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Tumor-associated myeloid cells can be activated in vitro
and in vivo to mediate antitumor effects
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Abstract Tumor growth is often accompanied by the
accumulation of myeloid cells in the tumors and lymphoid
organs. These cells can suppress T cell immunity, thereby
posing an obstacle to T cell-targeted cancer immunother-
apy. In this study, we tested the possibility of activating
tumor-associated myeloid cells to mediate antitumor
effects. Using the peritoneal model of B16 melanoma, we
show that peritoneal cells (PEC) in tumor-bearing mice
(TBM) had reduced ability to secrete nitric oxide (NO)
following in vitro stimulation with interferon gamma and
lipopolysaccharide, as compared to PEC from control mice.
This reduced function of PEC was accompanied by the
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influx of CD11b" Gr-17 myeloid cells to the peritoneal
cavity. Nonadherent PEC were responsible for most of the
NO production in TBM, whereas in naive mice NO was
mainly secreted by adherent CD11b* F4/80" macrophages.
Sorted CD11b* Gr-1~ monocytic and CD11b* Gr-1"
granulocytic PEC from TBM had a reduced ability to
secrete NO following in vitro stimulation (compared to
naive PEC), but effectively suppressed proliferation of
tumor cells in vitro. In vivo, treatment of mice bearing
established peritoneal B16 tumors with anti-CD40 and CpG
resulted in activation of tumor-associated PEC, reduction in
local tumor burden and prolongation of mouse survival.
Inhibition of NO did not abrogate the antitumor effects of
stimulated myeloid cells. Taken together, the results indi-
cate that in tumor-bearing hosts, tumor-associated myeloid
cells can be activated to mediate antitumor effects.
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Immunotherapy

Abbreviations
IFN-y Interferon gamma
M¢ Macrophages

PEC  Peritoneal cells

TLR  Toll-like receptor

TAM  Tumor-associated macrophages

TNFo  Tumor necrosis factor alpha

TBM  Tumor-bearing mice

Introduction

Advanced cancer can induce immunosuppression

(reviewed in [1]). This immunosuppression, especially of T
cells, is considered to be one of the mechanisms by which
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tumors evade immune-mediated destruction [2]. Several
types of immune cells, including T cells, dendritic cells and
macrophages (M), can be functionally suppressed by
tumors. In particular, tumor-associated M¢ (TAM) have
been categorized as alternatively activated M2 M¢ due to
the influence of tumor-derived factors [3, 4]. Monocytes and
M¢ from tumor-bearing animals can suppress T cell function
[51, and conversely, CD4"CD25" T regulatory cells can
exert direct suppressive effects on monocytes and M¢ [6].
While M¢ outside of the tumor compartment may remain
unsuppressed [7], TAM are functionally inhibited, mediate
immunosuppression and promote tumor growth [3, 8].

In addition to immunosuppressive TAM, immature
myeloid cells accumulating in tumors and associated
lymphoid organs in tumor-bearing hosts can also mediate
suppression of T cell functions [9-11]. In mice, these
myeloid-derived suppressor cells (MDSC) represent a
heterogeneous population of myeloid cells that express
both CD11b and Gr-1[11]. In addition, murine MDSC can
express IL-4Ra and varying levels of F4/80, depending on
the tumor model [8, 12, 13]. Immunosuppressive activities
of MDSC are attributed, in part, to their production of nitric
oxide (NO) or arginase in response to tumor-produced
PGE, [14], which depletes arginine necessary for T cell
functions [15]. In addition to suppressing T cell responses,
MDSC have been found to inhibit M¢ functions in TBM
[16].

Although TAM have been reported to promote tumor
growth, and the histological detection of abundant TAM
has been associated with poor prognosis for patients with
certain cancers [17, 18], M¢ in TBM can also become
antitumor effector cells following proper activation. Thus,
disruption of the immunosuppressive IL-10 pathway in
combination with the M¢-activating agents CpG and LEC/
CCL16 influenced TAM to become potent antitumor
effectors, presumably causing M2 inhibitory M¢ to convert
to M1 effector cells [19]. However, a potential role of
TAM and other tumor-associated myeloid cells as antitu-
mor effector cells has not been well characterized. We have
previously shown that a combination of two distinct
immunomodulators, anti-CD40 mAb (anti-CD40) and class
B oligodeoxynucleotides containing unmethylated CpG
motifs (CpG), induced a strong synergistic activation of
M¢ resulting in antitumor effects in mice [20-22]. These
studies, for the most part, involved subcutaneous tumors,
whereas functional and phenotypic analysis was performed
on peritoneal M¢. In this study, we hypothesized that
tumor-associated myeloid cells could induce antitumor
effects following activation in vitro and in vivo. Specifi-
cally, using a peritoneal B16 model, we sought to deter-
mine whether anti-CD40 and CpG treatment can activate
tumor-associated myeloid cells in TBM to mediate anti-
tumor effects. The results presented here show that myeloid
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cells at, or near, sites of tumor growth are indeed capable of
being activated in vitro and in vivo to mediate antitumor
effects.

Materials and methods
Mice and cell lines

Female C57BL/6 mice, 8-12 weeks old, were obtained
from Taconic, Germantown, NY. C57BL/6-Tg(CAG-
EGFP)10sb/J transgenic mice with an “enhanced” green
fluorescent protein (EGFP) cDNA were obtained from
Jackson Labs (Bar Harbor, ME) and bred at the UW-
Madison animal facility. Mice were housed at the UW-
Madison animal facility, and animal experiments were
performed under protocols approved by the Animal Care
and Use Committees of UW-Madison. The murine B16
melanoma tumor cell line was grown in RPMI 1640
complete medium supplemented with 10% FCS (Sigma
Chemicals, St. Louis, MO), 2 mM L-glutamine, and 100 U/
ml of penicillin/streptomycin (all from Life Technologies,
Inc., Grand Island, NY) at 37°C in a humidified 5% CO,
atmosphere.

