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Abstract

Tumor stromal alternatively activated macrophages are important determinants of anti-tumor T
lymphocyte responses, intratumoral neovascularization and metastatic dissemination. Our recent
efforts to investigate the mechanism of macrophage migration inhibitory factor (MIF) in
antagonizing anti-melanoma immune responses reveal that macrophage-derived MIF participates
in macrophage alternative activation in melanoma-bearing mice. Both peripheral and tumor-
associated macrophages (TAMSs) isolated from melanoma bearing MIF-deficient mice display
elevated pro-inflammatory cytokine expression and reduced anti-inflammatory,
immunosuppressive and pro-angiogenic gene products compared to macrophages from tumor
bearing MIF wildtype mice. Moreover, TAMs and myeloid-derived suppressor cells (MDSCs)
from MIF-deficient mice exhibit reduced T lymphocyte immunosuppressive activities than do
those from their wildtype littermates. Corresponding with reduced tumor immunosuppression and
neoangiogenic potential by TAMs, MIF-deficiency confers protection against transplantable
subcutaneous melanoma outgrowth and melanoma lung metastatic colonization. Finally, we report
for the first time that our previously discovered MIF small molecule antagonist, 4-iodo-6-
phenylpyrimidine (4-1PP), recapitulates MIF-deficiency in vitroand in vivo and attenuates tumor
polarized macrophage alternative activation, immunosuppression, neoangiogenesis and melanoma
tumor outgrowth. These studies describe an important functional contribution by MIF to tumor-
associated macrophage alternative activation and provide justification for immunotherapeutic
targeting of MIF in melanoma patients.

Introduction

Patients diagnosed with early stage (stage 1) melanoma have a generally favorable prognosis
while the five year survival rate for those diagnosed with stage IV metastatic disease is only
5—10% (1). Because of the highly immunogenic nature of melanocytic tumors,
immunotherapeutic targeting strategies have largely focused on this malignancy (2). Despite
this fact and encouraging results from clinical trials with anti-CTLA-4 in patients with late
stage melanoma (3), overall survival percentages among advanced melanoma patients have
not improved significantly (4). Contributing to the relative lack of clinical responses with
current cancer immunotherapies is the exacerbation of both innate and adaptive
immunosuppressive pathways by alternatively activated macrophages within the tumor
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microenvironment (5). Tumor-dependent polarization of peripheral and stromal
macrophages promotes tumor progression by inducing regulatory T cell (Treg) generation
(6), PD-1-dependent lymphocyte immunosuppression (7-9) and tumor-associated
neoangiogenesis (10, 11). The identification of new immunotherapeutic targets that are
readily “druggable” is critical to the elucidation of an individual or combinatorial
immunotherapeutic strategy that will provide meaningful and durable clinical responses in
late stage cancer patients.

Despite its well documented activities as a pro-inflammatory determinant of innate immune
responses (12-14), macrophage migration inhibitory factor (MIF) has T lymphocyte
immunosuppressive activities in malignant disease settings (15, 16). For example, systemic
inhibition of MIF during murine tumor outgrowth significantly enhances anti-tumor
cytotoxic T lymphocyte (CTL) Th1 responses (15). Moreover, MIF silencing in
neuroblastoma cells induces robust anti-tumor CTL responses in transplanted mice
compared to MIF-expressing neuroblastoma cells (16). Finally, MIF overexpression in
ovarian and melanocytic cancers antagonizes natural killer (NK) cell-mediated cancer cell
cytolysis (17, 18). Combined, these findings suggest that MIF actively suppresses anti-tumor
lymphocyte responses and MIF inhibition breaks this immunosuppression resulting in
enhanced cancer cytolytic responses. What is less clear is how MIF promotes
immunosuppressive adaptive immune response phenotypes when MIF is so tightly linked to
pro-inflammatory innate immune responses (19).

We now report that in malignant disease settings, MIF is an important mediator of
macrophage alternative activation. MIF-deficiency or small molecule antagonism reduces
B16 melanoma tumor outgrowth and B16F10 metastatic melanoma lung colonization in a
manner that coincides with decreased anti-inflammatory and increased pro-inflammatory
effector expression in bone marrow-derived, peripheral and tumor stromal macrophages. We
also demonstrate that tumor-associated macrophage (TAM) pro-angiogenic effector
expression and angiogenic potential are reduced in MIF-deficient and MIF small molecule
inhibited macrophages. Combined, these findings provide important and novel evidence that
MIF is a critical mediator of pro-tumorigenic macrophage alternative activation and ensuing
melanomagenesis.

Materials and Methods

Mice

Wild-type male C57BL/6 mice (MIF*/*) were obtained from Harlan Laboratories (Dublin,
VA). OT-1 transgenic mice were obtained from Jackson Laboratory (Bar Harbor, ME). Mice
were used at 6-8 weeks of age. All mice were handled in accordance with the Association
for Assessment and Accreditation of Laboratory Animals Care international guidelines, with
the approval of the Institutional Animal Care and Use Committee at University of
Louisville.

Tumor models

B16F0 melanoma cells were obtained from American Type Culture collection (Manassas,
VA). To establish subcutaneous (s.c.) tumors, 1x10° B16 tumor cells were injected
subcutaneously into the left flanks of MIF*"* and MIF~/~ C57BL/6 mice. The Lewis lung
carcinoma (LLC) model used in some /n vitro experiments was established by injecting
1x10° LLC tumor cells s.c. into mice. Tumor growth was monitored thrice a week by
measuring with digital calipers. To establish the experimental metastasis model of
melanoma, 1x10° B16-F10-luc2 cells (Caliper Life Sciences, Mountain View, CA) were
injected into the tail vein of C57BL/6 MIF** and MIF~/~ mice. For /in vivoimaging, mice
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were anesthetized with 75 mg/kg of ketamine and 7.5 mg/kg of xylazine and injected
intraperitoneally (i.p.) with the reporter substrate, D-Luciferin, Potassium salt (150 mg/kg
body weight; obtained from Gold Biotechnology, St. Louis, MO). Immediately after D-
luciferin administration, mice were imaged using the PhotonIMAGER™ (Biospace Lab,
Paris, France). Bioluminescence was quantified from the /n vivo signals emitted from
ventral views (day 18-25) using the Biospace software. The mean photon emission was
calculated and expressed as photons/second/steredian (ph/s/sr). Lung tissues were also
weighed and imaged ex vivoto assess gross lung tumor burden.

