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Abstract

Background and aims—Myeloid derived suppressor cells (MDSC) are immature myeloid
cells with immunosuppressive activity. They accumulate in tumor-bearing mice and humans with
different types of cancer, including hepatocellular carcinoma (HCC). The aim of this study was to
examine the biology of MDSC in murine HCC models and to identify a model, which mimics the
human disease.

Methods: The comparative analysis of MDSC was performed in mice, bearing transplantable,
diethylnitrosoamine (DEN)-induced and MY C-expressing HCC at different ages.

Results: An accumulation of MDSC was found in mice with HCC irrespectively of the model
tested. Transplantable tumors rapidly induced systemic recruitment of MDSC, in contrast to slow-
growing DEN-induced or MY C-expressing HCC, where MDSC numbers only increased intra-
hepatically in mice with advanced tumors. MDSC derived from mice with subcutaneous tumors
were more suppressive than those from mice with DEN-induced HCC. Enhanced expression of
genes associated with MDSC generation (GM-CSF, VEGF, IL-6, IL-1f) and migration (MCP-1,
KC, S100A8, S100A9) was observed in mice with subcutaneous tumors. In contrast, only KC
levels increased in mice with DEN-induced HCC. Both KC and GM-CSF over-expression or anti-
KC and anti-GM-CSF treatment controlled MDSC frequency in mice with HCC. Finally, the
frequency of MDSC decreased upon successful anti-tumor treatment with sorafenib.
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Conclusions: Our data indicate that MDSC accumulation is a late event during
hepatocarcinogenesis and differs significantly depending on the tumor model studied.

Introduction

Myeloid derived suppressor cells (MDSC) represent a heterogeneous population of
immature myeloid cells with suppressive activity. They include myeloid progenitors at
various stages of differentiation, precursors of granulocytes, monocytes and dendritic cells
(DC) [1]. In mice, MDSC are identified by co-expression of CD11b and Gr-1 and can be
further divided into monocytic and granulocytic subtypes, depending on Ly6G/Ly6C or
CD49d expression [2-4].

MDSC accumulate in spleen, blood and tumors of tumor-bearing animals [5]. Recently, they
were also found in the liver of mice with subcutaneous tumors [6, 7]. MDSC suppress CD8*
[8-10] and CD4* T cells [11] as well as NK [12, 13] cells through diverse mechanisms.
Various tumor-derived soluble factors, including G-CSF, GM-CSF, VEGF, IL-6, IL-1p have
been described to induce MDSC [1].

Analogues of murine MDSC have been found in blood and tumors of patients with various
types of cancer [14]. We have previously described an increased frequency of CD14*HLA-
DRow/neg. cells in peripheral blood and tumors of patients with hepatocellular carcinoma
(HCC), which not only suppressed T- and NK cells, but also induced CD4*CD25*
regulatory T cells [12, 15]. Various murine models of HCC have been developed, however,
it remains questionable, which model mimics best the situation in patients and is useful for
analysis of immune suppressor cells in HCC. With the aim to identify the best murine HCC
tumor model which can be used to perform preclinical studies on MDSC, we performed
comparative analysis in mice with carcinogen-induced, spontaneous and transplantable
HCC.

We used a spontaneous HCC model, based on liver-specific inducible expression of human
MY C [16]. Chemically induced HCC was established by injection of diethylnitrosamine
(DEN) to two weeks old male mice [17]. Finally, we also injected two different HCC cell
lines orthotopically or subcutaneously, in naive mice, or as an “addon” to mice which
already had DEN-induced HCC.

Materials and Methods

Cell lines

RIL-175 mouse hepatocellular carcinoma cell line was isolated from hepatic tumors
established in C57BL/6 mice by transfer of p53' fetal hepatoblasts, transduced with
HRasV12 as previously described [18]. RIL-175-KC and RIL-175-GM-CSF cells were
generated by transduction of RIL-175 with GM-CSF and KC expressing constructs. BNL
cells were purchased from American Type Culture Collection. Sorafenib resistant BNL cells
(BNL-R) were generated by growing BNL cells in the presence of 3uM sorafenib in vitro.

