of contact
with tumor self-antigens and are critical in maintaining self-
tolerance. This is in keeping with recent data showing an
association of ICOS expression and IL-10-producing capacity

in human Tregs and Tr1 cells. Data showing reduced ICOS+

Treg frequencies in the pancreatic tissue in a mouse model of
type I diabetes further support this notion (33). ICOS+Tregs

confer a strong suppressive capacity to influence other anti-
tumor immune effector cells and have be a stronger predictor
for clinical outcome than total Tregs in several tumors (34). It
will be important to determine the levels of ICOSL expression
in a larger number of primary AML samples and determine
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FIGURE 6 | Increased expression of ICOSL in patient AML cells, increased frequencies of Tregs and ICOS+ Tregs predict poor survival in AML patients. Kaplan-Meier

curves for overall survival and disease-free survival were assessed in ICOSL expression of patient AML cells (A), frequencies of Tregs (B) and ICOS+ Tregs (C), in

bone marrow microenvironment of 121 patients with AML. The log-rank method was used to test for differences in survival.

whether ICOSL+ tumor cells are associated with increased
infiltrating Tregs and poorer overall survival. In this study, we
found that AML patients with the high expression of ICOSL
have a shorter disease-free survival than those with the low
expression of ICOSL. Moreover, the frequency of ICOS+ Tregs
was a better predictor than that of total Tregs in patients with
AML.

From a clinical standpoint, inhibition of ICOS expression or
blocking ICOS costimulatory signaling may be of therapeutic
benefit. In this study, we found that blockade of ICOSL in vivo
can in fact reduced Tregs in the tumor environment; however,
careful dissection of the role of ICOS costimulation blockade on
Tregs vs. effector T cells needs to be addressed. Furthermore,
ICOSL on AML cells enhanced Treg proliferation and stimulated
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them to produce soluble factors, one of which, IL-10, further
promotes the proliferation of AML cells.

In summary, our results suggested that AML cells
expressed ICOSL promote the expansion of ICOS+ Tregs
in tumor environment, and ICOS+ Tregs further promote the
proliferation of AML cells through secreting IL-10. Therefore,
we speculate that blockade of ICOS/ICOSL signaling may be a
specific, targeted therapy for AML.

AUTHOR CONTRIBUTIONS

SZ and KY designed the study and supervised the manuscript
preparation. YH and YD performed the research. YH, YD, and SZ
analyzed the data and wrote the manuscript. QY, WX, SJ, and ZY
participated in the collection of patients’ data. All of the authors
agreed to submit the final manuscript.

ACKNOWLEDGMENTS

This work was supported by National Natural Science
Foundation of China (No. 81300430), Zhejiang Provincial

Natural Science Foundation of China (No. LY16H080007),
and the grant of Wenzhou Municipal Science and Technology
Bureau (No. Y20150006, Y20150031).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2018.02227/full#supplementary-material

Table S1 | Clinical characteristics of patients with AML excluding APL with

t(15;17)(q22;q12); PML-RARA.

Table S2 | The sequences of the primers used for real-time qPCR.

Figure S1 | Several other cytokines including IFN-γ, IL-10, IL-17A, or IL-21 almost

do not influence the expression of ICOSL on two AML cell lines HL-60 and HEL.

Figure S2 | Interaction with HEL cells suppresses Th1 cells and promotes Th17

cells in the CD4+ T cells.

Figure S3 | Blockade of ICOS signaling by anti-ICOSL mAb increases Th1 cells

and decreases Th17 and Th2 cells in C1498-injected AML mice.

Figure S4 | Blockade of ICOS signaling by anti-ICOSL mAb impairs the

generation of Tregs in peripheral blood and spleen of C1498-injected mice.

REFERENCES

1. Maynadie M, Girodon F, Manivet-Janoray I, Mounier M, Mugneret

F, Bailly F, et al. Twenty-five years of epidemiological recording on

myeloid malignancies: data from the specialized registry of hematologic

malignancies of Cote d’Or (Burgundy, France). Haematologica (2011) 96:55–

61. doi: 10.3324/haematol.2010.026252

2. Konopleva MY, Jordan CT. Leukemia stem cells and microenvironment:

biology and therapeutic targeting. J Clin Oncol. (2011) 29:591–9.

doi: 10.1200/JCO.2010.31.0904

3. Campbell DJ, Koch MA. Phenotypical and functional specialization

of FOXP3+ regulatory T cells. Nat Rev Immunol. (2011) 11:119–30.