4-1PP treatment of tumor-bearing mice

MIF*/* and MIF~~ C57BL/6 mice were inoculated s.c. with 1 x 10% B16 tumor cells, and 7
days later the mice received intraperitoneally (i.p.) either 4-1PP (80 mg/kg — a dose
previously shown to inhibit steady state MIF when injected into naive mice (20)) — dissolved
in corn oil or vehicle control (corn oil) daily for the next 14 days. Tumor growth was
monitored every 3-4 days in mice by measuring two opposing diameters with a set of
calipers.

Isolation and treatment of peritoneal macrophages

Peritoneal exudate cells (PECs) were obtained by peritoneal lavage from naive and B16
tumor-bearing, MIF*"* and MIF~~ C57BL/6 mice, 18-21 days after tumor challenge. For
isolation of CD11b* macrophages, tumor bearing mice were injected i.p. 4 days before
harvest with 2 ml of thioglycollate broth (BD Biosciences, San Jose, CA). The CD11b*
macrophages were enriched using the autoMACS ProSeparator (Miltenyi Biotec, Auburn,
CA). Isolated cells were treated for 24 hours with 4-1PP (50 M) or DMSO (vehicle control)
in the presence of LPS (0.2 wg/ml from Escherichia coli0111:B4, Sigma-Aldrich, St. Louis,
MO). Please note that this dose of 4-1PP has previously been determined to be maximally
inhibitory to cellular MIF (20) and that no monocyte/macrophage cytotoxicity is observed at
this concentration (not shown). For anti-MIF antibody treatment, PECs were treated for 24
hours with either neutralizing anti-MIF antibody (100 p.g; Clone 3D9 a generous gift of Dr.
Richard Bucala, Yale University; IgG1 isotype) or IgG1 isotype control antibody (BD
Biosciences) and LPS (0.2 pg/ml). To block Fc receptors from interacting with the
antibodies, PECs from both treatment groups were initially pre-treated with CD16/CD32
antibody (2.4G2, Functional Grade; BD Biosciences) for 15 min at 4°C. At the end of the
culture period, cells were harvested for RNA and supernatants were collected for protein
measurements.

Quantitative PCR analysis

For RNA extraction, cells were lysed in buffer RLT (Qiagen, Valencia, CA), homogenized
and purified using RNeasy mini kit (Qiagen) following manufacturer’s instructions. Integrity
of RNA was checked using a Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA).
The RNA was reverse transcribed with MultiScribe reverse transcriptase and oligo(dT)
primers (Applied Biosystems, Bedford, MA). Quantitative assessment of mRNA levels was
done by real-time reverse transcription PCR on an ABI 7500 FAST instrument with either
Tagman fast advanced master mix (Applied Biosystems) or SYBR green ROX qPCR master
mix (Qiagen), 0.2 wM forward and reverse primers (Invitrogen, Grand Island, NY). Relative
expression profiles of MRNAs were then calculated using the comparative Ct method
(AACT method). The AACt was calculated as the difference between the normalized Ct
values (ACt = Cy of target gene — Ct of endogenous control gene) of the treatment and the
control samples: AACt = ACy treatment — ACy control. AACy was then converted to fold
change by the following formula: fold change = 2~AACT, Primers and probes used in this
study were: Stabilin 1, (PPM33734A; Qiagen); Tagman probes (Applied Biosystems) for
genes 18S (Hs99999901.s1; VIC; endogenous control gene — works with human and murine
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mRNA), Interleukin 10 (Mm00439614_m1; FAM), TNF-a (Mm00443258_m1; FAM),
Arginase 1 (MmO00475988_m1; FAM), VEGF-a (Mm01281449_m1; FAM), MMP-9
(Mm00442991_m1; FAM), NOS2 (Mm00440502_m1; FAM), Cox2 (Mm00478374_m1;
FAM), Mrcl (Mm00485148_m1; FAM), Chi313/Ym1 (Mm00657889_mH; FAM), Retnla/
FIZZ1 (Mm 00445109_m1; FAM), IRF5 (Mm00496477_m1; FAM), IL-12
(MmO00434174_m1; FAM) were used according to manufacturer’s instructions.

Isolation and treatment of subcutaneous and lung tumor associated macrophages (TAMs)

Subcutaneous (s.c.) and lung TAMs were isolated from B16 tumor-bearing, MIF*/* and
MIF~~C57BL/6 mice 18-21 days after tumor challenge. s.c and lung tumors were
enzymatically digested and F4/80* cells were positively selected using the autoMACS
ProSeparator (Miltenyi Biotec). Purity of isolated cells was checked by flow cytometry. s.c.
and lung F4/80* TAMs were washed and treated for 16 hours with 4-1PP (50 wM) or DMSO
(vehicle control) and LPS (0.2.g/ml, Sigma-Aldrich). For anti-MIF antibody treatment,
TAMSs were treated for 16 hours with either neutralizing anti-MIF antibody (100 j.g; Clone
3D9 - a generous gift of Dr. Richard Bucala, Yale University; IgG1 isotype) or IgG1 isotype
control antibody (BD Biosciences) and LPS (0.2 pg/ml). To block Fc receptors from
interacting with the antibodies, TAMs were initially pre-treated with CD16/CD32 antibody
(2.4G2, Functional Grade; BD Biosciences) for 15 min at 4°C.

Isolation of Splenic Myeloid Derived Suppressor cells (MDSCs)

Tumor-bearing MIF** and MIF~~ C57BL/6 mice were sacrificed 18-21 days after tumor
challenge. GR-1 Ly-6G* granulocytic and GR-19IM Ly-6G~ monocytic MDSCs were
isolated from the spleens using the MDSC isolation kit (Miltenyi Biotec). The purity of cell
populations was confirmed by flow cytometry and was >98%.

