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Abstract

Tumor-associated macrophages (TAMs) represent the M2-like phenotype with potent
immunosuppressive activity, and play a pro-tumor role in pancreatic ductal adenocarcinoma
(PDAC) biology. In this study, we investigated the role of the insulin-like growth factor binding
protein 2 (IGFBP2) as a determinant of TAM polarity. Clinical data revealed that the levels of
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IGFBP2 correlated with M2 TAMs accumulation and disease progression in human PDAC. In vivo
mouse model experiments showed that IGFBP2 promoted immunosuppressive microenvironment
and tumor growth in a macrophage dependent manner. Bioinformatics analysis of PDAC
transcriptome revealed a significant association between IGFBP2 expression and M2 macrophage
polarization and signal transducer and activator of transcription 3 (STAT3) activation. Mechanistic
investigations demonstrated that IGFBP2 augmented the expression and secretion of I1L-10
through STATS3 activation in PDAC cells, which induced TAM polarization toward an M2
phenotype. IGFBP2-polarized M2 macrophages significantly increased Tregs infiltration and
impaired antitumor T-cell immunity in mouse model. Thus, our investigations have illuminated the
IGFBP2 signaling pathway that contributes to the macrophage-based immunosuppressive
microenvironment in PDAC, suggesting that blocking IGFBP2 axis constitutes a potential
treatment strategy to reset TAM polarization toward an antitumor state in PDAC.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is considered the most lethal malignancy owing
to its aggressive nature [1]. Due to the lack of effective means for early diagnosis, most
PDAC patients present with either locally advanced disease or distant metastasis and are
therefore not suitable for radical resection [2,3]. As systemic treatments have brought only
modest survival benefits, many studies have focused on the unique biological characteristics
of PDAC to define new therapeutic targets [4].

A hallmark of PDAC is an extremely stroma-rich tumor microenvironment (TME), a great
part of which is composed of extracellular matrix (ECM) [5-7]. The cellular components of
the stroma, particularly infiltrating immune cells, are critically involved in nearly all aspects
of PDAC biology and contribute to an immunosuppressive TME [8]. Macrophages, as
differentiated leukocytes and being responsible for homeostasis, display an unusual
plasticity. Guided by environmental signals, macrophages may polarize to M1 (classically
activated or inflammatory) or M2 (alternatively activated or anti-inflammatory) phenotypes,
thus exerting antagonistic functions. Furthermore, fully polarized macrophages can
repolarize and transform reciprocally in response to a changing TME [9-11]. Tumor-
associated macrophages (TAMSs) mainly represent the M2-like phenotype, with potent
immunosuppressive activity. As the major tumor-infiltrating immune cells of PDAC, M2
TAMs play a pro-tumor role in carcinogenesis, angiogenesis, metastasis, and therapeutic
resistance [12-13]. Elevated infiltration of M2 TAMs has been associated with poor
prognosis in PDAC [14,15]. Unfortunately, current immunotherapies have had limited
efficacy in patients with PDAC [16]. Reprogramming TAMs could be a promising strategy
to ameliorate the immunosuppressive TME and prevent the progression of PDAC.

Insulin-like growth factor binding protein 2 (IGFBP2) acts as a pleiotropic oncogene in
various malignancies including PDAC [17-24]. IGFBP2 levels are increased in the serum
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and pancreatic juice of PDAC patients and IGFBP2 has been proposed as a potential
biomarker in PDAC [25-28]. The involvement of IGFBP2 in immune microenvironment has
been suggested by the observation that IGFBP2 correlated with a decreasing of CD8* T cells
and CD19* B cells and increasing of CD163* M2 macrophages in glioblastoma, but which
is lacking establish the potential mechanism [29]. Our recent study revealed that IGFBP2 is
a driver of epithelial-to-mesenchymal transition and metastasis through the inflammation
and immunity-related NF-xB pathway [24]. We also reported that IGFBP2 potentiates signal
transducer and activator of transcription 3 (STAT3) transactivation activities to augment
downstream COX-2 expression, which plays a role in immunosuppressive TME formation
[30]. Furthermore, IGFBP2 regulates PD-L1 expression by activating the EGFR-STAT3
signaling pathway in malignant melanoma [31].

Persistent activation of STAT3 has been demonstrated to be a crucial mediator in governing
pancreatic carcinogenesis, acinar-ductal-metaplasia (ADM) development, tumor
progression, and inhibition of apoptosis and inflammatory response [32-38]. STAT3 also
plays a critical role in the interplay between the TME and the immune system and
contributes to tumor immune evasion [39]. Activated STAT3 in tumor cells induces the
overexpression of particular cytokines, such as IL-6 and 1L-10, which subsequently activate
STAT3 in various immune cell types, including TAMs. Increased activation of STAT3 in
these immune cell subsets triggers multiple immunosuppressive mechanisms and leads to
the impairment of antitumor immunity [40-44].

In this study, we illustrate the role of IGFBP2 as a determinant of TAM polarity. IGFBP2
augmented the expression and secretion of IL-10 through STAT3 activation in PDAC cells,
which induced TAM polarization toward an M2 phenotype. Thus IGFBP2-polarized M2
macrophages significantly increased Tregs infiltration and impaired antitumor T-cell
immunity. Thus, our investigations have illuminated the IGFBP2 signaling pathway that
contributes to the macrophage-based immunosuppressive microenvironment in PDAC.

Materials and methods

Patients and tissue samples

The use of patient-derived material was approved by the institutional research ethics
committee at Tianjin Medical University General Hospital (TMUGH). Tumor samples were
obtained from 96 patients who underwent surgical resection at the hospital between 2009
and 2018 and had a histological diagnosis of PDAC. Following informed consent, the
patient’s demographic and clinical characteristics were recorded and analyzed. Consecutive
sections of formalin-fixed, paraffin embedded tumor samples were subjected to IHC for
IGFBP2, CD163, FOXP3, Ki-67, and phospho-(Y705)-STAT3 (Santa Cruz Biotechnology).
The results were scored by two pathologists who were blinded to the clinicopathologic data.
Fresh PDAC patient surgical samples from TMUGH were processed into single-cell
suspensions with 1 mg/ml collagenase, 2.5 U/ml hyaluronidase and 0.1 mg/ml DNase and
were subjected to flow cytometry for cell surface markers with antibodies to human CD4,
CD25, FOXP3, CD8, CD45, CD68, and CD163 (BD Biosciences). For each tumor, the
mirror image tumor sample was also collected and processed to FFPE samples for
measuring the IGFBP2 expression by IHC.
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2.2. Patient-derived xenograft cell lines and cell culture

Human PDAC PDX cell lines MDA-PATC53 (high endogenous IGFBP2) and MDA-
PATC148 (low endogenous IGFBP2) (all KRas G12D) were established as previously
reported and cultured in Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 50:50
medium supplemented with 10% fetal bovine serum (FBS) and incubated in a 5% CO,
atmosphere at 37°C [45]. IGFBP2 stimulation experiments were performed by using
recombinant IGFBP2 (Abcam) with cells starved of serum overnight. The mouse PDAC cell
line Panc02 was purchased from ATCC (Rockville) and authenticated using short tandem
repeat profiling.

