Neuro-Oncolo gy

Neuro-Oncology 17(7), 978-991, 2015
doi:10.1093/neuonc/nou343
Advance Access date 23 December 2014
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Background. Patients with glioblastoma multiforme (GBM) exhibit marked intratumoral and systemic immunosuppression. GBM is
heavily infiltrated with monocytic cells. Monocytes contacting GBM cells develop features of immunosuppressive myeloid-derived
suppressor cells (MDSCs), which are elevated in GBM patients. Therefore, we hypothesized that circulating MDSC levels could be
raised in vivo by increasing glioma-associated macrophages.

Methods. GL261-luciferase glioma was implanted intracranially in C57BL/6 mice with or without additional normal syngeneic
CD11b+ monocytes. Tumor growth and intratumoral and systemic MDSC (CD11b+/Gr-1+) levels were determined. Green fluores-
cent protein (GFP)-transgenic monocytes were coinjected intracranially with GL261-luciferase cells. GFP+ cell frequency among
splenic and bone marrow MDSCs was determined. Impact of increased MDSC’s on spontaneous immune responses to tumor cells
expressing a model antigen (ovalbumin [OVA]) was determined.

Results. Tumors grew faster and MDSC’s were increased in tumor, spleen, and bone marrow in mice receiving GL261-Luc plus
monocytes. Many (30%-50%) systemic MDSC’s were GFP+ in mice receiving intracranial tumor plus GFP-transgenic monocytes,
suggesting that they originated from glioma-associated monocytes. Tumor-infiltrating OVA-specific CD8+ T cells were markedly
reduced in mice receiving GL261-OVA and monocytes compared with mice receiving GL261-OVA alone.

Conclusions. Increasing glioma-associated macrophages in intracranial GL261 glioma decreases survival and markedly increases
intratumoral and systemic MDSC’s, many of which originate directly from glioma-associated macrophages. This is associated with
decreased spontaneous immune responses to a model antigen. To our knowledge, this is the first evidence in cancer that systemic
MDSC’s can arise directly from normal monocytes that have undergone intratumoral immunosuppressive education.
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these cells appear to have been subverted by the tumor and be-
come actively immunosuppressive through a number of mech-

Malignant gliomas such as glioblastoma multiforme (GBM) are
the most common primary brain tumors and are highly lethal.*

Given their relatively poor response to standard treatment with
surgery, radiation, and chemotherapy, they are an attractive
target for novel therapies such as tumor vaccines.”* However,
GBM’ is characterized by marked immunosuppression, which
can limit vaccines’ efficacy. GBM cells express multiple immu-
nosuppressive factors, including secreted agents (transforming
growth factor [TGF]-B2, prostaglandin-E,) and surface mole-
cules (B7-homolog [H]1).*> Furthermore, GBM tumors are
heavily infiltrated by monocytes/macrophages, which can rep-
resent 5%-20% of viable cells within contrast-enhancing
tumor.® Far from representing an effective immune response,

anisms, including expression of interleukin (IL)-10, TGF-B2,
Fas-ligand, and B7-H1.”®

Not only do GBM tumors represent a hostile microenviron-
ment for antitumor immune responses, but GBM patients expe-
rience significant systemic immunosuppression. Total T-cell
counts are reduced and some data suggest that CD4 counts
in GBM patients are comparable to CD4 counts in patients
with AIDS.? T-cell function is markedly abnormal as well,
with decreased response to nonspecific mitogens such as phy-
tohemagglutinin and anti-CD3/anti-CD28 antibodies.”'° Multi-
ple factors may underlie these changes, but increases
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in circulating immunosuppressive cell populations such as reg-
ulatory T cells (Tregs) and myeloid-derived suppressor cells
(MDSC’s) may be key.®!!

The relationship between intratumoral and systemic immu-
nosuppression in GBM patients is unclear. Known immunosup-
pressive cytokines and prostaglandins secreted by GBM cells are
either absent in GBM patients’ serum or not elevated compared
with normal donors.®? This suggests the possibility of an
immunosuppressive cell network in GBM patients where inflam-
matory cells are recruited to GBM tumors, undergo immuno-
suppressive education, and then reenter the circulation to
mediate systemic immunosuppression.'? In support of this,
we have previously demonstrated that normal human mono-
cytes acquire immunosuppressive features of MDSCs upon ex-
posure to GBM cells in vitro.® Direct cell-to-cell contact is
required for the full expression of this phenotype in monocytes.

