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ABSTRACT
Myeloid-derived suppressor cells (MDSC) are a heterogeneous population of early myeloid cells that
accumulate in the blood and tumors of patients with cancer. MDSC play a critical role during tumor
evasion and promote immune suppression through variety of mechanisms, such as the generation of
reactive oxygen and nitrogen species (ROS and RNS) and cytokines. AMPactivated protein kinase (AMPK) is
an evolutionarily conserved serine/threonine kinase that regulates energy homeostasis and metabolic
stress. However, the role of AMPK in the regulation of MDSC function remains largely unexplored. This
study was designed to investigate whether treatment of MDSC with OSU-53, a PPAR-inactive derivative
that stimulates AMPK kinase, can modulate MDSC function. Our results demonstrate that OSU-53
treatment increases the phosphorylation of AMPK, significantly reduces nitric oxide production, inhibits
MDSC migration, and reduces the levels of IL-6 in murine MDSC cell line (MSC2 cells). OSU53 treatment
mitigated the immune suppressive functions of murine MDSC, promoting T-cell proliferation. Although
OSU-53 had a modest effect on tumor growth in mice inoculated with EMT-6 cells, importantly,
administration of OSU53 significantly (p < 0.05) reduced the levels of MDSC in the spleens and tumors.
Furthermore, mouse MDSC from EMT-6 tumor-bearing mice and human MDSC isolated from melanoma
patients treated with OSU-53 showed a significant reduction in the expression of immune suppressive
genes iNOS and arginase. In summary, these results demonstrate a novel role of AMPK in the regulation of
MDSC functions and provide a rationale of combining OSU-53 with immune checkpoint inhibitors to
augment their response in cancer patients.

Abbreviations: AICAR, 5-aminoimidazole-4-carboxamide ribose; AMPK, AMP-activated protein kinase; IL-6, interleu-
kin-6; MDSC, myeloid-derived suppressor cell; NOS, nitric oxide synthase; TME, tumor microenvironment; TNF-a,
tumor necrosis factor a.
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Introduction

The tumor microenvironment (TME) is composed of an extra-
cellular matrix containing tumor cells, endothelial cells, fibro-
blasts, and a diverse population of immune cells.1 During the
course of tumor progression, the TME is altered to facilitate the
growth of cancer cells. A number of immune suppressive cells
have been identified within the TME including myeloid-derived
suppressor cells (MDSC), tumor-associated macrophages,
and T-regulatory cells that can suppress the functions of innate
and adaptive immune cells.2,3

MDSC are a heterogeneous group of cells consisting of gran-
ulocytes, monocytes, and dendritic cells at early stages of devel-
opment.4,5 In humans, MDSC are characterized by the
phenotypic markers CD33CCD11bCHLADRlow/neg with granu-
locytic and monocytic subsets being identified by the presence
of CD15C and CD14C, respectively.3,4 In mice, MDSC are

identified as CD11bC/Gr-1C cells with granulocytic and mono-
cytic subsets classified by the expression of Ly6G and Ly6C,
respectively.6 MDSC reside in the peripheral blood, lymphoid
organs, and tumors of mice and their numbers correlate with
tumor burden.7 MDSC can suppress immune cell functions via
a variety of mechanisms including the generation of reactive
oxygen species (ROS), nitric oxide (NO), indoleamine 2,3-diox-
ygenase (IDO), arginase and immunosuppressive cytokines (IL-
6 and TGF-b) attenuating NK- and T-cell functions.6,8,9 Studies
in murine models indicate that disruption of MDSC function
can reverse immune tolerance to tumor antigens, stimulate
antitumor immune responses and inhibit tumor growth.10

Immune therapies target cancer cells for destruction by acti-
vating the host immune system. However, the presence of
immune suppressive cells such as MDSC in the TME can be a
major impediment to immune-based therapies. Various
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experimental approaches have been explored to target MDSC
in mouse models of cancer and this includes (1) agents that
promote the differentiation of MDSC into mature myeloid cells
(e.g., all trans retinoic acid, ATRA); (2) compounds that can
block MDSC development (e.g., STAT3 inhibitors); (3) drugs
that deplete MDSC (e.g., 5FU); and (4) direct inhibitors of
MDSC immune suppressive function (e.g., iNOS inhibitors).
Strategies targeting MDSC may be clinically used in combina-
tion with immune-based therapies for the treatment of cancer
patients.11

AMP-activated protein kinase (AMPK) is an evolutionarily
conserved serine/threonine kinase that regulates energy
homeostasis and metabolic stress.12,13 The role of AMPK in
regulating energy homeostasis is well established.13 In the liver,
AMPK inhibits fatty acid synthesis and cholesterol synthesis.14