Animal Studies

C57BL/6 and Balb/c mice were obtained from Charles River (Sulzfeld, Germany) and NCI/
Frederick (Frederick, USA). OVA-transgenic OT-I mice were from Jackson Laboratories
(Bar Harbor, USA). LAP-tTA and TRE MY C mice were provided by Dr. Dean W. Felsher.
MY C expression in the liver was activated by removing doxycycline treatment (100ug/ml)
from the drinking water of 4 weeks old mice, transgenic for both TRE-MYC [16, 19] and
LAP-tTA [20], as previously described [16]. Subcutaneous tumors were established by
injection of 5x10°-106 RIL-175, RIL-175-KC, RIL-175-GM-CSF, 1:1 mix of RIL-175-KC
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and RIL-175-GM-CSF or 108 BNL cells in the right flank of mice. To induce orthotopic
tumors, 5x10° RIL-175 cells (or phosphate buffered saline as a control) were injected under
the liver capsule into the right liver lobe of anesthetized mice after subcostal laparatomy.
Chemically induced HCC were established by intraperitoneal injection of
diethylnitrosoamine (Sigma) in two-weeks-old male pups at a dose of 20u g/g bodyweight.
10mg/kg Sorafenib (Bayer) was given daily by oral gavage.

Control mice received equal volume of the vehicle (Ethanol:Cremophor 1:1, 25% in dH,0).
50pug anti-KC (R&D Systems), 100 pg anti-GM-CSF (R&D Systems) and rat IlgG2a (R&D
Systems) were injected 3, intra-peritoneally every 3 days. Animals received human care
according to institutional guidelines. All experimental protocols were approved by local
Institutional Animal Care and Use Committees.

Cell isolation

Single cell suspensions were prepared from spleen, lymph nodes, liver and blood. The red
blood cells were lysed by ACK Lysis Buffer (Quality Biologicals).

Flow Cytometry

Cells were stained with: anti-CD11b (Clone M1/70, Immunotools), anti-CD45 (clone 30-
F11 eBioscience), anti-Gr-1 (clone RB6-8C5, Biolegend) and anti-CD8 (clone 53-6.7,
eBioscience). Propidium iodide (Sigma) and 7AAD (BD Biosciense) were used for dead cell
exclusion. Flow cytometry was performed on BD FacsCalibur (BD Biosciences). The data
were analyzed using FlowJo software (Tree Star).

Purification of CD11b*Gr-1* cells

Hepatic leukocytes were purified from the livers of tumor bearing mice as previously
described [21] and labeled with anti-mouse CD11b-Microbeads (Miltenyi Biotec). CD11b*
cells were isolated with AutoMacs, according to manufacturer's instructions and stained with
anti-CD11b and anti-Gr-1. CD11b*Gr-1* cells or CD11b*Gr-1"9" and CD11b*Gr-1'0W
subsets were sorted on Influx™ Cell Sorter (BD Biosciences).

Suppression assay

CD11b*Gr-1* cells or their subsets were isolated as indicated above and incubated with 1 x
10° CFSE (Molecular Probes)-labeled splenocytes from OT-1 mice at indicated ratios in the
presence of 0.1u g/ml OVA,57.064 SIINFEKL peptide (Eurogentec). After 48hr of
incubation, proliferation of CFSE*CD8" cells was analyzed using flow cytometry.

Cytokine quantification

The serum samples were analyzed by MultiplexX® MAP Mouse Cytokine/Chemokine kit
(Millipore) according to manufacturer’s instructions. Conditioned media, derived from /n
vitro cultured RIL-175 cells and explanted liver and tumor tissues were collected and
analyzed for GM-CSF by ELISA (eBioscience) according to manufacturer's instructions.
Amount of GM-CSF in the tissue culture supernatant was normalized to 1gram of tissue.

RNA isolation and Real-Time PCR

RNA was extracted from frozen tissues with RNeasyMini Kit (Qiagen). Complementary
DNA was synthesized by iScript™cDNA synthesis kit (BioRad). Sequence of primers used
for quantitative RT-PCR can be obtained from authors. The reactions were run in triplicates
using iIQSYBR green supermix kit (BioRad). The results were normalized to endogenous
cyclophillin A expressign levels. Naive mouse liver was used as a calibrating sample. The
data are shown in 228 <! format.
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Statistical analysis

Experimental results are shown as Mean + SEM. Significance of the difference between
groups was calculated by Student’s unpaired t-test and one-way ANOVA (Dunnett’s and
Bonferroni’s multiple comparison test). £<0.05 was considered as statistically significant.