Phenotypic and quantitative analysis of splenocytes, peritoneal cells and tumor infiltrating
leukocytes (TILs)

Single cell suspensions from spleen, PECs and tumors were obtained from naive or
melanoma-bearing MIF*/* and MIF~/~ C57BL/6 mice and stained with relevant antibodies -
F4/80, CD11b, CD206, CD23, MHC-II, CD11c, CD80, CD86, Ly6G, Ly6C (from BD
Biosciences, San Jose, CA), for 30 min, after blocking with CD16/CD32 antibody (2.4G2;
BD Biosciences, San Jose, CA) for 15 min at 4°C. Anti-CD45 antibody was used to
selectively exclude CD45~ tumor cells from analysis. Cell surface stained cells were
analyzed on a FACSCalibur (Becton Dickinson and Company, Franklin Lakes, NJ) and
results were analyzed with FlowJo software (TreeStar, Inc., Ashland, OR). To calculate the
absolute number of a splenocyte subset in the total pool of splenocytes, the absolute number
of total splenocytes (obtained via counting the cells on a haemocytometer) was multiplied by
the relative prevalence of that subset (%) obtained via flow cytometry analysis. The results
were expressed as the absolute number (108) of the population expressing the antigen of
interest. Absolute number of macrophages in PECs and TILs were analysed as described
above.

Functional Assays

Freshly isolated TAMs or MDSCs (Granulocytic or monocytic subpopulations) were added
in triplicates to 96-well plates at the indicated cell number ratios and — in some cases - pre-
treated with 4-1PP (50 pm) or DMSO (vehicle control) for 16 hours. Splenocytes from OT-1
mice were then added at the appropriate dilution in triplicate to wells containing TAMs or
MDSCs in presence of the ovalbumin (200 pg/ml; Sigma-Aldrich) and cultured for an
additional 72 hours. Eighteen hours before harvesting, co-cultures were pulsed with [3H]-
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thymidine (1 nCi/well; MP Bioscience). [3H]-Thymidine uptake was counted using a liquid
scintillation counter and relative cpms were used to determine % inhibition of proliferation.

Migration and tube formation Assay (i) HUVEC migration assay

Human umbilical vein endothelial cells (HUVECSs), (Cambrex, Walkersville, MD) were
maintained in EGM media (Cambrex) supplemented with growth factors and Gentamicin/
Amphotericin-B and passaged using TrypLE (Invitrogen, Carlsbad, CA). For functional
assays, HUVECs were re-suspended in serum-free media, counted and plated on Matrigel
transwell chambers (BD Biosciences, San Jose, CA) and co-cultured in supernatants from
MIF**, MIF~=, MIF*"* control and MIF*/* 4-1PP treated TAMs for 24 hours at 37°C with
5% CO». The migrated cells were fixed with 4% formaldehyde and stained with Crystal
violet (0.1% in 20% ethanol). HUVEC migration was quantitated by manually counting the
number of cells on the inserts under low power at (40x) magnification. (ii) HUVEC tube
formation assay - HUVECs were resuspended in conditioned media from MIF*/*, MIF~-,
MIF** control and MIF*/* 4-1PP treated and dispensed into wells pre-coated with matrigel
and incubated for 24 hrs. Tubes were quantified by counting the number of connecting
branches between discrete endothelial cells.

ELISAs—Cytokines were measured by ELISA in supernatants from PECs or TAMs
cultures. ELISA kits used were the murine 1L-10, TNF-a, VEGF, MMP-9 and IL-12 kits
obtained from R&D Systems (Minneapolis, MN).

Western blotting

B16 and B16F10 cells were cultured overnight in serum free media and 500 .l of media was
concentrated ~ 25x using 10kD MW Microcon concentrators (Millipore). Concentrated
supernatants and lysates of adherent B16 and B16F10 cells were probed with an antibody
that recognizes murine MIF (Torrey Pines Biolabs).

Arginase activity and nitric oxide assays

Arginase activity was quantified in cell lysates by measuring the production of urea using
the QuantiChrom™ arginase Assay Kit (DARG-200, BioAssays Systems). Nitrite
concentrations in culture supernatants were determined using Greiss reagent (Sigma-
Aldrich).

Generation and treatment of bone marrow-derived macrophages (BMDMe)

Bone marrow cells were harvested from femur and tibias of 6-10-wk-old C57BL/6 mice.
The cells were cultured in RPMI 1640 supplemented with 10% FBS (GIBCO), recombinant
mouse M-CSF (10 ng/ml; R&D Systems) and L929 conditioned medium (15%) in Nunclon
surface cell culture plates. Non-adherent cells were collected after 24 hours and were
cultured for 7 days in the supplemented medium in Corning/Costar ultralow attachment
polystyrene culture plates, changing the medium once on day 4. On day 7, live cells were
purified by centrifugation over Fico/Lite-LM (Atlanta Biologicals). The resulting cell
population was >98% CD11b". The cells were resuspended in RPMI 1640 with 10% FBS,
dispensed into 24-well cell culture plates and treated for 24 hours with 4-1PP (50 M) or
DMSO (vehicle control) in the presence of LPS (0.2 pg/ml, Sigma-Aldrich).