Antibodies and reagents

Anti-CD40 was prepared from the FGK 45.5 hybridoma
cell line as described previously [20]. Toll-like receptor 9
(TLR9) agonist CpG1826 was purchased from Coley
Pharmaceuticals Group, Wellesley, MA. Bacterial LPS
from Salmonella enteritidis was purchased from Sigma
Chemical, St. Louis, MO. Mouse recombinant IFN-y was
purchased from eBioscience, San Diego, CA.

In vivo tumor models and therapy

C57BL/6 mice were injected subcutaneously (s.c.) or
intraperitoneally (i.p.) with 1 x 10° B16 melanoma cells in
0.1 or 0.5 ml PBS, respectively (day 0). For tumor therapy,
the mice with i.p. tumors were injected i.p. with 0.5-mg
anti-CD40 on days 4, 11 and 18 after tumor implantation
and 50-ug CpG on days 7 and 14. Antitumor effects were
evaluated by extended survival of the mice and by the
decrease in the number of CD45~ B16 cells in PEC as
detected by flow cytometry.

Activation of peritoneal cells (PEC)

PEC were obtained via a peritoneal cavity lavage with 5 ml
of cold RPMI 1640 complete medium, supplemented with
1 IU/ml of heparin (American Pharmaceutical Partners,
Inc., Schaumburg, IL) when collected from TBM.
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Collected PEC were placed into 96-well flat-bottomed cell
culture plates (Corning Inc, Corning, NY) at a concentra-
tion of 2-2.5 x 10° cells/ml (or 1 x 10° cells/ml for sorted
cell populations), 0.1 ml/well. The peritoneal M¢ popula-
tion was enriched by allowing PEC to adhere to plastic for
1.5-2 h, followed by removal of nonadherent cells. For in
vitro activation, total PEC, nonadherent cells, or adherent
M¢ were stimulated with 10 U/ml of IFN-y and 1 ng/ml of
LPS, unless stated otherwise, for 48 h. For in vivo acti-
vation, mice were injected i.p. with 0.5 mg of anti-CD40 in
0.5 ml PBS. On day 3, PEC were harvested, enriched as
described above and incubated for 48 h either in medium
alone or in the presence of LPS (10 ng/ml).

M¢: mediated tumoristasis in vitro

Tumoristatic activity of M¢ was determined by the inhi-
bition of DNA synthesis in tumor cells. Briefly, adherent
M¢ were stimulated in vitro as described above and
simultaneously co-cultured with B16 tumor cells (1 x 10%/
well) for 48 h. To estimate DNA synthesis, cells were
pulsed with *H-TdR (1 pCi/well) during the last 6 h of
incubation. *H-TdR-incorporation was determined by
p-scintillation of total cells harvested from the cell culture
clusters onto glass fiber filters (Packard, Meriden, CT),
using the Packard Matrix 9600 Direct f-counter (Packard,
Meriden, CT). Results are presented as counts per 5 min
for triplicate wells + SE.

Nitric oxide production

Peritoneal M¢ were prepared and co-cultured with B16
cells for 48 h, as described above in the M¢ cytostatic
assay. Supernatants were collected and nitrite accumulation
was determined using Griess reagent (Sigma, St. Louis,
MO). Equal volumes of supernatants and Griess reagent
were mixed for 10 min, and the As;o was measured by a
microplate reader and compared to a standard nitrite curve
ranging from 0-125 uM.

Inhibition of cytotoxic factors

Inducible NO synthase inhibitor L-NAME (Sigma St.
Louis, MO) was added to the cultures at a dose of 10 mM
to neutralize the effect of NO. To neutralize arginase,
N®-hydroxy-nor-L-arginine, diacetate salt (nor-NOHA,
EMD Biosciences Inc., San Diego, CA) was used at a dose
of 100 pM. To block TNFa, anti-TNFo mAb, clone MP6-
XT3 (BD Biosciences, San Jose, CA) was used at a final
concentration of 10 pg/ml. To neutralize NO in vivo,
L-NAME was either injected i.p. at a dose of 50 mg/kg
twice a day or given in the drinking water at a dose of
0.5 g/l for 4 days during anti-CD40/CpG treatment.

Flow cytometric analysis and sorting

PEC from treated and control C57BL/6 mice were har-
vested and stained with anti-F4/80 APC mAb, anti-F4/80
FITC mAbD, anti-Gr-1 PE mAb, anti-CD11b APC mAb,
anti-CD45 FITC mAb (all from eBioscience, San Diego,
CA), anti-CD40 PE mAb, anti-CD80 PE mAb, or anti-
CD86 PE mAbD (all from BDPharmingen, San Diego, CA)
for 40 min at 4°C. Isotype-matched irrelevant rat IgG
FITC, IgG APC and IgG PE, purchased from eBioscience
or BDPharmingen, were used as background controls.
After washing the cells in ice-cold PBS supplemented with
0.5-2% FCS (flow buffer), the cell pellet was resuspended
in 0.3-ml flow buffer and analyzed by flow cytometry using
a FACSCalibur flow cytometer and FlowJo software
(Ashland, OR). Data were collected for 10,000 live events
per sample.