AMPK has also been shown to inactivate the mammalian target
of rapamycin (mTOR) pathway via phosphorylation and
activate the tuberous sclerosis complex-2 (TSC2).15 A potential
role of AMPK in suppression of inflammatory responses
has been suggested in studies using the pharmacological
activator of AMPK, 5-aminoimidazole-4-carboxamide ribose
(AICAR).16 Given AMPK’s role as a master sensor and regula-
tor of cellular energy, it is not surprising that this signaling
pathway is deregulated in a variety of disease states, including
cancer. Metformin a pharmacologic activator of AMPK has
been shown to reduce risk of certain types of cancers in patients
with type II diabetes.17,18 Several early stage clinical studies are
now under way to investigate the potential of metformin to pre-
vent different cancers or augment the efficacy of standard che-
motherapy regimen.19

OSU-53 is a novel orally bioavailable thiazolidinedione
derivative that has been shown to stimulate AMPK kinase in
triple negative breast cancer cells.20 Preclinical studies using
other pharmacological activators of AMPK such as metformin
and AICAR have shown that these agents can inhibit carcino-
gen-induced tumorigenesis in mouse models.16,21 Conventional
AMPK activators, including metformin, cause AMPK activa-
tion by generating an intracellular energy deficit via increased
AMP:ATP ratios.22 This leads to metabolic stress that can
induce AMPK independent cellular responses. To circumvent
this problem, an allosteric AMPK activator OSU-53 was devel-
oped by our group.23 OSU-53 directly activates the kinase activ-
ity of recombinant AMPK a1b1g2 by binding to the auto-
inhibitory domain resulting in its activation. AMPK activation
has also been shown to suppress the expression of the inflam-
matory cytokine IL-6, which promotes tumor growth by acti-
vating the Jak2/Stat3 signaling pathway.20,24 Treatment of a
panel of breast and prostate cancer cells with OSU-53 reduced
tumor growth by blocking oncogenic signaling and energy
metabolism.25 Recently our group has demonstrated that
OSU-53 reduced the growth of thyroid cancer cells and those
cells harboring the activating RAS or BRAF mutations were
more sensitive to OSU-53-mediated inhibition.26 In addition,
OSU-53 can modulate signaling pathways downstream of the
AMPK involved in the survival, mitochondrial biogenesis, and
cytokine production.20

The present study was designed to investigate the effect of
OSU-53 an AMPK activator, in the regulation of MDSC func-
tion. Our results demonstrate that OSU-53 treatment leads to

the activation of phospho-AMPK, inhibits NO production, and
reduces MDSC migration and cytokine production in vitro.
Moreover, OSU-53 treatment reduced the immune suppressive
function of murine and human MDSC and significantly
reduced the frequency of MDSC in tumor-bearing mice. These
results suggest that AMPK plays an important role in the
regulation of MDSC function.

Results

OSU-53 treatment affects apoptosis of a murine MDSC cell
line (MSC2)

The mouse MDSC cell line (MSC2) was used to examine the
effects of the AMPK activator OSU-53, a PPAR-inactive deriva-
tive, on murine MDSC cell line in vitro (Fig. S1). MSC2 cells
were treated overnight with various doses of OSU-53
(0–10 mM) or DMSO (vehicle) to determine whether OSU-53
was cytotoxic to MSC2 cells. Cells were stained with Annexin/
PI and analyzed by flow cytometry to determine the percentage
of apoptotic cells. OSU-53 treatment did not induce significant
apoptosis up to a dose of 5.0 mM (Fig. 1A). However, there was
an increase in the number of apoptotic cells at a dose of
10 mM. Similarly, OSU-53 was not cytotoxic to monocytes iso-
lated from normal donors and did not induce any apoptosis at
doses ranging between 0.5 mM and 10 mM as determined by
annexin/PtdIns staining (Fig. 1B). Moreover, OSU-53 treat-
ment did not induce apoptosis in EMT-6 tumor cells as deter-
mined by FACS analysis, described above (Fig. S2). Based on
results of these experiments a dose range of 0–5.0 mM was
selected for the subsequent experiments.

OSU-53 treatment leads to the activation of AMPK
in MDSC

OSU-53 has been shown to stimulate AMPK kinase in triple
negative breast cancer cells.20 To investigate whether OSU-53
could activate AMPK activity in MDSC, MSC2 cells were
treated with OSU-53 or DMSO for 12 h after which protein
lysates were prepared. As shown by the immunoblot analysis,
there was an increase in the levels of phosphorylated AMPK
following the treatment of MSC2 with 5.0 mM of OSU-53
(Fig. 2 and Fig. S3). The overall levels of AMPK in MSC2 cells
treated with OSU-53 remained unchanged.

