
The role of interleukin-12 on modulating myeloid-derived suppressor
cells, increasing overall survival and reducing metastasis

Introduction

Tumour infiltration by immune suppressive cells coupled

with T-cell non-responsiveness is critical in tumour-associ-

ated immune evasion. The presence of cells capable of

blocking immune activation systemically and in the tumour

limits the usefulness of therapies meant to promote anti-

tumour immunity. Understanding the role of suppressive

cells in tumour progression and during immunotherapy is

essential for enhancing the effectiveness of therapies that

target immune modulation. Of particular interest in recent

years, one population of immune modulators capable of

suppressing T-cell activation is the myeloid-derived sup-

pressor cells (MDSC).1 The MDSC are bone marrow-

derived cells that express both the myeloid lineage differen-

tiation antigen Gr-1 and am integrin (CD11b) and exhibit

the ability to suppress T-cell activation. Gr-1/CD11b

double-positive cells represent approximately 20–30% of

normal bone marrow cells and 2–4% of nucleated spleno-

cytes, and are nearly absent from the lymph nodes of

healthy animals; however, these cells differ from MDSC

because they lack the ability to suppress T-cell activity.2–4

The MDSC are a functionally suppressive, heterogeneous

population of Gr-1/CD11b double-positive cells composed

of polymorphonuclear cells and monocytes at early stages

of myeloid differentiation. These cells have been found to

increase in the spleens, lymph nodes and peripheral blood

of both carcinoma patients and tumour-bearing animals

and function to promote tumour progression and block T-

cell-mediated immune responses through both antigen-

specific and non-specific mechanisms.5–8 In humans, can-

cer stage and tumour burden have been directly correlated

with increases in MDSC populations.9 Findings indicate

that tumour-infiltrating MDSC may actually be pleiotro-
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Summary

Myeloid-derived suppressor cells (MDSC) are important to the tumour

microenvironment as they actively suppress the immune system and pro-

mote tumour progression and metastasis. These cells block T-cell activa-

tion in the tumour microenvironment, preventing anti-tumour immune

activity. The ability of a treatment to alter the suppressive function of

these cells and promote an immune response is essential to enhancing

overall therapeutic efficacy. Interleukin-12 (IL-12) has the potential not

only to promote anti-tumour immune responses but also to block the

activity of cells capable of immune suppression. This paper identifies a

novel role for IL-12 as a modulator of MDSC activity, with implications

for IL-12 as a therapeutic agent. Treatment with IL-12 was found to alter

the suppressive function of MDSC by fundamentally altering the cells.

Interleukin-12-treated MDSC exhibited up-regulation of surface markers

indicative of mature cells as well as decreases in nitric oxide synthase and

interferon-c mRNA both in vitro and in vivo. Treatment with IL-12 was

also found to have significant therapeutic benefit by decreasing the per-

centage of MDSC in the tumour microenvironment and increasing the

percentage of active CD8+ T cells. Treatment with IL-12 resulted in an

increase in overall survival accompanied by a reduction in metastasis. The

findings in this paper identify IL-12 as a modulator of immune suppres-

sion with significant potential as a therapeutic agent for metastatic breast

cancer.

Keywords: Gr-1/CD11b; IL-12; immune suppressor; macrophage; MDSC

� 2011 The Authors. Immunology � No claim to original US government works, 133, 221–238 221

I M M U N O L O G Y O R I G I N A L A R T I C L E



pic-inflamed monocytes/macrophages with both activating

macrophage (M1) and suppressive macrophage (M2) char-

acteristics.10 The MDSC have a role in the regulation of

autoimmune effector cells, but in tumour progression these

cells suppress immune system activation and effectively

block anti-tumour responses.11

There are several known mechanisms by which MDSC

exert their suppressive activity including the production

of reactive oxygen species, production of nitric oxide,

triggering apoptosis of antigen-activated T cells, depletion

of L-arginine via production of arginase, and sequestra-

tion of cysteine.12–17 There is also an indirect mechanism

through which MDSC suppress immune activation by

inducing T regulatory cell development, although this

may be specific to only a subset of animal models or

tumour types.18 The MDSC are known to cause T-cell

dysfunction, suppress T-cell activation and expansion,

and induce CD8+ T-cell tolerance.18–22 These cells can

also inhibit natural killer (NK) cell activity and NK cell

utilization of interleukin-2 (IL-2).23,24 Many of these

effects require activation of the MDSC through inter-

feron-c (IFN-c), which can be regulated in an autocrine

manner. Altering these suppressive activities through

depletion or differentiation of MDSC has been shown to

result in restored T-cell activation and stimulation of

anti-tumour immune responses.25–29

Manipulation of MDSC activity is a promising adjuvant

to immunotherapeutic agents. A single-cytokine-based

therapy working alone or in combination with an agent

that alters MDSC function has the potential to enhance

therapeutic efficacy through both the elimination of

immune suppression and the activation of an anti-

tumour immune response. Altering MDSC suppressive

function has been correlated with significant reductions

in metastasis even in cases where tumour growth contin-

ued.26,30–33 Elucidating the mechanisms of agents with

proven therapeutic efficacy is important for designing

improved therapies.

Interleukin-12, a 70 000 molecular weight heterodimeric

cytokine composed of two disulphide-linked subunits des-

ignated p35 and p40, is essential in the interaction between

the innate and adaptive arms of immunity and is the major

cytokine responsible for the differentiation of T helper cells

to promote cell-mediated immunity.34–37 After encounter-

ing infectious agents, phagocytic cells, B cells and dendritic

cells (DC) produce IL-12 to activate NK cells and T cells

and induce their proliferation and production of cytokines,

especially IFN-c, so enhancing the generation and activity

of cytotoxic lymphocytes. The IL-12-mediated induction of

IFN-c production occurs predominantly in NK cells, CD4+

T cells and CD8+ T cells. Interleukin-12 has a role in polar-

izing naive T cells into T helper type 1 (Th1) cells. These

Th1 cells are essential in the response against intracellular

pathogens through production of IFN-c and promotion of

cell-mediated immunity. In addition to the production of

IFN-c, IL-12 stimulates activated T-cell proliferation and

enhances their cytolytic activity. Resting T cells do not pro-

liferate in response to IL-12 stimulation.38,39 This regula-

tion of the adaptive immune response is a major function

of IL-12.