2.3. Orthotopic PDAC mouse model

Female C57BL/6 and BALB/c nude mice (4-week-old) were maintained under specific
pathogen free conditions and animal experiments were conducted under a protocol approved
by the Ethics Committee of Tianjin Medical University General Hospital in accordance with
the principles and procedures outlined in the NIH Guide for the Care and Use of Laboratory
Animals. To generate stable mouse IGFBP2 overexpression cell line (Panc02-1GFBP2) and
control cell line (Panc02-EV), Panc02 cells were infected with mouse IGFBP2 or control
lentiviral particles (GeneCopoeia) using polybrene, followed by puromycin selection for 3
weeks. Panc02-EV or Panc02-IGFBP2 cells (2x10%) were injected into the pancreas of
C57BL/6 and BALB/c nude mice to establish orthotopic PDAC mouse models. The BALB/c
nude mice were sacrificed and the xenograft tumors were harvested and weighed four weeks
later. The C57BL/6 mice were received administration of PBS or clodronate liposomes (Clo)
from the first day for 2 weeks. Two weeks after the administration, the mice were sacrificed
and the xenograft tumors were harvested and weighed. The tumor nodules in liver were also
counted. The tumors were dissociated into single-cell suspensions with 1 mg/ml collagenase,
2.5 U/ml hyaluronidase and 0.1 mg/ml DNase and processed for flow cytometry analysis
using antibodies to identify mouse M1 TAMs (F4/80*/CD2067), M2 TAMs (F4/80*/
CD206™), Tregs (CD4"CD25*FOXP3™), cytotoxic T cells (CD8*/CD45%), and apoptotic T
cells (Annexin VV*/CD8*) (BD Biosciences). IFN-y in mouse tumor tissue was measured by
Enzyme-linked immunosorbent assay (ELISA) according to the manufacturer’s procedure
(R&D Systems).

2.4. Lentivirus, plasmids, and siRNA

To generate stable human IGFBP2 overexpression cell lines and control cell line, MDA-
PATC148 cells were infected with human IGFBP2 or control lentiviral particles
(GeneCopoeia) using polybrene, followed by puromycin selection for 3 weeks.

To generate the Y705-mutated STAT3 sequence, nucleotide sequences coding amino acid
residues Y705 of STAT3 (NM_139276.2) were mutated to F705 using the QuikChange
Lightning site-directed mutagenesis kit (Agilent Technologies). Human wild-type and
mutated S7TA73cDNAs were cloned into the pcDNA3.1 plasmid (Invitrogen) and verified by
DNA sequencing. MDA-PATC148 cells were transfected with plasmids using FUGENE HD
(Promega), followed by G418 selection for 3 weeks.
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Predesigned siRNAs were obtained from Sigma-Aldrich. MDA-PATC53 cells (high
endogenous IGFBP2) were transfected with siRNA for IGFBP2 (SASI_Hs02_00302878,
SASI_Hs01_00039595), IL-10 (SASI_Hs01_ 00060266, SASI_Hs01_00060268), STAT3
(SASI_Hs01 00061860, SASI_Hs01 00061861), or universal negative control #1 using
Lipofectamine RNAIMAX (Invitrogen). MDA-PATC148 cells (low endogenous IGFBP2)
were similarly transfected with siRNA for STAT3 or negative control #1. Total RNA or
protein was isolated 48 h after transfection and analyzed by gRT-PCR or Western blotting.

PDAC PDX cell-conditioned medium (cell-CM)

IGFBP2 overexpression or knockdown, STAT3 overexpression, knockdown or inhibition,
IL-10 overexpression, knockdown or neutralization, or negative control PDAC PDX cells
were incubated in complete medium for 24 h and the cell-CM was collected and centrifuged
for 20 min at 2,000 x g at 4°C. Supernatants were transferred and centrifuged an additional
20 min at 10,000 x g at 4°C to remove cellular debris. Cell-CM supernatants were measured
for IL-10 concentrations by ELISA (R&D Systems) and used as a medium supplement for
macrophage polarization.

2.6. Macrophage Studies

2.6.1. Macrophage polarization—Human PBMCs were isolated from healthy blood
donors (Gulf Coast Blood Center) by density gradient centrifugation with Histopaque-1077
(Sigma-Aldrich). CD14" monocytes were purified from PBMCs using CD14 microbeads
(Miltenyi Biotech) and cultured in RPMI 1640 medium supplemented with 20% heat-
inactivated FBS (Sigma-Aldrich) and 50 ng/ml GM-CSF (Peprotech) for 5 days to
differentiate into nonpolarized M0 macrophages.

MO macrophages on day 5 were differentiated using M1 medium (50 ng/ml GM-CSF, 50
ng/ml IFN-y, 20 ng/ml TNF-a, and 100 ng/ml lipopolysaccharide), M2 medium (100 ng/ml
M-CSF, 10 ng/ml IL-10, and 10 ng/ml TGF-; Peprotech), or PDX cell line cell-CM for 48
h. Polarized macrophages on day 7 were subjected to flow cytometry for cell surface
markers with antibodies to human MHC-I1, CD80, CD86, CD163, CD204, and CD206 (BD
Biosciences). Polarized macrophages and their conditioned medium were also used for the
following studies.

2.6.2. Phagocytosis assay—Macrophages polarized by various treatment conditions
were incubated with FITC-labeled Escherichia coli BioParticles (Thermo Fisher Scientific)
for 2 h with 5% CO, atmosphere at 37°C. After removing the BioParticle loading
suspension, trypan blue suspension was added and incubated for 1 min to quench any
membrane bound probe. Relative phagocytosis was quantified as fluorescence intensity
measured using a microplate spectrophotometer. Percent phagocytosis levels relative to the
positive control (M1 macrophage) were calculated for each experimental condition.

2.6.3. Nitric oxide (NO) production—NO production by experimentally polarized
macrophages was measured using the Griess Reagent System (Promega). The Griess reagent
was added to supernatant medium of different polarized macrophages and the mixture was
incubated 10 min at room temperature in the dark. The absorbance at 540 nm was measured
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using a microplate spectrophotometer and NO concentration was determined with sodium
nitrite as a standard.

2.6.4. Argl activity—Argl activity was measured following previously described
methods [46]. Briefly, macrophages were lysed, the supernatant combined 1:1 with 10 mM
MnCl, (Sigma-Aldrich) and heated at 56°C for 7 min to activate the Argl. The incubation
was continued at 37°C for 2 h with 50 pmol of L-arginine to allow hydrolysis of L-arginine
by Argl. Levels of the byproduct metabolite urea were determined by incubation with a-
isonitrosopropiophenone substrate and absorbance measured at 540 nm, with Argl urea
production calculated in samples from a urea standard curve.

2.6.5. VEGF, TGF and IL-10 secretion—Macrophages polarized by various
treatment conditions were rinsed with PBS and cultured in RPMI 1640 medium
supplemented with 20% heat-inactivated FBS for a further 24 h. The amount of VEGF,
TGFB, and 1L-10 secreted in supernatants was quantified by ELISA according to the
manufacturer’s procedure (R&D Systems).