Results

Transplantable, carcinogen-induced and spontaneous HCC represent models of fast-
growing and slow-growing tumors

We have compared tumor development in four different HCC models: mice with
orthotopically or subcutaneously injected tumors, DEN induced tumors and spontaneous
HCC in MYC ON mice. Injection of tumor cells subcutaneously or into the liver resulted in
tumor development within 2-3 weeks. In contrast, MYC ON mice developed HCC 10 weeks
after start of MYC expression and DEN-induced tumors were detected after 40 weeks of
treatment (Table 1). While intra-hepatic injection of tumor cells led to infiltrative growth of
tumor (Supplementary Fig. S1A), DEN-induced and MY C-expressing HCC were found to
be more diffuse and distinct in livers forming nodules. Tumor occurrence was confirmed by
microscopic analysis (Supplementary Fig. S1B, S1C).

Increased numbers of CD11b*Gr-1* MDSC in mice with transplanted tumors

In order to study the role of CD11b*Gr-1* cells in the development and growth of HCC, we
performed comparative analysis of MDSC in all different liver tumor models. MDSC were
identified as CD11b*Gr-1* cells (Fig. 1A). As expected, increased relative and absolute
numbers of CD11b*Gr-1* cells were found in the spleen, blood and liver of C57BL/6 mice
with orthotopic (Fig. 1B, 1C) and subcutaneous tumors (Fig. 1D, 1E). Similar results were
obtained in Balb/c mice injected subcutaneously with BNL tumor cells (Fig. 1F).
Unexpectedly, we did not find an increase in the number of hepatic and splenic
CD11b*Gr-1* cells in mice with tumors at 40 weeks after DEN treatment in comparison to
naive age-matched control (Fig. 1D, 1E). Similarly, MYC ON mice did not show
accumulation of MDSC 10 weeks after initiation of MYC expression, when mice started to
develop HCC (Fig. 1G).

MDSC increase in livers of mice with advanced DEN-induced and MYC expressing HCC

Since we did not observe a change in numbers of MDSC in DEN-treated and MYC ON
mice at early stages of HCC, we decided to wait longer until mice have advanced disease
and large tumors. This was also supported by the fact that most studies including our own on
MDSC in patients with HCC [12, 15] restrict their analysis to patients with advanced
disease. We observed a further progression of primary tumors in DEN treated mice and 33%
of all mice developed macroscopically lung metastasis at 72 weeks after DEN treatment
(Supplementary Fig. S2A, S2B). Progressive growth of the tumors was confirmed by an
increase of the body weight/liver weight ratio (BLR) in DEN-treated animals after 56, 64
and 72 weeks of DEN-injection (Supplementary Fig. S2C). Analysis of MDSC in mice with
further advanced disease indicated an increase in the number of tumor infiltrating MDSC,
which paralleled BLR dynamics (Fig. 2A). However, no significant increase in splenic
MDSC was observed (Fig. 2B). Subpopulation analysis revealed that both CD11b*Gr-1high
granulocytic and CD11b*Gr-1!°" monocytic MDSC were increased in the liver 72 weeks
after DEN treatment, whereas only CD11b*Gr-1Mi9" showed significant increase in the
spleen (Fig. 2C, 2D). Similarly, MYC ON mice showed high numbers of MDSC 13 weeks
after starting of MYC expression (Fig. 2E), when tumors had already reached an advanced
stage, as confirmed by increased BLR (Supplementary Fig. S2D, S2E).
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Subcutaneously growing tumors trigger accumulation of MDSC in mice with DEN-induced

HCC

So far our data indicated that besides liver, MDSC accumulated in the spleen of mice
bearing subcutaneous or orthotopic tumors, but not in mice with chemically induced HCC.
In order to distinguish whether DEN-induced tumors trigger or inhibit accumulation of
MDSC, we next injected RIL-175 cells subcutaneously into mice with DEN-induced HCC.
Frequencies of MDSC were determined when subcutaneous tumors reached 10 to 15 mm in
size. Injection of RIL-175 caused similar increase in the relative and absolute MDSC
numbers in spleen, blood and liver of mice with DEN-induced tumors (Fig. 3A, 3B).
Furthermore, the frequency of MDSC was similar in RIL-175 injected mice with and
without DEN-induced HCC (data not shown).