Immunohistochemistry

PEC (10*-10° cells in 100 pl media with FCS) were cen-
trifuged at 800 rpm for 3 min using a Shandon Cytospin 2.
After air-drying for 5 min, slides were fixed in 100%
methanol for 2 min, allowed to dry and stained horizontally
with Wright-Giemsa Stain (Sigma) for 45 s. An equal
volume of glass filtered water was immediately added to
the Wright-Giemsa stain solution, and after staining in the
dilute solution for 10 min, the slides were washed off with
glass filtered water and destained horizontally with glass
filtered water for 5 min. Slides were allowed to dry and
mounted with glass coverslips using Cytoseal 60. Pictures
of cells were taken at 40x magnification with an Optronics
camera using the attached computer software (Magnafire
2.1).

In vivo depletion of M¢

Peritoneal M¢ were depleted in vivo with clodronate lip-
osomes as described [23]. Clodronate was a gift of Roche
Diagnostics GmbH, Mannheim, Germany. Clodronate lip-
osomes were prepared as described [23] and injected i.p. in
TBM on day 9 post tumor cell implantation (0.3 ml) and on
day 13 (0.2 ml). Depletion of M¢ with clodronate lipo-
somes was confirmed in naive mice by elimination of more
than 95% of PEC positively stained with both anti-CD11b
APC and anti-F4/80 FITC.

Adoptive transfer of EGFP PEC
PEC were removed from EGFP mice and counted, and
4.8 x 10° cells were injected i.p. in wild-type C57BL/6

mice (day 0). To facilitate survival of adoptively trans-
ferred cells, the recipient mice were depleted of T cells by a
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mixture of anti-CD4 and anti-CD8 given i.p. on days —1
and 4. On day 1, half of the mice were injected i.p. with
1 x 10° B16 cells. PEC were removed on day 8, stained
with anti-CD11b APC mAb and anti-Gr-1 PE mAb, and
analyzed by flow cytometry.

Statistical analysis

A two-tailed Student’s ¢ test was used to determine sig-
nificance of differences between experimental and relevant
control values. For survival studies, the Gehan—Breslow—
Wilcoxon test was used.

Results
Functional and phenotypic changes in PEC from TBM

Our previous studies demonstrated that anti-CD40 and
CpG induced antitumor effects which involved M¢ [20]. In
this study, we sought to determine how anti-CD40 and
CpG treatment affects TAM and other myeloid cells in
tumor-bearing mice. We hypothesized that CD40/TLR9
ligation of TAM in tumor-bearing mice can change them
from being functionally suppressed to becoming antitumor
effector cells.

We asked first whether B16 tumor growth in mice
resulted in suppressed M¢ function (as determined by
decreased NO production in response to in vitro stimula-
tion with IFN-y and LPS) and altered M¢ phenotype
compared to M¢ from naive mice. We wanted to evaluate
these M¢ features for TAM and for M¢ obtained from
sites other than the tumor (non-TAM) in TBM. We used
two tumor models to address these questions. Peritoneal
cells (PEC) were obtained either from syngeneic C57BL/6
mice bearing advanced s.c. B16 tumors (a source of non-
TAM) or from mice bearing advanced i.p. B16 tumors (a
source of TAM). PEC from mice bearing i.p. B16 tumors,
rather than the cells from s.c. tumors, were chosen as a
source of TAM because of the better accessibility, viability
and yield of these PEC for functional and phenotypic
characterization, compared to TAM that can be recovered
from s.c. B16 tumors. The results show that adherent PEC
from mice with advanced s.c. B16 tumors, killed on day 18
post tumor cell injection (Mean tumor volume
514 + 31 mm?, n = 4), secreted a similar amount of NO
(Fig. 1a) and displayed a similar ability to inhibit tumor
cell proliferation in vitro (data not shown) compared to
adherent PEC from naive mice. There was a small increase
in the percentage of CD11b™ Gr-17 cells in the spleens, but
not in the peritoneal cavities, of s.c. TBM (Fig. 1c). In
contrast to the s.c. model, adherent PEC from mice bearing
i.p. B16 tumors had reduced NO production (Fig. 1b) and
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displayed a different surface phenotype. Specifically,
expression of the F4/80 marker was downregulated on PEC
from TBM, and a new population of CD11b* Gr-17 cells
emerged comprising 55% of PEC (Fig. 1d). CD11b* PEC
from TBM expressed IL-4Ra, but did not express mannose
receptor, CD206 (data not shown). These results suggest
that PEC from TBM are suppressed and phenotypically
altered when the mice bear peritoneal tumor, but when the
tumor is s.c. at a distant site.

Next we looked at the kinetics of both functional and
phenotypic changes in PEC obtained from mice injected
i.p. 14-15 days earlier with 10° B16 cells. The results show
that as tumor burden increases with time, adherent PEC
from TBM gradually lose their ability to secrete NO upon
stimulation with IFNy and LPS (Fig. 2a). A similar, but
less complete loss of NO secretory ability was also seen
with the total PEC population from TBM (Fig. 2a). These
changes in PEC were not observed on days 3 or 7, but were
observed after day 11 post tumor cell injection and were
more pronounced by day 14. The percentage of total PEC
that co-expressed CD11b* and Gr-17 increased starting
1 week post tumor cell injection (Fig. 2b). The decreased
ability of PEC from TBM to secrete NO (Fig. 2a) corre-
lated with an increased number of CD11b* Gr-17" cells in
the peritoneal cavities (Fig. 2b) of these mice (Pearson
correlation coefficient —0.87, p < 0.001). In contrast to
B16 tumor cell injection, daily i.p. injections of B16
supernatants for 14 days failed to induce both CD11b" Gr-
1" PEC accumulation and NO production inhibition (data
not shown). When mice were injected i.p. with 1.6 x 10’
B16 tumor cells (rather than 10° cells, as in Fig. 2a) and
adherent PEC were tested for NO production 4 days later,
there was no suppression of NO production compared with
control PEC (Supplemental Figure, A). This observation
that a large number of tumor cells in the peritoneum for
4 days does not inhibit NO production suggests that the in
vivo tumor-induced suppression of M¢ function is more
dependent on the duration of exposure to the peritoneal
tumor than on the total number of peritoneal tumor cells.

