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Abstract
Current thinking suggests that despite the heterogeneity of myeloid-derived suppressor cells
(MDSC), all Gr-1+CD11b+ cells can become suppressive when exposed to inflammatory stimuli.
In vitro evaluation shows MDSC from multiple tissue sites have suppressive activity, and in vivo
inhibition of MDSC function enhances T cell responses. However, the relative capacity of MDSC
present at localized inflammatory sites or in peripheral tissues to suppress T cell responses in vivo
has not been directly evaluated. We now demonstrate that during a tissue specific inflammatory
response, MDSC inhibition of CD8 T cell proliferation and IFN-γ production is restricted to the
inflammatory site. Using a prostate specific inflammatory model and a heterotopic prostate tumor
model, we show that MDSC from inflammatory sites or from tumor tissue possess immediate
capacity to inhibit T cell function, whereas those isolated from peripheral tissues (spleens and
liver) are not suppressive without activation of iNOS by exposure to IFN-γ. These data show
MDSC are important regulators of immune responses in the prostate during acute inflammation
and the chronic inflammatory setting of tumor growth and that regulation of T cell function by
MDSC during a localized inflammatory response is restricted in vivo to the site of an ongoing
immune response.
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Introduction
Myeloid-derived suppressor cells (MDSC) are a heterogeneous population of immature
myeloid cells identified in mice as Gr-1+CD11b+ cells with the ability to suppress T cell
proliferation [1–2]. Expanded populations of MDSC with the capacity to inhibit T cell
proliferation in vitro have been identified in the blood, spleen, bone marrow, liver, tumor
and sites of ongoing inflammatory conditions in mice [3–6]. Current thinking suggests that
MDSC acquire suppressive function only after exposure to factors present in inflammatory
or tumor microenvironments [7–8]. However, while it is understood that inflammatory
factors and/or activated T cells are necessary for activation of suppressive function in
MDSC; current in vitro studies to evaluate the suppressive potential of MDSC utilize long
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term culture with activated T cells, allowing the acquisition of suppressive function that may
not have been present at the time of isolation.

In vivo studies examining the function of MDSC in tumor bearing mice have clearly
demonstrated MDSC promote tumor growth by inhibiting anti-tumor immune responses [9–
14]. Indeed, removal of MDSC through chemotherapeutic drugs or drug inhibitors of Arg1
and iNOS results in increased IFN-γ production from splenic or tumor-draining lymph node
CD8 T cells in response to tumor antigens [9, 11]. Furthermore, a recent study by Bronte
and colleagues demonstrates tumor-induced splenic MDSC regulate T cell function during
normal immune responses [14]. Similarly, MDSC play an important role during benign
inflammatory conditions in vivo [15–18]. MDSC shape the immune response to viral
antigens, influence antibody production during sepsis, and down-regulate T cell responses to
auto-antigens [15–18]. Thus, while it is clear that MDSC regulate cell mediated immune
responses in vivo during cancer and inflammatory responses, it is unclear whether MDSC
present in tissues peripheral to a local inflammatory site functionally regulate T cell
responses.

To characterize the suppressive capacity of MDSC from inflammatory or peripheral sites
during a localized inflammatory response, we used the Prostate Ovalbumin-Expressing
Transgenic (POET-3) mouse model of prostate inflammation. POET-3 mice provide an
animal model where a CD8 T cell dependent inflammatory response to ovalbumin is
induced locally in the prostate [19]. Herein we demonstrate that during a tissue specific
inflammatory response the suppressive activity of MDSC in vivo is restricted to cells present
in the inflammatory environment. Furthermore, in vitro we demonstrate only MDSC from
acute or chronic (tumor-induced) inflammatory environments possess the immediate
capacity to regulate T cell proliferation. In support of these data, in vivo depletion of Gr-1+

cells during acute prostate inflammation specifically increased T cell function at the
inflammatory site while T cell function in the spleen was not affected. Together these data
demonstrate that in vivo regulation of T cell function by MDSC during a tissue specific
inflammatory response is localized to the inflammatory site.

Results
Gr-1+CD11b+ cells are expanded during acute prostate inflammation

To determine if MDSC were expanded during prostate inflammation, we used the Prostate
Ovalbumin-Expressing Transgenic (POET-3) mouse model of prostate inflammation [19].
Adoptive transfer of activated Thy1.1+OT-I T cells induced prostate inflammation as
measured by histological analysis (Supplementary Fig. 1A) and by the presence of CD45+

leukocytes in prostate tissue (Fig. 1A). The peak of the acute inflammatory response was
observed between day 6 and 10 before declining between day 10 and 14 (Fig. 1A).
Importantly, all lobes of the prostate show similar levels and kinetics of CD45+ infiltration
(Fig. 1B), demonstrating the inflammatory response is not restricted to one area of the
prostate as has been seen in other rodent models of prostate inflammation [20]. Further flow
cytometry analysis demonstrated recruitment of Gr-1+CD11b+ cells into inflamed prostates,
with the peak infiltration occurring at day 6, followed by a rapid loss of these cells within 14
days (Fig. 1B, C). Remarkably, Gr-1+CD11b+cells comprise approximately 50% of all
CD45+ leukocytes in inflamed prostates at day 4, and approximately 35% at day 6 (Fig. 1C).
Importantly, the percentages of Gr-1+CD11b+cells among the CD45+ population were
similar in all prostate lobes (Fig. 1C). Immunohistochemical analysis showed the
distribution of Gr-1+CD11b+ cells in prostate tissue (Supplementary Fig 1B). Naïve prostate
tissue contained only trace numbers of Gr-1+CD11b+ cells, preventing further study of these
cells (Fig. 1B).
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Kinetics of Gr-1+CD11b+ accumulation in spleens showed increases relative to naïve control
mice at days 4, 6 and 10 but the difference lost significance by day 14 as a result of
variability among the mice evaluated (Fig. 1D). These data demonstrate acute prostate
inflammation is characterized by a rapid but transient accumulation of Gr-1+CD11b+ cells at
the inflammatory site, and an approximately 2-fold increase in sites distal to inflammation
such as the spleen.