RNA isolation and gRT-PCR

Total RNA was extracted from cells with a mifVana miRNA lIsolation Kit (Ambion).
Reverse-transcription was performed with Superscript Il Reverse Transcriptase (Invitrogen).
TagMan Gene Expression Assays (Applied Biosciences) were used to detect and quantify
human MHCII, CD80, CD86, NOS2, IL1B, TNFA, CD163, CD204, CD206, ARG1, IL10,
TGFBI1, and STAT3. Relative expression was normalized to the endogenous control GAPDH
using the 2 “2ACt method. Experiments were carried out in triplicate.

2.8. Western blotting

2.9.

Cells were harvested and subjected to lysis in RIPA Buffer (Thermo Fisher Scientific) with
1:100 Halt Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific). The whole-cell lysate
from each sample was separated by electrophoresis on a 10% polyacrylamide gel, blotted
onto nitrocellulose membranes, and probed with primary antibodies against IGFBP2,
cMYC, Bcl-xL, COX2, cyclin D1, iNOS, Argl, p65, phospho-(Ser536)-p65, STAT3,
phospho-(Y703)-STAT3, EGRF, and phospho-(Y1068)-EGRF (Santa Cruz Biotechnology).
Proteins were detected by HRP-conjugated secondary antibodies and visualized using
SuperSignal West Pico chemiluminescent substrate (Thermo Fisher Scientific). Cellular
fractionation was performed by using the NE-PER Nuclear and cytoplasmic Extraction Kit
(Pierce Biotechnology) according to the manufacturer’s protocol. Densitometric analysis of
immunoblot bands were quantified using the ImageJ software (US National Institutes of
Health).

Ingenuity pathway and gene set enrichment analyses

The PDAC Australia (PDAC-AU) cohort from the International Cancer Genome Consortium
(ICGC, https://dcc.icgc.org) consists of 461 samples from 391 patient donors, of which 91
samples have available RNA-seq data and survival information (Supplemental Table S1).
These patients include 47 males, 43 females and 1 without gender information, and their
ages are between 36 and 86. These 91 patients were categorized into three groups based on
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IGFBP2 expression levels: high- (top 20%), low- (bottom 20%) and intermediate-IGFBP2
(the other 60%).

Differentially expressed genes between the high- and low-1IGFBP2 groups were identified by
the DESeq2 method [47]. Then the Ingenuity Pathway Analysis software (IPA; Ingenuity
Systems Inc.) was used to identify the enriched pathways associated with high or low
expression of IGFBP2. We also calculated the correlation of gene expression between
IGFBP2 and all other genes and got the top correlated genes based on the correlation
coefficients. With the IGFBP2-correlated genes, we further identified the STAT3 signaling
pathway as top enriched using the Gene set enrichment analysis (GSEA).

2.10. Statistical analysis

Data are expressed as the mean + SD and analyzed using Student’s #test for two groups or
analysis of variance (ANOVA) for multiple groups. Pvalues < 0.05 were statistically
significant and levels are indicated in figures by asterisks (*/<0.05, **/<0.01). SPSS 17.0
software (SPSS Inc.) and R software were used for statistical analyses.

3. Results

3.1.

3.2.

High IGFBP2 levels correlate with disease progression in human PDAC

To identify the role of IGFBP2 in the progression of PDAC, we first evaluated the
association between levels of IGFBP2 and tumor proliferation rates in a cohort of 96 patients
from TMUGH. Immunohistochemical (IHC) staining revealed that IGFBP2 was abundant in
human PDAC tumor cells but rarely present in adjacent normal pancreatic cells (Fig. 1A).
We used Ki-67 antibody for IHC staining and observed a positive correlation between
IGFBP2 protein levels and the percentage of Ki-67 positive PDAC cells (Fig. 1B, C).
Furthermore, clinicopathological analyses showed that IGFBP2 overexpression in tumors
was significantly correlated with T (primary tumor size) stage. The patients with high
IGFBP2 (++/+++) showed larger tumor volumes and more advanced T stage than those with
low IGFBP2 (-/+) (Fig. 1D). Kaplan-Meier analysis indicated that patients with tumors
expressing high levels of IGFBP2 protein had significantly shorter relapse-free survival
(RFS) (P=0.001; Fig. 1E) and overall survival (OS) (P=0.002; Fig. 1F), suggesting that
IGFBP?2 is associated with poor prognosis in PDAC patients.

High IGFBP2 levels correlate with accumulation of M2 TAMs in the human PDAC

microenvironment

To explore the relationship between IGFBP2 levels and accumulation of immune cells in the
human PDAC microenvironment, we analyzed gene expression data in the PDAC Australia
(PDAC-AU) cohort from the International Cancer Genome Consortium (ICGC)
(Supplemental Table S1). Of the 91 samples, we selected PDAC patients representing the
top- and bottom-20t percentile of /GFBP2 gene expression for comparison to maximally
differentiate the representative tumor microenvironments for high verses low /GFBP2
tumors. Notably, patients in the top-20t" percentile of /GFBP2 gene expression showed
significantly increased average expression of M2 macrophage markers (P=0.031) and Treg
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markers (P=0.00013; Fig. 2A). These data indicated that high IGFBP2 expression levels in
PDAC correlate to accumulation of M2 macrophages and Tregs.

To validate our findings in an independent patient group, we used IHC to survey numbers of
putative CD163* M2 TAMs and FOXP3* Tregs in sections from the same cohort of 96
PDAC samples from TMUGH. We found that PDAC tissues with high IGFBP2 showed
significantly greater numbers of M2 TAMs and Tregs than those with low IGFBP2 (Fig. 2B-
D).

To explore the relationship between IGFBP2 levels and accumulation of immune cells in the
human PDAC microenvironment, flow cytometry analysis was performed on 16 fresh tissue
samples of human PDAC (8 each of IGFBP2 low and high cases characterized for IGFBP2
levels by IHC using the mirror image PDAC samples). We evaluated CD68*CD163~ M1
TAMs, CD68*CD163" M2 TAMs, CD4*CD25"FOXP3* Tregs and CD8*CD45* cytotoxic T
cells. Samples from patients with high IGFBP2 levels showed significantly higher ratios of
M2/M1 TAMs (Fig. 2E) and higher percentages of Tregs (Fig. 2F), which was consistent
with our IHC results from the larger cohort (Fig. 2B-D). In addition, the percentage of
cytotoxic T cells was significantly lower in samples with high IGFBP2 levels (Fig. 2G).
These data suggest that high IGFBP2 expression in PDAC correlates with an
immunosuppressive TME.

