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Abstract

Background & Aims: Pancreatic ductal adenocarcinomas (PDAC) are characterized by fibrosis
and an abundance of cancer-associated fibroblasts (CAFs). We investigated strategies to disrupt
interactions among CAFs, the immune system, and cancer cells, focusing on adhesion molecule
cadherin 11 (CDH11), which has been associated with other fibrotic disorders and is expressed by
activated fibroblasts.

Methods: We compared levels of CDHZ1 mRNA in human pancreatitis and pancreatic cancer
tissues and cells, compared with normal pancreas, and measured levels of CDH11 protein in
human and mouse pancreatic lesions and normal tissues. We crossed p48-Cre;LSL-

KrasG12D/+:| S|_-Trp53R172H/* (KPC) mice with CDH11-knockout mice and measured survival
times of offspring. Pancreata were collected and analyzed by histology, immunohistochemistry,
and (single-cell) RNA sequencing; RNA and proteins were identified by imaging mass cytometry.
Some mice were given injections of PD1 antibody or gemcitabine and survival was monitored.
Pancreatic cancer cells from KPC mice were subcutaneously injected into Cah11** and Cahi11/~
mice and tumor growth was monitored. Pancreatic cancer cells (mT3) from KPC mice (C57BL/6),
were subcutaneously injected into Cah11** (C57BL/6J) mice and mice were given injections of
antibody against CDH11, gemcitabine, or small molecule inhibitor of CDH11 (SD133) and tumor
growth was monitored.

Results: Levels of CDH11 mRNA and protein were significantly higher in CAFs than in
pancreatic cancer epithelial cells, human or mouse pancreatic cancer cell lines, or immune cells.
KPC/Cah11"~ and KPC/Cah11~ mice survived significantly longer than KPC/Cah11** mice.
Markers of stromal activation entirely surrounded pancreatic intraepithelial neoplasias in KPC/
Cdh11™* mice and incompletely in KPC/Cah11*'~ and KPC/Cah11™'~ mice, whose lesions also
contained fewer FOXP3* cells in the tumor center. Compared with pancreatic tumors in KPC/
Cdh11"* mice, tumors of KPC/Cah11*'~ mice had increased markers of antigen processing and
presentation; more lymphocytes and associated cytokines; decreased extracellular matrix
components; and reductions in markers and cytokines associated with immunosuppression.
Administration of the PD1 antibody did not prolong survival of KPC mice with 0, 1, or 2 alleles of
Cdh11. Gemcitabine extended survival only of KPC/Cah11~ and KPC/Cah11™~ mice or reduced
subcutaneous tumor growth in mT3 engrafted Cah11** mice given in combination with the
CDH11 antibody. A small molecule inhibitor of CDH11 reduced growth of pre-established mT3
subcutaneous tumors only if T and B cells were present in mice.

Conclusions: Knockout or inhibition of CDH11, which is expressed by CAFs in the pancreatic
tumor stroma, reduces growth of pancreatic tumors, increases their response to gemcitabine, and
significantly extends survival of mice. CDH11 promotes immunosuppression and extracellular
matrix deposition, and might be developed as a therapeutic target for pancreatic cancer.

Graphical Abstract
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1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Peran et al.

Page 3

cancer-assoclated cancor cells
fibroblasts (CAFs) A

o loss or inhibition
() of CDH11

immung- antigen =
suppressive call D(esenbngc.eilLﬂPC]—‘ T O

sion by CAFs low

immunosuppressive environment
anti-tumor immune environment

Lay Summary:

The authors found that loss or inhibition of a protein found in pancreatic tumors but not healthy
pancreas extends survival of mice with pancreatic tumors by promoting an anti-tumor immunity
and increasing the response to chemotherapy.
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Introduction

Pancreatic cancer is soon to be the second leading cause of cancer-related death with an
overall median survival of 8 - 11 months.1=3 Even though the mutation events that drive
progression of pancreatic ductal adenocarcinoma (PDAC) are well known, it has a 5-year
survival rate of about 10%.4 For 70% of patients, systemic chemotherapy is the only option
and this mainly relieves the symptoms and/or slightly extends survival, rather than cures the
patients.* FDA-approved immunotherapy for microsatellite instability-high solid cancers
(i.e. anti-PD1), is effective in only 1% of pancreatic cancer patients that have defects in
mismatch repair genes.® Hence, targeting other compartments of the PDAC
microenvironment is an attractive approach for new therapeutics.