Statistical analysis

GraphPad Prism 5.0 software (GraphPad Prism Software, Inc., La Jolla, CA) was used for
all statistical analyses. Comparisons between groups were done by two tailed Student’s ¢
tests. For all tests, statistical significance was assumed where p<0.05.
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Results

MIF-deficiency or small molecule antagonism reduces murine melanoma outgrowth and
enhances peripheral macrophage pro-inflammatory responses

Because MIF promotes evasion from anti-tumor cytotoxic T lymphocyte (CTL) responses
(15, 16), we set out to determine how or whether MIF regulates pro-tumorigenic phenotypes
and macrophage responses in tumor bearing mice. B16 murine melanoma cells were injected
subcutaneously into syngeneic C57BI/6 MIF** and MIF™~ mice and tumor outgrowth was
followed by caliper measurements. As shown in Fig. 1A, melanomas from MIF-deficient
mice grew out at a significantly slower rate than those developing in mice with functional
MIF (Fig. 1A). Consequently, MIF-deficient mice showed increased survival when
compared to MIF wildtype mice (Fig. 1B). We next determined the relative pro-
inflammatory status of peritoneal macrophages from MIF*/* and MIF~/~ tumor bearing mice
using surrogate pro-inflammatory marker expression in peritoneal exudate cells (PECs). As
shown in Fig. 1C, TNF-a mRNA and protein levels, IL-12 mRNA/protein, COX-2 mRNA
and inducible NOS (iNOS) mRNA and corresponding nitric oxide levels were substantially
higher in PECs derived from tumor bearing MIF-deficient mice than those from MIF
wildtype mice suggesting that MIF functionally promotes a reduced pro-inflammatory
macrophage phenotype in tumor bearing mice. In support of a functional role for host
effector cell-derived MIF — as opposed to implanted tumor cell-derived MIF —in
suppressing the inflammatory phenotype observed in tumor bearing mice (Fig. 1C), PECs
from B16 tumor bearing MIF*"* mice treated ex vivowith the MIF small molecule suicide
antagonist, 4-iodo-6-phenylpyrimidine (4-1PP) (20), expressed significantly higher levels of
TNF-a mRNA and protein than control PECs (Fig. 1D).

We next tested whether systemic /n vivo neutralization of MIF with 4-1PP recapitulates
MIF-deficiency in reducing established B16 melanoma progression. 4-1PP treatment
resulted in a significant impairment of B16 outgrowth and progression but with only a
modest increase in survival rates compared to vehicle alone control mice (Fig 2A and 2B).
Importantly, PECs from 4-1PP treated mice expressed pro-inflammatory effectors at
significantly higher levels than those from control mice (Fig. 2C) — effectively
phenocopying MIF-deficiency (Fig. 1C). To ascertain that 4-1PP treatment had no off-target
effects, MIF~/~ mice were treated with 4-1PP or vehicle control and B16 melanoma tumor
growth was monitored. No difference in tumor progression or percent survival was observed
between vehicle control and 4-1PP treated MIF-deficient mice (Supplemental Fig. 1A, 1B).
Furthermore, the pro-inflammatory cytokine responses of peripheral macrophages were
similar in vehicle and 4-1PP treated MIF-deficient mice confirming the lack of any residual
in vivo 4-1PP activity in the absence of its target — MIF (Supplemental Fig. 1C).

MIF promotes alternative activation markers and reduces classical activation markers of
peripheral macrophage polarization in tumor bearing mice

Prior studies have shown that tumor-bearing mice develop alternatively activated
macrophages in distal sites such as the spleen and peritoneal cavity that ultimately serve to
suppress peripheral inflammatory and immune responses (21, 22). Consistent with these
reports, resident peritoneal cells from B16 melanoma-bearing mice display increased pro-
tumoral, M2-type marker expression — ARG-1, IL-10, VEGF-A - and decreased M1-type
marker expression — TNF-a and IL-12 — compared to peritoneal cells from naive mice (data
not shown), indicating that, in tumor-bearing hosts, peripheral macrophages are skewed
toward an M2-like, tumor-promoting phenotype. Hypothesizing that the pro-inflammatory
polarization profile observed in MIF-deficient/inhibited PECs was indicative of reduced
peripheral alternative macrophage activation (23, 24), we determined the expression of
several M2 markers, arginase-1 (ARG-1) (25), IL-10 (25) and stabilin-1 (STAB-1) (26) in
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relation to the classical (M1) macrophage activation marker, TNF-a in 4-1PP treated MIF*/*
peritoneal macrophages. As shown in Fig. 3, ARG-1 mRNA (Fig. 3A) and activity (Fig.
3B), IL-10 mRNA/protein (Figs. 3A, 3B), and STAB-1 mRNA (Fig. 3A) expression was
significantly reduced — and TNF-a mRNA/protein was increased (Fig. 3A, 3B) —in 4-1PP
treated CD11b purified peritoneal macrophages isolated from melanoma bearing MIF*/*
mice. Importantly, this same trend was observed in 4-1PP-treated bone marrow-derived
macrophages isolated from MIF** tumor bearing mice (data not shown).

Because alternatively activated stromal macrophages within malignant lesions are important
determinants of local tumor immunosuppression (5), we next investigated the polarization
profiles and functional activities of B16 melanoma tumor-associated macrophages (TAMs)
from MIF wildtype and MIF-deficient mice. As shown in Fig. 4A, F4/80* cells isolated from
B16 lesions from MIF~~ mice had significantly reduced expression of the alternative
activation marker, ARG-1 and increased classical activation marker, TNF-a mRNA (Fig.
4A, top panel) and activity/protein (Fig. 4A, bottom panel). In contrast to peritoneal
monocyte/macrophage populations (Fig. 1C), IL-12 expression was undetectable in F4/80*
TAMs from MIF*"* wildtype mice consistent with prior studies (27-29) and MIF-
deficiency/inhibition was unable to reverse this effect in TAMs (not shown). Consistent with
a reduced alternative activation immunosuppressive phenotype, MIF-deficient TAMs were
less active in suppressing antigen (ovalbumin)-induced splenocyte activation/proliferation
(30) than TAMs from MIF wildtype mice (Fig. 4B).