Arg1 and iNOS expression is restricted to Gr-1+CD11b+ cells at inflammatory site
The suppressive function of MDSC can largely be attributed to Arg1 and iNOS expression,
and inflammation can significantly increase expression of these enzymes [21–24]. We
therefore hypothesized that Arg1 and iNOS mRNA levels would be higher in Gr-1+CD11b+

cells isolated from prostates than in the spleens of mice with prostate inflammation. Neither
Arg1 nor iNOS mRNAs were detectable in freshly isolated cells from the spleen (Fig. 2A).
In contrast, both Arg1 and iNOS mRNAs were highly expressed in freshly isolated
CD45+Gr-1+CD11b+ cells from inflamed prostates (Fig. 2A). Enhanced expression of Arg1
and iNOS in CD45+Gr-1+CD11b+ cells from the inflammatory site was not an artifact of
treatment with collagenase D, as splenocytes incubated with this enzyme were not observed
to express detectable Arg1 or iNOS mRNA (Fig. 2A). Since the POET-3 inflammation
model represents an acute inflammatory response, we evaluated Arg1 and iNOS expression
in RM-1 prostate tumor bearing mice as a means of evaluating a chronic inflammatory
response. As reported for multiple tumor models, RM-1 tumors expanded the percentage of
Gr-1+CD11b+ cells in the spleens of tumor-bearing mice and recruited them to the tumor
site (Supplemental Fig. 2) As observed in POET-3 mice, Gr-1+CD11b+ cells from RM1
tumor bearing mice had elevated Arg1 and iNOS mRNA (Fig. 2B). Analysis of the
transcription factor C/EBPβ, which controls the immunosuppressive activity of MDSC
through its ability to regulate Arg1 and iNOS expression [25–27] showed expression in
Gr-1+CD11b+ cells from prostates and spleens of mice with prostate inflammation and from
naïve mice; expression was highest cells from inflamed prostates (Supplementary Fig. 3A).

To determine if mRNA expression correlates with protein expression, the level of
intracellular iNOS was examined in CD45+Gr-1+CD11b+ cells isolated from the spleen and
inflamed prostates. In agreement with the RT-PCR data, CD45+Gr-1+CD11b+ cells from the
inflammatory site express elevated iNOS protein; however, iNOS protein was detected only
in a fraction of the total CD45+Gr-1+CD11b+ cells from inflamed prostates (Fig. 2C,
Supplementary Fig. 4A). Further analysis showed no detectable expression of iNOS in
CD45+CD11b− cells, demonstrating the specificity of the antibody (Supplementary Fig.
4B). Production of nitric oxide (NO) by iNOS can lead to the nitration of proteins in
inflammatory tissues and is indicative of NO mediated cell damage [28]. Therefore, we
asked if nitrated proteins could be detected in inflamed prostate tissue. Indeed, nitrotyrosine
residues were present only in inflamed prostate tissue, confirming the activity of iNOS
during acute prostate inflammation (Supplemental Fig. 5).

Arg1 enzyme activity was used to evaluate protein expression in freshly isolated
CD45+Gr-1+CD11b+ cells from spleens or inflamed prostates. Gr-1+CD11b+ cells from the
spleens of mice with prostate inflammation express low but detectable levels of Arg1
enzyme activity (Fig. 2D), whereas those from inflamed prostates express higher levels (Fig.
2D). Arg1 activity was not detected in CD45+Gr-1+CD11b+ cells from the spleens of naïve
mice (Fig. 2D). Similar to the POET-3 model, Arg1 and iNOS protein levels were elevated
only in Gr-1+CD11b+ cells isolated from prostate tumors (Supplemental Fig. 6).

Arg1 and iNOS metabolize L-arginine to produce reactive oxygen species (ROS) and
reactive nitrogen species (RNS) such as superoxide (O2

−), peroxynitrite (ONOO−) and
hydrogen peroxide (H2O2) [1–2, 29–31]. Fluorescence of the oxidation sensitive dye,
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DCFDA, showed that only CD45+Gr-1+CD11b+ cells isolated from inflamed prostates
expressed elevated ROS and RNS (Fig. 2E, Supplementary Fig. 7). To examine the
contribution of both Arg1 and iNOS to DCFDA fluorescence, selective inhibitors of these
enzymes were used. Treatment with LNMMA, a selective iNOS inhibitor only partially
decreased DCFDA fluorescence, whereas treatment with nor-NOHA, a selective Arg1
inhibitor, resulted in a total loss of DCFDA fluorescence in CD45+Gr-1+CD11b+ cells from
the inflammatory site (Fig. 2 E, Supplementary Fig. 7) [32–33]. These data demonstrate
ROS and RNS are elevated only in CD45+Gr-1+CD11b+ cells from inflamed prostates,
suggesting Gr-1+CD11b+ cells present at the inflammatory site are functionally distinct from
those in the spleen.