It is important to note that the induction of IFN-c can

result in a potent positive feedback loop whereby IL-12

induces IFN-c, which in turn induces macrophages to

generate more IL-12.40 These mechanisms to increase

IL-12 production enable IL-12 to enhance the generation

and activity of cytotoxic lymphocytes and promote cell-

mediated immunity resulting in a potent inflammatory

response. These distinctive biological functions of IL-12

are not limited to immune regulation. They have been

shown to be effective against tumours in various tumour

models and human clinical trials.41–45 In fact, IL-12

remains one of the most potent single cytokine therapies

studied to date. Its anti-tumour activity is extensive and

includes anti-metastatic and anti-angiogenic properties.46–48

It has been reported that intra-tumoral IL-12 can partici-

pate in the induction of apoptosis of tumour-resident

regulatory T cells as well as impaired memory CD8+ T cells,

permitting an influx of activated tumoricidal CD4+ and

CD8+ T cells devoid of a regulatory population.49–52 This

implies the ability of IL-12 to simultaneously reverse

immune suppression and promote immune activation.

Although IL-12 has been extensively studied in terms of

anti-tumour activity and effect on tumour-infiltrating mac-

rophages, the direct effects of IL-12 on MDSC activity are

not fully defined. Studies indicate that MDSC decrease IL-

12 production from macrophages, indicating a possible role

for IL-12 in modulating MDSC activity. As IL-12 can alter

the function of tumour-infiltrating macrophages and spe-

cifically alter the suppressive activity of M2 macrophages,

IL-12 may potentially act on populations of spleen-derived

and tumour-derived Gr-1/CD11b double-positive cells.53,54

Whereas changes induced by IL-12 in the functional profile

of tumour-infiltrating macrophages have been analysed,

the effects of IL-12 on cells within the tumour microenvi-

ronment that exhibit a functional MDSC phenotype have

not been assessed. Tumour infiltrating and tumour-associ-

ated macrophages have been shown to promote recruit-

ment and activation of anti-tumour NK and T cells in

response to IL-12-based therapies, indicating that IL-12 can

act directly on cells and may affect other cell populations

within the tumour. This study demonstrates a unique role

for IL-12 as a modulator of MDSC activity with potential

therapeutic implications.

Materials and methods

Mice and cell culture

C3H/HeJ and BALB/c mice were obtained from the Jack-

son Laboratory (Bar Harbor, ME). Murine breast cancer
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cell lines C3L5 (Dr P. K. Lala, The University of Western

Ontario, Canada) and 4T1 (ATCC, Manassas, VA) were

maintained in RPMI-1640 and Dulbecco’s modified

Eagle’s medium, respectively. All media were supple-

mented with 10% fetal bovine serum (FBS) and 1% peni-

cillin/streptomycin. Cells were fed fresh growth media

three times per week and maintained at 37� in a 5% CO2

incubator.

Generation of Gr-1/CD11b double-positive cells

C3L5 cells (2�5 · 105) and 4T1 cells (1 · 105) were

injected into the fat pads of C3H/HeJ and BALB/c mice,

respectively, to induce mammary tumours. Gr-1/CD11b

double-positive cells were found to expand in the

tumours and spleens. Animals were killed once tumours

reached a size of 500 mm3. Tumour specimens were sur-

gically removed and processed by cutting into small

pieces, and digested with 5 U/ml collagenase (Roche,

Indianapolis, IN) and 5 lg/ml DNase I in RPMI-1640

(10% FBS, 1% penicillin/streptomycin) at 37� for 1�5 hr.

The resulting mixture was filtered through 40-lm nylon

mesh. The cells were washed with fresh RPMI-1640 and

red blood cells were lysed via culture in 1· ACK/red

blood cell lysis buffer (0�15 M NH4Cl, 10 mM KHCO3,

0�1 mM Na2-EDTA) at room temperature for 3 min. Cells

were washed and maintained in RPMI-1640 (10% FBS,

1% penicillin/streptomycin). Spleens were also surgically

removed, mashed, and red blood cells were lysed using

the same process as with the digested tumour.

Isolation of Gr-1/CD11b double-positive cells

Whole splenocytes and cells from the digested tumours

were stained using standard protocols with fluorochrome-

conjugated antibodies, anti-Gr-1 (BD Bioscience, San

Diego, CA) and anti-CD11b (BD Bioscience). Briefly, cells

were washed with 1· PBS. Antibody was added at a con-

centration of 2 lg/ml of fluorochrome-conjugated anti-

body in 1· PBS with 1% BSA or 2 lg/ml mouse IgG

(blocking agents; BD Bioscience) for 20 min at 4�. Cells

were washed with 1· PBS, resuspended in RPMI-1640

supplemented with 1% FBS and 1% penicillin/streptomy-

cin, and sorted via flow cytometry at the Flow Cytometry

Core Facility (IUPUI, Indianapolis, IN).

Analysis of the expression of both subunits of the IL-12
receptor

Sorted Gr-1/CD11b double-positive cells along with whole

splenocytes and digested tumour cells were stained

with fluorochrome-conjugated anti-IL-12 receptor b1 (IL-

12Rb1) antibody and a combination of anti-IL-12Rb2

primary antibody with fluorochrome-conjugated second-

ary antibody (BD Bioscience) in combination with fluoro-

chrome-conjugated anti-Gr-1 and anti-CD11b antibodies.

Each antibody was used at a concentration of 2 lg/ml.

Cells were blocked with 1% BSA or 2 lg/ml mouse IgG

(BD Bioscience). The NK cells were stained with 2 lg/ml

fluorochrome-conjugated pan-NK cell marker clone DX5

antibody (eBioscience, San Diego, CA), fluorochrome-

conjugated anti-IL-12Rb1 antibody, and a combination of

2 lg/ml anti-IL-12Rb2 and 2 lg/ml fluorochrome-conju-

gated secondary antibody as a positive control. Naive

CD4 T cells were stained with 2 lg/ml fluorochrome-con-

jugated anti-CD4 antibody (eBioscience), 2 lg/ml fluoro-

chrome-conjugated anti-IL-12Rb1 antibody, and the

combination of 2 lg/ml anti-IL-12Rb2 antibody and

2 lg/ml fluorochrome-conjugated secondary antibody as

a negative control. Analysis of the expression of the

IL-12R was performed via flow cytometric analysis using

a FACScalibur (Becton Dickinson, Mountain View, CA).

5-(and 6-)Carboxyfluorescein diacetate succinimidyl ester
labelling of cells

Cells were labelled with carboxyfluorescein succinimidyl

ester (CFSE) according to the manufacturer’s protocols

(Cell Trace CFSE Cell Proliferation kit; Invitrogen,

Eugene, OR). Briefly, CFSE was diluted in DMSO at a

stock concentration of 5 mM, which was further diluted

to a working concentration of 10 lM. Whole splenocytes

were suspended at a concentration of 1 · 107 cells/ml in

PBS containing 0�1% BSA and combined with the 10 lM

working concentration of CFSE. Following a 10-min incu-

bation period at 37�, CFSE labelling was stopped by add-

ing five times volume of ice-cold RPMI-1640 (10% FBS,

1% penicillin/streptomycin) and incubating on ice for

5 min. The CFSE-labelled cells were washed three times

with ice-cold fresh RPMI-1640 (10% FBS, 1% penicillin/

streptomycin) and resuspended to the desired concentra-

tion.