To further evaluate the relative importance of macrophage-derived MIF in promoting the
polarization profile and phenotype of alternatively activated tumor stromal macrophages,
TAMs from MIF*"* mice were isolated, treated ex vivo with 4-1PP followed by expression
and phenotypic profiling. As shown in Fig. 4C, 4-1PP effectively reduced ARG-1 expression
and increased TNF-a similar to the trend observed with peritoneal macrophages (Fig. 3) and
MIF-deficient TAMs (Fig. 4A). Importantly, 4-1PP pre-treatment of TAMSs reduced the
immunosuppressive phenotype of alternatively activated TAMs (Fig. 4D) similar to that
observed with MIF-deficiency (Fig. 4B) consistent with the reduced anti-inflammatory —
and enhanced pro-inflammatory — expression profile (Fig. 4C). For further validation of a
functional role for MIF in promoting macrophage alternative activation in tumor bearing
mice, qPCR analyses of PECs and TAMs revealed that the mMRNA expression of several
additional well characterized M2 alternative activation markers (Retnla/F1ZZ1, Mrc-1 and
Chi313/Ym1) were reduced in MIF-deficient PECs (Supplemental Fig. 2A) and TAMS
(Supplemental Fig. 2B). Importantly, ex vivo treatment of MIF*/* PECs and TAMSs
similarly resulted in significantly decreased FIZZ-1, Mrc-1 and YM1 expression (not
shown). PECs from MIF-deficient mice also displayed significantly increased expression of
the M1 classical activation marker IRF5 (Supplemental Fig. 2A), while IRF5 expression was
unchanged in TAMs from MIF~~ mice (Supplemental Fig 2B). Flow cytometric analyses of
CD45* F4/80* MIF** and MIF™~ TAMs also revealed that the expression of cell surface-
associated M2 markers, CD206 and CD23, were reduced, while M1 cell surface-associated
markers, MHC-I1, CD11c, CD80, and CD86, were increased in MIF~/~ TAMs compared to
MIF** TAMs (Supplemental Fig. 2C). Finally, it is important to note that the total numbers
of CD11b*F4/80* macrophages within splenocytes, peritoneal cells and CD45" tumor
infiltrating leukocytes were not significantly different between MIF** and MIF~/~ B16
tumor-bearing mice (not showrn). Combined, these studies strongly indicate that
macrophage-derived MIF is an important determinant of peripheral and intratumoral
macrophage alternative activation in B16 melanoma-bearing mice.

MIF promotes melanoma metastases and TAM polarization in colonized organs

Alternatively activated macrophages promote metastatic dissemination and colonization (31,
32). To investigate whether stromal MIF contributes to melanoma pulmonary metastases

J Immunol. Author manuscript; available in PMC 2014 March 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yaddanapudi et al.

Page 8

and colonization, luciferase-expressing B16F10 metastatic melanoma cells were injected
intravenously into syngeneic MIF*/* or MIF~/~ mice and progression followed by whole
body luminescence. Imaging on day 21 post intravenous injection of B16F10 cells (Fig. 5A,
5B) or days 18, 21 and 23 (Fig. 5B) revealed significantly reduced lung tumor burden in
MIF~/~ mice compared to MIF** mice. Lungs from MIF-deficient mice exhibited reduced
metastatic tumor burden both visually (Fig. 5C) and as a function of total lung mass (Fig.
5D). To determine whether macrophage polarization was altered in the lungs of MIF-
deficient vs. wildtype mice, F4/807 cells were purified from metastatic tumor bearing lungs
from MIF*/* and MIF~~ mice and evaluated for M2 and M1 marker expression by gPCR.
As shown in Fig. 6A, the immunosuppressive effectors, ARG-1 and IL-10 mRNA and
activity/protein, were significantly reduced while TNF-a mRNA and protein were elevated
in lung TAMs from MIF-deficient mice. It is important to note that MIF is expressed and
secreted at very high levels in both B16 and B16F10 murine melanoma cells (Fig. 6B),
suggesting that tumor cell-derived MIF does not independently dictate intratumoral
macrophage polarization — at least in initial melanoma outgrowth — and that macrophage-
derived MIF dominates the macrophage phenotype. This is consistent with our observations
that 4-1PP — added ex vivoto polarized MIF** TAMs similarly reverts TAMs from an M2
expression profile towards an M1 profile (Fig. 4C and Supplemental Fig. 3A).

Because MIF-deficient TAMs from subcutaneous melanoma lesions were found to be less
immunosuppressive than those from MIF wildtype mice (Fig. 4B), we next tested whether
MIF-deficient lung TAM immunosuppression was similarly dysfunctional. As shown in Fig.
6C, TAM-mediated inhibition of antigen-induced splenocyte proliferation was reduced in
MIF-deficient lung TAMs when compared with lung TAMs from MIF wildtype mice.
Additionally, and consistent with the defective macrophage alternative activation profile
observed with ex vivo inhibition of macrophage-derived MIF (Supplemental Fig. 3A), pre-
treatment of MIF*/* lung TAMSs with 4-1PP reduced the immunosuppressive potential of
these cells (Supplementary Fig. 3B).

MIF-dependent TAM polarization promotes macrophage angiogenic potential

Alternative activation of tumor-associated macrophages represents a critically important
component of neo-angiogenic potential in developing neoplasms (33, 34). Because MIF has
previously been shown to promote the expression of pro-angiogenic growth factors from
macrophages in /n vitro settings (35), we hypothesized that macrophage-derived MIF
contributes to not only the anti-inflammatory and immunosuppressive phenotype of TAMs,
but may also promote pro-angiogenic TAM potential within malignant lesions. F4/80*
TAM s from the lungs of MIF*/* and MIF~/~ mice were examined for relative expression of
pro-angiogenic effectors. As shown in Fig. 7A, MIF-deficient lung TAMs expressed
reduced mRNA and protein levels of both VEGF and MMP-9 — two critically important
mediators of TAM angiogenic potential (11, 36) compared to MIF wildtype lung TAMs. To
determine whether MIF-deficient lung TAMs were functionally defective in promoting
tumor vascularization, supernatants from MIF** and MIF~~ lung TAMs were co-cultured
with human umbilical vein endothelial cells (HUVECS) and endothelial cell migration and
tube formation was assessed. Supernatants from MIF*"* lung TAMs were significantly more
active in inducing HUVEC migration (Fig. 7B) and tube formation (Fig. 7C) /n vitrothan
lung TAMs from MIF-deficient mice. Similarly, decreased VEGF and MMP-9 expression as
well as HUVEC tube forming potential was reduced by ex vivo treatment of MIF wildtype
lung TAMs with 4-1PP (Supplemental Fig. 4A, 4B). Finally, 4-IPP ex vivotreatment of
MIF** TAMs from B16 subcutaneous lesions (Supplemental Fig. 4C), PECs from B16
tumor bearing MIF** mice (Supplemental Fig. 4D) and bone marrow-derived macrophages
from B16 MIF** mice (Supplemental Fig. 4E) resulted in a similar reduction of VEGF and
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MMP-9 expression. Combined, these studies indicate that TAM-derived MIF is a critical
determinant of melanoma TAM polarization, immunosuppression and angiogenic potential.