OSU-53 treatment leads to an attenuation of
NO production

NO is an important inhibitory molecule produced by MDSC
that is involved in the suppression of NK-cell and T-cell func-
tion and is produced by MSC2 cells after LPS treatment.7 To
examine the affect OSU-53 on the levels of NO, MSC2 cells
were treated with the indicated doses of OSU-53 and stimulated
with LPS for 24 h. Following the incubation, supernatants were
collected and analyzed for levels of nitrite using the Griess
reagent. Activation of MSC2 cells with LPS in the presence of
DMSO resulted in an increase in the levels of nitrite from
2 mM to 25 mM. However, there was a significant reduction
(p < 0.05) in the level of nitrite in the LPS stimulated MSC2
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cells treated with 5 mM of OSU-53 (Fig. 3A). Furthermore,
MSC2 cells treated with 5.0 mM OSU-53 showed a significant
reduction in expression of iNOS (NOS2), a gene involved in
the generation of NO (Fig. 3B). Similarly, MSC2 cells treated
with another AMPK activator, metformin at concentrations of
2.5 mM–10 mM, showed a reduction in levels of NO produc-
tion. The concentration of metformin required for NO inhibi-
tion was nearly 1,000-fold higher than OSU-53, demonstrating

that OSU-53 and metformin may function via different mecha-
nisms at inhibiting NO generation (Fig. S4).

NO and arginase are two key molecules that are involved in
mediating the immune suppressive function of MDSC.27

MDSC isolated from EMT-6 tumor-bearing mice were treated
with OSU-53 (5 mM) or DMSO showed a significant reduction
(p < 0.01) in the expression of iNOS and arginase genes. Cox2
and PGE2 represent two other signaling pathways that are

Figure 1. Effect of OSU-53 on the apoptosis of MSC2 cells. (A) MSC2 cells were treated with the indicated doses of OSU-53 or DMSO overnight and analyzed by FACS. (B)
Monocytes isolated from healthy donors (n = 2) were treated overnight with the indicated doses of OSU-53 and DMSO (control). The cells were stained with AnnexinV/PI
and analyzed via FACS to determine the percentage of apoptotic cells. Values represent mean § SD.
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involved in the regulation of MDSC development and func-
tion.28,29 To determine whether AMPK activation affects the
expression of Ptgs2, Ptger2, and Ptger4 genes, we performed

RT-PCR on murine MDSC treated with OSU-53 or DMSO.
There was a 30–40% reduction in the expression of these genes
compared to DMSO-treated controls (Fig. S5).

MDSC accumulate in the blood and tumors of patients with
cancer and are implicated in the failure of immune-based ther-
apies, indicating that strategies aimed at depleting or blocking
their immune suppressive function could be a successful strat-
egy to improve the efficacy.3,30 Human MDSC isolated from
melanoma patients were incubated overnight with OSU-53
(5.0 mM) or DMSO. The expression of iNOS and arginase
genes was determined using RT-PCR. OSU-53 treatment
resulted in a significant reduction in the expression of both
iNOS (2.5-fold) and arginase (30-fold) genes in human MDSC
compared to the DMSO-treated controls (Fig. 3E and F). These
results demonstrate that OSU-53 can modulate immune sup-
pressive functions of MDSC by inhibiting iNOS and arginase
expression.

OSU-53 treatment reduces MDSC migration

Tumor cells secrete cytokines and chemokines that promote the
recruitment of MDSC into the tumor stroma. To assess

Figure 2. Increased expression of phosphorylated AMPK in MDSC treated with
OSU53. (A) Immunoblot showing the expression of p-AMPK and total AMPK in MSC2
cells treated with the indicated doses of OSU-53 or DMSO for 12 h. Protein lysates
from MSC2 cells were probed with p-AMPK, total AMPK, and ß-Actin antibodies.
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Figure 3. Reduction iNOS and arginase expression in murine and human MDSC treated with OSU-53. (A) MSC2 cells were treated with indicated doses of OSU-53 or DMSO
(control) overnight and then stimulated with LPS. The levels of nitrite were measured in the supernatant using Griess reagent. (B) Fold change in NOS2 (iNOS) gene expression
in MSC2 cells was treated with indicated doses of OSU-53 or DMSO. (C-D) iNOS and arginase gene expression in MDSC from EMT-6 tumor-bearing mice treated OSU-53 (5 mM)
or DMSO. MDSC isolated from melanoma patients were treated overnight with DMSO or OSU-53 (5 mM). The expression of (E) inducible nitric oxide synthase and (F) arginase
was determined using real time PCR. The bars show fold change in gene expression compared to DMSO (controls). Values represent mean § SD. (p < 0.05).
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whether treatment of MDSC with OSU-53 affected their ability
to migrate in response to factors produced by EMT6-HER2C