doi: 10.1038/nri2916

4. Ooi JD, Petersen J, Tan YH, Huynh M, Willett ZJ, Ramarathinam SH, et al.

Dominant protection from HLA-linked autoimmunity by antigen-specific

regulatory T cells. Nature (2017) 545:243–7. doi: 10.1038/nature22329

5. Cai S, Hou J, Fujino M, Zhang Q, Ichimaru N, Takahara S, et al. iPSC-

derived regulatory dendritic cells inhibit allograft rejection by generating

alloantigen-specific regulatory T cells. Stem Cell Rep. (2017) 8:1174–89.

doi: 10.1016/j.stemcr.2017.03.020

6. Facciabene A, Motz GT, Coukos G. T-regulatory cells: key players in

tumor immune escape and angiogenesis. Cancer Res. (2012) 72:2162–71.

doi: 10.1158/0008-5472.CAN-11-3687

7. Overacre-Delgoffe AE, Chikina M, Dadey RE, Yano H, Brunazzi EA, Shayan

G, et al. Interferon-gamma drives treg fragility to promote anti-tumor

immunity. Cell (2017) 169:1130–41 e11. doi: 10.1016/j.cell.2017.05.005

8. Saito T, Nishikawa H, Wada H, Nagano Y, Sugiyama D, Atarashi K, et al.

Two FOXP3+CD4+ T cell subpopulations distinctly control the prognosis of

colorectal cancers. Nat Med. (2016) 22:679–84. doi: 10.1038/nm.4086

9. Shenghui Z, Yixiang H, Jianbo W, Kang Y, Laixi B, Yan Z, et al. Elevated

frequencies of CD4+ CD25+ CD127lo regulatory T cells is associated to

poor prognosis in patients with acute myeloid leukemia. Int J Cancer (2011)

129:1373–81. doi: 10.1002/ijc.25791

10. Valzasina B, Piconese S, Guiducci C, Colombo MP. Tumor-induced

expansion of regulatory T cells by conversion of CD4+CD25- lymphocytes

is thymus and proliferation independent. Cancer Res. (2006) 66:4488–95.

doi: 10.1158/0008-5472.CAN-05-4217

11. Busse M, Krech M, Meyer-Bahlburg A, Hennig C, Hansen G. ICOS

mediates the generation and function of CD4+CD25+Foxp3+ regulatory

T cells conveying respiratory tolerance. J Immunol. (2012) 189:1975–82.

doi: 10.4049/jimmunol.1103581

12. Lee HJ, Kim SN, Jeon MS, Yi T, Song SU. ICOSL expression in human bone

marrow-derived mesenchymal stem cells promotes induction of regulatory T

cells. Sci Rep. (2017) 7:44486. doi: 10.1038/srep44486

13. Thornton AM, Korty PE, Tran DQ, Wohlfert EA, Murray PE, Belkaid Y,

et al. Expression of Helios, an Ikaros transcription factor family member,

differentiates thymic-derived from peripherally induced Foxp3+ T regulatory

cells. J Immunol. (2010) 184:3433–41. doi: 10.4049/jimmunol.0904028

14. Redpath SA, van der Werf N, Cervera AM, MacDonald AS, Gray D, Maizels

RM, et al. ICOS controls Foxp3+ regulatory T-cell expansion, maintenance

and IL-10 production during helminth infection. Eur J Immunol. (2013)

43:705–15. doi: 10.1002/eji.201242794

15. Le KS, Thibult ML, Just-Landi S, Pastor S, Gondois-Rey F, Granjeaud S,

et al. Follicular B lymphomas generate regulatory T cells via the ICOS/ICOSL

pathway and are susceptible to treatment by anti-ICOS/ICOSL therapy.

Cancer Res. (2016) 76:4648–60. doi: 10.1158/0008-5472.CAN-15-0589

16. Dong C, Juedes AE, Temann UA, Shresta S, Allison JP, Ruddle NH, et al. ICOS

co-stimulatory receptor is essential for T-cell activation and function. Nature

(2001) 409:97–101. doi: 10.1038/35051100

17. Nagase H, Takeoka T, Urakawa S, Morimoto-Okazawa A, Kawashima A,

Iwahori K, et al. ICOS+ Foxp3+ TILs in gastric cancer are prognostic markers

and effector regulatory T cells associated withHelicobacter pylori. Int J Cancer

(2017) 140:686–95. doi: 10.1002/ijc.30475

18. Tamura H, Dan K, Tamada K, Nakamura K, Shioi Y, Hyodo H, et al.

Expression of functional B7-H2 and B7.2 costimulatory molecules and their

prognostic implications in de novo acute myeloid leukemia. Clin Cancer Res.