Gr-1+CD11b+ cells from inflamed prostates have a distinct phenotype compared to cells
from the spleen

Given that Gr-1+CD11b+ cells from the inflammatory site expressed increased levels of
Arg1 and iNOS, we next asked if there were phenotypic differences in the populations of
cells from the spleen and inflammatory site. The Gr-1 antibody RB6-8C5 recognizes two
epitopes, Ly6G and Ly6C, and MDSC have recently been subdivided into either monocytic
or granulocytic subsets based on their Ly6C and Ly6G expression [4–5]. Therefore we next
examined the morphology of the cells by flow cytometry to determine which subset(s) of
MDSC were expanded during prostate inflammation. CD11b+ cells from inflamed prostates
and spleens were found to compose a mixture of Ly6G+Ly6C+ and Ly6C+Ly6G− cells, with
the predominant population being the monocytic Ly6C+Ly6G− cell fraction (Fig. 3A).
Importantly, the ratio of the Ly6G+Ly6C+ to the Ly6C+Ly6G− cells among the total
CD11b+ population was similar in the prostate and spleen of inflamed mice, suggesting that
functional differences between the spleen and prostate were not due to the differential
expansion of MDSC subsets (Fig. 3A). Monocytic and granulocytic subpopulations of
MDSC have different mechanisms of suppression [4–5]. Therefore, we next determined the
level of Arg1 and iNOS in the CD11b+ subsets. Arg1 and iNOS were expressed only in cells
from the inflammatory environment, with the monocytic population of cells having the
highest iNOS mRNA expression, while both subsets of cells expressed Arg1 (Fig. 3B, C).
Further, cells isolated from the inflammatory environment expressed the highest levels of C/
EBPβ, with expression being predominately associated with the Ly6C+Ly6G+ subset
(Supplementary Fig. 3B).

Further phenotype analysis revealed that CD45+Gr-1+CD11b+ cells from inflamed prostates
expressed lower levels of CD71 than cells from spleens, suggesting a non-proliferating
phenotype (Supplemental Fig. 8A). PDL-1 was equivalently expressed on
CD45+Gr-1+CD11b+ cells from all tissues. Levels of F4/80, MHC II, MHC I, CD80 and
CD86 were lower on cells from the inflammatory site, suggesting that cells from inflamed
prostates are of a lower maturation status compared to cells in the periphery (Supplemental
Fig. 8A). No expression of CD115, IL-4Rα, CD34 or CTLA-4 was detected on cells from
prostate or spleen tissue (data not shown).

Gr-1+CD11b+ cells from inflamed prostates suppress T cell proliferation in vitro
Given that Arg1 and iNOS are associated with suppressive function of MDSC, we next
tested the ability of Gr-1+CD11b+ cells from inflamed prostates and spleens to suppress
antigen-specific CD8 T cell proliferation [34]. Gr-1+CD11b+ cells isolated from inflamed
prostates and spleens of inflamed or control mice strongly inhibit T cell activation at a 1:1
ratio (Fig. 4A). MDSC isolated from inflamed prostates remained significantly suppressive
at a lower MDSC: OT-I cell ratio suggesting MDSC from the inflammatory site have a
stronger suppressive activity compared to MDSC from the spleen (Fig. 4A). The regulatory
function of MDSC has been shown to be dependent upon IFN-γ, either by its direct ability to
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induce iNOS, or through its ability to induce MDSC to produce cytokines such as IL-4 and
IL-13 that induce Arg1 expression [4, 24, 35–37]. Therefore, we next asked if the
suppressive function was dependent upon IFN-γ. When IFN-γ was neutralized the
suppressive function of prostate Gr-1+CD11b+ cells was not significantly changed, whereas
the function of cells isolated from spleens of mice receiving OT-I cells or from naïve
controls was strongly inhibited (Fig. 4B). These data demonstrate a selective dependence of
splenic Gr-1+CD11b+ cells on IFN-γ for in vitro measured suppressive function, suggesting
inflammatory cytokines such as IFN-γ modulate MDSC function in vivo, resulting in
functional differences between MDSC isolated from different environments within the same
host.

It is well known that CD8 T cells produce IFN-γ when stimulated, and that IFN-γ can
directly modulate levels of iNOS or Arg1 through a positive feedback mechanism [1, 23–24,
36]. Therefore, we next asked if the expression of these enzymes was induced in splenic
Gr-1+CD11b+ cells during the suppression assay itself. Neither Arg1 nor iNOS mRNA were
detected in freshly isolated splenic Gr-1+CD11b+ cells prior to being placed in culture with
activated T cells (Fig. 4C, D). However, iNOS mRNA was induced in splenic Gr-1+CD11b+

cells, in an IFN-γ dependent manner (Fig. 4C). In contrast, the constitutive expression of
Arg1 and iNOS mRNA in Gr-1+CD11b+ cells from inflamed prostates was high before (0hr)
co-culture with T cells, and iNOS levels were further elevated by the presence of IFN-γ
during the suppression assay (Fig. 4C). Arg1 mRNA was not detected in any group of cells
after culture with OT-I cells, most likely due to the strong production of IFN-γ during the
assay (Fig. 4D). Consistent with previous reports on the role of IFN-γ in MDSC, these data
demonstrate T cell derived IFN-γ converts precursor splenic Gr-1+CD11b+ cells into
functional MDSC during conventional suppression assays [8, 36]. Furthermore, these data
suggest spleen Gr-1+CD11b+ cells have differential regulatory capacity compared to cells
from the inflammatory site in vivo.