tumor cells. Migration assays were performed using MSC2 cells
and conditioned media collected from EMT6-HER2C cancer
cells (Fig. 4A). MSC2 cells were treated with the indicated doses
of OSU-53. Cell migration was allowed to proceed for 18 h, fol-
lowing which the inserts were stained, imaged, and analyzed.
The numbers of MDSC were quantified using image J software.
These assays showed a significant reduction (p < 0.001) in
migration of MSC2 cells treated with OSU-53 compared to the
DMSO-treated controls (Fig. 4B and C). These results suggest
increased levels of p-AMPK in MDSC can impair their ability
to migrate.

Reduced levels of IL-6 and TNF-a in OSU-53 treated cells

Various signaling pathways are involved in the generation,
expansion, and regulation of MDSC functions. The ability of
OSU-53 to affect the secretion of proinflammatory cytokines
such as IL6 and TNFa was evaluated next. MSC2 cells were
treated with the indicated doses of OSU-53 and were stimulated
with LPS for 24 h. Following the incubation, supernatants were
collected and analyzed for levels of various cytokines using a
bead-based flow cytometry assay. The levels of IL-17, IL-10, IL-
2, IL-4, IFNg, IL-6, and TNF-a were analyzed. MSC2 cells acti-
vated with LPS did not produce any detectable levels of IL-17,
IL-10, IL-2, IL-4, and INFg (data not shown). Notably, there
was a decrease in the levels of IL-6 and TNF-a produced by
MSC2 following treatment with OSU-53. The treatment of
MSC2 cells with OSU-53 (5 mM) resulted in a reduction in the
levels of IL-6 (2.9-fold) and TNF-a (1.5-fold) (Fig. 5A and B).
Both of these cytokines (IL-6 and TNFa) have been shown to
have an important role in the regulation of MDSC function.5

These results are consistent with the previous studies that
showed OSU-53 can decrease the production of IL-6 by triple
negative breast cancer cells.20 However, to our knowledge, this
is the first study that shows OSU- 53 can modulate IL6 and
TNFa production by MDSC.

OSU-53 reduces MDSC mediated T-cell proliferation

Our in vitro experiments using MSC-2 cells demonstrate that
OSU-53 can attenuate MDSC functions by inhibiting the pro-
duction of nitric oxide. Next, to examine whether OSU-53 can
reduce the ability of MDSC to suppress T-cell proliferation,
MDSC isolated from the spleens of EMT6 tumor-bearing mice
were treated overnight with OSU-53 or DMSO (control), fol-
lowing which they were co-cultured with CFSE-labeled T cells.
After a 3-day incubation period, T-cell proliferation was
assessed by flow cytometry. MDSC treated with OSU-53
(5.0 mM) were less suppressive and had a reduced ability to
inhibit T-cell proliferation compared to DMSO-treated con-
trols. There was 35% decrease in the ability of OSU-53-treated
MDSC to inhibit the proliferation of CD4C T cells compared to
the control (DMSO) (Fig. 6A). Similarly, there was a trend
toward decreased CD8C T proliferation following co-culture
with OSU-53-treated MDSC (Fig. 6B). Together, these results
demonstrate that OSU-53 mitigates the immune suppressive
functions of murine MDSC.

OSU-53 reduces the levels of MDSC in tumor-bearing mice

MDSC promote tumor growth by attenuating the antitumor
function of T cells and NK cells in tumor-bearing mice and in
cancer patients.5 To examine the effect of the AMPK activator
OSU53 on the tumor growth and the frequency of MDSC, mice
bearing EMT6 murine mammary carcinoma received OSU-53
(100 mg/kg) or vehicle via oral gavage daily for a period of
2 weeks as previously reported.20 The mice treated with OSU-
53 showed a small but non-significant reduction in tumor vol-
ume (Fig. 7A). At the end of the study, spleens and tumors
were analyzed for the presence of MDSC by FACS analysis.
OSU-53 treatment resulted in a significant (p < 0.05) reduction
of Cd11bCGr-1C MDSC in the spleen and tumor (Fig. 7C and
D). This decrease in the frequency of MDSC was accompanied
by a significant (p < 0.02) reduction in spleen weight (Fig. 7B).
Furthermore, analysis of the spleens and tumors revealed that
the levels of T cells and NK cells were also increased in mice
treated with OSU-53 compared to vehicle-treated mice
(Fig. S6A–H). Examination of tumors from OSU-53 or vehicle
treated mice showed no major histopathological changes
between the 2 groups of mice (Fig. S7). The lack of significant
differences in tumor volume between vehicle- and OSU-53-
treated mice suggests that the reduction of MDSC frequency is
a direct effect of OSU-53 treatment on MDSC.