In vitro stimulation of T cells

The CFSE-labelled cells were plated in 96-well plates at a

density of 1 · 106 cells/ml in RPMI-1640 (10% FBS, 1%

penicillin/streptomycin) and incubated with or without

5 lg/ml soluble anti-CD3 (eBioscience) and anti-CD28

(BD Bioscience) antibodies alone or in combination with

sorted Gr-1/CD11b double-positive cells in a 1 : 1 ratio

for a total cell density per well of 2 · 105 cells. For analy-

sis of the effect of IL-12, labelled cells and sorted Gr-1/

CD11b double-positive cells were incubated with 10 ng/

ml recombinant IL-12 separately for 24 hr at 37�, washed,

and then co-cultured. Cells were incubated for 4 days at

37�. After this incubation period, cells were harvested and

labelled with fluorochrome-conjugated anti-Gr-1 antibody

for identification and elimination of the Gr-1+/CD11b+

subset using a FACScalibur (Becton Dickinson). A small
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sample of cells was also labelled with fluorochrome-

conjugated anti-CD4 and anti-CD8 antibodies (eBio-

science) to identify the profile of lymphocytes for gating

and analysis of lymphocyte activation using a FACScaibur

(Becton Dickinson). One hundred thousand total events

from triplicate wells were collected and analysed for lym-

phocyte activation based on loss of CFSE intensity.

Analysis of changes in surface markers

Sorted Gr-1/CD11b double-positive cells from C3H/HeJ

and BALB/c naive spleens, tumour-bearing spleens (C3L5

and 4T1, respectively), and digested tumour were incu-

bated alone or in combination with 10 ng/ml recombi-

nant IL-12 for 24 hr. Cells were stained with antibodies at

a concentration of 2 lg/ml in 1· PBS containing 1% BSA

or 2 lg/ml mouse IgG for 20 min at 4�. Cells were

washed with 1· PBS and fixed in 1% paraformaldehyde.

Antibodies were all fluorochrome-conjugated and

included anti-CD86, anti-CD80, anti-F4/80 and anti-

MHClass II antibodies (eBioscience). Analysis for expres-

sion of these markers compared with whole splenocyte-

positive controls and CD4+ T lymphocyte-negative con-

trols was performed via flow cytometry using the FAC-

Scalibur (Becton Dickinson).

Generation of recombinant adenovirus

Adenovirus vectors were generated using a previously

described methodology modified to contain the desired

genes without prostate specificity.55 Adenovirus contain-

ing a luciferase expression cassette (AdLuc) or a recombi-

nant IL-12 expression cassette (AdIL-12) was used as a

control for virus effect and to generate IL-12, respectively.

In vivo analysis of IL-12 effects on MDSC

Tumours were generated as described previously and

allowed to grow to roughly 350 mm3 in volume. Before

treatment, serum was harvested to establish baseline levels

of IL-12 in the tumour-bearing animals. Then, 1 · 109

adenovirus particles suspended in 40 ll 1· PBS were

injected intramuscularly into the animals. Twenty-four

hours after treatment, serum, tumours and spleens were

harvested as described previously for further analysis.

Serum was used to demonstrate IL-12 production whereas

digested tumours and spleens were analysed for changes

in the Gr-1/CD11b double-positive cells as described for

the in vitro experiments.

In vivo analysis of the anti-tumour effects of AdIL-12

Tumours were also allowed to grow to approximately

65 mm3 as described previously and were treated with

intramuscular injections of 1 · 109 adenovirus particles

suspended in 40 ll 1· PBS of either AdIL-12 or AdLuc.

Tumours were measured twice weekly until they had

grown to approximately 500 mm3. Animals were huma-

nely killed and tissues were harvested for further analysis

as described previously. Single-cell suspensions of

tumours were stained with anti-Gr-1, anti-CD11b, anti-

CD8, anti-IFN-c and anti-CD45 (BD Bioscience) antibod-

ies and analysed via flow cytometry. Lungs were stained

in Bouin’s fixative (LabChem Inc., Pittsburg, PA) and

metastases were counted.

Real-time polymerase chain reaction

Sorted Gr-1/CD11b double-positive cells from naive and

tumour-bearing animals were treated for 24 hr with

10 ng/ml IL-12. Cells were lysed and RNA was extracted

using the RNAeasy kit (E.Z.N.A. homogenizing columns

and E.Z.N.A. RNA Extraction kit; Quanta Biosciences

Inc., Gaithersburg, MD). RNA was converted to cDNA

via PCR reaction with the qScript cDNA Supermix

(Quanta Biosciences Inc.). The PCR protocol was per-

formed on the PTC-100 (MJ Research, Inc., Waltham,

MA) and involved three steps: 5 min at 25�, 30 min at

42�, and 5 min at 85�. Primer probes against ArgI, nitric

oxide synthase 2 (Nos2) and IFN-c were purchased from

Applied Biosystems (ABI, Carlsbad, CA). The concentra-

tion of RNA was obtained via analysis of readings taken

at optical density of 260 mn (OD260) versus OD280

readings, and cDNA was diluted in EB buffer (10 mM

Tris-HCl, pH 8�5) so that total RNA concentrations

were equal for all samples. Using the PCR master mix

also obtained from ABI, semi-qualitative real-time PCR

was performed on the ABI 7500 Real Time PCR

Machine using the following protocol: 10 min at 95�
and 40 cycles of 15 seconds at 95� followed by 1 min at

65� (data recorded during this 65� stage).

Statistical analysis

Statistical analysis was performed using GRAPHPAD PRISM

5.01 for Windows (GraphPad Software, San Diego CA).

Statistical significance was defined as a P-value < 0�05

with the actual P-values indicated. Analysis was per-

formed on triplicate experiments.

Results

Gr-1/CD11b double-positive cells from tumour-
bearing animals are functionally suppressive of MDSC

Tumour progression promotes MDSC in all mouse

models studied to date; however, the type of MDSC

induced has been found to vary. C3H/HeJ and BALB/c

were selected as models for this study because of differ-

ences in the composition of their MDSC populations.
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C3H/HeJ animals have a population of MDSC that are

predominantly monocytes whereas MDSC from BALB/c

animals are approximately 2 : 3 polymorphonuclear to

monocytes (data not shown). By selecting two models

that differ in MDSC composition, we demonstrated that

our observations are not strain-specific.