Gr-1+CD11b+ cells from the inflammatory site possess immediate capacity to regulate T
cell proliferation

To test the hypothesis that precursor spleen Gr-1+CD11b+ cells have differential regulatory
capacity compared to cells present at the inflammatory site, we developed a novel short term
in vitro suppression assay to evaluate the immediate capacity of Gr-1+CD11b+ cells to
inhibit T cell proliferation. In this assay, sorted populations of Gr-1+CD11b+ cells were
cultured with pre-activated OT-I T cells for 12 hours to minimize exposure of Gr-1+CD11b+

cells to IFN-γ. Freshly isolated Gr-1+CD11b+ cells from the spleens of mice with prostate
inflammation or from control mice showed little suppressive activity in short term
suppression assays (Fig. 5A). In contrast, Gr-1+CD11b+ cells from inflamed prostates
strongly suppressed proliferation of pre-activated effector T cells at both at 1:1 and 1:4
ratios (Fig. 5A). Importantly, suppressive function of MDSC from the inflammatory site
does not require in vitro IFN-γ production during the suppression assay (Fig. 5B). To
confirm that exposure to IFN-γ had not induced iNOS mRNA in MDSC during the assay
RT-PCR was performed on freshly isolated cells and on cells recovered at the end of the
suppression assay. iNOS mRNA was present only in cells from inflamed prostates and was
not detectable in cells from the spleen at any time point tested (Fig. 5C). Furthermore,
freshly isolated Gr-1+CD11b+ cells from the liver of mice with prostate inflammation do not
express Arg1 and iNOS and can not suppress antigen activated CD8 T cell proliferation in
the 12 hr assay, further confirming that Gr-1+CD11b+ cells from peripheral tissues are not
functional MDSC (Supplementary Fig. 9). These data demonstrate that freshly isolated
Gr-1+CD11b+ cells from the inflammatory site but not peripheral tissues suppress
proliferation of effector T cells directly ex vivo, supporting the hypothesis that the
suppressive function of MDSC is acquired in vivo at the inflammatory site.
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Our RT-PCR data suggested that both Arg1 and iNOS were involved in the suppressive
function of MDSC isolated from inflamed prostates. When the ability of MDSC from
inflamed prostates to inhibit antigen activated T cell proliferation was tested both the iNOS
(LNMMA) and Arg1 (nor-NOHA) inhibitors partially blocked the suppressive function
prostate-derived MDSC (Fig. 5D). Importantly, the partial suppression was not due to
insufficient concentrations of inhibitors as higher levels did not result in increased inhibition
of suppression (Fig. 5D).

Gr-1+CD11b+ cells isolated from prostate tumors site possess immediate capacity to
regulate T cell proliferation

The POET-3 model provided strong evidence that the function of MDSC was restricted to
the inflammatory site. However, it remained possible that this phenomenon was restricted to
acute tissue specific inflammation and would not pertain to chronic inflammatory
conditions. When the suppressive function of Gr-1+CD11b+ cells was tested using
conventional suppression assays, cells from both the tumor site and spleen or prostate
tumor-bearing mice were strongly suppressive (Figure 6A). Importantly, MDSC from the
tumor site were more suppressive than cells from the spleen and were only partially
dependent upon IFN-γ for suppressive function (Figure 6A). Similar to data observed in our
acute inflammatory model, iNOS mRNA was induced in Gr-1+CD11b+ cells from the spleen
of tumor-bearing mice, and sustained in cells from the tumor site by IFN-γ (Supplementary
Fig. 10). As observed in the acute inflammatory model, only Gr-1+CD11b+ cells isolated
from the tumor site were able to suppress proliferation of pre-activated CD8 T cells during
short term suppression assays (Fig. 6B). Thus, as in the prostate inflammatory model, these
data demonstrate that during a chronic inflammatory response generated by solid tumors,
only Gr-1+CD11b+ cells present in the tumor microenvironment possess the immediate
capacity to regulate T cell activation.