GBM is heavily infiltrated with monocytes but few lympho-
cytes.6 In contrast, both MDSCs and Tregs are increased in
GBM patients’ blood.®'! We hypothesized that glioma-associat-
ed monocytes are converted to immunosuppressive MDSC’s
that reenter the circulation. Some evidence suggests that
MDSC'’s can stimulate Tgeq proliferation,**'* and we speculated
that this might be the case in glioblastomas. We tested these
hypotheses in vivo using a murine glioma model (GL261) syn-
geneic in C57BL/6 mice.

Materials and Methods

Cell Lines

GL261 wild-type cells were a generous gift obtained from Dr
Robert Prins (Department of Neurosurgery, University of Califor-
nia Los Angeles). This line was grown at 37°C, 5% CO, in Dulbec-
co’s modified Eagle’s medium-F12 supplemented with 10%
fetal calf serum. Subclones stably transfected with the lucifer-
ase reporter gene and the puromycin-resistant gene (GL261-
Luc) or luciferase, chicken ovalbumin, and puromycin-resistant
ovalbumin (GL261-0OVA) were generous gifts of the late Dr John
Ohlfest (Departments of Neurosurgery and Pediatrics, Universi-
ty of Minnesota). These were cultured in an identical fashion to
the wild-type cells except that media were additionally supple-
mented with puromycin (1 wg/mL; Sigma) to maintain positive
selection for luciferase-expressing and/or OVA-expressing cells.

Cytokine Expression Profile Array

Secreted cytokine profiles from wild-type GL261 and GL261-Luc
cell lines were screened using a semiquantitative, sandwich-
based, membrane antibody array (Mouse Cytokine Array C1,
Ray Biotech). Briefly, wild-type GL261 and GL261-Luc cells
were plated in 12-well culture plates and fed serum-free
media for 24 h, after which the media were collected and placed
on the array membrane for 1 h. The membranes were then pre-
pared following manufacturer’s recommended protocol.

Colony-Stimulating Factor 1 Expression Assay

Culture supernatant from GL261 wild-type and GL261-Luc cells
growing at 80% confluence was harvested after 24 h, micro-
centrifuged to remove cells and debris, and stored at —20°C

until testing. It was then thawed at room temperature and
used immediately for a colony-stimulating factor 1 (CSF-1) en-
zyme linked immunosorbent assay (ELISA; R+D Systems) per-
formed per the manufacturer’s specifications and normalized
to total protein content using the Bio-Rad Bradford protein
assay kit.

Flow Cytometry and Immunofluorescent Staining

Single cell suspensions were generated from tumor cells, sple-
nocytes, or bone marrow cells. Staining was performed for
B7-H1, CD11b, Gr-1, Ly6C, Ly6G, CD4, CD8, CD25, and/or
FoxP3 using commercially available antibodies (eBioscience)
per the manufacturers’ recommendations. H2Kb-OVA tetra-
mers were generated as previously described.*” Flow cytometry
data were acquired using a Becton Dickinson FACSCalibur flow
cytometer. Analysis was performed with FloJo software.

Immunofluorescent staining

Immunofluorescent staining was performed on paraffin-
embedded intracranial tumor and/or brain specimens. Briefly,
10-micron sections were deparaffinized by heating to 55°C
for 5 min and placed in xylene and a series of graded ethanol
dilutions to rehydrate tissue. Antigen retrieval was performed
immersing slides in 10 mM sodium citrate (pH 6.0) and heating
them in a vegetable steamer for 30 min. Tissue samples were
blocked with 10% normal goat serum for 30 min and then in-
cubated for 1 h with a cocktail of rabbit anti-luciferase antibody
(AbCam) and rat anti-F480 antibody (AbD Serotech). All anti-
bodies were diluted 1:250 in phosphate buffered saline (PBS)
prior to use. A secondary antibody cocktail of goat anti-rabbit
Cy-5 (Jackson Immuno Research) and goat anti-rat Cy-3 (Jack-
son Immuno Research) was added and incubated for 45 min.
Coverslips were mounted using Prolong Gold mounting media
containing 4',6’-diamidino-2-phenylindole (DAPI; Invitrogen)
and the slides were visualized using a Zeiss LSM 510 laser scan-
ning confocal microscope.

Monocyte Purification

Spleens were harvested from 6-week-old C57BL/6 mice (Jack-
son Laboratories), minced, and converted to a single cell sus-
pension by mechanical dissociation. Red blood cell lysis
was accomplished with brief osmotic shock. The resulting
splenocytes were incubated with CD11b-coated magnetic
beads (Miltenyi), and CD11b+ and CD11b— fractions were
separated on a magnetic column per the manufacturer’s
specifications.