Transplanted tumors induce more suppressive MDSC than chemically-induced HCC

Next, we tested the function of hepatic MDSC derived from mice with subcutaneous tumors
and tumor infiltrating MDSC from mice with DEN-induced HCC and mice with DEN
induced HCC, which also grew subcutaneous tumor transplants. Purified hepatic
CD11b*Gr-1* cells were incubated for 48hr with OV A,s57.064 peptide-stimulated OT-I
splenocytes in order to test the suppressor activity. MDSC from mice with DEN induced
HCC were less suppressive than MDSC from mice with subcutaneous tumors. Interestingly,
the most efficient suppressors were CD11b*Gr-1* cells, obtained from mice with DEN
induced tumor, which were also challenged with subcutaneous tumors (Fig. 3C). Subset
analysis indicated a higher ratio of monocytic:granulocytic MDSC in mice with
subcutaneously growing tumors than in mice with DEN induced HCC without additional
subcutaneous tumors (Fig. 3D). Monocytic MDSC have been shown to be more suppressive
in other tumor models [4]. Similar results can be found in mice with subcutaneous HCC.
Suppressive activity of both-granulocytic and monocytic MDSC was dependent on
expression of iINOS, but independent from arginase (Supplementary Fig. S3A).

Subcutaneously growing tumors express more GM-CSF, G-CSF, VEGF and MCP-1

In order to better understand the biology of MDSC accumulation in the different HCC
models, we performed gene expression analysis. MRNA was isolated from DEN induced-
and subcutaneous RIL-175 tumors and screened for expression of factors known to be
relevant for the generation (G-CSF, GM-CSF, M-CSF, IL-6, IL-1B,) [22-27] and migration
(KC, MCP-1, S100A8, S100A9) [7, 23, 28] of MDSC. Enhanced expression of IL-6,
S100A8, S100A9, KC, MCP-1 was found in liver tumors from mice at 72 weeks after DEN-
treatment (Fig. 4A). In contrast, subcutaneously growing tumors were also expressing G-
CSF, GM-CSF, IL-1f and VEGF (Fig. 4B). Interestingly, we found increased expression of
KC, IL-6, MCP-1, S100A8 and S100A9 even in the liver of mice with subcutaneous tumors
(Fig. 4C), which could explain the increase of hepatic MDSC in this model. Tumor-derived
GM-CSF has been reported to trigger accumulation of MDSC in the spleen of tumor bearing
mice [9, 24]. Screening of tumor-conditioned media, derived from RIL-175 cells revealed
time-dependent increase of GM-CSF (Supplementary Fig. S4A). Furthermore, high amount
of GM-CSF was also found in explanted RIL-175 tumor tissues /in vitro (Supplementary Fig.
S4B). Screening of sera revealed that DEN-treated mice showed time dependent increase of
KC levels (Supplementary Fig. S4C, which correlated with increased numbers of
CD11b*Gr-1* cells in the liver (Fig. 2A). Less intensive but significant increase of KC
amounts was also found in the sera of mice with subcutaneous tumors (Supplementary Fig.
S4D).

To study the role of KC and GM-CSF in generation and/or recruitment of MDSC /n vivo,
we injected subcutaneous tumor bearing mice with anti-KC or anti-GM-CSF neutralizing
antibodies. Reduced numbers of CD11b*Grl1* cells were found upon anti-KC and anti-GM-
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CSF treatment (Fig. 4D). Next, we established subcutaneous tumors by injection of wild
type (WT), KC- and GM-CSF over-expressing RIL-175 cells. Mice with KC and GM-CSF
over-expressing tumors developed higher numbers of MDSC in the spleen and liver, as
compared to animals injected with wild type RIL-175. Interestingly, mixing KC and GM-
CSF over-expressing tumors only marginally increased the frequency of hepatic and splenic
MDSC (Fig. 4E). Similar results were found when tumor infiltrating MDSC were analyzed
(Supplementary Fig. S5). Finally, we investigated the effect of systemic sorafenib
administration on MDSC frequencies. Sorafenib treatment delayed tumor growth (Fig. 4F)
in BNL tumor-bearing mice, accompanied by a reduction in MDSC frequency (Fig. 4G).
This effect was not seen when the treatment was administered into mice injected with a
sorafenib-resistant tumor cell line (BNL-R), suggesting, that HCC directly controls
expansion of MDSC rather than a direct effect of sorafenib on MDSC as previously
suggested [29].