In vivo regulatory function of MDSC is restricted to cells present at the inflammatory site
Our in vitro data suggested that in vivo regulatory function of MDSC was restricted to the
inflammatory site during a tissue specific inflammatory process. Therefore, to test this
hypothesis, we asked whether MDSC from either inflamed prostates or spleens of mice with
prostate inflammation were able to inhibit T cell function in vivo using anti-Gr-1 to block
MDSC function [38]. To accomplish this task, the congenic markers, Thy 1.1 and Thy 1.2,
were used to identify T cells. Inflammation was induced by the injection of Thy 1.1+ OT-I
cells in the presence or absence of anti-Gr-1 treatment. Six days later Thy1.1+ OT-I cells
were isolated from inflamed prostates and spleens of POET-3 (Thy1.2) mice and tested for
IFN-γ production in vitro. Thy 1.1+ OT-I cells from inflamed prostates of mice given anti-
Gr-1 antibody showed a significant increase in their ability to produce IFN-γ compared to
isotype control treated mice, whereas Thy1.1+ cells from the spleen were not affected (Fig.
7A). High dose anti-Gr-1 treatment has been reported to deplete subsets of CD8 T cells [39–
40]. Therefore we chose a dose where depletion of CD8 T cells was not observed
(Supplemental Fig. 11). Consistent with the impact of anti-Gr-1 on T cell function in vitro,
an increase in prostate inflammation as measured by infiltration of CD45+ cells (Fig. 7B)
was observed in anti-Gr-1 treated mice compared to isotype treated control animals.
Notably, the total number of infiltrating OT-I cells (Thy1.1+ cells) into inflamed prostates of
anti-Gr-1 treated mice was almost double that of isotype treated controls (Fig. 7C). In
contrast, the number of Thy1.1+ cells remained unchanged in the spleen relative to isotype
controls (Fig. 7C). These data demonstrate that during localized inflammatory responses,
inhibition of MDSC function with anti-Gr-1 enhances T cell function at the inflammatory
site in vivo but has no effect on T cell function in the spleen, supporting our conclusion that
MDSC are only active at the site of inflammation.
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DISCUSSION
Data reported herein demonstrate that MDSC are important regulators of immune responses
in the prostate during acute inflammation and during prostate tumor growth. Importantly,
both in vitro and in vivo experiments demonstrate that the ability of MDSC to inhibit CD8 T
cell proliferation and IFN-γ production is restricted to the site of inflammation.

Acute prostate inflammation resulted in accumulation of Gr-1+CD11b+ cells into inflamed
prostates, with MDSC composing approximately 40% of all CD45+ cells at the peak of the
inflammatory response. These data are supported by other inflammatory models such as
experimental autoimmune encephalomyelitis (EAE), where at the peak of clinical disease
over 30% of infiltrating cells in the CNS were CD11b+ Ly6Chigh cells [37]. However, in
contrast to our study, the function of MDSC at the inflammatory site was not examined.

The expression of Arg1 and iNOS by MDSC is necessary for inhibition of T cell responses
[2, 41–42]. Analysis of Arg1 and iNOS enzyme activity demonstrates that expression is
restricted to isolated cells from the inflammatory site, not in peripheral tissues such as the
spleen and liver. Likewise, Arg1 and iNOS also were up-regulated in MDSC isolated from
prostate tumors. Previous studies reported similar for data in that CD11b+ cells infiltrating
rat kidney allografts and tumor; however, suppressive capacity was not evaluated in either
model [43–44].

MDSC are a heterogeneous population of cells and multiple markers have been identified
that correspond with increased regulatory capacity. This, along with our data demonstrating
differential expression of regulatory enzymes raised the possibility that different populations
of cells were expanded in the inflammatory site and spleen. Subset analyses showed that
Ly6G and Ly6C populations were similar in the spleen, inflamed prostate and RM-1 tumors.
Further marker analysis showed that Gr-1+CD11b+ cells from the inflammatory site have a
more immature phenotype than cells from the spleen, as evaluated by decreased expression
of MHC I, MHC II, CD80, CD86 and F4/80 on cells from inflamed prostates. Given the
high expression of ROS and RNS by cells from the inflammatory site, it is not surprising
that these cells have a lower maturation status. Production of ROS can inhibit the
differentiation of myeloid cells via its ability to modulate the expression of genes through
regulation of signaling pathways such as NF-κB, MAPK and AKT [45–46].

Using standard in vitro suppression assays, Gr-1+CD11b+ cells from both the spleen and
inflammatory site or tumor site were able to inhibit T cell activation; however, cells from the
inflammatory site were more potent suppressors and not dependent upon IFN-γ produced in
vitro. Interestingly, cells from the spleen of inflamed mice were consistently more
suppressive than cells from spleens of naïve mice, suggesting that low levels of
inflammatory cytokines may result in partial in vivo priming. Similarly, Gr-1+CD11b+ cells
from the tumor site, which represents a chronic inflammatory setting, were more potent
suppressors than cells isolated from the spleen of tumor-bearing mice, although in this
model partial dependence upon IFN-γ was observed. These data demonstrate Gr-1+CD11b+

cells from inflamed prostates or from prostate tumors can suppress T cell function in vitro,
confirming that MDSC can be important regulators of immune responses in the prostate.
However, in contrast to our data studies by others comparing the function of Gr-1+CD11b+

cells from spleen, bone marrow and blood of tumor-bearing mice reported no functional
difference in their ability to prevent CD4 or CD8 T cell activation [47]. These conflicting
results may be explained by the activation status of the responder T cells used or the length
of co-culture as it is well know that activated T cells can induce regulatory potential in
MDSC. However, in contrast to previously published results, our study is the first to directly
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demonstrate long term culture with activated T cells can convert precursor splenic
Gr-1+CD11b+ cells into functional MDSC through IFN-γ induction of iNOS.