Figure 1. Gr-1/CD11b double-positive cells derived from tumour-bearing C3H/HeJ animals are functional myeloid-derived suppressor cells

(MDSC). Whole splenocytes from C3H/HeJ animals were stained with 10 lm CFSE and co-cultured with sorted Gr-1/CD11b double-positive cells

at a 1 : 1 ratio for a total of 2 · 105 cells per well. Cells were treated with 5 lg/ml anti-CD3 and anti-CD28 antibodies in 96-well plates for

4 days. The cells were harvested and stained with anti-Gr-1 and anti-CD4 antibodies to isolate only CD4+ T cells for analysis. Cells were gated

for CD4+ T cells only and analysed for dilution of CFSE via flow cytometry. A negative control of unstimulated splenocytes (a) and a positive

control of stimulated splenocytes only (b) were compared with splenocytes activated in the presence of Gr-1/CD11b double-positive cells from

the spleen of naive animals (c) and Gr-1/CD11b double-positive cells from the spleen (d) and tumour (e) of tumour-bearing animals. Percent-

ages indicate per cent activation.
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To detect MDSC presence, Gr-1/CD11b double-positive

cells were stained with fluorochrome-conjugated antibod-

ies and isolated from the spleens of naive animals as well

as the tumours and spleens of tumour-bearing animals

and assessed for their suppressive activity via T-cell acti-

vation assays. Whole splenocytes were labelled with CFSE

and activated with anti-CD3 and anti-CD28 antibodies

for 4 days. The CD4+ T-cell activation was determined by

CFSE dilution via flow cytometry. C3H/HeJ splenocytes

and tumour-derived Gr-1/CD11b double-positive cells are

shown in Fig. 1 and BALB/c splenocytes and tumour-

derived cells are shown in Fig. 2. Cells cultured in the

Figure 2. Gr-1/CD11b double-positive cells derived from tumour-bearing BALB/c animals are functional myeloid-derived suppressor cells

(MDSC). BALB/c cells were prepared as described previously (Fig. 1). Cells were gated for CD4+ T cells only and analysed for dilution of CFSE

via flow cytometry. A negative control of unstimulated splenocytes (a) and a positive control of stimulated splenocytes only (b) were compared

with splenocytes activated in the presence of Gr-1/CD11b double-positive cells from the spleen of naive animals (c) and Gr-1/CD11b double-

positive cells from the spleen (d) and tumour (e) of tumour-bearing animals. Percentages indicate per cent activation.
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absence of anti-CD3 and anti-CD28 antibodies served as

the negative control and cells cultured with both antibod-

ies in the absence of Gr-1/CD11b double-positive cells

served as the positive control (Figs 1 and 2a,b). To dem-

onstrate that the suppressive activity is not a consequence

of the experimental design, Gr-1/CD11b double-positive

cells from naive animals were co-cultured as well (Figs 1

and 2c).

Figure 3. Interleukin-12 receptor b1 (IL-12Rb1) and IL-12Rb2 expression on the surface of Gr-1/CD11b double-positive cells. Gr-1/CD11b dou-

ble-positive cells, natural killer (NK) cells, and naive CD4+ T cells were blocked with 1· PBS containing 1% BSA or 2 lg/ml IgG and stained

with 2 lg/ml fluorochrome-conjugated anti-IL-12Rb1 antibody or 2 lg/ml anti-IL12Rb2 primary antibody followed by 2 lg/ml phycoerythrin-

conjugated secondary antibody and analysed via flow cytometry. IL-12Rb1 (a–f) and IL-12Rb2 (g–l) were analysed. Naive Gr-1/CD11b double-

positive cells from C3H/HeJ (a, g) and BALB/c (d, j) animals were compared with myeloid-derived suppressor cells from spleen (C3H/HeJ b, h;

BALB/c e, k) and tumour (C3H/HeJ c, i; BALB/c f, l). Graphs are representative of three independent stains.

� 2011 The Authors. Immunology � No claim to original US government works, 133, 221–238 227

IL-12 and myeloid-derived suppressor cells



Figures 1 and 2 demonstrate that co-culture of T cells

with Gr-1/CD11b double-positive cells at a 1 : 1 ratio

resulted in the suppression of T-cell activation, depen-

dent on the source of the Gr-1/CD11b cells. Gr-1/

CD11b double-positive cells from tumour-bearing ani-

mals significantly suppressed T-cell activation regardless

of whether they were harvested from the spleen or

tumour (P < 0�01) (Figs 1 and 2d,e, respectively). Gr-1/

CD11b double-positive cells from naive animals were

not capable of significantly suppressing T-cell activation,

indicating that Gr-1/CD11b double-positive MDSC are

different from Gr-1/CD11b double-positive cells derived

from a naive animal (P > 0�05) (Figs 1 and 2c). Func-

tionally suppressive Gr-1/CD11b double-positive cells

will be described as MDSC for the remainder of this

paper.

MDSC express IL-12Rb1 and IL-12Rb2

Treatment of MDSC with factors known to alter their

suppressive activity has shown some promise of therapeu-

tic efficacy. Several cytokines have been shown to alter

MDSC activity. Interleukin-12 is a cytokine of particular

interest in tumour studies because of its efficacy but its

role against MDSC remains undetermined.

Interleukin-12 exerts its biological activity through IL-

12R, which is composed of two subunits designated b1

and b2 whose genes are located on chromosomes

19p13.1 and 1p31.2, respectively. The subunits are struc-

turally related to the type I cytokine receptor superfam-

ily and are homologous to glycoprotein 130 (gp130), the

IL-6 signal transducing chain.56–58 The IL-12Rb1 subunit

associates with the p40 subunit of IL-12 whereas IL-

12Rb2 associates with the p35 subunit and is the signal

transducing chain. The IL-12R is expressed on activated

T cells, NK cells and DC.37,59–62 It is important to note

that resting T cells do not express IL-12R, making this

population of cells an ideal negative control for IL-12R

expression.

Using NK cells as a positive control and CD4+ resting

T cells as a negative control, we tested whether Gr-1/

CD11b double-positive cells from naive animals as well as

MDSC express either or both of the IL-12Rb1 and IL-

12Rb2 subunits. Figure 3 demonstrates that naive C3H/

HeJ spleen-derived Gr-1/CD11b double-positive cells do

not express the IL-12Rb1 subunit but they do express the

IL-12Rb2 subunit (Fig. 3a,g). BALB/c spleen-derived

naive Gr-1/CD11b double-positive cells were found to

express both of the receptor subunits (Fig. 3d,j). MDSC

from tumour-bearing animals of both strains also express

both subunits of the receptor (Fig. 3b,c,e,f,h,i,k,l) regard-

less of whether the MDSC are derived from the tumours

(Fig. 3c,f,i,l) or spleens (Fig. 3b,e,h,k) of tumour-bearing

animals. The results of the flow cytometry analysis are

summarized in Table 1.