Using flow cytometric analysis of PEC with anti-CD45
mAb to distinguish between CD45" host hematopoietic-
derived cells and CD45™ nonhematopoietic cells (primarily
tumor cells), we found tumor cells in PEC from TBM. To
determine whether these contaminating tumor cells may
account for the suppressed activity of tumor-associated
PEC, we tested the in vitro effect of different doses of B16
cells on NO production by adherent PEC from naive mice.
We found that B16 cells had a dose-dependent immuno-
suppressive effect on NO production, starting at a tumor
cell: M¢ ratio of 1:1 (Supplemental Figure, B). In contrast,
in some of our experiments adherent PEC from day 14
TBM had markedly reduced NO production when the
percentage of B16 cells in PEC was only 10%, suggesting
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Fig. 1 Effect of s.c. and i.p. B16 tumor on function and phenotype of
PEC. C57BL/6 mice were injected s.c. (a, ¢) or i.p. (b, d) with 10°
B16 cells. Eighteen (a, ¢) or 14 (b, d) days later, PEC from TBM and
naive mice were removed and analyzed for NO production following
stimulation with LPS or IFNy and LPS (a, b) and phenotype using

that more than just the presence of tumor cells in PEC is
responsible for the observed inhibition of NO production.

Ability of PEC from TBM to produce NO resides
in nonadherent cells

Adherence to plastic is one of the main features of M¢ that
allows for their enrichment for functional studies. In our
previous studies, we have found that the majority of
adherent PEC from naive mice were CD11b" F4/80™ cells
that produced NO upon in vitro stimulation [24]. To test
whether nonadherent PEC rather than, or in addition to,
adherent PEC in TBM are capable of producing NO upon
in vitro stimulation, PEC from TBM were separated into
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flow cytometry (c, d). In mice bearing s.c. tumors, spleen cells were
analyzed for expression of CD11b and Gr-1 as well (¢). NO activity is
expressed as nitrite levels for 4 mice per group (mean = SEM).
Phenotypes of PEC and spleen cells are shown on representative dot
plots. The experiments were repeated 2-3 times with similar results

nonadherent cells (removed from the plastic by gentle
pipetting) and adherent cells (removed from the plastic
with scraping in EDTA solution after removal of nonad-
herent cells). Nonadherent PEC in TBM were comprised
mostly of F4/80%™~ Gr-1" (Ly6G* Ly6C™) cells (Fig. 3a)
and were the main source of NO production (Fig. 3b). In
both naive and TBM, cells producing NO were phagocytes,
as shown by the reduction in NO levels in mice treated with
clodronate liposomes (Fig. 3b). These results suggest that a
majority of NO-producing phagocytic PEC from TBM, in
contrast to PEC from naive mice, do not adhere to plastic.
Consistent with this suggestion, an MTT adherence test
showed that adherence of PEC to plastic was reduced in
TBM on day 14 (data not shown).
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Fig. 2 Kinetics of functional 80

and phenotypic changes in PEC A
during tumor growth. C57BL/6
mice were injected i.p. with 10°
B16 cells (day 0). On days 3, 7,
11 and 14, mice were killed and
PEC were removed. a PEC were
placed in 96-well plate, and
total (unseparated) or plastic-
adherent cells were stimulated
with IFN-y (10 U/ml) and LPS
(1 ng/ml). The supernatants
were collected 48 h later, and
NO activity was determined by
nitrite levels. The results are
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Resident PEC do not acquire the Gr-11 phenotype
during tumor growth

To determine whether resident peritoneal M¢ acquire the
Gr-1* phenotype during tumor growth, we performed
adoptive transfer of PEC from naive GFP transgenic mice
before injecting the recipient mice with tumor cells. The
results in Fig. 3¢ show that both control (i.e., non-TBM)
and TBM contained CD11b" Gr1~ donor cells (GFP™), and
that the TBM also contained a population of Gr-1* PEC that
were not seen in the control mice. Importantly, almost all of
the CD11b" Gr-1* PEC in TBM were GFP negative and
thus of recipient origin. In addition, host PEC (i.e., EGFP™
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cells) in TBM contained a population of F4/80%™ cells
(both Gr-1~ and Gr-1"), which was not observed in adop-
tively transferred EGFP PEC from TBM or in PEC from
naive mice (data not shown). Furthermore, a three-day
culture of B16 cells with naive peritoneal M¢ or the M¢
cell line RAW 264.7 did not result in the appearance of
Gr-1* cells (Supplemental Figure, C). Together these
results indicate that resident PEC do not change to the
F4/80%™Gr-1" phenotype when exposed to B16 (either in
vitro or in the peritonea of mice bearing i.p. tumors). These
results suggest that bone marrow-derived CD11b™ F4/804™
Gr-1" immature cells are attracted to the peritoneal cavity
in response to the presence of peritoneal tumor cells.
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Fig. 3 Functional and phenotypic profile of PEC in tumor-bearing
mice. C57BL/6 mice were injected i.p. with 10° B16 cells. Fourteen
days later, PEC were collected from these mice and from naive mice
and allowed to adhere to plastic for 1.5-2 h. Nonadherent cells were
removed by gentle pipetting, and adherent cells were detached from
plastic by scraping after N/A cells were washed off. a Representative
dot plots of PEC from naive and tumor-bearing mice showing
expression of Gr-1, F4/80, Ly6G and Ly6C. b NO production by
adherent and total (unseparated) PEC from naive and tumor-bearing
mice. Phagocytic cells were depleted from the peritoneal cavity by
injecting the mice i.p. with clodronate liposomes 2 days before
collecting PEC on day 13 post tumor cell inoculation. Mean + SEM