Discussion

MDSC have been an area of intense research in the last years, due to their strong immune
suppressor function in patients with cancer [1, 14]. Murine tumor models are widely used to
study the interaction between cancer and immune function. Transplantable tumor models are
frequently used to study MDSC biology [1, 30, 31], however, they have a number of
disadvantages. Results are highly dependent on the tumor cell line used. The dynamics and
latency of tumor growth is not comparable to the situation in humans and finally,
subcutaneous transplants grow independently from the organ of interest [32].

We have previously shown an increase in the frequency of CD14*HLA-DRIOWMed. MDSC in
patients with HCC and showed that these cells induced Foxp3 expression in CD4* T cells
[15] and suppressed NK cell function /n vitro[12]. In order to better understand the complex
immunobiology of MDSC in HCC, we decided to test MDSC in four different HCC models:
chemically induced HCC [17], spontaneous HCC in mice expressing human MYC [16] and
two transplantation models in which syngeneic tumor cell lines were injected
subcutaneously or into the liver. DEN- and MY C-induced HCC have been suggested to be
comparable with human HCC [33].

We examined frequency, subtype distribution and function of MDSC as well as factors
responsible for their recruitment at early and late stages of HCC. As expected, all tumor
bearing mice demonstrated elevated MDSC frequencies. However, closer analysis
demonstrated subtle differences in frequency and location of MDSC. An increase in splenic
and hepatic MDSC was found in mice with subcutaneous tumors. In contrast, mice with
early stages of chemically induced or MYC dependent HCC showed normal MDSC
numbers confirming results obtained in D67 mice with knockout of chemokine scavenging
receptor [34].

The majority of published studies on human MDSC have been done using blood samples
from patients with advanced disease [14]. Frequency of MDSC was found to correlate with
tumor stage [35] and MDSC have been suggested as an independent prognostic factor for
poor survival in patients with gastrointestinal cancer [36]. This prompted us to study MDSC
in mice with late stage DEN- and MY C-induced HCC where we found an increase of liver
infiltrating MDSC in mice with advanced disease.

Until today the reasons for accumulation of MDSC are not completely understood. One
could speculate that cytokines and/or chemokines released by subcutaneous tumors differ
from those of spontaneous tumors. Several factors produced by tumors have been described
to induce an accumulation or migration of tumor derived MDSC. GM-CSF [24, 37, 38] G-
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CSF [22, 27], IL-1B [26], IL-6 [25], VEGF [39], have been described to cause an
accumulation of MDSC, while S100A8/A9 [23], KC [7] and MCP-1 [28], have been shown
to regulate their migration. Both increased serum GM-CSF and KC levels have been
described in patients with HCC [40]. We have tested the expression of these cytokines in
subcutaneous and DEN induced tumors. GM-CSF was the only cytokine, which was
expressed by tumor cells and which could be detected in subcutaneous tumors. Therefore,
our data suggests that GM-CSF expression by tumors is responsible for systemic
accumulation of MDSC in the models described.

Gene expression studies indicated an over-expression of MCP-1, S100A8/9 and KC in DEN
induced tumors. Interestingly, we found a direct correlation between the increase of KC and
hepatic MDSC frequency, which was not observed with all other cytokines tested. KC
(CXCL1) belongs to the CXC chemokine family and can be found at increased levels in
tumor bearing mice. This can lead to an accumulation of hepatic MDSC [7]. We noticed
increased KC expression not only in livers of animals with primary HCC, but also in tumor
free livers from mice with subcutaneous tumors, suggesting that KC might control migration
of MDSC specifically into the liver. It should be noted that due to the infiltrative and
disseminated tumor growth in DEN treated mice, it was not possible to separate primary
liver tumors from non-tumor liver tissue.

