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IL-12 Enhances Immune Response by Modulation of Myeloid
Derived Suppressor Cells in Tumor Microenvironment

Ji-Na Choi, Eun Gene Sun, and Sang-Hee Cho*

Department of Hematology-Oncology, Chonnam National University Hwasun Hospital, Hwasun, Korea

Myeloid derived suppressor cells (MDSCs) are a heterogenous population of immature
cells that play a critical role in tumor associated immune suppression. In tumor con-
ditions, the population of MDSCs increases. The main feature of these cells is their abil-
ity to suppress the T cell response in antigen specific or nonspecific manners depending
on the condition of T cell activation. IL-12 can modulate MDSC in preliminary reports,
so we investigated how IL-12 can affect MDSC in a tumor microenvironment. After im-
planting tumor based cells on syngeneic host, 4T-1/BALB/c or EL4/C57BL6 mice,
MDSCs (Gr1+CD11b+) were isolated from splenocytes. Isolated MDSCs were treated
with GM-CSF with or without IL-12 and analyzed based on their phenotypes and
functions. Treatment of MDSC with IL-12 increased co-stimulatory molecules of CD80,
CD86, OX-40L, enhancing the DC phenotype (CD11c) and maturation markers such
as p-NF-«kB and p-GSK3p. In addition to a change of surface markers, T-cell suppressive
function of MDSC after IL-12 treatment was significantly improved compared with the
control MDSC. In addition, PD-L1+F4/80+ macrophages, which show aninhibitory ef-
fect in phagocytosis, were decreased after IL-12 treatment. The changes of cell surface
expression of CD80, CD86, MHC class II were also shown in vivo. Our results showed
that the IL-12 can modulate MDSC into APC and recover the macrophage function.
These results suggested that IL-12 plays a role in improving the tumor immune micro-
environment through MDSC modulation.
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INTRODUCTION

The fact that immune and tumor progression are closely
linked is no longer a new paradigm. Based on the recent da-
ta about preclinical or clinical experiments for the can-
cer-immune network, the approachs to enhance the pro-in-
flammatory effect against tumor cells or suppress the tu-
mor microenvironment (TME) could be important ways to
find new directions for cancer treatment.

Myeloid derived suppressor cells (MDSC) are well
known as the major parts of the TME composed of macro-
phages, granulocytes, and dendritic cells (DCs) that are in
the early stages of cancer development.’ In physiologic con-
ditions, they are present about 20-30% of bone marrow and
more than 4% of nucleated cells in the spleen.” However,
under pathologic conditions such as infections, stress, and
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cancer, those cells accumulate at higher levels. The main
characteristics of these cells are potent immune sup-
pressive activity influenced during carcinogenesis and
that these cells accumulate without differentiation to the
functional mature cells. There are two major subsets of
MDSC based on their phenotypes and morphological fea-
tures: polymorphonuclear MDSC (PMN-MDSC) are sim-
ilar to neutrophils, whereas monocytic MDSC (M-MDSC)
are similar to monocytes. Although the proportions of sub-
types of MDSC may be different depending on the type of
cancer, their immunosuppressive role in tumor environ-
ments is similar.

MDSCs are generated from bone marrow derived cells
(BMDC) and peripheral blood monocyte cells (PBMC) un-
der multiple growth factors and cytokines.? The recruit-
ment of monocyte/M-MDSC or granulocyte/PMN-MDSC is
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regulated by chemokines produced by the tumors.
Infiltrated MDSCs are accumulated and expanded by vari-
ous cytokines/chemokines in tumor milieu without
maturation. CCL2 and CXCL12 (SDF-1) usually recruit
monocytes or M-MDSC to the tumor site and CXCL5,
CXCL6, CXCLS8 and CCL 15 recruit PMN-MDSC.*

The MDSCs produced by this process secrete several
substances such as NO and ROS to create an im-
munocompromising tumor environment and elimination
of key nutrition factors needed for T cell proliferation by de-
pleting L-arginine, sequestering L-cystine, or reducing
tryptophan levels due to the activity of indoleamine 2,3 di-
oxygenase (ID0).”" MDSC also produces immuno-
suppressive cytokines such as IL-10 and TGF-beta, in-
duces T regulatory cells (Tregs), affects Natural Killer (NK)
cell function, and uses other suppressive mechanisms.” In
addition, splenic and tumoral infiltrating MDSC decreases
the antigen-specific immune response of T cells in mice and
patients with head and neck cancer.’