IL-12 alters the suppressive function of MDSC

After determining that MDSC from tumour-bearing ani-

mals are suppressive and express IL-12R components,

we sought to define the effect of IL-12 on these cells in

terms of MDSC function. Given that the experimental

design outlined in Figs 1 and 2 could imply a role for

IL-12 to act on either MDSC or T cells or both, we

sought to isolate the effect to one cell population. To

define which population of cells is involved, cells were

pre-treated separately for 24 hr before co-culturing. The

MDSC were pre-treated with 10 ng/ml recombinant

IL-12 for 24 hr at 37�. Cells were washed with fresh

medium and co-cultured with CFSE-stained whole

splenocytes and stimulated with anti-CD3 and anti-

CD28 antibodies for 4 days (Figs 4 and 5c). Whole

splenocytes were also pre-treated with IL-12, followed by

anti-CD3 and anti-CD28 antibodies as a control for

IL-12 activity (Figs 4 and 5d). Cell activation was deter-

mined by CFSE dilution of CD4+ T cells via flow

cytometry as with the previous experiments.

As Figs 4 and 5 demonstrate, pre-treatment of whole

splenocytes with IL-12 did not alter the ability of MDSC

to suppress T-cell activation, indicating that the effects of

IL-12 were specific to MDSC (Figs 4 and 5d). The MDSC

pre-treated with IL-12 for 24 hr, however, lose the ability

to suppress T-cell activation even at the strong 1 : 1 ratio

(Figs 4 and 5e,f). The loss of suppressive function is seen

in both spleen-derived and tumour-derived MDSC for

both C3H/HeJ (Fig. 4e,f) and BALB/c (Fig. 5e,f) mice.

This loss of suppressive function when MDSC are pre-

treated with IL-12 is an indication that IL-12 can act

directly on MDSC in a manner that changes their sup-

pressive function.

IL-12 induces MDSC up-regulation of surface markers
in vitro and in vivo

It is clear from the data that treatment of MDSC with IL-12

alters the phenotype and the suppressive function of the

cells; however, the mechanism through which IL-12 alters

Table 1. Interleukin-12 receptor b1 (IL-12Rb1) and IL-12Rb2

expression on the surface of Gr-1/CD11b double-positive cells

Cells IL-12Rb1 IL-12Rb2

C3H/HeJ naive spleen Gr-1/CDllb

double-positive

) +

C3H/HeJ tumour MDSC + +

C3H/HeJ tumour-bearing spleen MDSC + +

BALB/c naive spleen Gr-1/CDllb

double-positive

+ +

BALB/c tumour MDSC + +

BALB/c tumour-bearing spleen MDSC + +

MDSC, myeloid-derived suppressor cells.
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MDSC activity remains to be determined. To assess how

MDSC change following IL-12 treatment, stains for changes

in key surface markers were performed and analysed. It is

known that Gr-1/CD11b double-positive cells can become

DC or macrophages. We therefore focused on markers

known to be up-regulated on mature DC and macrophages:

CD80, CD86, F4/80 and MHCII.63 Changes in the expres-

sion of these markers on the surface of MDSC were used to

indicate maturation and were compared with Gr-1/CD11b

double-positive cells derived from naive animals. The flow

Figure 4. Interleukin-12 (IL-12) alters the suppressive activity of C3H/HeJ myeloid-derived suppressor cells (MDSC). C3H/HeJ naive whole

splenocytes were stained with 10 lm CFSE and co-cultured with C3H/HeJ MDSC sorted from digested tumours and spleens of C3L5 tumour-

bearing animals. MDSC were pre-treated with or without 10 ng/ml IL-12 for 24 hr. Cells were then co-cultured in 96-well plates at a 1 : 1 ratio

of whole splenocytes to MDSC for a total of 2 · 105 cells per well stimulated with anti-CD3 and anti-CD28 antibodies for 4 days. After the 4-

day incubation, cells were stained with fluorochrome-conjugated anti-CD4 and anti-Gr-1 antibodies to isolate only the CD4+ T cells for analysis.

Using gating and flow cytometric analysis, CD4+ T cells from untreated cells were used as a negative control (a) while a positive control consisted

of CD4+ T cells treated with anti-CD-3 and anti-CD-28 antibodies (b). Untreated MDSC co-cultured with CD4+ T cells and stimulated with

anti-CD3 and anti-CD28 antibodies (c) were also included as a control for suppression. These controls were compared with whole splenocytes

pre-treated with IL-12 followed by co-culture with MDSC (d) IL-12 pre-treated spleen-derived MDSC (e) and IL-12 pre-treated tumour-derived

MDSC (f) both co-cultured with CD4+ T cells and stimulated with anti-CD3 and anti-CD28 antibodies. Percentages indicate per cent activation.

� 2011 The Authors. Immunology � No claim to original US government works, 133, 221–238 229

IL-12 and myeloid-derived suppressor cells



cytometric analysis for changes in surface marker expres-

sion for naive Gr-1/CD11b double-positive cells and

spleen-derived MDSC before and after IL-12 treatment is

summarized in Table 2.

The data show that Gr-1/CD11b double-positive cells

from naive animals already express maturation markers

for DC and macrophages, adding to the evidence that

these cells are fundamentally different populations

(Table 2). Spleen-derived and tumour-derived MDSC do

not express the DC and macrophage maturation markers.

This distinguishes MDSC from other macrophage types

such as M1 activating and M2 suppressive tumour-infil-

trating macrophages, especially in the tumour microenvi-

ronment. Following IL-12 treatment all markers were

Figure 5. Interleukin-12 (IL-12) alters the suppressive activity of BALB/c myeloid-derived suppressor cells (MDSC). BALB/c cells were obtained

and stained as described previously (Fig. 3). After the 4-day incubation, cells were stained with fluorochrome-conjugated anti-CD4 and anti-Gr-1

antibodies to isolate only the CD4+ T cells for analysis. Using gating and flow cytometric analysis, CD4+ T cells from untreated cells were used as

a negative control (a) while a positive control consisted of CD4+ T cells treated with anti-CD-3 and anti-CD-28 antibodies (b). Untreated MDSC

co-cultured with CD4+ T cells and stimulated with anti-CD3 and anti-CD28 antibodies (c) were also included as a control for suppression. These

controls were compared with whole splenocytes pre-treated with IL-12 followed by co-culture with MDSC. (d) IL-12 pre-treated spleen-derived

MDSC (e) and IL-12 pre-treated tumour-derived MDSC (f) both co-cultured with CD4+ T cells and stimulated with anti-CD3 and anti-CD28

antibodies. Percentages indicate per cent activation.