MIF-deficiency or small molecule inhibition reduces splenic MDSC immune suppression in
tumor bearing mice

Myeloid-derived suppressor cells (MDSCs) promote tumor progression through both
immune-dependent (37) and immune-independent (38) mechanisms. When MDSCs
populate the tumor microenvironment they become F4/80* (39) and, therefore, represent an
important subpopulation of the immunosuppressive TAM population in malignant lesions
(Figs. 4, 6 and 7). To determine whether MIF participates in measureable MDSC-specific
immunosuppression, we determined relative MDSC immunosuppressive activities in the
spleens of tumor bearing MIF** and MIF~~ mice. Initial attempts to isolate sufficient
numbers of splenic MDSCs from B16 tumor bearing mice were unsuccessful. To circumvent
this problem, MIF** and MIF~~ mice were inoculated with the well characterized
peripheral MDSC-eliciting cell line, Lewis lung carcinoma (LLC) (40, 41). Pooled spleens
were used to purify both GR-1" Ly-6G* granulocytic, and GR-19M Ly-6G~ monocytic
MDSCs from either MIF*/* or MIF~~ LLC tumor bearing mice and evaluated for their
relative suppression of ovalbumin-induced lymphocyte proliferation (40). GR-1M Ly-6G*
and GR-19M | y-6G MDSCs isolated from LLC-bearing MIF-deficient mice were
significantly less immunosuppressive than MIF wildtype MDSCs (Fig. 8A, 8B).
Importantly, MIF-deficiency caused no significant changes in the raw numbers of spleen-
derived CD11b*GR1M or CD11b*GR19™ MDSCs or in the total MDSCs when compared to
MDSCs numbers obtained in MIF** mice (not shown). Finally, this MIF-deficient MDSC
phenotype was fully recapitulated by 4-1PP pre-treatment of MIF*/* granulocytic and
monocytic MDSCs isolated from LLC tumor bearing mice (Fig. 8C, 8D) again suggesting
that effector cell-derived MIF is necessary for the observed alleviation of MDSC
immunosuppressive activity.

Discussion

Our findings suggest that monocyte/macrophage-derived MIF contributes to TAM
polarization and functionally promotes an immune-suppressive, pro-angiogenic and
alternatively activated (M2-like) phenotype in tumor bearing mice. MIF induces pro-
inflammatory cytokine responses in several disease pathologies including arthritis (42),
acute respiratory distress syndrome (43), atherogenesis (44), glomerulonephritis (45), and
Type | diabetes (46). However, our results clearly indicate that, in malignant disease
settings, MIF is a central participant in macrophage M2-like, anti-inflammatory cytokine
responses. As an autocrine-acting cytokine, MIF exerts signal initiating events via
interaction with its cognate cell surface receptor, CD74 (47). Pro-inflammatory signaling in
macrophages by MIF requires CD74 and its first identified co-receptor, CD44 (48, 49).
However, recent studies show that CD74 also forms MIF-sensitive co-receptor complexes
with several chemokine receptors including CXCR2, CXCR4 and CXCR7 (50-52). Given
this differential co-receptor usage by soluble MIF, it is tempting to speculate that MIF
signals to pro-inflammatory, classically activated pathways or anti-inflammatory,
alternatively activated pathways in a manner that is dictated by which CD74 co-receptors are
preferentially expressed on a given cell type. That being said, /n vitro neutralization of MIF
with a monoclonal antibody was unable to recapitulate MIF-deficiency or 4-1PP antagonism
in decreasing M2 and increasing M1 marker expression profiles in PECs from tumor bearing
mice (data not shown). Since 4-1PP interferes with MIF secretion (53), it is conceivable that
there is a distinct and stringent requirement for local MIF secretion and/or receptor
dynamics in macrophage populations that is absent in other cell types where autocrine acting
MIF is readily inhibited by neutralizing antibodies (54, 55).
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In vivo reprogramming of macrophage polarization by loss or inhibition of host MIF
coincides with a significant reduction in subcutaneous and metastatic melanoma tumor
growth and progression (Figs. 1, 2 and 5). Our observed defects in MIF-deficient TAM and
MDSC immunosuppressive activities (Figs. 4, 6 and 8), coupled with prior studies showing
that MIF neutralization in tumor bearing hosts induces cytotoxic T lymphocyte activities
(15), is suggestive of an important role for MIF in tumor-induced innate and adaptive
immune tolerance and immunosuppression. One caveat to these studies is that tumor size
differences could, in theory, influence relative TAM polarization states and phenotypes in an
MIF-independent manner. However, our results indicate that when equal sized tumors across
different comparison groups are analyzed, we still find significant re-orientation of TAM
polarization/immunosuppressive function in MIF-deficient and 4-1PP-treated mice
suggesting that TAM re-polarization associated with MIF-deficiency/inhibition is not
attributable to differences in tumor size.

It is interesting to note that, like other M2-elicited cytokines/growth factors, MIF promotes
functional tumor-promoting phenotypes in malignant cells (56-59). These autocrine tumor
promoting activities of secreted MIF on malignant disease processes coincide with paracrine
effects on stromal macrophages. For example, tumor cell-derived MIF regulates CXCL8
(IL-8) and VEGF expression in human monocytes (35, 60), consistent with our findings
(Fig. 7). As such, soluble MIF elicited from TAMSs within a tumor’s stromal compartment
likely promotes not only M2 TAM polarization in an autocrine manner but also amplifies
paracrine-signaling on tumor cells. In this scenario, tumor-derived MIF would also be
expected to promote M2 TAM polarization. Interestingly, our studies in MIF-deficient mice
suggest that the bulk of MIF’s M2 promoting activity in early melanoma outgrowth/
progression (Figs. 1 and 5) derives primarily from stromal, host-derived MIF as B16 and
B16F10 melanoma cell lines express copious amounts of MIF (Fig. 6B). In further support
of this scenario, 4-1PP has negligible anti-tumor efficacy in immuno-deficient SCID mouse
models of established tumorigenesis (data not showr) suggesting that 4-1PP inhibition of
established melanoma outgrowth (Fig. 2A) is independent of melanoma-derived MIF
inhibition and dependent on inhibition of host immune effector cell-derived MIF (Fig. 1C,
2B).