Thus, it appears that the modulation of MDSC tumor en-
vironment is another important method for tumor control.
Based on this concept, we can hypothesize that the modu-
lation of MDSC could be attenuated to the immune sup-
pressive function in TME.

Among the various cytokines, the interleukin 12 (IL-12)
is unique. With IL-23, IL-12 is a main proinflammatory and
prostimulatory cytokine with key roles in the development
of the Th1 and Th17 subsets of helper T cells, separately.®
IL-12 induces production of IFN-y by T cells primes addi-
tional antigen-presenting cells and facilitates Thl
differentiation. IL-12 can also induce the production of
IFN- y by natural killer cells and a potent positive feedback
loop to influence other immune cells.” Intra-tumoral IL-12
can induce the apoptosis of regulatory T cells and impair
memory CD8+ T cells permitting an influx of activated tu-
moricidal CD4+ and CD8+ T cells.' In addition to T cells,
macrophages are also regulated by IL-12. Macrophages are
another important population in TME. Especially, tu-
mor-associated macrophages (TAMs) correlate with a poor
prognosis in human cancer.'’ TAMs are often thought to
polarize towards an inflammatory ‘M1’ or pro-tumor ‘M2
state, depending on their environmental stimuli. Previously,
IL-12 receptors (IL-12RpB1, IL-12RB2) are expressed on
surface of MDSCs and macrophages with a positive regu-
latory function in IL-12."*'® These findings suggest that
IL-12 may improve immune suppressive environments
and promote immune stimulation under tumor conditions.

Therefore, this study was performed to explore how
IL-12 can affect MDSC in tumor environments and the pos-
sibility to reverse the immunosuppressive function of
MDSC by inducing immune stimulatory cells such as anti-
gen presenting cells (APCs) or macrophages.

MATERIALS AND METHODS

1. Reagents and compounds
Penicillin-streptomycin, fetal bovine serum (FBS) and
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RPMI 1640 were purchased from Gibco Co (Uxbridege,
U.K). Phosphate buffer solution (PBS), red blood cell (RBC)
lysing buffer and B-mercaptoethanol were obtained from
Sigma (St.Louis, MO). Recombinant mouse GM-CSF and
IL-12 were obtained from BD pharMingen (SanDiego, CA).
The antibodies used for flow cytometry: anti-CD86, an-
ti-CD80, anti-OX40L, anti-Gr-1, anti-CD11b, anti-CD11c,
anti-F4/80, anti-PD-L1, anti-MHC-classIl, anti-INF-y,
and anti-CD16/CD32 mouse Fc blocker were obtained from
BD pharMingen (SanDiego, CA). The antibodies used for
Western blotting: anti-AKT, anti-phospho-AKT, an-
ti-NF-xB p65, anti-phospho-NF-xB p65, anti-GSK3p, an-
ti-phospho-GSK3p, anti-phospho-STAT3, and anti-B-ac-
tin were purchase from Cell Signaling Technology
(Danvers, MA, USA). Pan T cell isolation kit and mye-
loid-derived suppressor cell isolation kit were purchased
from Miltenyi Biotec (Bergisch Gladbach, Germany).
Mouse IL-10 and IL-6 ELISA kit were purchased from R&D
system (Minneapolis, MN). Anti-CD3, and anti-CD28 were
obtained from BD pharMingen (SanDiego, CA).

2. Cell, cell isolation and treatment

The 4T1 murine mammary tumor cell line and EL4 mur-
ine lymphoma cell line were purchased from American
Type Culture Collection (ATCC). The 4T1 and EL4 cell
lines were cultured in RPMI 1640 medium, supplemented
with 10% fetal bovine serum and 1% penicillin-streptomycin,
at 37°C in 5% CO? atmosphere.

For MDSC and pan T-cell isolation, spleen tissues were
removed from tumor bearing or naive mice, respectively.
Splenocytes were isolated by straining mashed spleen
through a 70 pm cell strainer into supplemented RPMI
1640 medium containing 50 pM B-mercaptoethanol. RBCs
were then lysed with RBC lysis buffer. Subsequently sple-
nocytes were resuspended in supplemented RPMI 1640
medium containing 50 uM B-mercaptoethanol and 70 pym
nylon cell strainer was used to obtain a uniform single-cell
suspension.

