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Abstract

During development of pancreatic cancer, alternatively-activated macrophages contribute to
fibrogenesis, pancreatic intraepithelial neoplasia (PanIN) lesion growth, and generation of an
immunosuppressive environment. Here we show that the immunomodulatory agent pomalidomide
depletes pancreatic lesion areas of alternatively-activated macrophage populations. Pomalidomide
treatment resulted in downregulation of interferon regulatory factor 4 (IRF4), a transcription factor
for M2 macrophage polarization. Pomalidomide-induced absence of alternatively-activated
macrophages led to a decrease in fibrosis at PanIN lesions and in syngeneic tumors; this was due
to generation of an inflammatory, immune-responsive environment with increased expression of
IL-1a and presence of activated (IFNvy positive) CD4+ and CD8+ T cell populations. Our results
indicate that pomalidomide could be used to decrease fibrogenesis in pancreatic cancer and may
be ideal as a combination treatment with chemotherapeutic drugs or other immunotherapies.
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INTRODUCTION

The microenvironment surrounding pancreatic lesions and cancer cells is mainly composed
of fibroblasts and immune cells, and is an important factor affecting tumor development and
growth, tumor cell dissemination, and treatment efficacy. Recently, it was shown for
different stages of pancreatic ductal adenocarcinoma (PDA) development or progression that
targeting alternatively-activated or tumor-associated macrophages (TAMSs) and/or their
redirection to macrophages with antitumor activities could be an efficient
immunomodulation strategy for this cancer (1-3).

For example, targeting TAMs and intratumoral immunosuppressive monocytes with an
antagonist of CCR2 improves chemotherapeutic and radiotherapy responses in PDA (4-6);
and a combination of CCR2 inhibition with FOLFIRINOX has already been tested in a
phase 1b trial for patients with locally advanced cancer (7). Another promising approach that
has been tested in phase I clinical trials is the use of CD40 agonists (8). CD40 agonists
transform the tumor microenvironment by enhancing macrophage-mediated destruction of
tumor stroma and induction of clonal expansion of T cells (9). Eventually, CSF1R blockage
and combination of this strategy with PD1 antagonists has been proven successful in
preclinical pancreatic cancer models (10).

Recent work from our laboratory demonstrated that inhibition of IL-13 signaling prevents
the occurrence of alternatively-activated macrophages and fibrosis in developing pancreatic
cancer (2). While this strategy focuses on the prevention of occurrence of M2-polarized
macrophages and TAMSs, a more intriguing approach would be to reprogram these
populations into tumor suppressive macrophages in order to shift the pro-tumorigenic
environment into an inflammatory, immune-responsive environment.

Thalidomide analogs such as lenalidomide and pomalidomide are FDA-approved
immunomodulatory drugs that have been developed and tested for hematologic cancers
including multiple myeloma (MM), myelodysplastic syndrome, non-Hodgkin lymphoma
and chronic lymphocytic leukemia (11,12). However, besides a role in mediating inhibition
of NF-xB (13), proteasomal downregulation of the transcription factor IKFZ1/Ikaros (14)
and effects on cytoskeletal organization (15), there is only little understanding of how they
affect intracellular signaling (16). In MM, pomalidomide downregulates IL-1p and IL-6 in
monocytes and increases the presence of NK cells (11), but also enhances tumor antigen
uptake by dendritic cells and the cross-priming of naive CD8+ T cells (17). Most recently, it
was suggested that in central nervous system (CNS) lymphoma, treatment with
pomalidomide can lead to a conversion of M2-polarized macrophages to M1-polarized
macrophages, by a yet unidentified mechanism (18).

Based on these findings, we here tested in a precancerous p48°'e;LSL-Kras®12P (KC)
animal model for pancreatic cancer as well as in a syngeneic tumor model, if treatment with
pomalidomide can decrease alternative-activated tumor promoting macrophages or
reprogram them towards an anti-tumorigenic phenotype. We found that pomalidomide, by
downregulating IRF4, a transcription factor for M2 macrophage polarization, induces a shift
from alternatively-activated macrophage populations towards anti-tumorigenic populations.
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The outcome of such signaling was a decrease in fibrosis at PanIN lesions and generation of
an immune-responsive environment with increased presence of activated (IFN+y positive)
CDA4+ and CD8+ T cells. The fact that it is already an FDA-approved drug, and our results
showing its efficacy on fibrosis and immune-responsiveness at pancreatic lesions, suggest
that pomalidomide may be an ideal option for combination treatment with chemotherapeutic
drugs or other immunotherapy.

MATERIALS AND METHODS

Cell lines

U937 cells were obtained from ATTC (Manassas, VA) in 2011; and are routinely
authenticated via their short tandem repeat (STR) profile (latest verification: June, 2018).
U937 were cultured in RPMI 1640 supplemented with 10% FBS. Lipofectamine 2000 (Life
Technologies, Carlsbad, CA) in serum-free OptiMEM (Life Technologies) was used for
transient transfection. After thawing cells were used for up to 25 passages.

Antibodies, expression constructs and reagents

Antibodies used for Western blotting, immunohistochemistry and immunofluorescence are
described in detail in Supplemental Table 1. IRF4-shRNA plasmid (TL315501) and IRF4
(NM_002460) human cDNA ORF clone (RC204876) were purchased from Origene
(Rockville, MD). Recombinant human IL-4 was purchased from ThermoFisher Scientific
(Waltham, MA). DAPI was from Sigma-Aldrich (St. Louis, MO). Pomalidomide was from
Abcam (Cambridge, MA). All other chemicals were from ThermoFisher Scientific.