When the suppressive function of MDSC was tested in assays where their exposure to T
cells was minimized, only MDSC isolated from an acute or chronic inflammatory site were
able to inhibit T cell proliferation. While other studies have investigated MDSC function
from specific sites such as the liver, spleen, bone marrow, lymph node and tumor, none
simultaneously investigate MDSC function from other sites distal to the local inflammatory
response in a manner directly testing immediate function after isolation [3, 8, 11, 36, 48–49].
When the suppressive capacity of Gr-1+CD11b+ cells from peripheral tissues (spleen and
liver) was directly compared to cells from the inflammatory site, only cells from the
inflammatory site were able to inhibit antigen activated T cell proliferation. Furthermore,
using Arg1 and iNOS inhibitors, the ability of prostate MDSC to inhibit antigen activated
OT-I cells was partially dependant on both enzymes. Similarly, Gabrilovich and colleagues
recently demonstrated Gr-1+CD11b+ cells freshly isolated from the spleen of tumor-bearing
mice lack iNOS or Arg1 expression[44]. Comparative suppression studies between spleen
and tumor MDSC showed differential ability to regulate antigen specific responses;
however, the suppression assays evaluated MDSC function after more than 72 hours in
culture with T cells. Given our data showing 48 hours in culture with activated T cells is
sufficient to induce suppressive function in splenic Gr-1+CD11b+ cells, the immediate
suppressive capacity of MDSC was not examined in the study by Gabrilovich et al.

The data presented in our study are the first to show during a localized inflammatory
response a site specific difference in the ability of MDSC to down-regulate T cell function
directly ex vivo. Furthermore, given that MDSC comprise a dominant population at the site
of inflammation, the short-term suppressor assay, which tests the ability of MDSC to control
pre-activated T cells, may better reflect the in vivo function of MDSC at inflammatory sites.

The ability of MDSC to suppress T cell function during normal immune responses in vivo
has been demonstrated in several experimental models [15–18]. However, none of these
previous studies examined the function of T cells at a site of localized inflammation in
comparison to peripheral tissues in vivo. Using a tissue specific inflammatory model where
OVA antigen (and the resulting inflammatory response) is restricted to the prostate, we
found that MDSC inhibited T cell function only at the inflammatory site, demonstrating a
restricted in vivo regulatory pattern for MDSC. The in vitro studies reported herein provide
compelling data supporting the hypothesis that MDSC are functional in vivo only at the site
of inflammation or within a tumor. The in vivo studies monitoring T cell expansion and
function support the in vitro data; however, the absence of OVA antigen presentation in the
spleen limits ones ability to definitively conclude that MDSC lack the capacity to regulate in
the absence of additional signals. Functionally, the in vivo demonstration that MDSC do not
regulate T cell expansion and function in the spleen supports our conclusion that MDSC
regulation is restricted to the site of inflammation, providing a mechanism by which this
occurs. Additionally, there is extensive evidence demonstrating that MDSC gain function in
the presence of activated T cells due to exposure to IFN-γ, and that regulation is antigen-
specific [50]. In addition, previous studies where spleen Gr-1+CD11b+ cells are adoptively
transferred into tumor bearing hosts, T cell function is diminished in vivo, showing
transferred MDSC inhibit T cell expansion [25]. In the POET model, OVA is not present in
the spleen and accordingly, OT-I cells are not activated in this tissue. Therefore, obtaining
direct evidence to support the absence of capacity to regulate in the spleen is complicated by
the fact that if OVA is presented in the spleen, OT-I cells will respond by producing IFN-γ
and activate function in MDSC. This conclusion is supported by data presented in this
manuscript where spleen-derived MDSC are activated by IFN-γ in a 72 hr. assay. Thus
current published data together with the data presented in this manuscript support the
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conclusion that MDSC are active only at the site of inflammation. Because of the apparent
need for cytokine activation, these data further suggest that MDSC function to control
activated T cells not the priming event.

Materials & Methods
Mice and in vivo experiments

Prostate ovalbumin expressing transgenic-3 mice (POET-3) were generated as previously
described [19]. Rag−/−Thy1.1+ OT-I (OT-I) mice were generated by breeding Rag−/− mice
(Jackson Laboratories) to Thy1.1+OT-I mice. Male C57BL/6 mice were obtained from the
Transgenic Mouse Facility at Purdue University. All animals used were male mice between
8–12 weeks of age. All protocols for the reported animal studies were approved by The Lab
Animal Program at Purdue University. To induce prostate inflammation, splenocytes were
isolated from OT-I mice and cultured at 5×105/mL with 1 µg/mL SIINFEKL (Ova peptide
257–264, American Peptide) for 48hrs. Live cells were purified by Fico/Lite (Atlanta
Biologicals) and 5×106 cells were injected i.v. into POET-3 mice. For RM-1 tumor studies,
5×105 RM-1 cells were injected s.c. on the flank area. Mice were sacrificed when tumor
sizes reached 20 mm in diameter. Measurements were performed with a caliper by
measuring the largest diameter and its perpendicular length.

Flow cytometry
Prostate and tumor tissue was placed in a solution of 2 µg/mL Collagenase D (Roche
Diagnostics) in RPMI containing 10% FBS. Tissue was minced and placed at 37°C for 1 hr
for digestion followed by passing through a 70 µm filter. Spleens were removed and ground
between frosted microscope slides in PBS. Red blood cells were lysed with ACK buffer and
passed through a 70 µm filter. Single cell suspensions were then incubated with TruStain
FcX antibody (BioLegend) then stained with directly conjugated antibodies (eBioscience;
BioLegend) according to manufacturer instructions. Flow-cytometric analysis was
performed on a FACSCanto (BD Biosciences) and data were analyzed using FlowJo
software (Tree Star).