230 � 2011 The Authors. Immunology � No claim to original US government works, 133, 221–238

C. E. Steding et al.



found to increase on the surface of spleen-derived MDSC,

indicating that these cells are capable of up-regulating

markers expressed on mature DC and macrophages and

that IL-12 causes that up-regulation. Tumour-derived

MDSC are distinct from spleen-derived MDSC in terms

of IL-12 response. Upon stimulation with IL-12, tumour-

derived MDSC in vitro were found to up-regulate only

F4/80 and MHCII. As indicated in Table 2, Gr-1/CD11b

Table 2. Changes in surface marker expression in vitro

Cell type CD80 CD86 F4/80 MHCII

MFI � 41�53 ± 1�41

(negative control)

MFI = 81�97 ± 3�5
(positive control)

MFI � 35�5 ± 1�15

(negative control)

MFI = 79�97 ± 5�99

(positive control)

MFI � 16�5 ± 0�95

(negative control)

MFI = 39�97 ± 4�97

(positive control)

MFI � 37�87 ± 1�74

(negative control)

MFI = 92�77 ± 3�89

(positive control)

C3H/HeJ

Naive Gr-1/CD11b 82�9 ± 4�76 79�2 ± 5�16 41�2 ± 2�46 93�1 ± 3�43

Naive Gr-1/CD11b + IL-12 82�8 ± 3�76 74�1 ± 3�10 93�1 ± 4�45 92�9 ± 4�45

Tumour-bearing spleen MDSC 40�6 ± 0�91 34�2 ± 0�86 15�7 ± 0�82 38�1 ± 0�96

Tumour-bearing spleen MDSC + IL-12 84�5 ± 4�11 110 ± 4�73 39�0 ± 1�63 127 ± 6�51

Tumour MDSC 41�3 ± 0�49 34�6 ± 0�85 15�7 ± 0�90 38�4 ± 0�73

Tumour MDSC + IL-12 41�2 ± 0�57 33�7 ± 0�69 21�0 ± 0�73 65�6 ± 1�97

BALB/c

Naive Gr-1/CD11b 81�5 ± 4�19 79�5 ± 5�06 40�0 ± 1�84 94�1 ± 3�01

Naive Gr-1/CD11b + IL-12 78�9 ± 3�32 81�2 ± 4�05 42�7 ± 1�53 93�7 ± 1�68

Tumour-bearing spleen MDSC 41�8 ± 0�54 34�4 ± 0�96 15�7 ± 1�00 38�1 ± 1�05

Tumour-bearing spleen MDSC + IL-12 82�2 ± 4�59 74�6 ± 2�63 39�4 ± 1�71 124 ± 8�77

Tumour MDSC 41�2 ± 0�60 34�9 ± 0�78 15�5 ± 0�85 37�8 ± 0�70

Tumour MDSC + IL-12 40�9 ± 0�58 34�4 ± 0�75 40�5 ± 1�67 65�8 ± 2�87

IL-12, interleukin-12; MDSC, myeloid-derived suppressor cells; MFI, mean fluorescence intensity.

Gr-1/CD11b double-positive cells and whole splenocytes from both naive and tumour-bearing animals were incubated for 24 hr with or without

10 ng/ml IL-12. Cells were then stained with 2 lg/ml anti-F4/80, anti-MHCII, anti-CD80 or anti-CD86 antibodies and analysed via flow cytome-

try. Analysis of both medians and means of histograms were used to quantify the changes in expression of the surface markers studied. MFI val-

ues are listed as an average of single-cell suspensions obtained from up to 10 animals stained in three individual studies.

Table 3. Changes in surface marker expression in vivo

Cell type CD80 CD86 F4/80 MHCII

MFI � 41�53 ± 1�41

(negative control)

MFI = 81�97 ± 3�5
(positive control)

MFI � 35�5 ± 1�15

(negative control)

MFI = 79�97 ± 5�99

(positive control)

MFI � 16�5 ± 0�95

(negative control)

MFI = 39�97 ± 4�97

(positive control)

MFI � 37�87 ± 1�74

(negative control)

MFI = 92�77 ± 3�89

(positive control)

C3H/HeJ

Tumour-bearing spleen MDSC + AdLuc 41�0 ± 0�98 34�3 ± 1�62 16�0 ± 0�88 38�3 ± 1�19

Tumour-bearing spleen MDSC + AdlL-12 76�8 ± 1�53 78�1 ± 3�76 38�1 ± 0�82 115 ± 2�45

Tumour MDSC + AdLuc 41�1 ± 0�58 34�4 ± 0�79 15�8 ± 0�86 65�4 ± 0�80

Tumour MDSC + AdlL-12 64�8 ± 1�15 80�1 ± 4�09 41�7 ± 2�23 132 ± 11�1
BALB/c

Tumour-bearing spleen MDSC + AdLuc 40�1 ± 0�96 33�4 ± 0�76 16�1 ± 1�00 38�4 ± 0�77

Tumour-bearing spleen MDSC + AdlL-12 82�1 ± 4�00 76�5 ± 4�12 40�1 ± 1�82 117 ± 4�29

Tumour MDSC + AdLuc 40�5 ± 0�98 34�1 ± 0�85 15�6 ± 0�80 67�4 ± 2�94

Tumour MDSC + AdlL-12 63�8 ± 0�59 53�7 ± 1�68 39�9 ± 2�29 120 ± 3�24

IL-12, interleukin-12; MDSC, myeloid-derived suppressor cells; MFI, mean fluorescence intensity.

C3H/HeJ and BALB/c tumour-bearing animals were treated with intramuscular injections of 1 · 109 adenovirus particles of either AdLuc or

AdIL-12. Twenty-four hours after inoculation with virus, spleens and tumours were harvested and digested to obtain single-cell suspensions.

Cells were then stained with 2 lg/ml anti-F4/80, anti-MHCII, anti-CD80, or anti-CD86 antibodies and analysed via flow cytometry. Analysis of

both medians and means of histograms were used to quantify the changes in expression of the surface markers studied. MFI values are listed as

an average of single-cell suspensions obtained from up to 10 animals stained in three individual studies.
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double-positive cells from naive animals express several

markers of mature cells and these markers are consistent

with mature cells capable of receiving activation signals.

To determine whether these results could also be

observed in vivo, tumours averaging 350 mm3 in size

were generated in both C3H/HeJ and BALB/c animals.

Intramuscular injections with adenovirus encoding

either luciferase or recombinant IL-12 were performed.

Twenty-four hours after injection, tumours and spleens

were harvested and cells were isolated for further analy-

sis. Serum analysis was used to confirm IL-12 expres-

sion and it was determined that only animals treated

with adenovirus expressing recombinant IL-12 demon-

strated a systemic increase in IL-12 expression, with an

average of approximately 9 ng/ml (data not shown).