Intracranial Tumor Model

Six-week-old C57BL/6 mice were anesthetized with an intraper-
itoneal injection of ketamine and xylene. The scalp hair was
clipped and a small scalp incision was made. A microdrill was
used to create a right frontal burr hole ~ 2 mm lateral to the
midline and ~1 mm anterior to the bregma. A Hamilton syringe
was used to inject 50 wlL PBS containing 1 x 10° CD11b+ mono-
cytes and/or 1 x 10* GL261-Luc cells into the right frontal lobe.
The scalp was then closed with a single suture. Mice were then
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monitored daily and sacrificed when they became ill (from neu-
rological symptoms, weight loss, etc). In addition, tumor
growth was monitored weekly postinjection by bioluminescent
imaging with a Xenogen IVIS 200 imaging system following in-
traperitoneal injection of 200 wL of a 15 mg/mL stock solution
of D-Luciferin K salt (Gold Biotechnology).

Results

Like human glioblastomas, GL261 cells express the immuno-
suppressive T-cell costimulatory molecule homolog B7-H1.
This was maintained in both wild-type and GL261-Luc cells
(Fig. 1A). Although a general pattern of monocyte and/or neu-
trophil chemoattractant cytokine expression including CXCL5,
lymphotactin, and monocyte chemoattractant protein 1
(MCP-1) was also detected in both wild-type and GL261-Luc
cells (Fig. 1B), while other cytokines with monocyte chemoat-
tractive properties expressed by human glioblastomas like

IL-6*1¢ showed only minimal expression. Interestingly, CSF-1,
a cytokine with similar properties that is highly expressed by
human gliomas,*® was expressed by wild-type GL261 but ap-
peared to have reduced expression in the GL261-Luc line
(Fig. 1C). We subsequently confirmed these screening assay re-
sults with a CSF-1 ELISA (Supplementary Fig. S1). Thus, GL261
appears to be an immunocompetent model system but with
reduced monocyte/neutrophil chemoattractant properties
compared with human gliomas. However, systemic immuno-
suppression and, specifically, systemic MDSCs have not been
prominent in earlier reports with this model.’” "' Unmaodified,
this model might have relatively impaired ability to attract
monocytes compared with human glioblastomas. It is also
rapidly fatal (~3 wk) when standard amounts of tumor cells
(1x10°) are injected intracranially. This may limit time avail-
able for systemic immunosuppression to develop compared
with patients with glioblastoma. We hypothesized that it
might be possible to increase systemic MDSC’s by increasing
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Fig. 1. Variation in immune phenotype between GL261 and GL261-Luc. (A) Representative flow cytomtery histograms demonstrating modest
constitutive B7-H1 expression by both GL261 and GL261-Luc. Clear histograms = isotype control. Shaded histograms = anti-B7-H1 antibody.
Numbers represent standardized fluorescence intensity. (B) Cytokine expression arrays for GL261 and GL261-Luc. Both express similar amounts
of IL-4, CXCL5, lymphotactin, and MCP-1 but minimal IL-6. CSF-1 expression (oval) was reduced in GL261-Luc. (C) Densitometry results from
cytokine expression array (relative light intensity compared with total protein positive control) confirming significant reduction in CSF-1
expression by GL261-Luc compared with GL261 (mean+SD; *P<.05). (D) Schematic of proposed in vivo model system, including
representative flow cytometry histograms documenting ~90% purity of CD11b+ splenocytes after magnetic sorting.
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Fig. 2. Increasing glioma-associated monocytes increases intracranial GL261-Luc growth. (A) Increased bioluminescence in mice receiving
GL261-Luc and monocytes compared with controls with tumor or monocytes alone is apparent by day 7 and never resolves. Representative
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glioma-associated macrophages and decreasing the number
of tumor cells injected to 1 x 10* (Fig. 1D).

Mice receiving intracranial GL261-Luc alone or GL261-Luc
plus monocytes demonstrated tumor growth by biolumines-
cence within a week of implantation and all died within 60
days. However, mice receiving both GL261-Luc and monocytes
showed a trend to increased bioluminescence compared with
GL261 alone by day 7 that was never reversed (Fig. 2A). Further-
more, median survival for GL261-Luc/monocyte mice was re-
duced compared with mice receiving GL261-Luc alone (31 d
vs 39 d, P=.02) (Fig. 2B). Immunofluorescent staining con-
firmed increased glioma-associated macrophages present
within tumors from GL261-Luc/monocyte mice compared
with GL261-alone mice when they succumbed to their tumors
(Fig. 2 C). Flow cytometry also indicated an increase in CD11b+/
Gr-14+ MDSC’s within GL261-Luc/monocyte tumors compared
with GL261-alone tumors (Fig. 2D). These cells were predomi-
nantly CD11b+/Gr-1'° cells, indicating a monocytic-MDSC
(M-MDSC) phenotype?® (see also Fig. 5 below), and the ratio
of CD11b+/Gr-1'° (M-MDSC) to CD11b+/Gr-1" (granulocytic,
or G-MDSC) did not change when total MDSC numbers were in-
creased by coinjecting monocytes with tumor cells.