During the preparation of this manuscript a study was published by Wang and colleagues
describing a contributing role for MIF in teratoma progression through its ability to promote
macrophage-dependent angiogenesis (61). Our study validates and extends these findings by
demonstrating an important role for MIF in murine melanoma TAM alternative activation.
We further demonstrate that, in addition to regulating TAM angiogenic potential, MIF
contributes to TAM and MDSC immunosuppressive phenotypes in tumor bearing mice. An
important component of the Wang study was the use of MIF~/~ embryonic stem cells to
demonstrate the importance of stromal cell-derived MIF to teratoma outgrowth (61). In
contrast, our efforts to utilize lentiviral sShRNA to deplete melanoma MIF in B16 and
B16F10 cell lines were unsuccessful (not shown) but the findings by Wang support our
conclusion that — at least during initial melanoma outgrowth — stromal macrophage MIF
contributes dominantly to macrophage polarization. In further support for this conclusion, a
study by the Dranoff group provides clinically relevant evidence that MIF promotes tumor
promoting TAM angiogenic properties in late stage malignant melanoma patients (62). MIF
autoantibodies were identified in chemotherapy responding melanoma patients and these
neutralizing MIF antibodies functionally attenuated Tie-2 and matrix metalloproteinase-9
(MMP-9) expression in human TAMs leading to disrupted tumoral vasculature and
lymphocyte/granulocyte infiltrates (62).

Simpson et al very recently reported that in an aggressive 4T-1 model of metastatic breast
cancer, tumor-derived MIF promotes tumor growth and pulmonary metastasis by
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influencing the differentiation of inflammatory cells within the tumor microenvironment
(63). Our studies additionally indicate that the MIF-dependent effects on alternative
activation observed with PECs and TAMs are not restricted to melanoma tumors. Analysis
of PECs and TAMs from Lewis Lung Carcinoma (LLC)-bearing mice reveals that MIF-
deficiency and 4-I1PP inhibition similarly skews TAM from an M2-like expression pattern/
phenotypic profile towards an M1-like expression pattern/phenotype (data not showr).
Clearly more studies are needed to fully demonstrate the precise contribution of aberrant
macrophage polarization to defective melanoma outgrowth and lung metastases in MIF-
deficient mice but, combined with other recent studies (61-63), there is now considerable
evidence to suggest that MIF is an important determinant of TAM pro-tumorigenic
activities.

In conclusion, these studies describe a functional role for MIF in contributing to the
alternative activation of macrophages in tumor bearing hosts. Perhaps more importantly, our
discovery that the loss or inhibition of MIF effectively re-programs TAM polarization
coinciding with attenuated melanoma progression and pulmonary metastases suggests that
immunotherapeutic targeting of MIF may one day provide significant clinical benefits for
melanoma patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Host cell-derived MIF promotes B16 melanoma outgrowth and reduces pro-
inflammatory macr ophage phenotypesin mice

(A) MIF-deficiency impairs /n vivotumor growth in B16 transplanted mice. C57BL/6
MIF** and MIF~~ mice were challenged with B16 cells s.c. and tumor volumes were
plotted. The data represent the average tumor volumes of 8 mice/group £ SEM
representative of three independent experiments. (B) Tumor growth was monitored daily in
all animals until sacrifice due to tumors exceeding 5% of body weight. (C, D) Resident
PECs from MIF*/* and MIF~/~ C57BL/6 mice bearing a s.c. melanoma tumor (n = 10) were
pooled and activated /n vitro with (C) LPS alone or (D) either LPS and DMSO (vehicle
control) or LPS and 4-1PP (50 iM) for 24 hours. mRNA and protein expression was
analyzed by gPCR and ELISA. Nitric oxide levels were measured using Greiss reagent. Data
represents the average + SEM of duplicate samples and are representative of three
independent experiments. Pvalues = *, p<0.05; **, p<0.005; ***, p<0.0005.
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Figure 2. Phar macologic inhibition of MIF delaysin vivo melanoma tumor outgrowth and
enhances peripheral macrophage pro-inflammatory profiles

(A) C57BL/6 MIF** mice were injected with B16 cells (s.c.). 7 days post tumor
inoculation, mice were treated i.p. with 4-1PP (80 mg/kg in corn oil) or vehicle control (corn
oil) for 14 days and tumor volumes were plotted. Data represents the average tumor volumes
of 10 mice/group = SEM and are representative two independent experiments. (B) Tumor
growth was monitored daily in all animals until sacrifice due to tumors exceeding 5% of
body weight. (C) Resident PECs from C57BL/6 mice bearing a s.c. melanoma tumor (n =
10) were pooled and activated /in vitro with LPS and either DMSO (vehicle control) or 4-1PP
(50 uM) for 24 hours. mRNA, protein and nitric oxide levels were analyzed from indicated
cells. Data represents the average of + SEM of duplicate samples representative of three
independent experiments. Pvalues = *, p<0.05; **, p<0.005; ***, p<0.0005.
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Figure 3. Alternative activation of peritoneal macrophages from tumor-bearing miceis altered
by in vitro 4-1 PP treatment

(A, B) CD11b* peritoneal macrophages from melanoma bearing C57BL/6 MIF*/* mice (n =
10) and treated /n vitro with LPS and either DMSO (vehicle control) or 4-1PP (50 wM) for
24 hours. (A) mRNA; (B) arginase activity and protein expression was analyzed from
indicated cells. Data represents the average + SEM of duplicate samples representative of
two independent experiments. Pvalues = *, p<0.05; **, p<0.005.
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Figure4. TAM alternative activation profile and phenotype is attenuated by M| F-deficiency and
4-1 PP treatment