MDSC isolation was conducted using total splenocytes
from tumor-bearing mice and a Myeloid-derived sup-
pressor cell isolation kit (MACS Mitenyl Biotec.), following
the manufacturer’s protocol. Gr-1 high Ly-6G+ cells were
used for in vitro treatment experiment and T-cell sup-
pression assay. The purity of the isolated MDSC was >
99%. Pan T cells were isolated using total splenocytes from
naive mice and a Pan T cell isolation kit (MACS Mitenyl
Biotec.), according to the manufacturer’s protocol.

For the in vitro treatment experiment and flow cy-
tometry analysis, MDSCs from tumor-bearing mice were
cultured in the absence or presence of recombinant mouse
IL-12 (10 ng/mL) for indicated time.

3. Animal model

All animal procedures were approved by The Chonnam
National University Medical School Research Institutional
Animal Care and Use Committee. 6-8-week-old BALB/c fe-
male mice and C57BL/6 mice were purchased from Orient



(Seong-nam, Korea) and maintained in a standard cabinet
under specific pathogen-free conditions.

4T1 and EL4 tumor-bearing mouse models were used for
MDSC generation and the in vivo study of Adenovirus en-
coding mouse IL-12 (Ad mIL-12). 4T1 murine mammary
tumor cells (10° cells/fat pad) were implanted subcuta-
neously into the mammary fat pads of BALB/c mice. In
brief, a syringe with a 26G needle was used to inject the cell
suspension directly into the mammary gland. Inoculations
were conducted within 30 min of preparation of cell
suspensions. Tumor volume was measured with a caliper
every other day, and determined based on the equation 7/6
(axb?), where a is the largest tumor diameter and b is the
smallest. When the volume of the primary tumors reached
1000 mm®, the 4T1 tumor bearing mice were sacrificed fol-
lowing anesthetization and spleen tissues were obtained
for MDSC isolation.

For the in vivo study of Ad mIL-12, EL4 murine lympho-
ma cells (10° cells/100 uL PBS) were injected subcuta-
neously into the right flank of C57BL/6 mice. When the
average tumor volume reached 700 mm?®, mice were ran-
domly divided into two groups receiving Ad-vector or
Ad-mIL-12. Adenovirus encoding mIL-12 (10" plaque-form-
ing units) was injected intravenously in EL4 tumor-bear-
ing mice. After 1 day, spleen tissues were removed for sple-
nocyte isolation and flow cytometry analysis.
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4. T-cell suppression assay (in vitro MDSC suppression
assay)

The suppressive capacity of MDSC was determined by
co-culture with pan T cells. Isolated pan T cells from
healthy mice and MDSCs from 4T1 tumor bearing mice
were used as responder cells and stimulator cells,
respectively. Responder and stimulator cells were then
mixed at a 1:10 ratio and T cell proliferation was assessed
by thymidine incorporation. Briefly, 10° splenic MDSCs in
complete RPMI 1640 media were plated with 10° pan T cells
in a 96-well plate. Pan T cells were activated with anti-CD3
(0.5 pg/mL) and anti-CD28 (0.5 ug/mL) for 4 days and main-
tained with or without mouse IL-12 (10 ng/mL, R&D sys-
tems) as previously reported.' Subsequently, [*H] thymi-
dine (1 puCi/well) was added to the wells for the last 16hr
of the 4 day culture periods. Responses are expressed as the
mean counts per minute (cpm).

5. Flow cytometry

Single-cell suspensions were prepared by sieving and
gentle pipetting. After FACS buffer washing, cells were
pre-incubated with anti-CD16/CD32 mouse Fc blocker and
stained for 30 min at 4°C with fluorochrome-conjugated
antibodies. Cells were washed thoroughly with FACS buf-
fer between each step. Samples were collected with
FACScalibur (BD pharMingen).