Figure 3A shows representative dot plots demonstrating the
gating strategy used to determine MDSC levels in splenocytes in
normal mice, in mice receiving intracranial monocytes, in mice
receiving intracranial GL261-Luc, and in mice receiving
GL261-Luc plus monocytes. A forward scatter and side-scatter
gate was placed around monocytes and granulocytes, as
MDSC’s have features of both of these populations. CD11b
and Gr-1 staining in this population was then determined.
MDSC’s (CD11b+/Gr-1+) cells were not increased above back-
ground in spleen or bone marrow of mice receiving intracranial
monocytes alone or intracranial GL261-Luc alone. However,
mice that received both intracranial GL261-Luc and monocytes
had significantly more MDSC’s than controls (8.0% +1.2% vs
4.3%+0.8%; P=.0407; N= 10 per group) (Fig. 3A and B). Sim-
ilar results were seen in bone marrow (16.3% + 1.8% vs 5.0% +
1.8%; P=.0056; N =10 per group) (Fig. 3C-F). Interestingly,
forward scatter/side-scatter analysis revealed 3 distinct mono-
cytic/granulocytic subsets in bone marrow, which we labeled
R1-R3 (Fig. 3C). All 3 subgroups demonstrated large numbers
of CD11b+/Gr-1+ cells corresponding to MDSC’s, but these
were increased as a percentage of total bone marrow cells in
mice receiving GL261-Luc plus monocytes compared with con-
trol mice only in subgroups R1 and R2 (Fig. 3D-F). This suggests
that bone marrow MDSC’s increased in mice receiving tumor,
and monocytes may be slightly smaller (reduced forward scat-
ter) compared with baseline MDSC’s. The significance (if any) of
this size difference is unknown.

Because a role for MDSC’s in increasing Treg frequency has
been reported in other cancers, we sought to determine Tgeg
frequency in our modified GL261 model. Our gating strategy
to determine Tgeg frequency in splenocytes of the same mice
analyzed in Fig. 3 (N =10 per group) is demonstrated in Supple-
mentary Fig. S2A. A lymphocyte gate was first established by
forward scatter/side-scatter analysis (not shown). Subse-
quently, CD4+ T-cell frequency amongst all lymphocytes was
determined and Tgeg frequency among these CD4+ cells was
determined by determining CD25+/FoxP3+ frequency. In
marked contrast to our findings for systemic MDSC’s, CD4+/
CD25+/FoxP3+ Tgeg levels were not significantly altered in
spleen in any mice compared with controls, regardless of
whether they received intracranial GL261-Luc alone or
GL261-Luc plus monocytes. This was the case whether Tgeg’s
were analyzed as a percentage of total lymphocytes (Supple-
mentary Fig. S2B) or as a percentage of total CD4+ cells (Sup-
plementary Fig. S2C). Similar findings were seen in bone
marrow (data not shown).

To determine if increased MDSC’s in mice receiving tumor
plus monocytes originated systemically or from glioma-
associated monocytes, we performed experiments where
green fluorescent protein (GFP)-transgenic monocytes were
coinjected with tumor cells. Representative zebra plots of our
gating strategy are shown in Fig. 4A. The frequency of GFP+
cells in all granulocytic/monocytic cells (determined by forward
scatter and side-scatter gating) was determined in both spleen
and bone marrow in mice receiving GL216-Luc plus GFP+
monocytes and compared with the frequency of GFP+ cells in
CD11b+/Gr-1+ MDSC’s in the same animals. Mice receiving in-
tracranial GL261-Luc plus GFP+ monocytes showed a marked
enrichment of GFP+ cells among CD11b+/Gr-1+ MDSC’s com-
pared with all monocytes/granulocytes identified by forward
and side scatter (Fig. 4A). Bar graphs showing the frequency
of GFP+ MDSC’s in spleen and bone marrow for GFP-transgenic
mice, wild-type mice, and wild-type mice receiving intracranial
GL261-Luc plus GFP+ monocytes (2 wk and 5 wk post-
implantation) are shown in Fig. 4B and C (N =3 per group). As
expected, splenocytes (Fig. 4B) and bone marrow cells (Fig. 4C)
from GFP-transgenic mice without tumor (positive controls)
were essentially 100% GFP+. Compared with background fluo-
rescence levels detected in CD11b+/Gr-14+ MDSC’s in wild-type
mice (negative controls), GFP4+ MDSC’s were increased in both
splenocytes (54.2% +7.8% vs 2.4% +1/8%; P=.0001) and
bone marrow (31.4%+1.9% vs 0.9%+ 0.4%; P=.0003) 2
weeks post-implantation (Fig. 4B andC). This increase in sys-
temic GFP+ MDSC appeared transient in splenocytes, where it
was undetectable by 5 weeks post-implantation (Fig. 4B). How-
ever, it persisted at 5 weeks in bone marrow (Fig. 4C).