Finally, our study demonstrated a functional difference of hepatic MDSC, which include
tumor infiltrating cells, in mice with DEN-induced HCC and transplanted tumors. Based on
previous studies indicating that tumor infiltrating MDSC differ from MDSC derived from
peripheral lymphoid organs [41], we focused our studies on tumor infiltrating, hepatic
MDSC. /n vitro suppression analysis of CD11b*Gr-1* MDSC from mice with DEN-induced
tumors showed them to be less suppressive than MDSC from mice with subcutaneously
growing tumors. This was potentially caused by a difference in the proportion of monocytic
and granulocytic MDSC in mice with subcutaneous tumors, which have been described to
differ in their suppressor activity [4].

In summary, we have shown that the frequency and function of MDSC in HCC bearing mice
depend on the tumor model chosen, stage of the disease and is controlled by soluble factors,
derived from tumors or produced by the tumor microenvironment. Our data supports
previous studies using subcutaneous tumor models suggesting that MDSC frequency
correlate with cytokines produced by tumors and therefore also correlate with tumor mass
[9]. Different tumor models should be chosen to study MDSC biology in mice since no
single model mimics the situation in patients completely. This information is of particular
importance for future studies, which aim to translate information gained from murine
preclinical studies to clinical settings of HCC and potentially other types of cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

BLR body weight/liver weight ratio
DEN diethylnitrosoamine
G-CSF granulocyte colony stimulating factor
GM-CSF granulocyte-macrophage colony stimulating factor
HCC hepatocellular carcinoma
IL interleukin
iNOS inducible nitric oxide synthase
KC keratinocyte-derived chemokine
LAP liver activator protein
L-NMMA-NC methyl-L-arginine
MCP macrophage chemotactic protein
MDSC myeloid derived suppressor cell
NK natural killer
N-NOHA-N © hydroxil-nor-L-arginine
OVA ovalbumin
VEGF vascular endothelial growth factor
WT wild type)
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(A) Representative flow cytometric analysis of liver CD11b*Gr-1* cells. (B-F) Analysis of
CD11b*Gr-1* cells in female mice with transplantable orthotopic (B, C) and in male mice
with subcutaneous (D, E, F), DEN-induced (D, E) and MY C-expressing (G) liver tumors.
Relative numbers of CD11b*Gr-1* cells are shown as a percentage of live CD45* cells.
Absolute numbers were determined per spleen or per gram of liver tissue. (B-C) N=4 naive,
N=4 saline- and N=6 RIL-175-injected mice; (D-E) N=9 naive, N=12 DEN-induced- and
N=8 subcutaneous tumor bearing mice; (F) N=5 naive and N=13 BNL tumor bearing mice,
(G) N=4 MYC OFF and N=5 MYC ON mice . All data are expressed as mean = SEM and
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are cumulative of three independent experiments. */£<0.05, **P<0.01, ***P<0.001:
Student’s t test.
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Relative (A) and absolute (B) numbers of MDSC in DEN-treated mice with or without
subcutaneous RIL-175 tumors. (C) Proliferation of OT-I T cells after co-culture with hepatic

CD11b*Gr-1* cells from subcutaneous RIL-175 tumor bearing and DEN-treated mice with
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Fig. 4. Recruitment of MDSC is controlled by GM-CSF and KC

(A-C) Cytokine expression analysis in mice with DEN-induced (A) and subcutaneous
RIL-175 (B,C) tumors. (D-E) Numbers of CD11b*Gr-1* cells: (D) in mice with
subcutaneous HCC after anti-KC and anti-GM-CSF treatment; (E) after establishment of
GM-CSF- and KCoverexpressing HCC and their mix. (F-G) Effect of systemic sorafenib
treatment: (F) tumor growth kinetics (vehicle: N=14, sorafenib: N=10)) (G) frequency of
CD11b*Gr-1* cells in mice with sorafenib-sensitive and sorafenib-resistant tumors. Data are
expressed as mean = SEM and are cumulative of 2 independent experiments, */£<0.05,
**pP<0.01, ***P<0.001: Student’s t test.
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Table 1
HCC incidence in different tumor models
Tumor model
Time Transplantable MYC ON DEN-induced
Subcutaneous | Orthotopic N % of total N % of total
1 week 8/8 nla nla n/a 0/32 0%
2 weeks 8/8 6/6 nla n/a 0/32 0%
16 weeks n/a nla 10/10 100% 0/6 0%
40 weeks n/a n/a nla n/a 10/12 83%
48 weeks n/a nla nla n/a 12/12 100 %
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