MDSC generation is not affected by OSU-53

Cytokines like IL-6 and GMCSF are involved in generation and
the expansion of MDSC during tumorigenesis.8 Therefore, the
effect of OSU-53 on the ability of peripheral blood mononu-
clear cells (PBMC) to differentiate into MDSC was investigated.
To this end, PBMCs isolated from healthy donors were cul-
tured in media containing IL-6 and GM-CSF (10 ng/mL each)
for a period of 6 d. PBMC were treated concurrently with
OSU-53 (5 mM) or DMSO. This experiment showed that OSU-
53 treatment led to a slight reduction in the ability PBMC to
differentiate into MDSC in vitro (Fig. S8).

Discussion

AMPK is a conserved serine/threonine kinase that is activated
in response to cellular stress.12 AMPK is an important signaling
molecule involved in the regulation of multiple metabolic pro-
cesses and is downregulated in cancer cells.31,32,33 However, the
role of AMPK in the regulation of MDSC function remains
largely unexplored. The results from the present study demon-
strate that treatment with a novel allosteric AMPK activator
OSU-53 leads to the activation of phospho-AMPK, inhibited
NO production, reduced MDSC migration, and decreased pro-
duction of immunosuppressive cytokines IL-6 and TNF-a in
vitro. OSU-53 was also able to mitigate the immune suppressive
functions of murine MDSC by reducing the expression of iNOS
and arginase genes. Furthermore, tumor-bearing mice treated
with OSU-53 showed a significant reduction in the levels of
MDSC. Together, these results demonstrate a novel role of
AMPK in the regulation of MDSC function and provide a ratio-
nale of combining AMPK activators with immune-based thera-
pies, including immune checkpoint inhibitors.
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OSU-53 is an orally bioavailable thiazolidinedione derivative
that has been shown to stimulate AMPK kinase.20 Preclinical
studies using other pharmacological activators of AMPK such

as metformin and AICAR have shown that these agents
can inhibit carcinogen-induced tumorigenesis in mouse
models.16,21 Conventional AMPK activators, such as

Figure 4. Reduced MSC2 migration in response to cytokines produced by tumor cells. (A) Schematic showing the experimental setup. MSC2 cells cultured in serum free
media were treated with the indicated doses of OSU-53 for 12 h. The MSC2 cells were added into the transwell insert and migration was allowed to precede overnight in
response to conditioned media from mouse EMT6-HER-2C tumor cells. (B) Representative image of inserts showing MSC2 cells after migration. (C) Quantification of the
number of migrated MSC2 cells. Values represent mean § SD.
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metformin, have low in vitro efficacy with IC50 in the millimo-
lar range and are associated with gastrointestinal side effects.22

To circumvent these problems, an allosteric AMPK activator,
OSU-53, was developed by our group.23 In contrast to metfor-
min, OSU-53 is more potent with an IC50 in the low micromo-
lar range compared to millimolar for metformin. More
importantly, OSU-53 directly activates AMPK independent of
its upstream kinase LKB1.20 This is in contrast to metformin
that activates AMPK possibly via the inhibition of AMP deami-
nase.34 The results from the current study show the concentra-
tion of metformin required for NO inhibition was nearly 1,000-
fold higher than OSU-53, demonstrating that OSU-53 and met-
formin may function via different mechanisms.

MDSC play a critical role during tumor evasion and pro-
mote immune suppression by the production of NO, ROS, argi-
nase, indolamine 2,3-dioxygenase (IDO), and suppressive
cytokines (e.g. IL10 and TGFb).30 The frequency of circulating
MDSC correlates with tumor burden and has prognostic value
in a variety of solid tumors.9 Studies in murine models indicate

that disruption of MDSC function can reverse immune toler-
ance to tumor antigens, stimulate antitumor immune
responses, and markedly inhibit tumor growth.6 Given the abil-
ity of MDSC to suppress antitumor immune responses, this cell
type has received significant interest as a potential biomarker
and therapeutic target.35 Early clinical trials also suggest that
reduction of circulating MDSC leads to improved disease spe-
cific survival.11

Considerable progress has been made in elucidating the
mechanisms that are involved in the generation, expansion,
and the signaling pathways involved in the regulation of MDSC
function. However, MDSC function at the metabolic level still
remains unclear. Immune cells including lymphocytes and
myeloid cells modulate metabolism to fulfill their energy
requirements. Thus, energy metabolism of immune effector
cells is considered as potential target for immunotherapy.