photographs from mice with bioluminescence closest to mean values at day 21 are shown. G+ M = GL261-Luc + monocytes. N = 10 per group.
Data = mean 4+ SEM. (B) Kaplan-Meier curve showing decreased survival for mice receiving GL261-Luc and monocytes. G+ M= GL261-Luc +
monocytes. N =10 per group. (C) Representative fluorescence micrographs demonstrating increased monocytes in mice receiving GL261-Luc
plus monocytes. Blue = DAPI (nuclei), green = luciferase (tumor), red = F4/80 (monocytes). N =normal brain. T=tumor. Dashed line indicates
edge of most defined tumor bulk. (D) Representative flow cytometry dot plots and bar graphs of pooled data from 4 mice per group
demonstrating increased frequency of CD11b+/Gr-1+ MDSCs within GL261-Luc + monocyte tumors. Note that these are primarily CD11b+/
Gr-1'° M-MDSCs and not CD11+/Gr-1" G-MDSCs, and the ratio of M-MDSCs to G-MDSCs does not change when MDSC frequency is increased by

coinjecting monocytes with tumor cells. *P=.05.
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monocytes/granulocytes in splenocytes and identifying CD11b+/Gr-1+ MDSCs from among these. SSC, side scatter. (B) Bar graph showing that
CD11b+/Gr-1+ MDSCs are increased in splenocytes of mice receiving intracranial GL261-Luc plus monocytes (G + M). N = 10/group. ns = not
significant. (C) Representative dot plots demonstrating gating strategy to identify monocytes/granulocytes in bone marrow and identifying
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expression. (D) Bar graph showing increased MDSCs in the R1 bone marrow gate (small size monocytes/granulocytes) in mice receiving both
intracranial tumor and monocytes. N = 10/group. (E) Bar graph showing increased MDSCs in the R2 bone marrow gate (intermediate size
monocytes/granulocytes) in mice receiving both intracranial tumor and monocytes. N = 10/group. (F) Bar graph showing no change in MDSCs
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Fig. 3. Continued.

Intracranial induction of MDSC’s by coinjection of glioma cells
and monocytes therefore led to a long-term persistence of in-
creased MDSC’s peripheral to the central nervous system that
had originated from glioma-associated monocytes.

MDSC’s can be divided into 2 populations: M-MDSCs, defined
as CD11b+/Gr-1'° and CD11b+/Ly6C"/Ly6G'°, and G-MDSCs,
defined as CD11b+/Gr-1" or CD11b+/Ly6C"°/Ly6G™.2° Subpop-
ulations of CD11b+/Gr-1'° (M-MDSC) and CD11b+/Gr-1"
(G-MDSC) are present in both intratumoral and systemic
MDSCs in our modified GL261 model (Fig. 5A). In addition,
CD11b+/Gr-1'° cells are Ly6C"/Ly6G' and have a forward scat-
ter/side-scatter profile suggestive of monocytes, while
CD11b+/Gr-1" cells are Ly6C°/Ly6G" and have a forward scat-
ter/side-scatter profile suggestive of granulocytes (Fig. 5B), fur-
ther confirming the presence of both M-MDSCs and G-MDSCs.
Interestingly, MDSC subtype varied with location. MDSCs in
tumor and spleen both appeared primarily monocytic, while
MDSCs in bone marrow were primarily granulocytic (Fig. 5A). In-
terestingly, only G-MDSCs appeared to have increased

expression of the immunosuppressive T-cell costimulatory mol-
ecule B7-H1 (PD-L1) compared with other splenocytes (Fig. 5C).
These findings are in keeping with our earlier findings that
G-MDSCs that are generated from normal human monocytes
by coculture with glioma cells express B7-H1, along with find-
ings from others that B7-H1 expression is increased on circulat-
ing monocytic cells in glioblastoma patients.?*