6. Western blot analysis
Protein levels were assessed by Western blotting. The to-
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tal proteins were extracted using M-PER mammalian pro-
tein extraction reagent containing protease and phospha-
tase inhibitors (Thermo Fisher Scientific, Rockford, IL,
USA). Protein concentrations were determined using the
BCA protein assay kit (Pierce, Rockford, IL, USA). Equal
amounts of proteins were separated by SDS-PAGE and
subsequently transferred from gels onto a polyvinylidene
difluoride (PVDF) membrane (GE Healthcare Bio-scien-
ces, Piscataway, NJ, USA), then immunoblotted with
antibodies. Bound primary antibodies were visualized us-
ing horseradish peroxidase-conjugated second antibodies
(Abcam, Cambridge, MA) with chemiluminescent sub-
strate (Santa Cruz Biotechnology, CA, USA). Quantification
of the immunoblotted bands was performed using
Multi-gage software.

7. ELISA

After recombinant mouse IL-12 treatment, culture su-
pernatants of MDSCs were collected for measurement of
cytokine levels. Cytokine levels of IL-10 and IL-6 were
measured using ELISA kits (BD science, San Jose,
California, USA), according to the manufacturer’s protocol.
The optical density was read by a Microplate autoreader
(Bio-Tek, Burlington, VT).

8. Statistical analysis

Statistical analysis was performed using the SPSS 12.0
software package (SPSS, Inc., Chicago, IL, USA).
Statistical significance was assessed by Student's t-test.
p-values less than 0.05 were considered statistically
significant.

RESULTS

1. Surface phenotypes of splenic MDSC can be modulated

by IL-12 treatment

To investigate whether MDSC could alter the phenotype
of surface antigen under IL-12 treatment, spleen derived
MDSCs from 4T1-tumor-bearing BALB/c mice were cul-
tured with IL-12 (10 ng/mL) and GM-CSF (10 ng/mL) for
1 day and then checked for the expression of CD86, CD80
and OX40L (Fig. 1). Compared to CD86 and OX 40L, which
were slightly increased after IL-12 treatment, they strong-
ly expressed CD80. It suggested that IL-12 could induce the
expression of surface co-stimulatory molecules in MDSC
from tumor bearing mice.

2. I1L-12 can attenuate T cell suppressive function of

MDSC

We next assessed the effect of CD8+ T cell stimulation
on the increase of co-stimulatory molecules. As a negative
control, MDSCs from tumor-bearing mouse splenocytes
showed the inhibition of T cell proliferation as expected.
However, MDSCs with IL-12 treatment reduced their sup-
pressive activity on T cell stimulation (Fig. 2). Taken to-
gether, our data demonstrated that IL-12 induces the ac-
quisition of antigen recognition function in MDSC and it
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can reverse the suppressive function of T cell stimulation.

3. IL-12 mediated increase and maturation of dendritic

cell from MDSC

MDSCs are composed of immature myeloid cells such as
monocyte, neutrophil and macrophages, as previously
mentioned. Therefore, we hypothesized if MDSC from tu-
mor bearing mice can reduce their immune suppressive
function after IL-12 treatment and induce co-stimulatory
molecules, the proportion of APCs such as DCs, may be
increased. With this in mind, we next examined the change
of CD11c¢ population in splenocytes of normal and tumor
bearing mice according to the 1L-12 treatment. Considering
the comprehensive cellular interaction between immature
myeloid cells, the proportion of CD11c was checked in IL-12
treated whole splenocytes of normal and tumor bearing
mice, not in MDSC alone in normal and tumor bearing mice
after IL-12 treatment. Although the difference was more
pronounced in normal splenocytes than in tumoral spleno-
cytes, the CD11c fraction was found to increase after IL-12
treatment in both normal and tumoral splenocytes (Fig.
3A, 3B). Next, we analyzed the DC differentiation markers
to determine whether changes in cell surface antigens are
associated with MDSC differentiation into APCs according
to IL-12 treatment. In general, the expressions of p-NF-kB
and p-Akt increase with DC maturation process. GSK3p in-
hibits DC maturation and p-GSK3p means the inactivation
form of GSK3."* Since DC are mainly differentiated from
the M-MDSC subset in the MDSC population, it was neces-
sary to identify the decrease of Ly6C as an M-MDSC mark-
er addition to the increase of CD11c, and molecular signal
changes related to DC maturation. Thus, splenic MDSCs
from tumor bearing mice were cultured with IL-12 and
checked Ly 6C expression. As results, the fraction of Ly6C
in CD11b positive population decreased (Fig. 3C), and the
expression of p-NF-kB and p-GSK3p increased in cultured
MDSCs with IL-12 treatment (Fig. 3D). These results sug-
gested that IL-12 can increase CD11c positive cells in sple-
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nocytes, and differentiation of MDSCs into DCs.