Isolation of KPC tumor cells and PSC for syngeneic tumor implantation

Primary tumor cells (KPC1) for the syngeneic tumor model were isolated from pancreatic
carcinoma of a 4 month old LSL-Kras®12D/+: Trp53R172H/*-pdxCretg/+ mouse (BL6/129). In
short; The pancreatic tissue was removed under sterile conditions, washed with PBS, cut into
1-5 mm pieces and digested for 30 min (37 °C, 220 rpm) in 5 ml of 2 mg/ml collagenase
(Sigma-Aldrich) in Hank’s Balanced Salt Solution (HBSS) (GE Healthcare, Marlborough,
MA). The digestion was stopped with cold HBSS and centrifuged at 2000 rpm, 4 °C for 2
min. The pellet was resuspended in DMEM-F12 (Corning, Corning, NY) + 5% Bovine Calf
Serum-iron supplemented (Hyclone, GE Healthcare) + 0.5 pg/ml hydrocortisone (Sigma)

+ 5 ug/ml ITS (Corning), transferred to a 10 cm dish, and adherent cells were cultured
weekly. Cells continued to be viable after 100 passages. Genotype of the cell line was
confirmed using real-time PCR (Transnetyx, Cordova, TN).

Primary pancreatic stellate cells (PSC) were isolated from pancreata of 3 month old LSL-
KrasG12D/*:pdxCretg/+ mice (BL6/129) using a previously described method (19) with
slight modifications. Briefly, the pancreatic tissue was washed with PBS, minced into 1-5
mm pieces and digested for 1.5 hrs (37 °C, 220 rpm) in 5 ml of HBSS + 2 mg/ml
collagenase + 200 units DNase | (Sigma-Aldrich). The digestion was stopped with cold
HBSS + 5% Fetal Bovine Serum (FBS) and centrifuged at 2000 rpm, 4 °C for 2 min. After
two additional washes, cold 10 ml 5% FBS in HBSS was added to the pellet and the cell
suspension was filtered through 500 um and 105 um nylon meshes, respectively, into a 50 mi
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tube. The cells were washed and resuspended in cold 9.5 ml HBSS + 0.3 % BSA then mixed
with 8 ml 30 % (w/v) Nycodenz + HBSS (Accurate, Westbury, NY) solution. The 17.5 ml
cell suspension was carefully layered under 6 ml of HBSS + 0.3 % BSA in a 50 ml tube
using a 10 ml serological pipet. The tube was centrifuged (1400 g, 4 °C for 20 min), and the
cells were carefully collected from the thin white band above the Nycodenz interface using a
P1000 micropipette. The cells were then washed with HBSS + 0.3 % BSA, centrifuged (480
g, 4 °C for 5 min), resuspended in DMEM HG + 10% FBS + 1% Pen/Strep and transferred
to a 60 mm dish. After 48 hours, the culture medium was changed daily and cells were
cultured after 7 days. The cells were viable for 6 passages.

Isolation of primary macrophages

Primary peritoneal macrophages for cell culture studies were isolated as previously
described (20). In brief, mice were intraperitoneally injected with 2 ml of 5% aged
thioglycollate solution. Five days after injection, peritoneal macrophages were collected
through a single injection of 10 ml RPMI-1640 plus 10% FBS into the peritoneal cavity and
subsequent withdrawal. The peritoneal exudate was centrifuged and washed with
RPMI-1640 plus 10% FBS before plating onto tissue culture dishes. After one hour in an
incubator (37 °C, 5% CO5), plates were washed with PBS for three times to remove non-
adherent cells.

Mouse lines, syngeneic animal model and treatment

Ptfla/p48°'®/* PdxCretg/+, Trp53R172H/* and LSL-Kras®12P/* mouse strains and
genotyping of mice have been described previously (2,21,22). For treatment of Ptfla/
p48Cre/* | SL-KrasG12D/* (KC; labeling in figures: p48°'e;LSL-Kras®12P) mice (Scheme, see
Supplemental Fig. S1A), 8 week old mice were administered pomalidomide (or vehicle
control) every day for 4 weeks at a dose of 5 mg/kg (based on (18)) mixed with food (15 g
DietGel, ClearH,0, Portland, ME). For syngeneic orthotopic tumor implantation,
immunocompetent B6/129 mice were anesthetized and the pancreas was exposed through a
left flank incision. Cells (16,000 KPC1+ 84,000 PSC) were suspended in 30 pl Matrigel (BD
Biosciences, Sand Diego, CA) diluted 50% in PBS and injected into the pancreas using a
U-100 insulin syringe with a 28G needle. The pancreas was placed back into the peritoneal
cavity and the incision was closed using 4-0 Vicryl suture and 7 mm wound clips. After
tumor establishment, mice were treated every day for two weeks with pomalidomide (or
vehicle control), at a dose of 5 mg/kg mixed with food (15g DietGel, ClearH,0). After two
weeks of treatment, blood was collected via intracardiac puncture while mice were under
terminal anesthesia, and processed for various analyses including FACS, complete blood
count and coagulation profile (IDEXX, North Grafton, MA). Pancreatic tissues were
collected and used directly (flow cytometry) or were fixed in formalin or flash frozen and
processed for IHC, Western blotting and other assays. For all animal experiments, the sex of
the animal subjects was random, since we do not observe gender-specific differences using
the KC or syngeneic animal models. All animal experiments were approved by the Mayo
Clinic IACUC committee and were performed in accordance with relevant institutional and
national guidelines and regulations.
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Tissue homogenates, cell lysates and Western blotting

Pancreatic tissue was homogenized in 4 ml ice-cold lysis buffer (Biovision, Milpitas, CA),
containing protease inhibitor cocktail (Sigma-Aldrich), using an electric homogenizer,
followed by incubation for 2 hours at 4 °C with gentle agitation. Subsequently, tissue lysates
were centrifuged at 13,000 rpm, 4 °C for 20 min, and the supernatant was collected and
assayed or stored at —80°C. The total protein concentration of the samples was measured
using Bio-Rad Protein Assay (Bio-Rad, Hercules, CA) and normalized to 2 mg/ml. For
generation of cell lysates, cells were washed twice with ice-cold PBS (140 mM NacCl, 2.7
mM KCI, 8 mM NayHPOy, 1.5 mM KHoPOy4, pH 7.2), lysed with lysis buffer (25 mM Tris
HCI pH 7.6, 150 mM NacCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS), and
incubated on ice for 5 min. Samples were subjected to SDS-PAGE and then transferred to
nitrocellulose membrane. Proteins of interest were detected using indicated specific primary
antibodies and HRP-conjugated secondary antibodies.