(2005) 11:5708–17. doi: 10.1158/1078-0432.CCR-04-2672

19. Dolen Y, Esendagli G. Myeloid leukemia cells with a B7-2+ subpopulation

provoke Th-cell responses and become immuno-suppressive through

the modulation of B7 ligands. Eur J Immunol. (2013) 43:747–57.

doi: 10.1002/eji.201242814

20. Vardiman JW, Thiele J, Arber DA, Brunning RD, Borowitz MJ, Porwit A, et al.

The 2008 revision of the World Health Organization (WHO) classification

of myeloid neoplasms and acute leukemia: rationale and important changes.

Blood (2009) 114:937–51. doi: 10.1182/blood-2009-03-209262

21. Wu J, Hu G, Dong Y, Ma R, Yu Z, Jiang S, et al. Matrine induces Akt/mTOR

signalling inhibition-mediated autophagy and apoptosis in acute myeloid

leukaemia cells. J Cell Mol Med. (2017) 21:1171–81. doi: 10.1111/jcmm.13049

Frontiers in Immunology | www.frontiersin.org 12 September 2018 | Volume 9 | Article 2227

https://www.frontiersin.org/articles/10.3389/fimmu.2018.02227/full#supplementary-material
https://doi.org/10.3324/haematol.2010.026252
https://doi.org/10.1200/JCO.2010.31.0904
https://doi.org/10.1038/nri2916
https://doi.org/10.1038/nature22329
https://doi.org/10.1016/j.stemcr.2017.03.020
https://doi.org/10.1158/0008-5472.CAN-11-3687
https://doi.org/10.1016/j.cell.2017.05.005
https://doi.org/10.1038/nm.4086
https://doi.org/10.1002/ijc.25791
https://doi.org/10.1158/0008-5472.CAN-05-4217
https://doi.org/10.4049/jimmunol.1103581
https://doi.org/10.1038/srep44486
https://doi.org/10.4049/jimmunol.0904028
https://doi.org/10.1002/eji.201242794
https://doi.org/10.1158/0008-5472.CAN-15-0589
https://doi.org/10.1038/35051100
https://doi.org/10.1002/ijc.30475
https://doi.org/10.1158/1078-0432.CCR-04-2672
https://doi.org/10.1002/eji.201242814
https://doi.org/10.1182/blood-2009-03-209262
https://doi.org/10.1111/jcmm.13049
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Han et al. ICOSL Promotes Treg Expansion in AML

22. Raynor J, Karns R, Almanan M, Li KP, Divanovic S, Chougnet CA, et al. IL-6

and ICOS antagonize bim and promote regulatory T cell accrual with age. J

Immunol. (2015) 195:944–52. doi: 10.4049/jimmunol.1500443

23. Gao Y, Xu B, Zhang P, He Y, Liang X, Liu J, et al. TNF-alpha regulates mast

cell functions by inhibiting cell degranulation. Cell Physiol Biochem. (2017)

44:751–62. doi: 10.1159/000485288

24. Tsimberidou AM, Estey E, Wen S, Pierce S, Kantarjian H, Albitar M, et al.

The prognostic significance of cytokine levels in newly diagnosed acute

myeloid leukemia and high-risk myelodysplastic syndromes. Cancer (2008)

113:1605–13. doi: 10.1002/cncr.23785

25. Wang M, Zhang C, Tian T, Zhang T, Wang R, Han F, et al. Increased

regulatory T cells in peripheral blood of acute myeloid leukemia patients

rely on tumor necrosis factor (TNF)-alpha-TNF Receptor-2 Pathway. Front.

Immunol. (2018) 9:1274. doi: 10.3389/fimmu.2018.01274

26. Sun C, Mezzadra R, Schumacher TN. Regulation and Function of the PD-L1

Checkpoint. Immunity (2018) 48:434–52. doi: 10.1016/j.immuni.2018.03.014

27. Martin-Orozco N, Li Y, Wang Y, Liu S, Hwu P, Liu YJ, et al. Melanoma cells

express ICOS ligand to promote the activation and expansion of T-regulatory

cells. Cancer Res. (2010) 70:9581–90. doi: 10.1158/0008-5472.CAN-10-1379

28. Burmeister Y, Lischke T, Dahler AC,Mages HW, LamKP, Coyle AJ, et al. ICOS

controls the pool size of effector-memory and regulatory T cells. J Immunol.