To determine if presence of increased MDSCs was associated
with functional immunosuppression, we employed GL261 cells
expressing the immunogenic model antigen chicken ovalbumin
(GL261-0VA). Representative data from 1 of 3 experiments are
shown in Fig. 6. GL261-OVA cells induce a spontaneous anti-
OVA immune response in vivo that can be measured in
C57BL/6 mice by flow cytometry using H-2K°-OVA tetramers.
OVA-specific CD8+ T cells localized to intracranial GL261-OVA
tumors, but their frequency was reduced in mice that received
coinjection of GL261-OVA and monocytes (Fig. 6A and B). In
keeping with a strong anti-OVA immune response in mice re-
ceiving intracranial GL261-OVA alone, tumor-infiltrating
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Fig. 3. Continued.

CD45+ leukocytes were very frequent (>30% of viable tumor
cells; Fig. 6C) and >50% were CD8+ T cells (Fig. 6D). However,
there was a marked trend to decreased tumor-infiltrating leu-
kocytes (Fig. 6C) and a significant reduction in the percentage
of CD8+ T cells among tumor-infiltrating leukocytes (Fig. 6D) in
mice receiving intracranial GL261-OVA plus monocytes. This
provides strong evidence for antigen-specific immunosuppres-
sion in these mice with increased MDSCs.

Discussion

Unlike many other syngeneic rodent glioma models that
are immunogenic’? or that must be introduced into

immunocompromised mice (eg, human glioma xenografts or
brain tumor stem cells),”*** the GL261 model system using im-
munocompetent C57BL/6 mice is increasingly being employed
to study glioma immunology and immunotherapy.?® =2’ Our
findings further support a rationale for this. Human glioblasto-
ma cells express class I major histocompatibility complex
molecules, immuosuppressive cytokines, and immunosuppres-
sive B7-H1.*> Similarly, we have previously demonstrated
that GL261 cells express H-2K® (analogous to class I major
histocompatibility complex) (Renner et al, submitted), and
we show in this study that they also express immunosuppres-
sive B7-H1 and multiple immunomodulatory cytokines. In
keeping with this, intratumoral MDSCs have been reported in
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Spleen

Bone Marrow

Fig. 4. Many systemic MDSCs originate from glioma-associated monocytes. (A) Representative flow cytometry zebra plots of splenocytes and bone
marrow from a mouse that received intracranial GL261-Luc plus syngeneic GFP-transgenic monocytes 2 weeks earlier. Note that there are very few
GFP+ cells among monocytes/granulocytes as a whole but that gating on CD11b+/Gr-14 MDSCs from among these cells demonstrates that large
numbers are GFP+, suggesting that they originated from glioma-associated monocytes. (B) Bar graphs demonstrating increased GFP+ splenic
MDSCs in mice receiving intracranial tumor plus GFP+ monocytes compared with normal (wild-type) controls 2 weeks post-intracranial
injection. This is absent by 5 weeks after injection. Note: splenic MDSCs from GFP-transgenic mice are included as positive controls. N = 3 per
group. (C) Bar graphs demonstrating increased GFP+ bone marrow MDSCs in mice receiving intracranial tumor plus GFP+ monocytes
compared with normal (wild-type) controls 2 weeks post-intracranial injection. This is persistent 5 weeks after injection. Note: bone marrow
MDSCs from GFP-transgenic mice are included as positive controls. N= 3 per group. All bar graphs = mean+ SEM. *P=.05, ***P < .001.
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the wild-type GL261 model previously.'?*2?8 However, system-
ic MDSCs have not been a prominent feature of this model. This
is distinct from patients with glioblastoma.® We have demon-
strated here that IL-6 and CSF-1 (cytokines associated with
monocyte chemotaxis and expressed by human glioblasto-
mas) are absent or minimally expressed by GL261. We specu-
lated that this, combined with the relatively rapid tumor growth
and mortality in this model system, might not allow enough
time to establish a systemic immunosuppressive cell network.
We therefore proposed implanting a relatively small amount of
tumor cells (10%) to allow longer survival and mixing tumor cells
with syngeneic monocytes prior to injection to provide
glioma-associated macrophages from implantation rather
than wait for them to be recruited to an established tumor.
Based on our proposed model of an immunosuppressive cell
network in which glioma-associated macrophages are associ-
ated with systemic immunosuppressive cells,’* we hypothe-
sized that this would yield increased intratumoral and
systemic MDSCs that would be associated with immunosup-
pression and increased tumor growth.