IGFBP2 promotes PDAC progression in a macrophage dependent manner

To investigate whether IGFBP2 promotes immunosuppressive cell accumulation and disease
progression /n vivo, we first established IGFBP2-overexpressing (Panc02-1GFBP2) and
empty vector-transfected control (Panc02-EV) cell lines with Panc02 murine pancreatic cell
line (Supplementary Fig. S1A). Then, an orthotopic PDAC mouse model was established in
C57BL/6 mice (n=10 per group). Twenty-eight days following cell implantation, mice were
sacrificed, and tumors were harvested (Supplementary Fig. S1B). Panc02-1GFBP2 group
showed a significantly larger tumor size, larger tumor weight, and more liver metastases than
Panc02-EV group (Supplementary Fig. S1C-E). Panc02-IGFBP2 group also contributed to
significantly reduced OS in an independent cohort of mice (n=20 per group) (= 0.008;
Supplementary Fig. S1F). Flow cytometry analysis was performed on cell suspensions from
the fresh mouse tumor tissues to interrogate the relationship between IGFBP2 levels and
immune cell infiltration in the tumor microenvironment. Panc02-IGFBP2 group showed a
significantly higher M2 (F4/80%/CD206™) / M1 (F4/80*/CD206~) TAMs ratio, a greater
percentage of Tregs (CD4*CD25*FOXP3™), a lower percentage of cytotoxic T cells
(CD8*CD45%), and a greater percentage of apoptotic cytotoxic T cells than measured in the
Panc02-EV group (Supplementary Fig. S1G-J). These data suggested that IGFBP2 promotes
immunosuppressive cell accumulation and disease progression in PDAC.

Next, we investigate whether immune cells contribute to IGFBP2 promoted PDAC
progression, we established an orthotopic mouse model with Panc02-IGFBP2 and Panc02-
EV cells in BALB/c nude mice (n=10 per group). Twenty-eight days later, mice were
sacrificed, and tumors were harvested (Fig. 3A). The two groups didn’t show significantly
differences in tumor size and tumor weight (Fig. 3B, C), which suggesting that the tumor
promoting effect of IGFBP2 appears to be ascribed to the immunosuppressive TME.
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Furthermore, we studied the potential mechanisms behind the described IGFBP2-mediated
the immunosuppressive TME in PDAC. TAMs are widely distributed in tumor
microenvironment and mainly polarized to M2-like phenotype with potent
immunosuppressive activity. They not only promote tumor angiogenesis and metastasis but
also suppress antitumor immune response. To determine whether macrophages are involved
in IGFBP2-mediated immunosuppression and tumor promotion, we treated orthotopic
tumor-bearing mice with Clo or PBS (Fig. 3D). We found that macrophage depletion by Clo
significantly disrupted the promotion of IGFBP2 on tumor growth and metastases (Fig. 3E,
F), as well as the immunosuppression TME (Fig. 3G-K). Macrophage depletion effectively
nullified the differences in percentage of Tregs (CD4+*CD25*FOXP3*), cytotoxic T cells
(CD8*CD45%), apoptotic cytotoxic T cells and the production of IFN-y by cytotoxic T cells
between Panc02-EV and Panc02-IGFBP2 groups. Together, these mouse model results serve
to demonstrate that IGFBP2 initiates a macrophage-dependent pathway that promotes PDAC
progression.

IGFBP2 modifies macrophage polarization to an immunosuppressive phenotype

To explore the impact of IGFBP2 on TAM polarization, we returned to public data in the
ICGC PDAC-AU cohort, in this instance to validate the functional relationships observed for
IGFBP2 in M2 macrophage polarization. As previously noted, of the 91 patient samples
from the PDAC-AU cohort, we focused our analysis based on levels of gene expression
comparing high-IGFBP2 (top 20t percentile) to low-IGFBP2 (bottom 20t percentile) to
maximize representative tumor microenvironments. By comparing the high- to low-IGFBP2
groups, we discovered 543 genes upregulated and 503 genes downregulated in the high-
IGFBP2 group (~<0.05 and llog2(FC)I>1.5). These differential gene expression patterns
were then submitted to Ingenuity pathway analysis (IPA) software to identify the associated
pathways. Upregulated genes were enriched in the canonical pathways associated with
LXR/RXR activation, FXR/RXR activation, atherosclerosis signaling, IL-12 signaling,
macrophage production (Fig. 4A, red). These pathways have been reported to support
activation of M2 macrophage polarization [48,49]. Downregulated genes in the high-
IGFBP2 group were associated with cell cycle and metabolic function such as G2/M DNA
damage checkpoint regulation, mitochondrial dysfunction, oxidative phosphorylation, etc.
(Fig. 4A, blue). These pathways are associated with the prevention of macrophage
polarization to the M2 phenotype [50-52]. As a result, we speculated that IGFBP2 could
modify macrophage polarization to M2 phenotype.

Then we utilized two patient-derived PDAC cell lines that differentially expressed
endogenous IGFBP2. IGFBP2 was silenced in MDA-PATC53 cells (high endogenous
IGFBP2 expression) with two different pools of siRNA (siR-BP2-1 and siR-BP2-2).
Alternatively, we overexpressed IGFBP2 in MDA-PATC148 cells (low endogenous IGFBP2
expression) using lentiviral infection to create a stably overexpressing line (MDA-PATC148
BP2). Conditioned medium from these cell lines (cell-CM) was collected to drive MO
macrophage polarization. The scheme of macrophage differentiation and polarization is
summarized in Fig. 4B.
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Phenotypic genes were used to define the M1 macrophages (HLA-DRA, CD80, CD&6,
NOS2, IL1B, and TIVFA) and the M2 macrophages (CD163, CD204, CD206, ARG1, IL10,
and 7GFBI). When non-polarized MO macrophages were treated with the cell-CM from the
IGFBP2 knockdown group (MDA-PATC53 siR-BP2-1 and —-2) and compared to high
endogenous IGFBP2 MDA-PATC53 siR-ctrl, most of the classically activated M1 genes
were upregulated and all the M2 genes were downregulated (Fig. 4C, top). Reciprocally,
cell-CM from the IGFBP2 overexpression cells (MDA-PATC148 BP2) promoted alternative
M2 gene expression panel markers and suppressed most of the M1 gene expression levels
compared to low endogenous cell-CM from MDA-PATC148 EV (Fig. 4C, bottom). With
classic cell surface markers to define M1 (MHC-11, CD80 and CD86) and M2 (CD163,
CD204 and CD206) macrophages, we confirmed that the cell-CM from the high IGFBP2
expression cells (MDA-PATCS53 siR-ctrl endogenous; MDA-PATC148 BP2 overexpression)
promotes the alternative M2 macrophage phenotypes (Fig. 4D).

Furthermore, functional studies showed that when macrophages were differentiated in cell-
CM from high IGFBP2 MDA-PATC148 BP2 cells and compared to low endogenous
IGFBP2 MDA-PATC148 EV cells, they displayed a shift toward cancer promoting
immunosuppression; including reduced phagocytosis and nitric oxide (NO) production,
higher IL-10, VEGF, TGF-p expression and Argl activity (Fig. 4E-J). Complementarily,
when macrophages were polarized in cell-CM where high endogenous IGFBP2 levels were
knocked down (MDA-PATC53 siR-BP2-1 and —2) the reverse change in functionality,
toward cancer suppressive activity, was observed.