Arg1 assay
For analysis of Arg1 enzyme function, CD45+Gr-1+CD11b+ cells from freshly isolated
tissues were sorted and re-suspended at a concentration of 1×107 per mL in lysis buffer. The
level of Arg1 activity was assessed in supernatants of cell lysates according to manufacturer
instructions (BioAssay Systems). Units per liter are defined as 1 unit of Arg1 able to convert
1 µm of L-arginine to ornithine and urea per minute at pH 9.5 and 37°C.

Detection of iNOS
For detection of iNOS protein by flow cytometry, an intracellular staining kit was used
according to manufacturer instructions (BD Biosciences) using FITC mouse anti-iNOS (BD
Biosciences) or FITC mouse IgG2a isotype control (BioLegend) at a 1:100 dilution.

Quantitative real-time PCR
Total RNA was prepared from FACS sorted CD45+Gr-1+CD11b+ cells using the RNAeasy
kit (Qiagen, Valencia, CA, USA). cDNA was synthesized using qscript flex cDNA synthesis
kit (Quanta Biosciences). Quantitative RT-PCR was carried out using TaqMan primer and
probe sets for mouse Arg1, iNOS, C/EBPβ and 18s rRNA (Applied Biosystems). Relative
mRNA expression = 2 − (Ct of gene − Ct of 18s rRNA), where Ct is the threshold cycle
value. Data were normalized to 18s RNA and are representative of three independent
experiments.
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T cell suppression assay
CD45+Gr-1+CD11b+ cells were pooled from 5 mice per group and sorted from tissues using
the iCyte Reflection (iCyte) cell sorter and seeded at 1×105 per well. Thy1.1+OT-I spleen
cells were added at varying ratios in the presence of SIINFEKL peptide (1mg/mL). To
monitor proliferation, BrdU (BD Biosciences) was added 24 hours prior to analysis of
proliferation. In effector suppression assays OT-I cells were pre-activated for 24–48 hours
with SIINFEKL (1mg/mL), purified by Fico/Lite gradient and added at 1×105 cells per well.
BrdU was added directly to OT-I cells at the time of incubation with MDSC and cells were
harvested for analysis of proliferation after 12 hours. To evaluate suppression, the
percentage of BrdU+ Thy1.1+ cells was analyzed by flow cytometry. Where indicated
neutralizing IFN-γ antibody, LNMMA or nor-NOHA were added at the beginning of culture
(10µg/mL, clone H22; R&D systems). The percentage suppression of proliferation is
calculated as (1 − proliferation with MDSC proliferation without MDSC) × 100. Where neutralizing
IFN-γ antibody is used the percentage suppression of proliferation with is calculated as (1
− proliferation with MDSC with inhibitor proliferation without MDSC with inhibitor) × 100. The percent
dependence on IFN-γ is expressed as [1 −
(% Suppression with MDSC and with inhibitor % Suppression with MDSC and without inhibitor)] × 100.

In vivo depletion experiments
POET-3 mice received 100µg IV anti-Gr-1 depletion antibody clone RB6-8C5 (a kind gift
of Dr. John Harty, The University of Iowa) or isotype control antibody (SFR8,
eBiosciences) four hours prior to adoptive transfer of Thy1.1+ cells as described above.
Mice received additional injections of antibody at day 2 and day 4, and on day 6 prostate
and spleen tissue were harvested and single cell suspensions were prepared. Intracellular
IFN-γ (Biolegend) staining of prostate and spleen tissue was performed according to
manufacturer instructions (BD) after re-stimulation with SIINFEKL peptide (5ug/mL) for 5
hours.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

List of abbreviations

POET-3 Prostate Ovalbumin Expressing Transgenic-3

MDSC myeloid derived suppressor cell

Arg1 Arg1-1

iNOS inducible nitric oxide synthase

LNMMA NG-Monomethyl-:-arginine monoacetate salt

nor-NOHA Nw-hydroxyl-nor-L-argenine

DCFDA 5-(and-6)carboxy-2,7-dichlorodihydrofluoresceindiacetate

ROS reactive oxygen species

RNS reactive nitrogen species
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Figure 1. Acute prostate inflammation expands Gr-1+CD11b+ cells
(A–C) Acute prostate inflammation in POET-3 mice after adoptive transfer of OT-I cells as
measured by analysis of infiltrating CD45+ and CD45+Gr-1+CD11b+ cells (mean ± SD) (D)
CD45+Gr-1+CD11b+ cells are increased in the spleens of POET-3 mice during acute
prostate inflammation (mean ± SD). The unpaired t test p-value is reported, ** p≤.01, *p≤.
05. Data are derived from no less than three independent experiments, no less than five mice
per group.
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Figure 2. Gr-1+CD11b+ cells isolated the inflammatory site express Arg1 and iNOS
(A, B) Quantitative RT-PCR analysis of Arg1 and iNOS mRNA expression in freshly
isolated CD45+ Gr-1+CD11b+ cells from POET-3 (A) or from RM-1 tumor-bearing (B)
mice. Samples were performed in duplicate and the data presented are the average value,
ND no detected expression. (C) The percentage of iNOS expressing cells among the total
CD45+ Gr-1+CD11b+ population. Data are compiled from two independent experiments.
The students t test p-value is reported, *p≤.05. (D) Arg1 activity in freshly isolated CD45+