Characterization of sorted PEC from TBM

The change in adherence and presence of B16 tumor cells
in PEC from TBM interfered with the accuracy of our
culture assay systems to quantitatively compare NO pro-
duction by identical numbers of PEC subpopulations from
naive and TBM, and interfered with our assay to evaluate
the effect of PEC on tumor cell proliferation in vitro. To
circumvent these technical problems, we used flow
cytometry to sort PEC from tumor-bearing and naive mice,
and were then able to evaluate and directly compare the
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of triplicate average values of PEC obtained individually from 2-3
mice per group. ¢ To determine whether resident M¢ acquire the
Gr-1" phenotype during tumor growth, C57BL/6 mice were given a
mixture of anti-CD4 and anti-CD8 (day 0, 5) and injected i.p. with
4.8 x 10° PEC from naive EGFP transgenic mice (day 1).One day
later, half of the recipient mice were injected i.p. with 10° B16 cells
(TBM), while the other half did not receive B16 cells (control). Seven
days later, PEC were removed and analyzed for expression of GFP
and Gr-1 by flow cytometry after gating on CDI11b* cells, and
compared to naive mice that had not received either B16 or EGFP™
PEC. The results of one out of two representative experiments are
shown. The numbers indicate percentages of cells in each quadrant

contribution of specific cell subsets in these functional
assays.

In TBM, CD11b"Gr-17 cells, independent of the level
of Gr-1 expression (Fig. 4a), secreted less NO than
CD11b* M¢ from naive mice (populations 2 and 3, vs.
population 1 in Fig. 4c), but still suppressed B16 cell
proliferation similarly to CD11b™ cells from naive mice
(Fig. 4d). When mixed at the 1:1 ratio, CD11b"Gr-1"e"
cells did not suppress NO production or antitumor effect
by naive M¢ in response to IFNy and LPS (data not
shown). Among CD11b*Gr-1* cells from TBM, F4/807
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Fig. 4 Functional activity of sorted PEC from tumor-bearing mice.
PEC were obtained 14-15 days after injecting C57BL/6 mice i.p.
with 1 x 10° B16 cells. PEC were sorted based on their phenotype
(a, e, i) and also forward-side scatter characteristics (i). The results of
three such experiments are presented (a—d, e-h and i-1). The sorting
strategy of PEC from TBM is depicted in a, e and i. The morphology
of sorted cell fractions from naive and TBM is presented in b, f and
j- The functional data show nitrite levels produced by IFNy + LPS-
stimulated sorted cell fractions (c, g, k) and the ability of these

and F4/80~ PEC (Fig. 4e) had a similar ability to both
secrete NO and suppress tumor cell proliferation (Fig. 4g,
h). Histological evaluation showed that CD11b"Gr-1""
cells (population 3 in Fig. 4b) and CD11b"Gr-1"2"F4/80~
cells (population 5 in Fig. 4f) consisted mostly of gran-
ulocytes with a smaller percentage of Mg¢/monocytic
cells, while a reverse relationship (predominant M¢/
monocytes with few granulocytes) was observed in
CD11b"Gr-1"" cells (population 2 in Fig. 4b) and
CD11b"Gr-1"8"F4/80" cells (population 6 in Fig. 4f). In
an attempt to obtain more pure cell populations, CD11b™
PEC were sorted according to their Gr-1 expression and
side/forward scatter characteristics (using the gates for
granulocytes and monocytes) as shown in Fig. 4i. As a
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result, relatively pure populations of granulocytes (popu-
lation 7) and Mg¢/monocytes (populations 8 and 9),
respectively, were obtained (Fig. 4j). When each of these
populations was stimulated with IFNy and LPS, each
secreted no or minimal NO (Fig. 4k), but still suppressed,
to a similar extent, B16 cell proliferation (Fig. 41). An
additional group of sorted cells, CD11b*Gr-1"&" PEC
gated on large cells based on forward scatter and com-
prising M¢ according to histological examination, showed
similar responses (data not shown). Taken together, these
sorting experiments show that following in vitro stimu-
lation with IFNy and LPS, granulocytic and monocytic
CDI11b* PEC from TBM produce less NO than PEC from
naive mice, confirming the results with unsorted PEC in



Cancer Immunol Immunother (2012) 61:1683—-1697

1691

Fig. 2a, but still effectively suppress tumor cell prolifer-
ation in vitro.

Anti-CD40/CpG therapy enhances the antitumor
efficacy of tumor-associated myeloid cells