Our findings bear this out. Mice receiving tumor cells with
monocytes showed increased tumor growth. As a result, biolu-
minescence was increased and median survival was reduced
compared with mice receiving tumor cells alone (32 d vs 39
d, P=.02). This confirms that monocytes mixed with tumor
cells do not simply phagocytose tumor cells. In keeping with
this, mice receiving tumor cells plus monocytes had increased
intratumoral MDSCs at sacrifice compared with mice receiving
tumor cells alone. Furthermore, mice receiving tumor cells
mixed with monocytes had more than double the number of
splenic and bone marrow MDSCs than mice receiving tumor
cells alone or monocytes alone or control mice without intra-
cranial injection. We conclude that increasing glioma-associated
monocytes results in increased intratumoral and systemic
MDSCs in this model system. Though no data have been pub-
lished to date directly comparing intratumoral glioma-associated
macrophage frequency with systemic MDSC frequency, our pre-
viously published findings that normal human monocytes
acquire MDSC-like phenotype upon contact with glioma
cells® suggest that increased glioma-associated monocytes/
macrophages may be associated with increased systemic
MDSCs in patients as well.

In addition to increased circulating MDSCs, GBM patients
have increased frequency of immunosuppressive Treqs among
CD4+ T cells in their blood.”'! The source of these Teg's is
not clear. Known GBM-derived immunosuppressive cytokines
and prostaglandins are not increased in patients’ blood.®?
Some have suggested that tumor-infiltrating CD4+ T cells un-
dergo immunosuppressive education within the tumor to be-
come TegS prior to reentering the circulation.*>?° However,
most GBM specimens contain relatively few tumor-infiltrating

lymphocytes,®!¢ and MDSCs have been reported to stimulate
TregS in Other cancers.'*'* Therefore, we speculated that in-
creasing MDSCs by increasing glioma-associated macrophages
would also increase circulating Treg's. This did not prove to be the
case. It seems likely that systemic MDSCs do not play a role in
theincreased Teq levels seen in GBM patients. Rather, Treg's likely
accumulate in response to direct GBM microenvironmental
factors such as TGF-B and indoleamine 2,3-dioxygenase.>° 32
Teg development in GBM” may be distinct from other tumors
given that recent evidence suggests that they are predomi-
nantly thymus-derived natural T,eg’s,31 in contrast to other
tumor types, where inducible T..4's are more common.*?

Our data support an association between increased intra-
cranial glioma-associated macrophages and increased system-
ic MDSCs. We postulated 2 general mechanisms by which this
could occur. First, it is possible that glioma-associated macro-
phages themselves are the source of systemic MDSCs. This
would be in keeping with our previous studies demonstrating
that normal human monocytes acquired an MDSC-like pheno-
type upon contact with glioma cells.® Alternatively, increased
glioma-associated macrophages could lead to increased secre-
tion of immunomodulatory factors that drive MDSC prolifera-
tion systemically. Many such factors secreted by GBM’ are not
increased in patients’ blood, with the exception of serum vascu-
lar endothelial growth factor.#9 Of note, vascular endothelial
growth factor has been associated with MDSC proliferation.®?

When we coinjected GFP-transgenic monocytes intracrani-
ally with GL261 cells into wild-type C57BL/6 mice, the majority
of splenic and bone marrow CD11b+/Gr-1+ MDSCs 2 weeks
later were GFP+. This suggests that a large portion of systemic
MDSCs originate from glioma-associated macrophages. To our
knowledge, this is the first direct evidence that tumor-
associated macrophages in any form of cancer can reenter
the circulation as MDSCs. However, not all of the systemic
MDSCs were GFP+, and the frequency of GFP+ MDSCs dropped
significantly in splenocytes by 5 weeks after tumor/
GFP-monocyte coinjection. Thus, it is possible that not all
tumor-associated systemic MDSCs originate from glioma-
associated macrophages. Alternatively, new systemic mono-
cytes (in this case, GFP—) may be recruited to the tumor over
time, undergo immunosuppressive education, and reenter the
circulation as immunosuppressive MDSCs.

This latter possibility is most consistent with our data. Like
human glioblastomas,*® GL261 cells express multiple immu-
nomodulatory factors, such as CXCL5 and MCP-1, that have
monocyte chemotactic and stimulatory properties. However,
the actual tumor cell line we used in our murine experiments
(GL261-Luc) has reduced expression of CSF-1, and neither wild-
type GL261 or GL261-Luc expressed IL-6, another monocyte
chemotactic cytokine expressed by human GBM tumors.*1®
Lack of IL-6 and CSF-1 expression may partly explain why