4. T1-12 can effect on the differentiation of macrophage

Macrophages are usually located aroud tumor sites,
however, circulating macrophages are also located in
spleen. IL-12 is secreated from activated macrophages,
thus we investigated possible direct effects of IL-12 on mac-
rophages differentation. In cytokine analysis associated
with macrophage activity, IL-10, which inhibits macro-
phage activation, significantly decreased, but IL-6, which
can influence the balance between M1 and M2, showed no
significant change according to the IL-12 treatment (Fig.
4A). For further investigation, we analyzed the M2 surface
antigen by FACS analysis. F4/80 is a major macrophagel
marker and PD-L1 and F4/80 double positive macrophage
can be regraded as M2 or tumor associated macrophage.'®
In our study, the fraction of PD-L1 and F4/80 double pos-
itive cells decreased after IL-12 treatment in MDSCs from
tumor bearing splenocyte (Fig. 4B). It means that M2 or tu-
mor associated macrophage can be decreased after IL-12,
and IL-10 secreted from macrophages such as M2 was also
reduced.

5. The expression of cell surface markers after IL-12 treat-

ment in vivo study

Based on these results, we expanded the in vivo study
to confirm our results. Similar to the in vitro study, CD8O0,
CD86 and MHC class II were highly expressed in Ad
mlL-12 treated MDSCs (more prominent of CD86 ex-
pression and MHC class II than CD80 expression).
Interestingly, in the Ad mIL-12 treated MDSC, PD-L1 was
significantly increased with the modest increase of INF-y
compared to the control group (Fig. 5).

DISCUSSION

It is important to directly attack the tumor itself to re-
duce or inhibit tumor progression, but it is also important
to strengthen the immune system. In particular, since the
resistance mechanisms of targeted agents for tumors have
been reported, the regulation of the tumor microenviron-
ment (TME) is becoming more of an issue than ever before.

Among TME, myeloid cells, which are a highly diverse
population, have a main role to serve as a key master in
TME. Especially, the accumulation of MDSCs, which are
important contributors to tumor progression and immune
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suppression in cancer, is a big hurdle to restore TME. Until
now, the mechanism of MDSC on TME or cancer cells have
been extensively studied, and decreasing MDSC can in-
duce tumor reduction. For example, Cytotoxic agents can
induce apoptosis of MDSC and all-trans retinoic acid
(ATRA) induce differentiation of MDSC into macrophages
and/or DCs in vitro.""® Considering the large burden of
MDSC in tumors, it would be a good way to induce not only
the destruction of MDSC but also differentiation of MDSC
into normal or immune stimulating cells to reverse TME.

IL-12 has the central role of immunoregulation in many
ways of proinflammatory or prostimulatory cytokines.”*
The antitumor effectors of IL.-12 are thought to involve an-
tiangiogenesis and increased production of IFN-y as well
as the enhanced lytic abilities of CD8+ T cells, NK cells, and
NKT cells to kill tumor cells. Not only promoting of gen-
eration of proinflammatory T helper type 1 (TH1), Kerkar
SP et al showed that adoptively transferring tumor anti-
gen-specific CD8+ T cells engineered to secrete IL-12 can
functionally remodel the TME into an activated in-
flammatory state.” In this report, IL-12 secreted from en-
gineered CD8+ T cell could alter the intrinsic capabilities
of professional APC residing within the tumor stroma in-
cluding those of MDSC. Similar to our study, they showed
the restoration of T cell function and the acquisition of anti-
gen recognition function of MDSC under IL-12 secretion.
We found the possibility of dynamic processes from MDSC
into APC such as DCs. CD 80 and CD86 are expressed on
antigen presenting cells and these are capable of binding
both CD28 to stimulate T cells. In addition, DCs present
antigen peptides in association with MHC II to naive
CCD4+ T lymphocytes. Our result showed that the ex-
pression of CD80, CD86 and MHC class II, increased after
IL-12 treatment in MDSC both the in vitro and in vivo
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study. During DC maturation, Akt and NF-«B allow the in-
creased expression of MHC II and co-stimulatory mole-
cules, release of proinflammatory cytokines and chemo-
kines, and DC migration and recruitment. This process
leads to sustained T cell stimulation and IL-12
production.”?® Our results also showed that IL-12 treated
MDSC induce GSK-3p inhibition, this circuit of IL-12 on
MDSC modulation can affect the TME by a positive im-
mune stimulatory function. This is a new finding that
MDSC can differentiate into DCs, suggesting that MDSC
can be converted into other cells.