Cell migration plays a crucial role during tumor invasion
and metastasis.1 AMPK has been shown to modulate the
expression of genes involved in migration.36 Our group has

Figure 5. Levels of IL-6 and TNF-a in MSC2 cells treated with OSU-53. MSC2 cells were treated with the indicated doses of OSU-53 for 12 h, following which the cell free
supernatant were collected and analyzed for levels of TNF-a and IL-6 by ELISA. (A) TNFa (pg/mL). (B) IL-6 (pg/mL).
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previously demonstrated that OSU-53 inhibits hypoxia-
induced EMT and diminishes the capacity of breast cancer cells
to migrate by reducing the expression of genes involved in
migration, such as cadherin and vimentin.20,25 Consistent with
those studies, the results from the present study demonstrate
that OSU-53 can significantly impair the ability of MSC2 cells
to migrate in response to cytokines produced by tumors cell in
vitro. In addition, there was a significant reduction in the num-
ber of MDSC in tumor-bearing mice treated with OSU-53.
AMPK activation can reduce the expression of genes that are
involved in migration thereby impeding the recruitment of
MDSC to the tumors. A recent study by Yan et al. provides fur-
ther experimental evidence in which they showed augmented
AMPK activity can inhibit cell migration by suppressing the
phosphorylation of Pdlim5, a key protein involved in lamellipo-
dia formation.36

MDSC can suppress the antitumor functions of T cells and
NK cells via the generation of a ROS, NO, and a variety of
immune suppressive cytokines.5 Our group has previously
shown that NO generated by murine MDSC can inhibit phos-
phorylation of STAT1 thereby attenuating the NK- and T-cell
functions.9 The JAK/STAT pathway is a key signaling pathway
involved in the regulation of MDSC functions.37 Cytokines like

IL-6 and GM-CSF are involved in the generation, expansion
and in the regulation of MDSC functions. These cytokines can
activate JAK/STAT signaling pathways leading to the activation
of genes that are involved in mediating the suppressive function
of MDSC.38,39 IL-6 has been shown to directly increase iNOS
expression by activating the JAK2/STAT3 pathway in rat ven-
tricular myocytes.40,41 MSC2 cells treated with OSU-53 showed
a significant reduction in levels of NO production and levels of
IL-6 in vitro, and this could be an additional mechanism via
which OSU53 attenuates MDSC suppressive functions.

Studies by Pilon et al in myocytes have shown that one of the
mechanisms via which AMPK activators like AICAR improves
glucose homeostasis and insulin sensitivity is through the inhibi-
tion of iNOS, an enzyme whose levels are elevated during
chronic inflammation.24 AMPK can also inhibit protein synthesis
either through suppression of the mTOR-p70S6 kinase pathway
or by inactivation of eukaryotic elongation factor 2.42 Additional
mechanisms have been proposed by which AMPK activators can
cause iNOS inhibition. AMPK may reduce iNOS protein content
by promoting its ubiquitination, a process required for targeting
iNOS through the proteasome proteolysis pathway. Inflamma-
tory cytokines and LPS transcriptionally regulate iNOS expres-
sion through a complex network of intracellular pathways that

Figure 6. OSU-53 reduces MDSC mediated suppression of T-cell proliferation. MDSC isolated from tumor-bearing mice were treated with indicated doses DMSO or OSU-
53 and co-cultured (2:1) with CFSE-labeled T cells activated with anti-CD3/CD28 beads for 3-days and proliferation was assessed by flow cytometry for CFSE staining. Cells
were stained with anti-CD4C or anti-CD8C antibodies. Shown are representative histogram (left panels) and bar graphs (right panels). Results are from one representative
experiment.

e1214787-8 P. TRIKHA ET AL.



involve NF-kB, Jak/Stat, and MAPK.43 PPAR ligands like rosigli-
tazone have been shown to reduce iNOS expression through
transcriptional repression.44