(A, C) F4/80* TAMs from MIF** and MIF~/~ C57BL/6 mice (n = 10) bearing a s.c.
melanoma tumor were pooled and activated /n vitro with (A) LPS alone or (C) LPS in the
presence of either DMSO (vehicle control) or 4-IPP (50 M) for 24 hours. Cell lysates were
analyzed for mRNA, protein expression and arginase activity. (B, D) F4/80*" TAMs from
tumor-bearing MIF** and MIF~~ C57BL/6 mice (n = 10) were untreated or pre-treated for
16 hours with 4-1PP (50 pm) or DMSO (vehicle control). Splenocytes from OT-1 mice were
added in triplicate to wells containing TAMs in the presence of ovalbumin (200 g/ml) and
cultured for 72 hours. Eighteen hours before harvesting, co-cultures were pulsed with [3H]-
thymidine. Data represents the average + SEM of duplicate samples (A, C) or average + SD
of triplicate samples (B, D) representative of three independent experiments. Pvalues = *,
p<0.05; **, p<0.005; ***, p<0.0005.
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Figure5. MIF-deficiency decr eases lung metastasisin an experimental metastasis model of
melanoma

B16-F10-luc2 cells were injected into the tail vein of MIF** and MIF~~ mice (n=10). (A)
Ventral images taken on day 21 are shown for representative mice (n = 5). (B)
Bioluminescence was quantified from the /n vivo signals emitted from ventral views. Data
shown are representative of three independent experiments (n = 5). (C) Mice were sacrificed
on day 25 and lungs were perfused, harvested and photographed. (D) Lung tumor burden in
tumor-bearing MIF*/* and MIF~~ mice. Data represents the average weights of 4 sets of
lungs/group + SEM and are representative of two independent experiments. Pvalue = *,
p<0.05.

J Immunol. Author manuscript; available in PMC 2014 March 15.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Yaddanapudi et al.

Page 21
A.
<™ ARG-1 9 IL-10 <! TNF-a
z < z,
& 0] % 1.0 ©
g " : £
£ *
b o o2
0.0 vy i 0.0 177 - o s -
MIF MIF MIF MIF MIF MIF
= 500 ARG-1 Activity 600+ IL-10 Protein TNF-a Protein
S e _I_ 2500 %
I 4 2000
@ £ 4004 =
c 300 S E 1500
£ * 2 )
<E! 200 200/ 2 1000
ol " ol m—— T
MIF* MIF MIF** MIF- MIF* MIF
B C.
g 1001 - MIF +/+
B16 B16F10 = -©- MIF -/-
2 80-
L MIF £
sates |w| °
¥ s 60
=
Sups l‘_-’l MIF § 40+ "
K]
o 204
7]
(d
S0 .

13 1110
Lung TAMs:Splenocytes

Figure 6. Host effector cell-derived MIF promotes macrophage alter native activation in
metastatic melanoma bearing lungs

(A) Lung TAM polarization. F4/80* TAMs were isolated from the lungs of B16-F10-
bearing MIF** and MIF~~ C57BL/6 mice (n = 10). Cells were pooled and activated i vitro
with LPS for 24 hours. mRNA, protein expression and arginase activity was analyzed from
indicated cells. (B) Concentrated supernatants and cell lysates from B16 and B1610 cells
were immunoblotted for MIF content determination. (C) F4/80" TAMs from lungs of B16-
F10 tumor-bearing MIF*/* and MIF~/~ C57BL/6 mice (n = 10) were pooled and cultured in
triplicates at the indicated cell number ratios for 16 hours. Splenocytes from OT-1 mice
were added to wells containing lung TAMs in presence of ovalbumin (200 pwg/ml) and
cultured for 72 hours. Eighteen hours before harvesting, co-cultures were pulsed with [3H]-
thymidine. Data represents the average + SEM of duplicate (A) or average + SD of triplicate
(C) samples representative of two independent experiments. Pvalues = *, p<0.05; **,
p<0.005.
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Figure 7. MIF contributesto pro-angiogenic potential of TAMs

(A) F4/80* TAMs were isolated from the lungs of B16-F10-bearing MIF*/* and MIF~/~
C57BL/6 mice (n = 10). Cells were pooled and activated /in vitro with LPS for 24 hours.
mRNA and protein expression was analyzed in cell lysates. (B) 1 x 10° HUVECs were
plated in the upper chamber on collagen coated Transwell filters and supernatants from
F4/80* TAMs (A) were added to the bottom chambers. 24 hours later, migrated cells on the
bottom of the filter were fixed, stained and manually counted under low power (40x). (C)
Supernatants from F4/80" TAMs (A) were used to re-suspend 2 x 105 HUVECs and then
plated on GF-depleted Matrigel plugs for 16 hours. Tubes were quantified by counting the
number of connecting branches between discrete endothelial cells. Data represents the
average = SEM of duplicate (A) or triplicate (B, C) samples and are representative of two
independent experiments. Pvalues = *, p<0.05; **, p<0.005; ***, p<0.0005.
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Figure 8. MIF-deficiency or small moleculeinhibition reduces splenic MDSC immune
suppression in tumor bearing mice

GR-1N Ly-6G* granulocytic and GR-19M |y-6G~"monocytic MDSCs were isolated from
spleens of MIF*/* and MIF~/~ C57BL/6 mice bearing a s.c. melanoma tumor (n = 10). (A,
B) Cells were either untreated or (C, D) pre-treated with 4-1PP (50 wm) or DMSO (vehicle
control). Cells were cultured in triplicates at the indicated cell number ratios for 16 hours.
Splenocytes from OT-1 mice were then added to wells containing MDSCs in presence of the
ovalbumin (200 pg/ml) and cultured for additional 72 hours. Eighteen hours before
harvesting, co-cultures were pulsed with [3H]-thymidine. Data represents the average + SD
of triplicate samples representative of two independent experiments. Pvalues = *, p<0.05;
** p<0.005.
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