Quantitative PCR (qPCR)

For live cells, RNA was extracted with the RNeasy PLUS Mini Kit (Qiagen, Germantown,
MD). For fixed cells, RNA was extracted with Arcturus Paradise Plus RNA Extraction and
Isolation Kit (Applied Biosystems, Foster City, CA) and then amplified with Arcturus
Paradise Plus RNA Amplification Kit (Applied Biosystems). The High Capacity cDNA RT
Kit (Applied Biosystems) was used to convert RNA to cDNA and quantitative PCR was
performed using a QuantStudio 7 Flex Real-Time PCR System (Applied Biosystems). gPCR
reactions utilized TagMan Fast Mix 2x (Applied Biosystems) in conjunction with the
following probe/primer sets from Applied Biosystems: Gapdh (Mm99999915 g1),
Chil3/Ym1 (MmO00657889_mH), 1110 (Mm01288386_m1), Retnla (Mm0045109_m1), Mrcl
(Mm01329362_m1), Clec10a/Cd301 (Mm00546125 g1), I11rn (Mm00446186_m1), ll1a
(Mm00439620_m1), and Argl (Mm00475988 m1). Calculation of mMRNA abundance was
via the AACt method and normalization was to Gapdh.

Flow cytometric analyses and fluorescence-activated cell sorting (FACS)

Resected pancreas (tumor) tissue was dissociated using mouse tumor dissociation kit
(Miltenyi, Bergisch Gladbach, Germany) via autoMACS® Pro Separator (Miltenyi) per
manufacturer protocol. Dissociated tissue was passed through 35 pm filters (Corning) to
obtain single cell suspensions. For cytometric analyses, the total leukocyte population was
isolated from dissociated tissues with mouse CD45+ MicroBeads (Miltenyi) per
manufacturer protocol, using LS Columns (Miltenyi) on a QuadroMACS magnet (Miltenyi).
Peripheral blood and tissue leukocyte samples were fixed and stained using PerFix-nc kit
(Beckman Coulter) per manufacturer protocol. Multicolor fluorescence detection and
analysis was performed on a 4-laser CytoFLEX flow cytometer using CytExpert software
(Beckman Coulter, Pasadena, CA). Fluor-conjugated antibodies were from Biolegend (San
Diego, CA) and include CD45, CD3, CD4, CD8, F4/80, and IFNy (details in Supplemental
Table 1). Single-stained samples were used to generate compensation matrixes and
determine pos/neg fluorescence as compared to unstained control. Minimum 100,000 events
were recorded per sample.
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For fluorescence-activated cell sorting the digestion of the pancreas was performed as
described above for the isolation of KPC cells. Then pancreatic cell suspensions were
labelled with LIVE/DEAD Fixable Violet Dead Cell Stain Kit (ThermoFisher Scientific),
blocked with a-CD32 (1:50, BD Biosciences), and labelled with a-F4/80 conjugated to
Alexa Fluor 488 (1:50, Bio-Rad). In sorts to distinguish Ym1- and Ym1+ populations,
fixation and permeabilization (Fix & Perm kit, Life Technologies) followed a-F4/80
labelling. Then, cells were labelled with a-Ym1 conjugated to Alexa Fluor 647 (1:50,
Abcam).

Immunohistochemistry (DAB and IF)

Slides were deparaffinized and rehydrated as previously described (2,21) and antigen
retrieval was performed in sodium citrate buffer (10 mM, pH 6.0). Tissue samples were then
treated with 3% H»0, (5 min), washed with 0.5% Tween 20/PBS, and blocked with Protein
Block Serum-Free Solution (Agilent, Santa Clara, CA; 5 min, RT).

For DAB immunohistochemistry (IHC), primary antibodies were diluted in Antibody
Diluent Background Reducing Solution (Agilent). Specific antibodies used and dilutions are
listed in Supplemental Table 1. Staining was visualized using EnVision Plus Anti-Rabbit
Labelled Polymer Kit (Agilent), or biotin-streptavidin (Biocare Medical, Concord, CA) 2-
step conjugation when primary goat antibodies were used. H&E staining was performed as
described (2,21). Trichrome staining was performed with Masson Trichrome Stain Kit
(Sigma-Aldrich). ScanScope XT scanner and ImageScope software (Aperio, Vista, CA)
were used to capture images.

For fluorescent IHC (IF-IHC), slides were incubated with primary antibodies (dilutions
listed in Supplemental Table 1) in Antibody Diluent Background Reducing solution
(Agilent) at 4 °C, overnight. After 3 washes with 0.05% Tween-20/PBS, Alexa Fluor 488 or
Alexa Fluor 594 labeled secondary antibodies (Invitrogen) at a 1:500 dilution were added,
and samples incubated at RT for 1 hr. For nuclear staining, 125 ug/ml DAPI was added for 5
min at RT, after incubation with secondary antibodies. After five washes with 0.05%
Tween-20/PBS, LabVision PermaFluor (ThermoFisher Scientific) was used as mounting
medium. Images were captured using a ScanScope FL scanner and ImageScope software
(Aperio).