Fig. 5. MDSC phenotype varies with location. (A) Representative dot plots showing CD11b+/Gr-14+ MDSCs in tumor, spleen, and bone marrow from
mice that received intracranial GL261 + monocytes. Note that 2 MDSC populations can be identified, CD11b+/Gr-1" (corresponding to G-MDSC)
and CD11b+/Gr-1° (corresponding to M-MDSC). M-MDSCs are more common than G-MDSCs in tumor and spleen, but G-MDSCs are more common
in bone marrow. (B) Representative Ly6C/Ly6G expression and forward-scatter (FSC)/side-scatter (SSC) profiles of CD11b+/Gr-1'° or CD11b+/Gr-1"
bone marrow cells. CD11b+/Gr-1'° cells are largely Ly6C"/Ly6G'® and are relatively smaller and less granular, compatible with M-MDSCs. CD11b+/
Gr-1" cells are largely Ly6C'°/Ly6G™ and are relatively larger and more granular, compatible with G-MDSCs. (C) Histogram demonstrating increased
B7-H1 expression in CD11b+/Gr-1" cells (G-MDSCs) compared with CD11b+/Gr-1'° cells (M-MDSCs) or non-MDSC cells (CD11b—/Gr-1-).
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mixing tumor cells with monocytes prior to injection is neces- can begin immediately with coinjection and do not have to
sary in this model to generate increased systemic MDSCs.  wait for monocytes to be recruited to an established tumor.
Glioma-induced immunosuppressive changes in monocytes  This is in keeping with the increased bioluminescence seen as
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soon as 1 week post-implantation in mice that received tumors
and monocytes compared with mice that received tumor cells
alone. However, the fact that GL261 cells secrete multiple
monocyte chemotactic molecules suggests that more mono-
cytes will likely be recruited over time. Coinjecting tumors and
monocytes simply gives glioma-associated monocytes a “head
start.” By injecting a relatively small number of tumor cells, we
also increased the median survival in this system to more than
5 weeks compared with 3 weeks in many studies using larger
cell numbers (>10° cells).>***3> Combined with the monocyte
“head start,” prolonged survival may have been critical to al-
lowing this systemic immunosuppressive network to develop.

Our data suggest that MDSC phenotype varies with location.
MDSCs within the tumor and in the spleen are predominantly
monocytic MDSCs and do not express B7-H1, while those within
bone marrow are predominantly G-MDSCs and do express
B7-H1 (Figs. 2 and 5). The impact of location on MDSC pheno-
type has not been reported in GBM’ previously, but similar find-
ings have been reported in other cancers.>® Notably, recent
reports have suggested that G-MDSCs are the most common
MDSC phenotype to accumulate systemically in cancer and
are derived from M-MDSCs.?° Our data provide circumstantial
evidence supporting a similar pathway in GBM’, where mono-
cytes first become converted to intratumoral M-MDSCs under
the direct influence of GBM cells and subsequently become
G-MDSCs that accumulate systemically in bone marrow.

Finally, it was critical to determine if the increased MDSCs
in our model system were associated with increased immuno-
suppression. In keeping with this, mice receiving GL261-0OVA
cells plus monocytes had reduced spontaneous anti-OVA
CD8+ T-cell responses compared with mice that received
GL261-OVA alone. This suggests that mice with increased
MDSCs have decreased ability to mount an antigen-specific im-
mune response even against a potently immunogenic antigen
like OVA.

This work points to at least 3 distinct pathophysiological
events that are important in the glioma-associated macro-
phage/systemic MDSC axis. First, GBM tumors must recruit
monocytes/macrophages. Second, GBM cells must induce im-
munosuppressive changes in these monocytes/macrophages
to convert them to MDSCs. Finally, the MDSCs must leave the
tumor and reenter the systemic circulation. Disruption of any
one of these events would reduce systemic MDSC accumulation
and systemic immunosuppression. The molecular mechanisms
underlying these events are not well defined. Further investiga-
tion into these mechanisms will be an important avenue to
identify therapeutic targets for immunomodulation.

In summary, our data suggest that increasing glioma-
associated monocytes in intracranial murine GL261 leads to
an increase in intratumoral and systemic MDSCs that are asso-
ciated with decreased antigen-specific immune responses.
Moreover, the majority of the MDSCs appear to originate
directly from the intracranial glioma-associated macrophages.
These findings are consistent with earlier in vitro findings with
human glioblastomas and suggest that there is a cell network
present that links intratumoral immunosuppression to systemic
immunosuppression through glioma-associated macrophages
and MDSCs. This “head start” modification to the GL261
model system may prove useful in studies aimed at under-
standing and reversing tumor-mediated immunosuppression.

Supplementary Material

Supplementary material is available at Neuro-Oncology Journal
online (http:/neuro-oncology.oxfordjournals.org/).
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