Using identical staining protocols as the in vitro studies

outlined in Table 2, treatment with IL-12 was found to

be capable of altering the expression of all four markers

studied regardless of whether they were spleen-derived

or tumour-derived MDSC (Table 3). The ability to see

changes in CD80 and CD86 expression for the tumour-

derived cells in vivo indicates a small difference between

Figure 6. In vitro treatment with interleukin-12 (IL-12) reduces ArgI, Nos2 and interferon-c (IFN-c). Gr-1/CD11b double-positive cells were

stained using fluorochrome-conjugated antibodies and sorted from the spleens of naive animals as well as the spleens and tumours of tumour-

bearing animals. Sorted myeloid-derived suppressor cells (MDSC) were treated for 24 hr with 10 ng/ml recombinant mouse IL-12. RNA was

extracted from sorted cell populations, converted to cDNA and analysed for mRNA expression via Real Time PCR. The expression levels for ArgI,

Nos2 and IFN-c were normalized to expression from naive double-positive cells and graphed as a fold change. The expression of ArgI in C3H/

HeJ (a) and BALB/c (b), Nos2 in C3H/HeJ (c) and BALB/c (d) and expression of IFN-c in C3H/HeJ (e) and BALB/c (f) are shown. Statistically

significant reductions in mRNA expression were observed following treatment with IL-12 (*P < 0�05; **P < 0�01; ***P < 0�001).
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treatments that can be explained by additional in vivo

cellular interactions. Interactions of MDSC with other

cells capable of responding to IL-12, such as T cells,

most probably enhanced the overall effects of the treat-

ment, which implies enhanced efficacy of the treatment

under more physiologically relevant conditions.

IL-12 treatment reduces the expression of ArgI, Nos2
and IFN-c mRNA

Although differentiation is enough to define the change

induced by IL-12, how that change is actually correlated

with the loss of suppressive function needs to be deter-

mined. It is known that one of the critical mechanisms

for MDSC suppressive activity is the production of reac-

tive nitrogen species mediated by the expression of

Nos2.13,22 Coinciding with the production of reactive

nitrogen species is the depletion of L-arginine mediated

by production of ArgI.6,15,64–67 The Nos2 is inducible by

IFN-c expression regardless of whether it is from intracel-

lular production or extracellular sources.68,69 To define

whether internal changes in Nos2 and IFN-c play a role

in these cells, RNA was extracted and mRNA levels were

analysed using RT-PCR.

Figure 7. In vivo treatment with interleukin-12 (IL-12) reduces ArgI, Nos2 and interferon-c (IFN-c). C3H/HeJ and BALB/c tumour-bearing ani-

mals were treated with intramuscular injections of 1 · 109 adenovirus particles of either AdLuc or AdIL-12. Twenty-four hours after inoculation

with virus, spleens and tumours were harvested and digested to obtain single-cell suspensions. Gr-1/CD11b double-positive cells were stained

using fluorochrome-conjugated antibodies and sorted from the spleens and tumours of AdLuc- or AdIL-12-treated animals. RNA was extracted

from sorted cell populations, converted to cDNA and analysed for mRNA expression via Real Time PCR. The expression levels for ArgI, Nos2

and IFN-c were normalized to expression from naive double-positive cells and plotted on graphs as a fold change. The expression of ArgI in

C3H/HeJ (a) and BALB/c (b), Nos2 in C3H/HeJ (c) and BALB/c (d) and expression of IFN-c in C3H/HeJ (e) and BALB/c (f) are shown. Statisti-

cally significant reductions in mRNA expression were observed following treatment with IL-12 (*P < 0�05; ***P < 0�001).
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Figures 6 and 7 demonstrate the changes in ArgI, Nos2

and IFN-c in vitro and in vivo, respectively. Parts (a), (c)

and (e) of both figures demonstrate the changes in

expression of ArgI, Nos2 and IFN-c, respectively for

C3H/HeJ-derived cells while parts (b), (d) and (f) of both

figures demonstrate the changes in expression for BALB/

c-derived cells. The figures demonstrate levels of expres-

sion as normalized and compared with naive Gr-1/CD11b

double-positive cells and plotted on graphs as a fold

change. Expression of ArgI, Nos2 and IFN-c were

increased in MDSC regardless of tissue type. The levels of

ArgI, Nos2 and IFN-c expressed by tumour-derived

MDSC were, however, significantly higher than the levels

expressed in spleen-derived MDSC. Low levels of IFN-c
expression in the spleen-derived MDSC may account for

differences in ability to differentiate in response to IL-12

in vitro and is further evidence that these cells are func-

tionally different from their tumour-derived counterparts.

Results for mRNA expression of ArgI, Nos2 and IFN-c
are consistent in vitro (Fig. 6) and in vivo (Fig. 7). It is

essential to note that both spleen-derived and tumour-

derived cells expressed ArgI and Nos2 at levels exceeding

the naive Gr-1/CD11b double-positive controls, support-

ing the in vitro evidence of a suppressive function for

both cell types.

IL-12 treatment induces infiltration of CD8+ T cells
and reduces metastasis

Treatment with IL-12 has long been known to have thera-

peutic benefits including anti-angiogenic and anti-meta-

static effects.45,70 In this study, we were interested in

whether treatment with IL-12 had an effect on MDSC

levels and metastasis. To determine whether MDSC levels

were affected in the tumour microenvironment following

treatment with adenovirus-mediated IL-12, we studied sin-

gle-cell suspensions for levels of Gr-1/CD11b double-posi-

tive cells. We were also interested in whether infiltration of

active CD8+ T cells into the tumour microenvironment

occurs after treatment with IL-12 and if the treatment

had any significant therapeutic effects on metastasis.

Treatment with IL-12 was found to suppress tumour

growth leading to statistically significant increases in sur-

vival (Fig. 8). The end-point of the studies was a

tumour size of 500 mm3; therefore, decreases in tumour

growth were responsible for the increase in overall sur-

vival. However, how IL-12 effects on MDSC correlate

with this remains to be defined. Figure 9 demonstrates

that the percentage of MDSC in the tumours from both

C3H/HeJ (a) and BALB/c (b) tumour-bearing animals

decreased following treatment with IL-12. The percent-

age of Gr-1/CD11b double-positive cells is represented

as a percentage of CD45+ cells (Fig. 9). Not only were

these cells reduced but IL-12 also increased the percent-

age of IFN-c-positive CD8+ T cells in the tumour

microenvironment for both models as well (Fig. 9c,d).

In addition to the effects on the tumour microenviron-

ment, treatment with AdIL-12 was found to significantly

reduce metastasis in both the C3H/HeJ (Fig. 10a) and

BALB/c (Fig. 10b) models. This reduction in whole

numbers of immune suppressors, increase in active

CD8+ T cells, increase in overall survival, and decrease

in metastasis is an indication that treatment with IL-12

has significant therapeutic benefits related to its MDSC

modulating activity.

Discussion

The MDSC are a population of cells of great interest to

immunologists and cancer researchers. These cells have a

wide range of effects in terms of inflammation, immune

modulation, autoimmune disease, cancer progression and

metastasis. Although MDSC are known as Gr-1/CD11b

Figure 8. In vivo treatment with interleukin-12 (IL-12) increases

overall survival. C3H/HeJ and BALB/c animals were inoculated with

2 · 105 C3L5 and 1 · 105 4T1 cells, respectively. Once tumours

reached an average size of 65 mm3, intramuscular injections of

1 · 109 adenovirus particles of AdLuc or AdIL-12 were performed.