RNAscope in situ hybridization (ISH) and IHC

In-situhybridization (ISH) was performed using RNAscope® Assay 2.5 HD Reagent Kit-
Brown (Advanced Cell Diagnostics [ACD], Hayward, CA) according to the manufacturer’s
protocol (23), with some modifications. Briefly, formalin fixed paraffin embedded (FFPE) 5
um sections were baked at 60 °C for 1 hour, deparaffinized in xylene for 15 min, dehydrated
in 100% ethanol and dried at room temperature (RT) overnight in a desiccator. The slides
were then treated with hydrogen peroxide (provided by the kit) for 10 min, rinsed in
deionized water, boiled in target retrieval reagents for 8 min (time optimized for pancreas),
followed by protease treatment for 15 min at 40 °C in a hybridization oven. Slides were then
incubated for 2 hours at 40 °C with one of the following ACD RNAscope® mouse target
probes: Mm-Il1a (NM_010554.4, region 2-1284) for IL-1a, Mm-111b (NM_008361.3,
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region 2-950) for IL-1p, or Mm-1113 (NM_008355.3, region 20-632) for I1L-13. After
hybridization, six amplification steps were performed using amplification buffers (provided
by the kit: Amp 1-6, with 2 min washes in between amplification steps; Amp 5 was
modified to 1 hour incubation), and the mRNA signal was detected with DAB staining. After
five quick washes with water, the slides were counterstained with hematoxylin, dehydrated
in alcohol and mounted. Images were captured using ScanScope XT scanner and
ImageScope software (Aperio).

Quantification and Statistical Analysis

RESULTS

All cell biological and biochemical experiments have been performed at least 3 times. For
animal experiments, if not stated otherwise in the figure legends, pancreatic samples form n
= 3 mice have been used for quantification analyses. 4-6 fields per sample were subject to
quantification. IHC data was quantified by manual counting of positive cells or by using the
Aperio Positive Pixel Count Algorithm; ISH was quantified using the Aperio Positive Pixel
Count Algorithm (Aperio). Co-expression of proteins in cells was judged by analyses of IF
for each protein on the same slide. Data are presented as mean + SD. P values (if not stated
otherwise in the figure legends) and were acquired with the unpaired student’s #test with
Welch’s correction using Graph Pad software (GraphPad Inc., La Jolla, CA). p < 0.05 was
considered statistically significant.

Pomalidomide decreases the expansion of KRas®12P-induced abnormal areas in the

pancreas

Inflammatory monocytes (M1) can deplete fibrosis at pancreatic lesions (24), while
alternatively-activated (M2, Ym1 positive) macrophages can drive fibrosis (2). In CNS
lymphoma, pomalidomide has been shown to convert the polarization status of IL4-
stimulated macrophages from M2 to M1 /n vitro (18). Therefore, we tested the effect of
pomalidomide on fibrosis and PanIN formation in the precancerous p48°e:LSL-KrasG12D
(KC) animal model for pancreatic cancer. Pomalidomide (5 mg/kg) or vehicle was orally
administered to 8 week old mice every day for 4 weeks (treatment scheme in Supplemental
Fig. S1A). Treatment with pomalidomide over this time period led to a significant
(approximately 50%) reduction in pancreatic abnormal structures in KC mice (Figs. 1A and
1B), indicating that it affected the expansion of these regions. However, the relative presence
of acinar-to-ductal metaplasia (ADM), ADM-PanIN or PanIN1A/B regions was not
significantly shifted (Fig. 1B). Most significant effects observed after treatment with
pomalidomide were on the stroma in the lesion areas. Staining of collagen using Masson’s
Trichrome (Fig. 1C), or immunohistochemical staining for smooth muscle actin (SMA) as a
marker for pancreatic stellate cells (PSCs) (Fig. 1D), indicated a significant prevention of
fibrosis (Fig. 1E). This was also confirmed by Western blot analyses of total pancreas
homogenates and staining for SMA, as well as desmin another marker for PSCs
(Supplemental Fig. S1B). In some areas of the pancreata of pomalidomide treated mice,
PanINs were not surrounded by stroma at all (Supplemental Fig. S1C).
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The reduction in fibrotic areas was not due to an increase in apoptotic events, as judged by
the absence of cleaved caspase 3 (Supplemental Fig. S2A). We therefore determined the
presence of proliferating cells in lesion areas by immunohistochemistry for presence of the
proliferation markers Ki67 or Cyclin D1 (Figs. 2A and Supplemental Figs. 2B-2D), and
found a significant decrease in cells positive for these markers (Ki67 positive cells decrease
to 29% + 6% and Cyclin D1 positive cells decrease 50% = 5%). A more in depth analysis of
Ki67 positive cells in fibrotic areas (IF-IHC for SMA combined with Ki67) as well as PanIN
(IF-IHC for CK19 combined with Ki67) indicated a significant decrease of proliferative
cells in both the stromal areas and ductal cells of the lesions (Figs. 2B—2E). Overall, our data
indicated that treatment of KC mice with pomalidomide decreases stromal/fibrotic areas
around the preneoplastic lesions and prevents their expansion.

Pomalidomide decreases the presence of Ym1 positive macrophages at PanIN lesions

Since alternatively-activated macrophages have been shown to mediate fibrosis and lesion
growth in the KC animal model (2), we next tested if pomalidomide affects macrophage
populations within the pancreas. Using the pan macrophage marker F4/80 we found that in
the time period between treatment start (week 8) and endpoint (week 12) in vehicle-treated
mice total macrophage populations increased approximately 3.5-fold, which is most likely
due to lesion growth. However, treatment with pomalidomide showed a significant decrease
in macrophages at the endpoint (Fig. 3A). This decrease in macrophages mainly occurred in
the stromal regions at the PanIN lesions (Fig. 3B), where mainly Ym1+ M2 macrophages
reside (2), while we did not observe significant decrease in macrophages at classical ADM
regions (Fig. 3B), where mainly M1 macrophages reside (20,25). Immunohistochemical
staining for Ym1, which is a marker for alternatively-activated (M2) macrophages in the
pancreas, confirmed that pomalidomide decreases this population at PanIN lesions
(Supplemental Fig. S3A). Moreover, to demonstrate that pomalidomide specifically targets
the Ym1 positive population we performed a co-immunofluorescence staining for Ym1 and
F4/80 (Fig. 3C, control shown in Supplemental Fig. S3B). Quantification of this data
suggests that while F4/80+,Ym1- macrophage populations in typical ADM/PanIN areas
remain at comparable levels, the F4/80+,Ym1+ macrophage population decreases with
pomalidomide (Fig. 3D). Quantitative PCR analyses for markers of alternatively activated
macrophages after isolation of the F4/80+,Ym1+ population per FACS indicated that they
express Argl and FIZZ1 as typical M2 and TAM markers (Fig. 3E). In addition,
F4/80+,Ym1+ also express the IL-1 antagonist IL-1ra, which we previously had identified as
factor secreted by pancreatic macrophages that promote lesion growth (2).