Interestingly, PD-L1 expression increased after AdIL-12
treatment in our in vivo study and it is possibly related with
increased INF-y following IL-12.2* Previous reports have
demonstrated that IL.-12 administration induced tumor
regression in association with INF-y affects CD4 and CD8
T cell function.”” Taken together, INF-y plays an important
role in the antitumor effect of IL-12. However, the increase
of PD-L1 in MDSC after IL-12 treatment may be contra-
dictory to the antitumor effect of IL-12 given that PD-L1
is immunosuppressive phenotype. In this regard, it is nec-
essary to control the PD-L1 expression to sustain the im-
provement of the immune microenvironment after IL-12
treatment. Recently, it has been reported that PD-L1 ex-
pression in APCs, outside tumor tissues, plays an essential
role in PD-1/PD-L1 blockade therapy.”® This is a new in-
sight of PD-1/PD-L1 blockade therapy to target the host
environment. Based on this evidence, our data suggests
that IL-12 induces MDSC into APC and increases PD-L1
expression to improve response to PD-1/PD-L1 blockade
therapy through changing a “cold” TME to a “hot” TME.

IL-12 also contributes to regulate macrophage function.
M-MDSC can differentiate monocytes, DCs or macrophages.
M-MDSC produces IL-10 and it represses macrophage
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FIG. 5. In vivo characteristics of surface antigen molecules after adenoviral IL-12 injection.

function by decreasing MHC II expression and IL-12 ex-
cretion from macrophage.'’ ‘M1’ macrophages, ‘classically
activated’ macrophages which are activated by IFN-y, ex-
press high levels of IL-12 and low levels of IL-10. By con-
trast, ‘M2’ macrophages, ‘alternatively activated’ macro-
phage which are activated by IL-4, IL.-10, IL-13, express
high levels of IL-10 and low levels of IL-12 and facilitate
tumor progression. In our study, the level of IL-10 in super-
natants of MDSC treated with IL-12 was higher than in
that of the control group. It suggests that IL.-12 can modu-

late or differentiate MDSC into APC or macrophages, and
those cells reduce the production of IL-10. In addition, the
polarization of tumor associated macrophage (TAM) af-
fects IL-12. TAM are often thought to polarize into an in-
flammatory “M1” or protumor “M2” states depending on
TME status. Previous reports demonstrate that both mice
and human TAMs express high level of PD-1, and that PD-1
expression on TAMs correlates with decreased phag-
ocytosis, but PD-L1 removal increases PD-1+ TAM phag-
ocytosis in vivo.”” In our study, among TAM (F4/80),
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PD-L1+ macrophages decreased after IL-12 treatment, it
suggested that TAM function may be restored under IL-12
treatment.

Our report provides the possibility of improving TME
with IL-12, but there are several limitations. First, despite
changes in the surface antigen, no significant changes in
MDSC proportions were observed following IL.-12 treatment.
One of causes for the phenomenon is thought to be the in-
sufficient time for MDSC to be fully differentiated to APC
after Ad mIL-12 injection to harvest samples. Secondly, the
role of IL-12 in each of M-MDSC versus PMN-MDSC, or
splenic MDSC versus tumoral MDSC, is required to discov-
er the delicate interaction of DC differentiation after IL-12
treatment in further studies.

In conclusion, our results showed that IL-12 can modu-
late MDSC into APC and affect the macrophage phenotype
when treated with IL-12 in TME. These results showed the
possibility to attenuate immumosuppressive function of
MDSCs and improve the immune surveillance in TME.
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