The results from our in vitro experiments were further
corroborated by the finding in murine MDSC that showed
OSU-53 was able to attenuate their immune suppressive
functions. OSU-53-treated murine MDSC were less immune
suppressive and promoted T-cell proliferation. Moreover,
tumor-bearing mice treated with OSU-53 showed a signifi-
cant reduction in the levels of MDSC in the spleen and the
tumors. This was accompanied by an increase in the fre-
quency of T cells and NK cells in these mice. Similarly,
human MDSC isolated from melanoma patients treated
with OSU-53 showed a significant reduction in the expres-
sion of immune suppressive genes iNOS and arginase.
Therefore, one mechanism via which OSU-53 may attenuate
the immune suppressive function of MDSC involves the
downregulation of iNOS and arginase expression. In addi-
tion, AMPK activation can impair the migration of MDSC
to the spleen and into the tumors. AMPK-activating drugs
are in clinical trials for prevention and treatment of a num-
ber of malignancies.45 Our results demonstrate that AMPK
activation can inhibit the immune suppressive functions of

MDSC and possibly combat tumor growth by enhancing
the antitumor response of NK cell and T cells.

In summary, the results of this study demonstrate that
AMPK plays an important role in the regulation of MDSC
function. OSU-53 attenuates the immune suppressive functions
of MDSC by inhibiting the expression of molecule(s) involved
in immune suppression. MDSC contribute to cancer-induced
immune suppression that can significantly impede the host
response to immune-based therapies. Therefore, the combina-
tion of MDSC-modulating drugs like OSU-53 with mAbs (tras-
tuzumab) or immune checkpoint inhibitors (PD-1/PDL1)
represents a novel approach in immunotherapy.

Materials and methods

Cell lines and cell culture

A murine MDSC cell line, MSC-2 (gift from Gregoire Mignot),
was cultured in RPMI medium (Life Technologies, Paisley,
UK) containing 10% FBS and 1% sodium pyruvate. OSU-53
was synthesized according to a published procedure.23 DMSO
was used as vehicle (control) for all the in vitro experiments
since OSU-53 was reconstituted using DMSO

Figure 7. OSU-53 reduces MDSC frequency in tumor-bearing mice. Female Balb/c mice were inoculated with EMT-6-HER2 breast cancer cells in the mammary fat pad. The
mice received OSU-53 (100 mg/kg) or vehicle via oral gavage for a period of 2 weeks. (A) Tumor growth in mice treated with OSU-53 or vehicle. (B) Weight of spleens
from mice (C–D) FACS analysis of splenocytes and single cell suspensions prepared from tumors stained with CD11b and Gr1 and antibodies. Each group consisted of five
mice. Values are the mean § SE of tumor volumes at each time point, (p < 0.05).
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Annexin V/PI staining

Annexin/PtdIns staining was used to determine the cytotoxicity
effect of OSU-53 on the MSC-2 cell line. MSC-2 cells were
treated with various doses of DMSO (vehicle) or OSU-53
(0–10 mM). Monocytes were isolated from healthy donor
PBMCs and were treated overnight with different doses of
OSU-53 or DMSO. Cells were then harvested, re-suspended in
annexin buffer, and stained with Annexin V and propidium
iodine (PI). The cells were analyzed on an LSR-II flow cytome-
ter (Becton-Dickinson, San Jos�e, CA) and the data were ana-
lyzed via FlowJoTM software (Treestar, Ashland, OR).

Immunoblot

MSC-2 cells were cultured with varying amounts of OSU-53 for
18 h. Cells were lysed with RIPA buffer containing protease and
phosphatase (Sigma Aldrich, St. Louis, MO). The protein
lysates were probed for AMPK, p-AMPK, and b–Actin anti-
bodies (Cell Signaling).

Cell migration

MSC2 cells were treated with OSU-53 or DMSO. MSC2 cells
(1 £ 105) were plated in the top chamber of an 8 mm transwell
assay. Media conditioned by the EMT6 cell line was used to
stimulate MSC2 migration. Inserts were collected after 24 h
and stained using the Dip Quick Stain Kit (Jorgensen Laborato-
ries, Inc., Loveland, CO). Photographs were taken using a digi-
tal camera and cell numbers enumerated using image J
software (2,048 £ 1,536 pixels, Advanced Microscopy Group,
Bothell, WA).

Nitric oxide (NO) estimation

MSC-2 cells treated with varying amounts of drug were cul-
tured for 24 h. After this period, the supernatant was harvested
and quantified for NO using Griess Reagent (Sigma Aldrich, St.
Louis, MO). Equal parts Griess Reagent and sample were mixed
together in a 96 well plate and absorbance values were recorded
at 450 nm using a plate reader.