Since it recently was shown that PanIN cells can express interleukin-13 (IL-13) to induce the
presence of Ym1+ macrophages at these lesions (2), using /n situ hybridization we next
tested if pomalidomide affects IL-13 mRNA levels. However, we found no evidence that
IL-13 expression is regulated by pomalidomide in our experimental system (Supplemental
Fig. S3C). Therefore, we determined if pomalidomide engages other mechanisms that can
affect macrophage polarity.
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Pomalidomide shifts macrophage populations by affecting interferon regulatory factor 4
levels

Recent work indicates that interferon regulatory factor 4 (IRF4) is a key transcription factor
regulating M2 macrophage polarization (26); and lenalidomide, a compound related to
pomalidomide, has been shown to inhibit the expression of IRF4 (27). Therefore, we tested
if pomalidomide affects macrophage populations by regulating IRF4. An
immunofluorescence analysis on pancreata from KC mice indicated that Ym1-positive cells
in PanIN areas express IRF4 (Fig. 4A). Treatment with pomalidomide decreased the IRF4
expression level at PanIN areas approximately 90% (Figs. 4B and 4C), while levels of its
upstream regulator Ikaros (IKZF1) remained unchanged (Supplemental Fig. S4A).

Next, we investigated if pomalidomide directly affects IRF4 levels in alternatively-activated
macrophages. We first differentiated U937 monocytes into M2 macrophages using IL-4, and
then treated them with pomalidomide. While the differentiation to M2 correlated with an
increase in IRF4 expression, the sequential treatment with pomalidomide depleted the
expression of this transcription factor below basal levels (Fig. 4D, top panel). Similarly,
isolated mouse primary macrophages, after M2 polarization with IL-4, show increased levels
of IRF4, which can be depleted with pomalidomide (Fig. 4D, bottom panel).

In order to investigate the importance of IRF4 for M2 macrophage identity, we again utilized
the human monocyte cell line U937 which, in response to different stimuli, can differentiate
to mature macrophages. First we tested if altered levels of IRF4 can regulate macrophage
polarization. Therefore, we either overexpressed IRF4, or decreased basal expression by a
reverse genetics approach. As judged with FXIIIA (Fig. 4E) and pY641-STAT6
(Supplemental Fig. S4B) as markers for alternatively-activated macrophages (18,28), ectopic
(increased) expression of IRF4 (control shown in Supplemental Fig. S4C) in U937
monocytes induced their M2 polarization. On the other hand, depleting IRF4 below basal
levels using IRF4-specific ShRNA (control shown in Supplemental Fig. S4D) led to
differentiation of U937 monocytes to inflammatory macrophages as judged by increased
expression of iINOS (Fig. 4F), and phosphorylation of STAT1 at pY701 (Supplemental Fig.
S4E) as markers (2,29). Taken together, this suggested that levels of IRF4 determine if
monocytes differentiate to inflammatory or alternatively-activated macrophages. Eventually,
we found that M2 polarization of isolated mouse primary macrophages and as induced by
IL-4 was reverted by pomalidomide (Fig. 4G and 4H).

In summary, our data indicate a mechanism of how M2 dedifferentiation is initiated by
pomalidomide, namely by down-regulating their IRF4 expression levels.

The downregulation of M2 macrophages by pomalidomide generates an anti-tumorigenic
environment

Next, we determined if pomalidomide-induced alterations in macrophage populations affect
the pro-tumorigenic environment at the pancreatic lesion areas that can be responsible for
immune escape. Therefore, we focused on the presence of modulators of inflammatory
signaling and T cell exclusion.
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Interleukin 1 signaling is responsible for the production of inflammation. PanIN lesion cells
and stroma cells in pancreatic abnormal areas express the interleukin-1 receptor (IL-1R)
(Supplemental Fig. S5A), and we previously have shown that Ym1+ M2 macrophages can
block IL-1R signaling by producing interleukin-1 receptor antagonist (IL-1ra), and that such
signaling promotes lesion growth (2). As expected by the observed decrease in Ym1+ cells,
treatment of mice with pomalidomide led to downregulation of IL-1ra expression (Fig. 5A
and Supplemental Fig. S5B). Moreover, ISH analyses for IL-1R ligands IL-1a and IL-1
indicated that treatment with pomalidomide increased IL-1a expression in cells residing in
PanIN lesion areas (Figs. 5B and 5C), while IL-1p expression was unaffected (Supplemental
Fig. S5C). Since activated inflammatory macrophages produce IL-1a, which upregulates
TNF signaling via activation of IL-1R, this suggests a shift to an inflammatory, anti-
tumorigenic environment. Indeed, isolated pancreatic F4/80+ cells showed a dramatic
increase in IL-1a expression in response to pomalidomide indicating a shift to pro-
inflammtory populations (Supplemental Fig. S5D).