IGFBP2 promotes STAT3 activation and IL-10 production in human PDAC cells

Next, we investigated the molecular mechanism through which IGFBP2 modulates TAM
polarization. To this end, we focused on STAT3 signaling pathway, because STAT3
activation within tumor infiltrating immune cells governs multiple immunosuppressive
mechanisms in malignancies, including macrophage polarization to the M2 phenotype. We
analyzed the RNA-Seq data from ICGC PDAC-AU patient samples and performed gene set
enrichment analysis (GSEA). STAT 3-activated genes were significantly correlated with
IGFBP2 (Fig. 5A), suggesting that /GFBP2 expression is strongly correlated with STAT3
activation. For optimal representation of the tumor microenvironment, we again compared
the top- and the bottom-20™ percentile of /GFBP2 expression groups and determined that
STAT3expression levels were significantly higher in IGFBP2 high patients (Fig. 5B).
Meanwhile, /GFBPZ expression levels were significantly higher in STAT3 high patients
(Fig. 5C).

We inferred that IGFBP2 might mediate immunosuppressive macrophage polarization
differentiation through STAT3 activation. We first evaluated levels of phosphorylated STAT3
(pSTAT3) in sections from TMUGH cohort of 96 PDAC patient samples characterized for
IGFBP2 levels by IHC. We observed that increased IGFBP2 positively correlated with
pSTAT3 immunostaining levels (Fig. 5D).

To investigate whether IGFBP2 is the upstream stimulator of the STAT3 signaling pathway
in human PDAC cells, we stimulated MDA-PATC148 cells, which had been serum-starved
overnight, with increasing amounts of exogenous IGFBP2 protein. Western blotting
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indicated an increasing expression of phosphorylated STAT3 (pSTAT3) in parallel with
IGFBP2 uptake into the cell (Figure 5E). The expression of STAT3 transcriptional targets c-
MYC, Bcl-xL, COX2, and cyclin D1 also increased in response to IGFBP2 stimulation.
Next, we performed a time-course experiment in which MDA-PATC148 cells were
stimulated with exogenous IGFBP2 after overnight serum starvation. Western blotting
revealed phosphorylation of STAT3 and the expression of STAT3 transcriptional targets c-
MYC, Bcl-xL, COX2, and cyclin D1 started from 10 min following addition of exogenous
IGFBP2.

We also compared STAT3 activation and the expression of STAT3 downstream genes in
MDA-PATC53 (high endogenous IGFBP2) siR-ctrl to IGFBP2 depleted MDA-PATC53-siR-
BP2-1 and -2 cells. IGFBP2 knockdown decreased expression of pSTAT3 while total
STAT3 levels were equivalent among groups, so did the STAT3 downstream genes.
Corresponding results were observed by IGFBP2 overexpression in MDA-PATC148 BP
cells, which showed increased pSTAT3 levels and upregulation of STAT3 downstream genes
expression compared to low endogenous IGFBP2 MDA-PATC148 EV cells (Fig. 5F).

To explore potential targets involved in the regulation of macrophage polarization, a panel of
cytokines reported to be downstream of STAT3 signaling and involved in the process of
macrophage polarization were analyzed by gRT-PCR and ELISA. Notably, both mRNA
expression and secreted levels of IL-10 protein were significantly decreased when
endogenous IGFBP2 was depleted by siRNA in MDA-PATC53 cells. On the other hand,

/L 10expression and 1L-10 secretion were significantly upregulated after overexpression of
IGFBP2 in MDA-PATC148 cells by lentiviral infection (Fig. 5G, H).

In our previous research, we reported that IGFBP2 also activated the NF-xB pathway in
PDAC [24]. In order to determine whether IGFBP2 modified macrophage polarization
through NF-xB pathway, we knocked down p65 in both PATC53 and PATC148-BP2 PDAC
cells by two different pools of siRNAs (Supplementary Fig. S2A). However, we did not
observe changes in the expression and secretion of IL-10 (Supplementary Fig. S2B), and the
conditioned medium from these cell lines (cell-CM) did not affect the TAM polarization
(Supplementary Fig. S2C).

3.6. IGFBP2 modifies macrophage polarization by promoting IL-10 production in human

PDAC cells

To investigate the impact of tumor IL-10 on the polarization of macrophages, we carried out
gain-of-function and loss-of-function studies. First, we depleted IL-10 by siRNA (siR-
IL10-1 and siR-1L10-2) or neutralizing antibody in the MDA-PATC53 cells. Differentiation
toward M1 signature markers was observed when M0 macrophages were cultured with the
cell-CM from IL-10 depleted cells (Fig. 6A). The results of functional tests indicated that
the macrophages polarized in IL-10-depleted PDAC cell-CM displayed increased
phagocytosis and NO production, decreased IL-10, VEGF, TGF-p expression and Argl
activity (Fig. 6B-G). These results revealed that IL-10 inhibition by siRNA or neutralized
antibody abolished the capability of PDAC cells to generate the immunosuppressive M2
macrophages.
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Alternatively, we overexpressed IL-10 in MDA-PATC148 cells using lentiviral infection to
create a stably overexpressing line (MDA-PATC148 IL10). Conditioned medium from
MDA-PATC148 EV supplement with or without IL10 or MDA-PATC148 IL10 was collected
to drive MO macrophage polarization. M2 signature markers were observed when MO
macrophages were cultured with the high IL-10 expressing cell-CM. The results of
functional tests indicated that the macrophages polarized in 1L-10-high PDAC cell-CM
displayed an immunosuppressive phenotype. Polarized macrophages displayed decreased
phagocytosis and NO production, increased I1L-10, VEGF, TGF-p expression and Argl
activity.

In addition, the protein expression of iNOS was remarkably upregulated and the expression
of Argl was downregulated in macrophages polarized in IL-10-depleted PDAC cell-CM.
Reciprocally, the protein expression of iNOS was downregulated and the expression of Argl
was upregulated in IL-10-conditioned macrophages. We also evaluated the immunostaining
levels of total and phosphorylated STAT3 (pSTAT3) in polarized macrophages. Western
blotting indicated significant higher expression levels of total and phosphorylated STAT3
(pSTAT3) in M2 and M2-like macrophages compared with M1 and M1-like macrophages
(Fig. 6H).

3.7. IGFBP2 promotes IL-10 secretion in human PDAC cells in a STAT3-dependent

manner

To confirm that the IGFBP2-induced 1L-10 secretion is mediated by activation of STAT3 in
PDAC cells, we first treated MDA-PATC53 cells with a selective STAT3 inhibitor, Stattic,
which inhibits activation, dimerization, and nuclear translocation of STAT3. Following the
decline of phosphorylated STAT3 expression, the expression of some STAT3 downstream
genes c-MYC, Bcl-xL, COX2, and cyclin D1 decreased in both dose-dependent and time-
dependent manners, so did IL-10. (Fig. 7A-D). Then we silenced STAT3 by siRNA (siR-
STAT3-1 and siR-STAT3-2) in MDA-PATC53 cells or BP2 overexpression MDA-PATC148
(MDA-PATC148 BP2) cells. Western blotting indicated the expression levels of total and
phosphorylated STAT3 (pSTAT3) and some STAT3 downstream genes c-MYC, Bcl-xL,
COX2, and cyclin D1 significant decreased (Fig. 7E). QRT-PCR and ELISA also established
significantly decreased /L10expression and IL-10 secretion (Fig. 7F, G). Then we
established MDA-PATC148 cells stably overexpressing wild-type or Y705-mutant STAT3.
Overexpression of wild-type STAT3 significantly increased the expression of total and
phosphorylated STAT3 and some STAT3 downstream genes, including IL-10, while
overexpression of mutated STAT3 only increased total STAT3 (Fig. 7H, I).