The experiments with sorted PEC showed that tumor-
associated myeloid cells can be activated in vitro with
IFN-y and LPS to suppress proliferation of tumor cells. We
hypothesized that PEC in TBM can be similarly activated
in vivo to mediate antitumor effects against peritoneal
tumors. In our previous studies, we had shown that anti-
CD40 activates M¢ via an IFNy-dependent mechanism
[24], and CpG provides a triggering signal to anti-CD40-
primed M¢ in a manner similar to that of LPS, resulting in
synergistic antitumor effects against subcutaneous tumors
[20]. To determine whether anti-CD40 and CpG given i.p.
induce antitumor effects against peritoneal B16 tumors,
B16 tumor cells were injected i.p. (day 0) and mice were
treated with anti-CD40 on days 4, 11 and 18, and with CpG
on days 7 and 14. The combined results of two experiments
(Fig. 5a) show that i.p. treatment of TBM with anti-CD40
and CpG resulted in the extended survival of mice com-
pared with control-treated mice (21 vs. 15 median survival
days, respectively, p = 0.0111 using Gehan—Breslow—
Wilcoxon test). This extended survival corresponded to the
grossly visible reduction in tumor load in the peritoneal
cavity as shown on day 14 (Fig. 5b). Next, we character-
ized the phenotype and function of PEC following anti-
CD40 and CpG therapy. Control-treated and anti-CD40/
CpG-treated TBM had similarly increased levels of
CDI11*Gr-1" PEC compared to non-TBM (Fig. 5¢c).
However, anti-CD40/CpG-treated TBM had an increased
percentage of Ly6C™ cells (a marker of monocytic lineage
[10, 11]), whereas the percentage of Ly6G™ cells (a marker
of granulocytic lineage [10, 11]) remained unchanged
(Fig. 5¢), suggesting that anti-CD40/CpG treatment leads
to the prevalence of monocytic cells in the peritoneal
cavity. Histological examination of PEC from anti-CD40/
CpG-treated mice revealed tumor cells surrounded by
monocytes and PMNs (data not shown). When anti-CD40
treatment was started at an early time point, day 4 post
tumor cell implantation, tumor-associated PEC regained
their ability to secrete NO in response to IFNy and LPS in
vitro (Fig. 5d). When anti-CD40 treatment was started at a
later time point, day 11 post tumor cell implantation, NO
production increased only marginally (Fig. 5e). Yet, a
substantial antitumor effect in the peritoneal cavities of
such treated mice was observed as revealed by the reduced
number of CD45~ PEC in anti-CD40/CpG-treated mice
(Fig. 5f). Histological examination of sorted CD45~ PEC
from B16 tumor-bearing mice, gated to exclude red blood
cells, showed that 94% of them were tumor cells (data not

shown). Together, these results suggest that, in addition to
their activation in vitro, tumor-associated myeloid PEC can
be activated in vivo to mediate antitumor effects.

Role of NO, arginase and TNFu in the antitumor effects
of stimulated myeloid cells

Our experiments have shown that NO production by PEC
from naive mice correlates with their antitumor effects
(Fig. 3b, c); however, this correlation was not observed
with sorted PEC from TBM (Fig. 4) or with the antitumor
effect of anti-CD40/CpG in vivo (Fig. Se, f). We therefore
investigated the role of NO in antitumor responses in vitro
and in vivo. In vitro, the iNOS inhibitor L-NAME sub-
stantially reduced nitrite levels (Fig. 6a, c), but did not
reduce the antitumor activity of sorted polymorphonuclear
neutrophils (PMN) or monocytes from TBM (Fig. 6b).
Interestingly, when CD11b"™ Gr-1" myeloid cells were
kept as a single population and not further separated into
granulocyte and monocyte fractions, L-NAME signifi-
cantly reduced, but did not abrogate, the in vitro antitumor
effect (Fig. 6d). Inhibition of other cytotoxic molecules,
such as arginase and TNF, did not reduce the in vitro
antitumor activity of CD11b* Gr-17 cells stimulated with
IFN-y and LPS (Fig. 6d). Inhibition of both iNOS and
TNFo in naive PEC reduced the in vitro antitumor effect to
a greater degree than iNOS inhibition alone, but did not
have an additive effect in tumor-bearing PEC (Fig. 6d).
In vivo, treatment of TBM with iNOS inhibitor L-NAME
and anti-CD40/CpG did not reduce, but rather augmented
the antitumor effect of anti-CD40/CpG in the mice that
survived (Fig. 6e). Together, these results argue against
NO playing a major role in the antitumor effects mediated
by tumor-associated myeloid cells stimulated in vitro or in
vivo.

Discussion

Tumor-induced suppression is one of the obstacles for
successful immunotherapy. Most experimental attention
has been devoted to investigating the mechanisms of T cell
immunosuppression in tumor-bearing hosts, as T cells are
considered to be the best effector candidate for immuno-
therapy due to their greater specificity. T cell suppression
in TBM has been attributed to the action of T regulatory
cells [25] and MDSC [9-11]. Among other mechanisms,
MDSC can suppress T cells by producing NO [26-28].
Although NO inhibits T cell function, it also can kill tumor
cells [29], and NO secretion by TAM can be an important
mechanism of antitumor effects of cytotoxic T cells [30].
Therefore, activation of cells, such as M¢ and MDSC, may
be an alternative immunotherapy strategy, which may
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Fig. 5 Antitumor effects of anti-CD40/CpG therapy in vivo are
accompanied by the activation of tumor-associated PEC. C57BL/6
mice were injected ip. with 10° BI6 cells. Anti-CD40/CpG
treatments were administered on day 4/7, 11/14, and an additional
injection of anti-CD40 was given in some experiments on day 18.
Control mice received rat IgG and PBS, respectively. a The mice
were followed for survival. The results of two combined experiments
are shown (n = 16 mice per group). b Photographs of representative
mice showing peritoneal tumor loads were taken on day 14 post B16
tumor cell injections; a naive mouse is shown for comparison. The

involve NO and does not require T cells. In support of this
hypothesis, we have previously shown that treatment of
TBM with anti-CD40 caused T cell-independent tumor
growth suppression which involved NO production by M¢
[31]. The synergistic antitumor effects were achieved by
the combination of anti-CD40 and CpG [20], even in mice
whose T cell and NK functions were inhibited by chemo-
therapy [22, 32]. In this study, we show that both
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peritoneal tumor appears hemorrhagic. ¢ Percentage of CD11b*Gr-1"
cells, as well as Ly6G™* and Ly6C™ cells, are shown (mean = SEM,
3 mice per group). d—f Tumor-bearing mice were treated with anti-
CD40/CpG on days 4/7 and 10 (d) or on days 11/14 (e, f) post tumor
cell implantation. PEC were isolated on day 14 (d) or 15 (e, f), and
adherent cells were tested for NO production (d, e). Dashes signify
values below detection limit. The antitumor effect was determined by
the percentage of B16 tumor cells (CD45~ PEC) using flow
cytometry (f). Mean & SEM of 4 mice per group. * p < 0.001

granulocytic and monocytic myeloid cells at the site of
tumor growth are capable of being activated to mediate
antitumor effects.