One function of IL-1a is that it regulates the presence of cytotoxic T cells (CTL) in tumors
to generate an immuno-responsive environment (30,31). Therefore, we determined if the
pomalidomide-induced increase in IL-1a leads to an accumulation of this T cell population.
As judged by IHC, in the pancreatic lesion areas of mice treated with pomalidomide we
observed a significant increase of CD3 positive cells (Fig. 5D and Supplemental Fig. S5E).
Further analyses did not indicate significant changes in total numbers of CD4+ cells
(Supplemental Fig. S5F), but an approximately 2-fold increase in CD8+ cells (Supplemental
Fig. S5G). A more detailed flow cytometric analysis in which we determined the relative
percentage of IFN-y positive populations within CD3+,CD4+ or CD3+,CD4+ T cells
indicated that in response to pomalidomide CD4+ effector and CD8+ effector T cell
populations significantly increased (approximately 2-fold and 3-fold) in pancreas tissue
samples (Fig. 5E). Taken together, our data indicates that pomalidomide shifts the immuno-
suppressive, pro-tumorigenic environment at pancreatic lesions to an inflammatory,
immune-responsive environment.

Pomalidomide generates an immune-responsive, anti-tumorigenic environment in
orthotopic tumors.

A key question is if the effects of pomalidomide on the lesion microenvironment that were
observed in the KC model can be obtained in established pancreatic tumors. In order to test
this we utilized a syngeneic model, in which we established pancreatic tumors by orthotopic
implantation of a KPC/PSC cell mix. After tumor establishment, mice were treated with
vehicle or pomalidomide every day for a period of 2 weeks (Supplemental Figs. S6A).
While we did not observe significant effects on the tumor size at the endpoint, we saw a
significant decrease in the presence of fibrotic cells as judged by IHC or Western blotting for
SMA (Fig. 6A—-6C). IHC analyses for F4/80 and Ym1 indicated that unlike in the
precancerous KC model, overall numbers of macrophages remained unchanged with
pomalidomide (Fig. 6D), but Ym1+ TAM population decreased significantly about 60%
(Fig. 6E). To confirm this decrease with another method, we sorted F4/80 positive cells from
tumors and probed them via quantitative PCR for expression of Ym1. We found a dramatic
decrease in both, Ym1+ expression and the YmZ1+ cell marker IL-1ra in the tumor
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macrophage populations (Figs. 6F and 6G). Additional flow cytometric analyses did not
detect significant changes in tissue-derived total lymphocyte (CD45+) numbers after
treatment with pomalidomide (Supplemental Figs. S6B and S6C). Moreover, no significant
changes in total macrophages or CD4+ and CD8+ T cell composition were detected in blood
or pancreas/tumor samples after treatment (Supplemental Figures S6D-S6F). However,
similar as seen with the KC model, in response to pomalidomide significant increases were
observed in the CD4+ effector and CD8+ effector T cell populations in pancreas/tumor
tissue-derived samples, but not in blood-derived samples (Figs. 6H and 61), indicating
activated T cell responses in the tumors. Taken together the data with the syngeneic model
show that pomalidomide, similar as observed and analyzed in detail with the KC model, can
decrease Ym1+ tumor-associated macrophages and fibrosis in tumors. This goes along with
an increase of presence of activated T cells, thus switching the immune-suppressive into an
immune-responsive environment.

DISCUSSION

The fibrotic stroma around pancreatic lesions and tumor areas is an immuno-suppressive
environment that generates a barrier for immune cells and chemotherapeutic drugs (32,33).
Recent evidence from preclinical animal models suggest that alternatively-activated (M2)
macrophages, which represent approximately 85% of TAMs in PDA (34), regulate fibrosis
and exclusion of cytotoxic T lymphocytes, two hallmarks of immune escape in PDA
(1,2,24,32,35). Multiple strategies have been developed to target these TAMs and have either
been tested in preclinical mouse models or have already advanced to clinical trials
(3,4,6,7,9). The common idea behind all these strategies is to transform immunosuppressive
macrophage populations within the tumor microenvironment into tumor regressing
macrophages, which drive destruction of tumor stroma and the presence of cytotoxic T cells.
We here show that the immune modulator pomalidomide can fulfill such a function.

Treatment of KC mice with pomalidomide led to an approximately 50% decrease of
abnormal pancreatic areas (Fig. 1A). Although there were less lesions in pomalidomide-
treated mice, the distribution between ADM areas, ADM-PanIN1 areas and PanIN1A/B
lesions was similar between treatment conditions (Fig. 1B), indicating that pomalidomide
may not affect the progression of lesion stages. However, we observed a significant decrease
in proliferation of stromal and PanIN cells in abnormal regions (Fig. 2), which went along
with decreased fibrosis (Fig. 1C-E). Both can be explained by pomalidomide’s effects on
the Ym1+ macrophage population (Fig. 3), since similar results are obtained in the same
animal model when the occurrence of this population is blocked with neutralizing antibodies
for IL-13 (2). Moreover, the effect on the proliferation of PanIN cells in our model for PDA
development is in line with the proliferation inhibitory effects seen in orthotopic tumors
(13).

Interferon regulatory factors play key roles in hematopoietic development of monocytes and
their differentiation into macrophages, but also in regulating polarization phenotype and
phenotype switching (36). Of these, IRF4 is highly expressed in alternatively-activated
TAMs and mediates M2 polarization. Studies in multiple myeloma (MM) suggest that
pomalidomide and lenalidomide inhibit /RF4 gene expression (27,37). In MM, lenalidomide
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and pomalidomide affect IRF4 levels indirectly, by activating the CRBN-CRL4 E3 ubiquitin
ligase to facilitate proteasomal degradation of Ikaros (14) and Aiolos (IKZF3) (38).
However, for pancreas-associated M2 macrophages we found that pomalidomide
downregulates IRF4 expression levels, while Ikaros expression levels remain unchanged
(Fig. 4 and Supplemental Fig. S4). This indicates a possible regulation of IRF4 expression at
the transcriptional level, which has to be investigated in future studies.