To confirm that the IGFBP2-induced immune suppressive microenvironment is mediated by
activation of STAT3 in PDAC cells, we first silenced STAT3 by siRNA (siR-STAT3-1 and
SiR-STAT3-2) or STAT3 inhibitor, Stattic, in MDA-PATC53 cells. QRT-PCR established that
the expression of M1 signature markers were increased when MO macrophages were
cultured with the cell-CM from STAT3 silenced cells (Fig. 7J). The results of functional tests
indicated that the macrophages polarized in STAT3-depleted PDAC cell-CM displayed
increased phagocytosis and NO production, decreased IL-10, VEGF, TGF-B expression and
Argl activity (Fig. 7K-P). We also established MDA-PATC148 cells stably overexpressing
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wild-type or Y705-mutant STAT3. Overexpression of wild-type STAT3 significantly
increased M2 markers expression, while overexpression of mutated STAT3 did not. The
functional tests revealed that the macrophages polarized in wild-type STAT3 overexpressing
PDAC cell-CM displayed decreased phagocytosis and NO production, increased IL-10,
VEGF, TGF-B expression and Argl activity. These data demonstrated that IGFBP2 perform
its reprogramming function by augmenting the expression and secretion of 1L-10 through
activation of the STAT3 pathway in PDAC cells.

IGFBP2 activates STAT3 by facilitating EGFR nuclear accumulation and activation in

human PDAC cells

To explore the mechanism of how IGFBP2 activates STAT3 and promotes I1L-10 expression
and secretion, gain-of-function and loss-of-function studies were carried out. In our prior
publication, we have shown that IGFBP2 augmented the nuclear accumulation of EGFR and
activated the nuclear EGFR signaling pathway to potentiate STAT3 transactivation activities
in human glioma and melanoma [30,31]. We hypothesize that IGFBP2 could uses the same
mechanism in PDAC in activating STAT3 and IL-10 expression. The MDA-PATC148 cells
(with low endogenous IGFBP2) were transfected with an IGFBP2 overexpression vector or
empty vector to establish stable cell lines. MDA-PATC148 BP2 and MDA-PATC148 EV
cells were fractionated into cytoplasmic and nuclear fractions to detect IGFBP2, EGFR,
PEGFR, STAT3, and pSTAT3 by immunoblotting. Our results showed that IGFBP2 co-
localized with EGFR in both the cytoplasm and nucleus, especially in the nucleus. Higher
IGFBP2 levels and increases in pEGFR (Y1068) and pSTAT3 (Y705) were observed in the
nuclear fractions from MDA-PATC148 BP2 cells than those from MDA-PATC148 EV cells
(Fig. 8A). In contrast, IGFBP2 was knocked down in MDA-PATC53 cells using two
different pools of siRNAs, and Western blot analysis was performed on the fractionated cell
lysates. IGFBP2 knockdown led to impaired EGFR nuclear localization along with a
decreased nuclear pEGFR and pSTAT3 (Fig. 8B).

To further investigate the role of EGFR in this pathway, we inhibited EGFR activation by
erlotinib, a specific EGFR inhibitor, in MDA-PATCS53 cells. Decreased activation of EGFR
and STAT3 in the nuclei was detected (Fig. 8C). Moreover, we knocked down EGFR by
siRNAs. The expression of nuclear EGFR decreased along with decreased expression of
PEGFR and pSTAT3 (Fig. 8D).

Taken together, these results suggest that IGFBP2 facilitated the nuclear accumulation and
activation of EGFR in PDAC, which promoted STAT3 transcriptional activity, resulting in
increased expression and secretion of STAT3 downstream mediator IL-10. Furthermore,
IL-10 in TME modified TAM polarization towards an immunosuppressive phenotype. The
proposed mechanism is summarized in Fig. 8E.

4. Discussion

Previous studies established the pleiotropic oncogenic role of IGFBP2 in various
malignancies including PDAC. In the present study, clinical and experimental evidence
highlight the tumor promotion effect of IGFBP2 through its immune-regulating function. We
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provide clear evidence that IGFBP2 promotes tumor progression by inducing alternative
polarization of macrophages in PDAC through the STAT3 pathway.

In the current study, we found that patients whose tumor exhibited a high level of IGFBP2
had a more immunosuppressive TME and that is represented by greater accumulation of M2
TAMSs, which was associated with poor prognosis in PDAC patients. The results of
bioinformatics analysis form public database also supported this conclusion. We further
validated whether IGFBP2 promoted disease progression by inducing an
immunosuppressive TME by establishing an orthotopic PDAC nude mouse model. The
tumor promoting effect of IGFBP2 was exhausted in immunodeficient mice. To determine
whether macrophages are involved in IGFBP2-mediated tumor promoting effect, we
depleted macrophages in mouse model with Clo. As expected, we found that specific
depletion of macrophage disrupted the tumor promaoting effect of IGFBP2, suggesting that
macrophage were attributed to the IGFBP2-mediated immunosuppression and tumor
promotion in PDAC. The mouse model also showed a significantly higher M2/M1 TAMs
ratio in IGFBP2 overexpressing group compared with control group, indicating that there are
more immune suppressive M2 macrophages infiltrating in the TME of IGFBP2
overexpressing mice. In vitro experiment, IGFBP2 showed potent function to educate
macrophages polarizing toward immuno-suppressive M2 phenotype. We further
demonstrated that IGFBP2 perform its reprogramming function by augmenting the
expression and secretion of IL-10 through activation of the STAT3 pathway in PDAC cells.
The fundamental contribution of this study to the characterization of IGFBP2 as an
oncogene is the demonstration that IGFBP2 functions as an immunoregulator by driving
repolarization of M2 TAMs in the PDAC microenvironment. Our investigations have
illuminated the IGFBP2 signaling pathway that contributes to the macrophage-based
immunosuppressive microenvironment in PDAC, suggesting that blocking IGFBP2 axis
constitutes potential immunotherapeutic alleys to reset TAM polarization toward an
antitumor state in PDAC.

STAT3 has been demonstrated to be a key mediator in driving immune escape, thus
promoting tumor progression [41]. STAT3 activation within immune cells governs the
recruitment and the activation of immunosuppressive cells, such as Tregs, Th17 cells,
MDSCs, and M2 macrophages and thus maintaining an immunosuppressive
microenvironment. STAT3 activation in TAMs drives polarization toward the M2 phenotype
and augments their immunosuppressive activities. TAMs are shown to be predominantly
STAT3-positive M2 macrophages in many cancers and predict a poor prognosis for those
patients. STAT3 activation in cancer cells also regulates TAM polarization. STAT3 activation
of melanoma cells correlated with infiltration of TAMs and tumor growth. Inhibiting STAT3
activation in tumor cells triggers macrophage production of NO and leads to macrophage-
mediated, nitrite-dependent cytostatic activity against tumor cells. The STAT3- mediated
communication between cancer cells and TAMs is mediated by numerous extracellular
stimuli, such as growth factors and cytokines, including IL-10, IL-6, GM-CSF, G-CSF,
VEGF, and IFN.