Our results show that peritoneal M¢ in mice bearing
advanced s.c. B16 tumors are not immunologically inert. In
fact, they produced high levels of NO in response to IFNy
and LPS, similar to those produced by M¢ in naive mice.
These findings are similar to those obtained with the
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Fig. 6 Role of NO, arginase and TNFo in the antitumor effects
mediated by myeloid cells. PEC were obtained 15 (a, b) or 14 (c, d)
days following injecting C57BL/6 mice i.p. with 10° B16 cells. PEC
were sorted based on their CD11b"Gr-1" phenotype (a—d) and also
forward-side scatter characteristics, resulting in populations enriched
for polymorphonuclear cells (PMN) and monocytes (Mon) (a, b) as
also was verified by histology (not shown). PEC from naive mice
were used as the control. The inhibitors of NO, arginase and TNFo
were added as described in “Materials and methods.” The functional
data show mean + SEM of nitrite levels produced by IFN-y + LPS-
stimulated sorted cell fractions (a, ¢) and the ability of the sorted cells

D1-DMBA-3 mammary tumor model [33] and are con-
sistent with the results of Danna et al. [7], which show that
the systemic function of M¢ is not inhibited in mice
bearing advanced s.c. 4T1 tumors. The reported inhibited
ability of peritoneal M¢ from mice bearing s.c. B16 mel-
anoma to produce NO [34] may be due to the fact that these
M¢ were elicited, rather than resident, as in our experi-
ments. Therefore, our results in the s.c. B16 melanoma
model indicate that tumor growth does not induce systemic
suppression of M¢ functions.

to inhibit proliferation of B16 cells in vitro (b, d). Dashes signify
values below detection limit (a). e Tumor-bearing mice were treated
with anti-CD40 on day 11 and CpG on day 14 post tumor cell
implantation. To neutralize NO in vivo, L-NAME was injected either
i.p. at the dose of 50 mg/kg twice a day or given in the drinking water
at the dose of 0.5 g/l on days 11-14. PEC were isolated on day 15,
and the percentage of B16 tumor cells (CD45~ PEC) was determined
by flow cytometry. The combined data of two experiments are
presented. Mean £ SEM of 10 mice per group or 7 mice for the last
group (3 of 5 mice treated with anti-CD40/CpG/L-NAME died from
toxicity following i.p. injections)

To analyze the phenotype and function of tumor-asso-
ciated cells, we chose the peritoneal model as it offers the
possibility of locally determining the number and pheno-
type of both host and tumor cells while avoiding the loss of
cell populations caused by enzymatic digestion of s.c.
tumors. Our results using NO production as the readout
confirm the studies showing reduced NO production by
immunosuppressed TAM [33]. The ability of B16 tumor
cells to suppress NO production by adherent PEC 2 weeks
after i.p. injection of 10° B16 cells, but not 4 days after i.p.
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injection of 1.6 x 107 B16 cells, suggests that prolonged
interaction of tumor cells and M¢ is required for M¢
suppression. These functional findings suggest that TAM
from peritoneal TBM may express the M2 phenotype,
similar to data we reported for the s.c. B16 model in our
previous study, where TAM expressed high surface levels
of B7-H1 and intracellular levels of IL-10 and IL-4, but
negligible levels of IFN-y, TNF-o and IL-12 [32].

It has been shown that tumor growth leads to expansion
of CD11b" Gr-17 cells in mice [9-11, 14]. In this study,
we confirmed this observation in the peritoneal B16 model
and found an inverse correlation of the percentage of
CDI11b* Gr-1* PEC and the NO levels they produced. The
phenotypic change of M¢ from Gr-1~ to Gr-1" does not
appear to be tumor-specific, as it was described in response
to certain agents, such as dextrans [35], treatments with
anti-CD40/CpG [22] or chemotherapy [32], or infections,
such as toxoplasmosis [36]. We found that CD11b" F4/
80P"&" Gr-1~ M¢ present in naive mice disappeared from
the peritoneal cavity of TBM and were replaced with
CD11b" F4/80“™~ Gr-17 cells. The results of in vivo
experiments using adoptive transfer of PEC from EGFP
transgenic mice (Fig. 3c) and short-term in vitro experi-
ments show that resident PEC do not acquire the Gr-1"
phenotype in response to the tumor’s presence, suggesting
that bone marrow-derived (potentially immature) cells with
the CD11b" F4/80“™~ Gr-1" phenotype enter the peri-
toneal cavity in response to the tumor. In agreement with
this suggestion, it has been recently shown that circulating
monocytes in TBM reduce expression of F4/80 and acquire
expression of Gr-1[37]. The experiments with sorted PEC
from TBM (Fig. 4) revealed that these CD11b* Gr-1*
myeloid cells can be activated to secrete NO and mediate
antitumor effects. This finding is in agreement with recent
results showing that CD11b* Gr-17 MDSC can be acti-
vated in vivo with IFN-y and LPS to secrete NO and
suppress T cells [38]. Similarly, it was shown that cyclo-
phosphamide induces the expansion of early myeloid cells,
inhibiting tumor cell growth by a mechanism that involves
NO [39]. Although there are anecdotal reports on the
antitumor effects of MDSC, we believe our data show, for
the first time, that tumor-induced myeloid cells can be
specifically targeted by immunotherapy to mediate antitu-
mor effects in vitro and in vivo.