Using a monocyte cell line we demonstrated that, dependent on the expression level of IRF4,
monocytes can differentiate into either M2 or M1 macrophages (Figs. 4D, 4E). Moreover,
we showed for U937 cells and primary macrophages that M2 polarization after treatment
with IL-4 leads to increased IRF4 levels, and that this is reverted by pomalidomide (Fig.
4D). Overall, such pomalidomide signaling results in a decrease in Ym1-positive
macrophages (Figs. 4G, 4H). Thus our data make a compelling case that pomalidomide-
induced downregulation of IRF4 may reprogram macrophage populations in the pancreas to
an inflammatory phenotype. However, futures studies should investigate if pomalidomide
can also regulate other factors that control TAM-induced adaptive immune suppression in
PDA, such as NLRP3/IL-10 signaling (39), or factors of the necrosome such as RIP3 and
Mincle (40).

Through its effects on macrophage populations and the fibrotic environment, pomalidomide
contributes to generation of an anti-tumorigenic environment by activating IL-1R signaling
through downregulation of the receptor antagonist IL-1ra, and upregulation of IL-1a
expression. We previously have shown that IL-1ra can be produced by a multitude of cells
within pancreatic abnormal areas, including Ym1+ M2 macrophages, and that it promotes
lesion growth (2). The downregulation of IL-1ra in combination with increased expression
of IL-1a (Fig. 5A-C) while IL-1p expression is unchanged (Supplemental Fig. S5C)
suggests that the IL-1R mainly is activated via IL-1a in pomalidomide-treated pancreata.
This is interesting because I1L-1a is a marker of the senescence-associate secretory
phenotype (41), and IL-1a deficient tumors have an immunosuppressive environment due to
exclusion of cytotoxic T cells (CTL) (30,31). In accordance with this, in our experimental
setting, pomalidomide induced an approximately 2-fold increase in CD3+ cells in pancreata
of KC mice (Fig. 5D). Flow cytometric analyses of the CD3+ cells for activated T-cells
indicated both increased occurrence of IFNvy positive helper and cytotoxic T cells. This is in
line with studies that showed that in the pancreas a shift from M2 to M1 populations can
orchestrate effective T cell immunotherapy (42).

Eventually, using a syngeneic PDA tumor model, we showed that similar effects of
pomalidomide on the microenvironment can be obtained in established tumors (Fig. 6 and
Supplemental Fig. S6). This suggests that pomalidomide holds promise for immunotherapy
of pancreatic cancer by generating a shift from an immuno-suppressive, pro-tumorigenic to
an inflammatory, immune-responsive environment (Fig. 6J). As potential side effects for
human use, 4% of patients observed pomalidomide treatment-induced adverse events,
including clotting complications and deep vein thrombosis, pulmonary embolism and
thrombocytopenia in 2% of patients (43). However, in our animal experiments, after
performing complete blood counts (CBC) (Supplemental Figs. S7A, S7B), we did not
observe any hematologic side effects of pomalidomide. Additional analyses of coagulation
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factors such as prothrombin time, partial thromboplastin time or levels of fibrinogen
remained in normal range (for mice) between treatment conditions (Supplemental Fig. S7C).
Nevertheless, in future clinical trials these potential side effects may require all patients to
take thromboprophylaxis with aspirin or an anticoagulant as long as they remain on
pomalidomide.

The benefit of pomalidomide is that it is already FDA-approved, and that a recent phase |
clinical study (NCT00540579) demonstrated that its use for untreated advanced carcinoma
of the pancreas is feasible and safe (44). Thus it may be combined with standard of care
chemotherapy, where it had shown to promote chemosensitization in mice (13), as well as
other approaches to sensitize pancreatic tumors to T cell immunotherapy such as inhibition
of focal adhesion kinase with VVS-4718, anti-PD1 therapy, or depletion of CD44 or CCL2
(4-6,8,10,45).

Supplementary Material

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

Findings reveal new insights into how macrophage populations within the pancreatic
cancer microenvironment can be modulated, providing the means to turn the
microenvironment from immunosuppressive to immune-responsive.
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Figure 1: Pomalidomide decreases fibrosisin the lesion areas of the pancreas of KC mice.
A-D: Control mice or p48cre;LSL-Kras®12D (KC) mice at an age of 8 weeks were treated

with pomalidomide, every day for 4 weeks (treatment scheme depicted in Supplemental Fig.
S1). At an age of 12 weeks pancreata were harvested and abnormal areas analyzed. A: H&E
staining of representative areas. The scale bar indicates 50 um. B: The bar graph shows a
quantification of the abnormal areas in control or pomalidomide treated KC mice (n=4 per
treatment group). The asterisk indicates statistical significance (p<0.05) as compared to
control. The pie graphs show grading of pancreatic lesions and relative presence of ADM,
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ADM-PanIN transition areas, and PanIN1. C, D: Trichrome staining or IHC staining for
smooth muscle actin (SMA) of lesion areas in KC mice after control or pomalidomide
treatment. Representative areas are shown. The scale bar indicates 100 um in C and 50 pm
in D. E: Quantification of SMA content of abnormal pancreatic areas. IHC stained samples
(n=3) from each treatment group were analyzed. The white bars show the SMA content at
treatment start as a reference (n=3 samples). The asterisk indicates statistical significance
(p<0.05).
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Figure 2: Pomalidomide decreases proliferation in the lesion areas of the pancreas of KC mice.
KC or control mice at an age of 8 weeks were treated with pomalidomide for 4 weeks. At an

age of 12 weeks pancreas tissues were harvested and analyzed. A: Representative IHC
staining of pancreatic abnormal areas for presence of Ki67 as marker for proliferating cells.
Representative areas are shown. The scale bar indicates 50 pm. B, D: IHC-IF analyses of
fibrotic areas (B, Ki67 in red and SMA (fibrosis marker) in green) and PanIN lesions (D,
Ki67 in green and CK19 (lesion cell marker) in red). The scale bar indicates 50 um. C, E:
Show quantification of Ki67 positive cells in fibrotic areas (C) or PanIN lesions (E). IHC
stained samples of n=4 mice from each treatment group were analyzed. The asterisk
indicates statistical significance (p<0.05).
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Figure 3: Pomalidomide decreases the presence of M 2 macrophagesin pancreata of KC mice.