Numerous regulators have been reported to mediate the activation of STAT3. In glioma and
melanoma, it has been shown that IGFBP2 promotes transportation of activated EGFR into
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nucleus where it forms a complex with STAT3 that activates STAT3 signaling pathway and
its target genes including IL-10 [30,31]. Similar mechanism is likely operational in PDAC
based on the observation of this study showing association of IGFBP2 and activated STAT3
and its downstream mediator IL-10.

In this study, we found that IGFBP2 facilitated the nuclear accumulation of EGFR, which
promoted STAT3 transcriptional activity, resulting in increased IL-10, which is known to be
a STAT3 downstream gene. Increased expression of 1L-10 by PDAC cells functions as a
bridge in the tumor microenvironment and drives the activation of STAT3 in tumor
infiltrating-immune cells. STAT3-activated TAMs polarize towards the M2 phenotype and
overexpress IL-10 to maintain an immunosuppressive microenvironment and promote tumor
progression. IL-10 transcribed by STAT3 in turn activates the STAT3 pathways and
maintains a stable feedforward loop between tumor cells and immunosuppressive cells.
Thus, STAT3 functions as a central actor for inflammation-induced cancer such as PDAC,
and IGFBP2 acts to initiate this feedforward loop.

In this study, we have demonstrated that IGFBP2 promotes PDAC progression by inducing
alternative polarization of macrophages, and this function is mediated directly through
activation of the STAT3 pathway, which promotes expression of IL-10 in the
microenvironment. These results provided a mechanistic characterization of IGFBP2-
induced repolarization of macrophages, and thus implicate IGFBP2 targeting as a potentially
effective way to overcome immunotherapy resistance in human PDAC.
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Highlights

High IGFBP2 expression correlated with M2 TAMs accumulation and disease
progression in human PDAC.

IGFBP2 augmented the expression and secretion of IL-10 through STAT3
activation in PDAC cells, which induced TAM polarization toward an M2
phenotype. IGFBP2-polarized M2 macrophages significantly increased Tregs
infiltration and impaired antitumor T-cell immunity in PDAC.

Blocking IGFBP2 axis constitutes a potential treatment strategy to reset TAM
polarization toward an antitumor state in PDAC.
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Fig. 1. High IGFBP2 levels correlate with disease progression in human PDAC.
(A) Representative micrographs showing IGFBP2 expression in PDAC (T) compared to

adjacent normal pancreatic tissues (N). Magnification: 10x and 400x. (B) IGFBP2 and
Ki-67 IHC in tumors from high (right) and low (left) IGFBP2-expressing patient groups.
Magnification: 400x%. (C) Percentage of mitotic Ki-67 tumor cells (n=96; **/<0.01 by
Student’s t-test). (D) The distribution of T stage (primary tumor size) between IGFBP2 high
and low expression groups (n=96, *~<0.05 by Xz test. T: T1, maximum tumor diameter <2
cm; T2, maximum tumor diameter >2 cm but <4 cm; T3, maximum tumor diameter >4 cm.).
Kaplan-Meier curves comparing the relapse-free (E), and overall (F) survival rates of PDAC
patients with opposing IGFBP2-expression levels (n=96; P=0.001 and P=0.002, respectively,
by log-rank test).
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Fig. 2. High IGFBP2 levels correlate with M2 TAMs accumulation in human PDAC
microenvironment.

(A) Expression of M2 TAM an Treg markers in high- and low-/GFBPZ groups in patient
samples from the ICGC PDAC-AU cohort (n=91; £=0.031 and ~=0.00013 by Wilcoxon rank
sum test). (B) IGFBP2, CD163 and FOXP3 expression in PDACs and normal pancreatic
tissues. Magnification: 400x. Red arrows indicate CD163* cells as M2 TAMs and FOXP3*
cells as Tregs. (C) Counts of M2 TAMs in PDAC microenvironment with low and high
expression of IGFBP2. (D) Counts of Tregs in PDAC microenvironment with low and high
expression of IGFBP2 (n=96; **/<0.01 by Student’s t-test). (E) Flow cytometry analysis of
M2/M1 TAMs ratio in PDAC tissues from fresh surgical samples with low and high
expression of IGFBP2 (CD68*CD163™ cells as M1 TAMs and CD68*CD163* cells as M2
TAMs). Flow cytometry analysis of CD4*CD25*FOXP3* Tregs (F) and CD8*CD45* T cells
(G) in PDAC tissues from the same samples (n=16; **/<0.01 by Student’s t-test). Data
represent the mean + SD of at least 3 independent experiments.
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Fig. 3. IGFBP2 promotes PDAC progression in a macrophage dependent manner.
(A) BALB/c nude mice were implanted with IGFBP2-overexpressing (IGFBP2) or empty

vector-transfected control (EV) Panc02 cells to establish orthotropic PDAC model. After 28
days, mice were sacrificed and tumors were harvested. The tumor weight (B) and tumor size
(C) were measured (n=10; NS, not statistically significant by Student’s t-test). (D)
Orthotropic PDAC-bearing C57BL/6 mice we treated with Clo or PBS for 14 days. After 28
days, mice were sacrificed and tumors were harvested. The tumor weight (E) and liver tumor
nodules (F) were measured. (G) M2/M1 TAMs ratio in PDAC microenvironment from both
groups of mice (F4/80*/CD206™ cells as M1 TAMs and F4/80*/CD206" cells as M2 TAMs)
were analyzed by flow cytometry. CD4*CD25*FOXP3* Tregs (H), CD8*CD45* T cells (1)
and apoptotic CD8* T cells (J) were also analyzed by flow cytometry. (K) The production of
IFN-y by cytotoxic T in PDAC microenvironment from both groups of C57BL/6 mice were
analyzed by ILISA (n=10; **/<0.01 NS, not statistically significant by Student’s t-test).
Data represent the mean + SD of at least 3 independent experiments.
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Fig. 4. IGFBP2 modifies macrophage polarization to an immunosuppressive phenotype.
(A) IPA of data in the ICGC PDAC-AU cohort shows decreased and increased biological

functions in the high-/GFBPZ2 group compared to the low-/GFBPZ2 group. The top 15
pathways with the largest negative log P values associated with higher (red bars) or lower
(blue bars) expressed genes are shown. (B) Experimental scheme for human macrophage
differentiation and polarization. Human monocytes are differentiated into nonpolarized M0
macrophages and then polarized into M1 or M2 macrophages by conditioned medium (CM)
from PDAC cell lines differentially expressing IGFBP2. (C) The expression levels of M1
and M2 macrophage surface markers for polarized macrophages were detected by flow
cytometry. (D) The expression levels of M1 and M2 macrophage phenotypic genes for
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polarized macrophages were detected by gRT-PCR and normalized to the endogenous
control GAPDH. (E-J) Macrophage phagocytosis, nitric oxide (NO) production, IL-10,
VEGF, TGF-p expression, and Argl activity measurements were established to characterize
the functions of the IGFBP2 experimentally polarized macrophages (**/<0.01 by ANOVA
for PATC53 CM or by Student’s t-test for PATC148 CM). Data represent the mean + SD of
at least 3 independent experiments.
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Fig. 5. IGFBP2 promotes STAT3 activation and IL-10 production in human PDAC cells.
(A) GSEA demonstrated enrichment for STAT3 target genes based on correlation with