Cytokine analysis

MSC-2 cells treated with varying amounts of drug were cul-
tured for 24 h. The supernatant were analyzed for presence of
cytokines using the murine cytokine bead assay (BD Bioscience,
San Jose, CA).

Real time PCR

Total RNA was extracted from MSC-2 cells, murine MDSC
from EMT-6 tumor-bearing mice, and human MDSC from
melanoma patients using the Trizol reagent (Life Technologies,
Grand Island, NY, USA). Reverse transcription reactions were
performed using 500 ng RNA in a 20 mL reaction with the
high-capacity reverse transcription kit (Life Technologies).
cDNA was used to measure the expression of murine or human
Nos2 (iNOS) and arginase gene by quantitative-Real Time PCR

using pre-designed primers (Integrated DNA Technologies,
Coralville, IA). Pre-designed primers for murine or human
bActin served as an internal control for each reaction (Life
Technologies). Real Time PCR reactions were performed in
triplicate using the ABI PRISM 7900HT fast Real Time PCR
system with SYBR Green chemistry (Applied Biosystems).

Murine CFSE assay

MDSC isolated from the spleen of EMT6 tumor-bearing mice
and T cells were isolated from a non-tumor-bearing mouse
using the murine T-cell isolation kit (Stemcell Technologies,
Inc.). MDSC were treated with DMSO or 5.0 mMOSU-53 over-
night with 10 ng/mL IL-6 and GM-CSF. T cells were labeled
with CFSE (Life Technologies) and incubated overnight with
10 ng/mL of IL-2 (Peprotech). T cells were non-specifically
activated with anti-CD3/CD28 beads (Life Technologies) and
co-cultured at 1:1, 2:1, and 4:1 ratios of T cells to MDSC. After
3 d cell proliferation was assessed by flow cytometry. APC anti-
CD4C and anti-CD8C antibodies were used to identify T cell
subsets (Biolegend, San Diego, CA).

Tumor study

Female 4–6 week old BALB/c mice (Jackson Laboratories, Bar
Harbor, ME) were injected with 1 £ 106 EMT6 cells in the
mammary fat pad to generate tumors. OSU-53 (100 mg/kg) or
vehicle was administered daily by oral gavage daily for a period
of 2-weeks as previously described.25 These studies were con-
ducted under a protocol approved by Ohio State University’s
Institutional Animal Care and Use Committee.

MDSC Isolation from tumor-bearing mice

Spleens and tumors were harvested aseptically from EMT-6
tumor-bearing mice. Single cell suspensions were prepared and
stained with a panel of antibodies and analyzed by FACS.
MDSC were isolated from spleens using the mouse MDSC iso-
lation kit (Miltenyi Biotec, Auburn, CA).

MDSC isolation

Peripheral blood was obtained from melanoma patients receiv-
ing treatment at the Ohio State University Comprehensive
Cancer Center under an Institutional Review Board (IRB)
approved protocol (OSU-IRB-1999C0348). MDSC were iso-
lated from fresh peripheral blood of metastatic melanoma
patients by 30 min incubation with myeloid enrichment cock-
tail (Stemcell Technologies, Vancouver, BC) followed by gradi-
ent centrifugation using (Ficoll-Paque, GE Healthcare). The
cells obtained from the buffy coat were suspended in MACS
buffer incubated with anti-HLA-DR magnetic beads for 15 min
at 4�C and isolated using MS-MACS column to obtain MDSC
(CD33CCD11bCHLA-DR¡/low).27 The MDSC consisted of
both monocytic and the granulocytic subsets.
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Generation of MDSC

PBMC were obtained from normal healthy adult blood donors
(source leukocytes, American Red Cross, Columbus, OH).
PBMC were separated from source leukocytes by density gradi-
ent centrifugation with Ficoll-Paque (GE Healthcare Bio-Scien-
ces, Pittsburgh, PA) as previously described.46 PBMC were
cultured in media containing IL-6 and GM-CSF (Peprotech,
Rocky Hill, NJ) for a period of 6 d at 37�C in 5% CO2. During
this process, the PBMC were treated with a dose of 5 mM
OSU-53 or DMSO vehicle control. The media and drug were
changed every 2–3 d.

Statistical analysis

Statistical differences between treatment groups were deter-
mined using an ANOVA model and Student’s t-test. For tumor
studies in mice, a linear mixed model was employed to model
longitudinal tumor volume for mice under each treatment.
Comparisons were done at each time point and averaged across
all time points using statistics. The Holm–Bonferroni method
was used for adjusting raw p-values for multiple comparisons
across treatment groups.
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