(2008) 180:774–82. doi: 10.4049/jimmunol.180.2.774

29. Curti A, Pandolfi S, Valzasina B, Aluigi M, Isidori A, Ferri E, et al.

Modulation of tryptophan catabolism by human leukemic cells results in the

conversion of CD25- into CD25+ T regulatory cells. Blood (2007) 109:2871–7.

doi: 10.1182/blood-2006-07-036863

30. Curti A, Trabanelli S, Onofri C, Aluigi M, Salvestrini V, Ocadlikova D, et al.

Indoleamine 2,3-dioxygenase-expressing leukemic dendritic cells impair

a leukemia-specific immune response by inducing potent T regulatory

cells. Haematologica (2010) 95:2022–30. doi: 10.3324/haematol.2010.

025924

31. Miyara M, Yoshioka Y, Kitoh A, Shima T, Wing K, Niwa A, et al.

Functional delineation and differentiation dynamics of human CD4+ T

cells expressing the FoxP3 transcription factor. Immunity (2009) 30:899–911.

doi: 10.1016/j.immuni.2009.03.019

32. Gotsman I, Grabie N, Gupta R, Dacosta R, MacConmara M, Lederer J,

et al. Impaired regulatory T-cell response and enhanced atherosclerosis in the

absence of inducible costimulatory molecule. Circulation (2006) 114:2047–55.

doi: 10.1161/CIRCULATIONAHA.106.633263

33. Kornete M, Sgouroudis E, Piccirillo CA. ICOS-dependent homeostasis and

function of Foxp3+ regulatory T cells in islets of nonobese diabetic mice. J

Immunol. (2012) 188:1064–74. doi: 10.4049/jimmunol.1101303

34. Conrad C, Gregorio J, Wang YH, Ito T, Meller S, Hanabuchi S, et al.

Plasmacytoid dendritic cells promote immunosuppression in ovarian cancer

via ICOS costimulation of Foxp3+ T-regulatory cells. Cancer Res. (2012)

72:5240–9. doi: 10.1158/0008-5472.CAN-12-2271

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Han, Dong, Yang, Xu, Jiang, Yu, Yu and Zhang. This is an open-

access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Immunology | www.frontiersin.org 13 September 2018 | Volume 9 | Article 2227

https://doi.org/10.4049/jimmunol.1500443
https://doi.org/10.1159/000485288
https://doi.org/10.1002/cncr.23785
https://doi.org/10.3389/fimmu.2018.01274
https://doi.org/10.1016/j.immuni.2018.03.014
https://doi.org/10.1158/0008-5472.CAN-10-1379
https://doi.org/10.4049/jimmunol.180.2.774
https://doi.org/10.1182/blood-2006-07-036863
https://doi.org/10.3324/haematol.2010.025924
https://doi.org/10.1016/j.immuni.2009.03.019
https://doi.org/10.1161/CIRCULATIONAHA.106.633263
https://doi.org/10.4049/jimmunol.1101303
https://doi.org/10.1158/0008-5472.CAN-12-2271
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Acute Myeloid Leukemia Cells Express ICOS Ligand to Promote the Expansion of Regulatory T Cells
	Introduction
	Materials and Methods
	Selection of Patients
	Isolation and Culture of TREGs and TEFFs
	Immunostaining and Flow Cytometric Analysis
	Quantitative RT-PCR for Gene Expression Analysis
	Cytokine Analysis
	Cell Viability Assay
	Western Blot Assay
	C1498 AML Model
	Statistical Analysis

	Results
	Expression and Induction of ICOSL Molecules on AML Cells
	Bone Marrow-Infiltrating TREGs Express High Levels of ICOS
	AML Cells Promotes the Induction of TREG Cells Through the Interaction of ICOS and ICOSL
	Il-10 Secreted by TREG Cells Promotes the Proliferation of AML Cells
	Anti-ICOSL Antibody Restores C1498-Induced Elevation of Regulatory T Cells in an AML Model
	Prognostic Significance of the ICOSL Expression of Patient AML Cells, TREGs, and ICOS+ TREGs

	Discussion
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