IGFBPZ expression in the ICGC PDAC-AU database. The top of the panel shows the
enrichment score (ES) for genes associated with STAT3 signaling pathway targets. The
black lines indicate where the STAT3 target genes appear in the ranked gene list. The bottom
of the panel shows the ranking scores (correlation of all genes associated with the STAT3
signaling pathway targets with IGFBP2). (B) Expression of STA73in high- and low-
IGFBPZgroups in patient samples from the ICGC PDAC-AU cohort (n=91; £=0.005 by
Wilcoxon rank sum test). (C) Expression of /GFBP2in high- and low-STAT3 groups in
patient samples from the ICGC PDAC-AU cohort (n=91; ~£=0.006, by Wilcoxon rank sum
test). (D) IGFBP2 and pSTAT3 expression by IHC in patient PDAC and normal pancreatic
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tissues. Magnification: 400x. (E) Western blot analysis of MDA-PATC148 cells starved of
serum overnight and then stimulated with exogenous IGFBP2 protein at the indicated
dosages (0, 50, 100, 200, 400 ng/ml) for 60 min (left panel). Western blot analysis of MDA-
PATC148 cells starved of serum overnight and then stimulated with exogenous IGFBP2 (100
ng/ml) for the indicated time points (0, 10, 15, 30, 60 min) (right panel). (F) Western blot
analysis of MDA-PATC53 cells transfected with siRNA negative control (siR-ctrl) or one of
two different IGFBP2 siRNAs (siR-BP2-1 and siR-BP2-2) for 72 hours to deplete IGFBP2
(left panel). Western blot analysis of MDA-PATC148 cells 72 hours after infection with
negative control (EV) or human IGFBP2 (BP2) lentiviral particles to overexpress IGFBP2
(right panel). (G) Expression of cytokines reported to be downstream genes of STAT3
measured in these cells were detected by gRT-PCR and normalized to the endogenous
control GAPDH. (H) The secretion of 1L-10 was detected by ELISA of culture medium
(**P<0.01 by ANOVA for PATC53 or by Student’s t-test for PTAC148). Data represent the
mean + SD of at least 3 independent experiments.
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Fig. 6. IGFBP2 modifies macrophage polarization by promoting IL-10 production in human
PDAC cells

Human monocytes were differentiated into nonpolarized M0 macrophages and then
polarized into M1 or M2 macrophages by conditioned medium (CM) from PDAC cell lines
differentially expressing IL-10. (A) The expression levels of M1 and M2 macrophage
phenotypic genes for IL-10 experimentally polarized macrophages were detected by qRT-
PCR and normalized to the endogenous control GAPDH. (B-G) Macrophage phagocytosis,
nitric oxide (NO) production, IL-10, VEGF, TGF-f expression, and Argl activity
measurements were established to characterize the functions of the 1L-10 experimentally
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polarized macrophages. (H) Western blot analysis of STAT3, pSTAT3, iNOS, and Argl
expression in IL-10 experimentally polarized macrophages (**/~<0.01 by ANOVA for
PATC53 CM or by Student’s t-test for PATC148 CM). Data represent the mean + SD of at
least 3 independent experiments.
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Fig. 7. IGFBP2 promotes 1L-10 secretion in human PDAC cells in a STAT3-dependent manner.
(A-D) MDA-PATC53 cells were treated with the indicated concentrations of the STAT3

inhibitor Stattic for the indicated times. Whole-cell extracts were subjected to
immunoblotting for STAT3, pSTAT3 and STAT3 downstream genes, including cMYC, Bcl-
xL, COX2 and cyclin D1. The expression levels of /L10were detected by gRT-PCR and
normalized to the endogenous control GAPDH. The secretion of I1L-10 was detected by
ELISA. (E-G) High endogenous IGFBP2 MDA-PATC53 cells or IGFBP2-overexpressing
PATC148 BP2 were transfected with siRNA negative control (siR-ctrl) or one of two
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different STAT3 siRNAs (SiR-STAT3-1 and siR-STAT3-2) to knock down STAT3. (H-1)
Low endogenous IGFBP2 MDA-PATC148 cells were transfected with wild-type or Y705-
mutated STAT3 plasmid and analyzed by immunoblotting gRT-PCR and ELISA as described
above. Human monocytes were differentiated into nonpolarized MO macrophages and then
polarized into M1 or M2 macrophages by conditioned medium (CM) from PDAC cell lines
differentially expressing STAT3. (J) The expression levels of M1 and M2 macrophage
phenotypic genes for STAT3 experimentally polarized macrophages were detected by gRT-
PCR and normalized to the endogenous control GAPDH. (K-P) Macrophage phagocytosis,
nitric oxide (NO) production, IL-10, VEGF, TGF-f expression, and Argl activity
measurements were established to characterize the functions of the 1L-10 experimentally
polarized macrophages (**~<0.01 by ANOVA for PATC53 CM or by Student’s t-test for
PATC148 CM). Data represent the mean £ SD of at least 3 independent experiments.
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Fig. 8. IGFBP2 activates STAT3 by facilitating EGFR nuclear accumulation and activation in
human PDAC cells.

(A) Immunoblot analysis of cytoplasmic and nuclear fractions of MDA-PATC148.EV and
MDA-PATC148.BP2 cells. Beta-tubulin represents a loading control for the cytoplasmic
fraction, and PARP represents a loading control for the nuclear fraction. Densitometric
analysis represented by the bar graph demonstrates the percentage of cytoplasmic or nuclear
EGFR. (B) Immunoblot analysis comparing cytoplasmic and nuclear fractions of MDA-
PATC53 cells depleted of IGFBP2 via two independent pools of IGFBP2 siRNA (SiR-
BP2-1, siR-BP2-2) to cells transfected with negative control siRNA (siR-ctrl). (C)
Immunoblot analysis comparing cytoplasmic and nuclear fractions of MDA-PATC53 cells
inhibited EGFR activation by erlotinib or treated with placebo. (D) Immunoblot analysis
comparing cytoplasmic and nuclear fractions of MDA-PATCS53 cells depleted of EGFR via
two independent pools of EGFR siRNA (siR-EGFR-1, siR-EGFR-2) to cells transfected
with negative control siRNA (siR-ctrl). (E) Schematic of the proposed mechanism of
IGFBP2 in promoting tumor progression by inducing alternative polarization of
macrophages in PDAC through the STAT3 pathway.
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