A: Quantification of presence of F4/80 positive cells (macrophages) in the pancreata of n=3
mice per experimental group. The white bars show the SMA content at treatment start as a
reference (n=3 samples). The asterisk indicates statistical significance (p<0.05) as compared
to vehicle control. B: Analysis of ADM and PanIN areas of vehicle treated or pomalidomide
treated mice for presence of macrophages (IHC for F4/80, brown staining). Shown are
representative areas. The scale bar indicates 50 um. C: Pomalidomide decreases the
presence of Ym1 positive (M2) macrophages in ADM/PanIN regions. ADM/PanIN areas
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were analyzed for presence of alternatively-activated macrophages (IF-IHC: YM1 and
F4/80, as indicated). Nuclei were stained with DAPI. Representative staining of PanIN areas
is shown. The scale bar indicates 50 um. D: Quantification of F4/80+,Ym1- and
F4/80+,Ym1+ macrophages under both treatment conditions. IF-IHC stained samples from
n=3 mice of each treatment group were analyzed. The asterisk indicates statistical
significance (p<0.05). E: Characterization of F4/80+,Ym1+ macrophages. Pancreatic
macrophages from three KC mice were labeled with F4/80- and Ym1-specific antibodies
and sorted for the F4/80+,Ym1+ population. Cells were analyzed by quantitative PCR for
expression of indicated mMRNAs and GAPDH (normalization). Expression of CD301 was set
1 fold (CD301 is expressed in both F4/80,Ym1+ and F4/80,Ym1- macrophages populations
at similar levels), and fold expression of analyzed markers was plotted relative to CD301
expression.
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Figure 4: Pomalidomide decreases the expression of IRF4 in M2 macrophagesto drive their
phenotype conversion to an inflammatory phenotype.

A: Ym1 positive macrophages express IRF4. PanIN/ADM areas were analyzed by IF-IHC
for co-localization of IRF4 (green) and Ym1 (red). Nuclei were stained with DAPI. The
scale bar indicates 50 um. B: Immunohistochemical analysis of IRF4 expression in PanIN
regions of vehicle or pomalidomide treated mice. Shown are representative areas. The scale
bar indicates 50 um. C: The bar graph shows the quantification of presence of IRF4 positive
cells in pancreata of n=3 mice per experimental group. The asterisk indicates statistical
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significance (p<0.05) as compared to vehicle control. D: U937 cells (top panel) or primary
mouse macrophages (bottom panel) were treated with IL-4 (20 ng/ml, 48 hours), and then
for another 48 hours with pomalidomide (10 pg/ml). Shown are Western blots for IRF4 and
B-actin (loading control). E: U937 cells were transfected with IRF4 and after 2 days
subjected to IF analysis for expression of FXIIIA (M2 marker) combined with DAPI
staining. F: U937 cells were transfected with IRF4-shRNA and after 2 days subjected to IF
analysis for expression of iNOS (M1 marker) combined with DAPI staining. G, H: Primary
macrophages were treated as described in F and then visualized with F4/80 and Ym1
staining. The bar graphs (G) show a quantitative analysis of Ym1+ macrophages under
different treatment conditions. The asterisk indicates statistical significance (p<0.05).
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Figure 5: Pomalidomide induces anti-tumorigenic signaling in pancreata of KC mice.
A: Quantification of presence of IL-1ra positive cells in pancreata of n=3 mice per

experimental group. The asterisk indicates statistical significance (p<0.05) as compared to
vehicle control. B: Pomalidomide increases IL-1a mRNA expression in ADM lesion areas.
Shown is a representative /n situ hybridization (ISH) for IL-1a mRNA (brown dots) in KC
mice either vehicle treated (control) or treated with pomalidomide. The bar represents 50
um. C: Quantification of cells positive for IL-1a mMRNA in pancreata of n=3 mice per
experimental group. The asterisk indicates statistical significance (p<0.05) as compared to
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vehicle control. D: Quantification of presence of CD3 positive cells in pancreata of n=3
mice per experimental group. The asterisk indicates statistical significance (p<0.05) as
compared to vehicle control. E: Flow cytometry of blood or pancreas/tumor tissue from
control or pomalidomide treated mice (n=3 per treatment group) to determine the percentage
of IFNy-positive cells within the CD3+,CD4+ and CD3+,CD8+ T cell populations. The
asterisk indicates statistical significance (p<0.05) as compared to vehicle control.
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Figure 6: Pomalidomide gener ates an immune-responsive, anti-tumorigenic environment in
orthotopic tumors.

A: H&E or IHC staining of representative orthotopic tumors of vehicle or pomalidomide-
treated mice for Ym1 or SMA. The scale bar indicates 100 pm. B: Quantification of
presence of SMA positive cells in the pancreata of n=4 mice per experimental group. The
asterisk indicates statistical significance (p<0.05) as compared to vehicle control. C: Tissue
homogenates of pancreata/tumors of indicated treatment groups were analyzed by Western
blot for expression of SMA or for -actin (loading control). D: Quantification of presence of
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F4/80 positive cells in orthotopic pancreatic tumors of n=4 mice per experimental group. E:
Quantification of presence of Ym1 positive cells in the pancreata of n=4 mice per
experimental group. The asterisk indicates statistical significance (p<0.05) as compared to
vehicle control. F, G: F4/80+ cells were isolated from orthotopic tumors of vehicle or
pomalidomide-treated mice via FACS and then analyzed by quantitative PCR for expression
of Ymland IL-1ra. H, I: Flow cytometry of blood or pancreas/tumor tissue from control or
pomalidomide treated mice (n=3 per treatment group) to determine the percentage of IFN+y-
positive cells within the CD3+,CD4+ and CD3+,CD8+ T cell populations. The asterisk
indicates statistical significance (p<0.05) as compared to vehicle control. J: Schematic of
how pomalidomide shifts macrophage populations and modulates the lesion environment
from immuno-suppressive and pro-tumorigenic to immuno-responsive and anti-tumorigenic.
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