It is possible that sorted CDI11b" PEC from TBM
displayed antitumor activity in vitro because they were
separated from B16 cells and therefore released from
tumor-related suppression. However, the antitumor activity
of the sorted CDI11b* Gr-1" PEC from TBM was not
inhibited by adding B16 cell supernatant to the assay (data
not shown). Moreover, our results show that anti-CD40 and
CpG treatment of mice with an advanced peritoneal B16
tumor (tumor cells injected i.p. 10 days earlier) resulted in
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significant reduction in local tumor load (Fig. 5). This in
vivo result suggests that, even in the presence of growing
tumor, myeloid PEC can be activated to mediate antitumor
effects in vivo (Fig. 5).

TAM have been reported to facilitate tumor growth and
serve as a negative prognostic factor for patients with
certain cancers [17, 18]. The studies presented here show,
in addition, that tumor-associated myeloid cells including
TAM can be activated in vitro and in vivo to mediate
antitumor effects. One of the mechanisms by which anti-
CD40 and CpG affect tumor-associated cells can involve
switching the M¢ phenotype from M2 to M1. This asser-
tion is supported by previous data in which anti-CD40 plus
CpG immunotherapy in a s.c. B16 model downregulated
the expression of B7-HI1, IL-10 and IL-4 in TAM, and
upregulated the expression of CD40, CD80, CD86, MHC
class II, IFN-y, TNF-a and IL-12 (32). These results are in
agreement with the findings by Guiducci et al. [19] that
demonstrated that CpG plus anti—interleukin-10 receptor
antibody switched TAM from M2 to MI, resulting in
antitumor activity. Our past [21, 24, 32] and present data
are consistent with recent preclinical and clinical data
showing that, in mice and in patients with pancreatic
cancer, antitumor effects induced by agonistic anti-CD40
appear to involve M1 macrophages [40].

The nature of antitumor effector cells in the peritoneal
cavity of TBM is not entirely clear. When flow cytometry
was used to sort PEC based on their phenotype and size/
granularity, tumor-associated PEC that become antitumor
effector cells in vitro in response to IFN-y and LPS con-
sisted of two major groups of cells: CD11b"Gr-1"&" F4/
80~ granulocytes and CDI11b™Gr-1""" F4/80%™ mono-
cytes/M¢. These findings are in agreement with reports
showing that MDSC consist of granulocytes and mono-
cytes/M¢ in mice [27, 41] and in people with cancer [41].
Each cell type was equally effective in suppressing B16
cell proliferation in vitro. We found that in TBM, NO-
producing PEC capable of phagocytosing clodronate lipo-
somes (as evidenced by the reduction in NO production)
were mainly nonadherent to plastic. Together with the
downregulation of the M¢ marker F4/80, these results
suggest that either M¢ change their phenotype and prop-
erties in TBM, or that functional PEC are not mature M¢ at
all, but are rather MDSC or monocytes. In support of the
second hypothesis, the results in Fig. 3a show that most
nonadherent PEC in TBM have high expression of Ly6C, a
marker that is highly expressed on precursor cells and
downregulated when monocytes mature in the blood [42].

The mechanism of the antitumor effect mediated by
activated myeloid cells is not completely understood. The
main factors implicated in the antitumor mechanisms of
activated M¢ are NO [29-31, 43, 44], TNFo [31, 44, 45] or
arginase [46]. Our in vitro results indicate that NO does not
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play a major role in tumor cell suppression by sorted PEC
from TBM. Our in vivo data using iNOS inhibitor L-NAME
(Fig. 6e) suggest that NO can even suppress the antitumor
effect of anti-C40 4+ CpG immunotherapy. This result
(Fig. 6e) may be analogous to a recently published study in
which L-NAME treatment in vivo augmented the antitumor
effect of IL-12 [47]. The mechanism of the enhanced anti-
tumor effect by iNOS inhibition is not clear. It is known that
NO may have protumor and antitumor effects depending on
the level and persistence of NO in the tissue, microenvi-
ronment and tumor cell sensitivity [48]. It has been shown
that iNOS inhibitors reduced the growth of human gastric
tumors [49] or melanomas [50] in immunodeficient mice,
an effect that was associated with reduced angiogenesis.
Whether inhibition of angiogenesis or another mechanism
(e.g., increased lymphatic contraction suppressed by
CD11b" Gr-17 cells via NO production [51]) is responsible
for the increased antitumor effect of iNOS inhibitor
L-NAME in our model warrants further investigation.

In addition to a limited role of NO, our in vitro results
suggest no role of TNFo and arginase in tumor cell sup-
pression (Fig. 6). It is possible that the mechanism of tumor
killing by activated myeloid cells is similar to that of M¢
activated by cyclophosphamide and IL-12 [52]. This mech-
anism was found to be NO-independent and contact-depen-
dent. It cannot be excluded, however, that NO may play a
role in suppressing tumor metastasis, while being ineffective
against primary tumors, as was recently shown for IL-2/anti-
CD40 immunotherapy [53]. It appears that anti-CD40/CpG
immunotherapy can induce antitumor effects of myeloid
cells at least by two mechanisms: by directly activating them
to mediate antitumor effects, as found in this study, and
indirectly by reducing their suppression of antitumor T cells,
as was recently reported for CpG immunotherapy [54].
Given the expansion of myeloid cells in cancer patients [55],
strategies for activating these cells against the tumor, as
shown in this study, might be a novel approach for cancer
immunotherapy that warrants further investigation.
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