Gr-1+CD11b+ cells was measured in duplicates as described in materials and methods (mean
± SD), ND no expression detected. (E) Production of reactive oxygen and nitrogen species
by CD45+Gr-1+CD11b+ cells was measured by incubation with DCFDA in the presence or
absence of inhibitors as described in materials and methods. Inset numbers show MFI of
empty FL1 channel (gray solid histogram); DCFDA (green line); nor-NOHA and DCFDA
(orange line); LNMMA and DCFDA (blue line). For all experiments cells were pooled from
five mice per group and data are representative of no less than three independent
experiments.
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Figure 3. Expression of iNOS and Arg1 are elevated in CD11b+ subsets from the inflammatory
site
Prostate and spleen tissues were harvested from POET-3 mice 6 days after adoptive transfer
of OT-I cells or from naïve controls. (A) Cells were stained for flow cytometry. Plots are
gated on CD45+CD11b+ cells. (B, C) Subpopulations of CD45+CD11b+ cells were sorted
from spleens and prostate tissue and the levels of iNOS (B) or Arg1 (C) were evaluated with
RT-PCR. Samples were performed in duplicate and the data presented are the average
values, ND no detected expression. For all experiments data are from pooled samples of 5
mice per group and are representative of no less than three independent experiments.
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Figure 4. Gr-1+CD11b+ cells from inflamed prostates suppress T cell proliferation in vitro
(A, B) Suppressive function of CD45+ Gr-1+CD11b+ cells from prostates and spleens of
mice with acute prostate inflammation or from the spleens of control mice was measured by
BrdU incorporation in Thy1.1+ OT-I cells after 48 (A) or 72 (B) hours. Neutralizing IFN-γ
antibody was added to wells at the beginning of culture where indicated. Data are compiled
from two independent experiments (mean ± SD). (C–D) Quantitative RT-PCR analysis of
iNOS (C) and Arg1 (D) mRNA expression in prostate and spleen CD45+ Gr-1+CD11b+

cells prior to being placed in suppression assays (0Hr) and on cells sorted from culture wells
at the end of the suppression assay. ND, no expression detected. The data presented are from
one representative experiment, and all experiments were independently repeated no fewer
than two times. For all experiments, data are from pooled samples of no less than 5 mice per
group.

Haverkamp et al. Page 17

Eur J Immunol. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Gr-1+CD11b+ cells from the inflammatory site possess immediate capacity to regulate
T cell proliferation
(A, B) The suppressive function of CD45+ Gr-1+CD11b+ cells from prostates and spleens of
mice with acute prostate inflammation or from the spleens of control mice was measured by
BrdU incorporation in Thy1.1+ OT-I cells after 12 hours. Neutralizing IFN-γ antibody was
added to wells at the beginning of culture where indicated. Data are compiled from two
independent experiments (mean ± SD). (C) Quantitative RT-PCR analysis of iNOS mRNA
expression in prostate and spleen CD45+ Gr-1+CD11b+ cells prior to being placed in
suppression assays (0Hr) and on cells sorted from culture wells at the end of the suppression
assay (12 hour culture). Samples were performed in duplicate, ND, no expression detected.
(D) The suppressive function of CD45+ Gr-1+CD11b+ cells from prostates of mice with
acute prostate inflammation was measured by BrdU incorporation in Thy1.1+ OT-I cells (1:2
MDSC:OT-I cell ratio) after 12 hours. LNMMA or nor-NOHA were added at the indicated
concentrations at the beginning of the culture. The data presented are from one
representative experiment. All experiments were independently repeated at least two times
and data are from pooled samples of no less than five mice per group.
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Figure 6. Gr-1+CD11b+ cells isolated from prostate tumors possess immediate capacity to
regulate T cell proliferation
(A) Suppressive function of CD45+ Gr-1+CD11b+ cells from tumors and spleens were
measured by BrdU incorporation in Thy1.1+ cells after 72 hours. Neutralizing IFN-γ
antibody was added to wells at the beginning of culture where indicated. (B) The
suppressive function of CD45+ Gr-1+CD11b+ cells from tumors and spleens to suppress
effector T cell proliferation was measured by BrdU incorporation in Thy1.1+ cells after 12
hours. Neutralizing IFN-γ antibody was added to wells at the beginning of culture where
indicated. All experiments were repeated twice, and the values presented are from one
representative experiment.
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Figure 7. In vivo regulatory function of MDSC is restricted to cells present at the inflammatory
site
(A–C) Prostate and spleen tissue was harvested from POET-3 mice receiving OT-I cells and
anti-Gr-1 or isotype control antibody. (A) Cells were re-stimulated with SIINFEKL peptide
(5µg/mL) for 5 hours and the absolute number of IFN-γ producing Thy1.1+ OT-I cells was
measured in CD45+Gr-1+CD11b+ cells (mean ±SD, n=4). The two tailed t test is reported, *
p≤.05. (B) Prostate inflammation was monitored by assessing the absolute number of
CD45+ cells in prostate tissue of POET-3 mice receiving anti-Gr-1 or isotype control
antibody injections. Prostate tissue was pooled from four mice per group. The data are
representative of no less than three independent experiments. (C) The absolute number of
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CD45+Thy1.1+ cells in prostate or spleen tissue in POET-3 mice receiving anti-Gr-1 or
control antibody injections. Prostate and spleen tissues were pooled from four mice per
group. The data are representative of no less than three independent experiments.
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