Tumours were measured twice weekly. C3H/HeJ (a) and BALB/c (b)

animals were analysed for overall survival with tumour volumes of

500 mm3 as the end-point (*P < 0�05).
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Figure 9. In vivo treatment with interleukin-12 (IL-12) increases active CD8+ T-cell infiltration into the tumour microenvironment. C3H/HeJ

and BALB/c animals were inoculated with 2 · 105 C3L5 and 1 · 105 4T1 cells, respectively. Once tumours reached an average size of 65 mm3,

intramuscular injections of 1 · 109 adenovirus particles of AdLuc or AdIL-12 were performed. Once tumours reached a volume of 500 mm3, tis-

sues were harvested and single-cell suspensions obtained. Gr-1/CD11b double-positive cells were stained as a set of CD45+ cells using fluoro-

chrome-conjugated anti-Gr-1, anti-CD11b and anti-CD45 antibodies. CD8+ T cells were stained using fluorochrome-conjugated anti-CD8 and

anti-interferon-c (IFN-c) antibodies and analysed via flow cytometry. The percentage of Gr-1/CD11b double-positive cells in C3H/HeJ (a) and

BALB/c (b) tumours as a percentage of CD45+ cells was determined. The percentage of CD8+ T cells that also express IFN-c in C3H/HeJ (c)

and BALB/c (d) tumours are also shown. Statistically significant increases in active IFN-c+ CD8+ T cells were observed following treatment with

AdIL-12 (*P < 0�05; **P < 0�01; ***P < 0�001).

Figure 10. In vivo treatment with interleukin-12 (IL-12) decreases metastasis. C3H/HeJ and BALB/c animals were inoculated with 2 · 105 C3L5

and 1 · 105 4T1 cells, respectively. Once tumours reached an average size of 65 mm3, intramuscular injections of 1 · 109 adenovirus particles of

AdLuc or AdIL-12 were performed. Once tumours reached a volume of 500 mm3, lungs were harvested for analysis of metastasis. Lungs were

fixed in Bouin’s fixative and metastases were counted. Analysis of metastases from C3H/HeJ (a) and BALB/c (b) are also shown. Statistically sig-

nificant reductions in metastasis were observed following treatment with AdIL-12 (***P < 0�001).
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double-positive cells in mouse models, not all cells

expressing both of these markers are MDSC. To be classi-

fied as MDSC the cells must be capable of suppressing

T-cell activation. These studies confirmed a critical differ-

ence between MDSC and cells that are just Gr-1/CD11b

double-positive in terms of function, and also identified a

new difference: only MDSC up-regulate surface marker

expression indicative of maturation in response to IL-12.

The findings in this paper identify a new role of IL-12 in

immune modulation. Interleukin-12 was found to alter the

suppressive function of MDSC by down-regulating ArgI

along with IFN-c and Nos2 while promoting the up-regu-

lation of markers that indicate cell maturation. Spleen-

derived MDSC up-regulate all markers studied, implying a

more diverse response to IL-12 treatment, whereas

tumour-derived MDSC in vitro appear to be more limited

in their capacity to up-regulate surface markers in response

to IL-12. This limitation, however, was not apparent from

in vivo treatments. This difference is most likely to be the

result of interactions with other immune activators

affected by both virus treatment and IL-12. The up-regula-

tion of co-stimulatory molecules CD80 and CD86 is

important, as it implies the potential for these cells to acti-

vate T cells. Whether these cells have in fact been rendered

capable of inducing T-cell activation or if they are merely

no longer suppressive remains unknown. Although these

cells were not found to express F4/80 until after treatment

with IL-12, it is still probable that some tumour-derived

MDSC are an immature population of macrophages.

Further studies are needed to identify whether tumour

MDSC exhibit M2 or M1 macrophage characteristics

before and after IL-12 treatment, so as to fully define the

overall activity of these MDSC. It is interesting that while

IL-12 decreases the suppressive function of tumour MDSC

in vitro and in vivo, a dramatic increase in maturation

marker expression only occurs in vivo, indicating that loss of

suppressive function and gain of maturation/differentiation

markers are not necessarily coupled.

Several factors such as all-trans retinoic acid and suniti-

nib are known to act directly on MDSC to alter their sup-

pressive function, leading to reductions in tumour

growth.4,25,27–29,71,72 Coupling altered MDSC activity with

immune activation may lead to significant improvements

in combating metastatic disease and in overall therapeutic

efficacy. Interleukin-12 as an immune modulator has the

potential to both modulate immune suppression and pro-

mote immune activation, giving it significant potential as

a therapeutic option. Treatment of tumour-bearing ani-

mals with AdIL-12 was found to reduce the percentage of

Gr-1/CD11b double-positive cells in the tumour for both

mouse strains. This reduction in Gr-1/CD11b double-

positive cells could be responsible for the significant

increase in IFN-c+ CD8+ T cells found in the tumours.

Treatment with AdIL-12 was also found to result in a sig-

nificant increase in overall survival and a significant

reduction in metastasis. The reduction in metastasis is of

particular importance in terms of defining the potential

for IL-12 as a cancer therapeutic agent. Overall these find-

ings implicate a significant therapeutic role for treatment

with IL-12, though how the reduction in metastasis

directly correlates with the effect of IL-12 on MDSC

remains undefined. Based on the results outlined in this

paper, another role for IL-12 has been defined as well as

a potential target for IL-12-based therapies.

Therapies that target immune activation as a means to

reject established tumours are limited by the presence of

cells capable of suppressing immune activity. The ability of

T cells to avoid suppression by MDSC and other suppres-

sive populations is critical for the immune system to pro-

mote an anti-tumour immune response. The idea

that single cytokine treatments can promote immune

responses and also overcome immune suppression is

attractive to researchers. Defining the mechanism of IL-12

activity on MDSC is essential to understanding the thera-

peutic applications of IL-12. It is well established that IL-

12 acts to suppress tumour growth in many tumour mod-

els. It is clear that IL-12 promotes anti-tumour immune

responses but why these vary as dramatically as they do is

unknown. This study provides a possible explanation for

the discrepancy in IL-12-mediated therapeutic responses.

As IL-12 alters the suppressive function of MDSC by

inducing phenotypic and functional changes, it is possible

that differences in MDSC expression and incomplete rever-

sal of MDSC activity by IL-12 might explain the wide

range of tumour responses observed in previous studies.

These studies enhance our understanding of IL-12’s effects

on a suppressive cell population and offer a promising ave-

nue for enhancing the efficacy of combination therapies.
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