One of the hallmarks of PDAC is extensive desmoplasia/fibrosis that comprises up to 80% of
the tumor.8 Cancer-associated fibroblasts (CAFs), including activated pancreatic stellate
cells (PSCs), and their deposition of extracellular matrix influences tumor progression,
metastasis, therapy resistance and formation of new blood vessels.5 CAFs release growth
factors and cytokines that not only influence growth of pancreatic cancer cells, but also
affect infiltration of immune cells into the tumor microenvironment (TME).8 Indeed, a third
of human PDAC specimens have immune infiltration similar to melanoma, but mainly
located in the stromal compartment.” While the percentage of CD8* cells in patients varies
between <7% and 15-30% of CD45* cells,8 PDAC is characterized by high numbers of
immunosuppressive cells, such as FOXP3* T regulatory cells (T-regs), myeloid-derived
suppressive cells (MDSCs) and macrophages.® However, depletion of immunosuppressive
FOXP3* cells promotes PDAC progression,? and depletion of CAFs themselves is just as
likely to promote PDAC as inhibit it.11 Moreover, some fibrosis could help contain PDAC
growth and spread,!! and it is a predictor of improved PDAC outcome in a neoadjuvant
setting.12 Hence it may be better to modulate CAF/immune infiltrate cross-talk to limit
tumor growth, rather than entirely deplete CAFs from the TME.

Gastroenterology. Author manuscript; available in PMC 2022 March 01.
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During disease progression, the stromal compartment of patients with pancreatitis and
PDAC markedly increases expression of the adhesion molecule cadherin 11 (CDH11),
which is not generally expressed in pancreatic cancer cell lines.1314 Interestingly, CDH11 is
also increased in activated fibroblasts associated with chronic inflammatory diseases such as
rheumatoid arthritis, inflammatory bowel disease, pulmonary fibrosis, scleroderma and heart
fibrosis.1>~20 Importantly, CDH11-knockout animals are significantly protected from these
diseases. As CDH11 is associated with chronic inflammation and fibrosis, we hypothesized
that targeting CDH11 expressed in PDAC stroma would modify the TME and alter the
crosstalk between CAFs, immune cells and tumor cells, while preserving the stromal
compartment. Here, we show that loss or inhibition of CDH11 significantly extends survival
in immunocompetent genetic and transplant mouse models of PDAC, is associated with anti-
tumor immunity, and promotes responsiveness to a chemotherapeutic, gemcitabine. Our
previously characterized small molecule CDH11 -inhibitorl® significantly reduces growth of
pre-existing tumors even when used as a single agent. Taken together these data should
stimulate a translation of anti-CDH11 therapy perhaps coupled with standard-of-care in
patients with PDAC and other CDH11-positive malignancies.

Materials and Methods

Mice

The experimental protocols were approved by the Georgetown University Animal Care and
Use Committee (2016-1140). A pair of Cah117/~ mice?! was kindly provided by Dr.
Michael Brenner from Harvard University. A breeding pair of p48-Cre;LSL-

KrasG12D/*:| SL-Trp53R172H/* (KPC) mice22 was kindly provided by Dr. Anton Wellstein
from Georgetown University. C57BL/6J mice (Cat# 000664; RRID: IMSR_JAX:000664)
and Ragl-mutant mice on C57BL/6J background (Cat# 002216; RRID: IMSR_JAX:002216)
were purchased from The Jackson Laboratory. In transplant experiments, 12-week old
C57BL/6J and Ragl-mutant (on C57BL/6J background) mice were bilaterally
subcutaneously (s.c.) injected with 5x105 mT3 pancreatic cancer cells, derived from a Kras
*/LSL-G12D.Typ53+/LSL-R172H:pdx-Cre mouse on C57BL/6 background?3. Additionally,
Cdh11*"* or Cah117~ mice were engrafted with 1x108 mPDAC (clone G8) cells. Both
genders of mice were equally represented throughout all /n vivo experiments. Mice were
housed in specific pathogen free environment under standard conditions.

Animal treatment

Anti-PD1 (/nVivoPlus anti-mouse PD1 (CD279), clone RMP1-14, Cat# BP0146, Bio X
Cell) was administered intraperitoneally (i.p.) at 250 pg/mouse, 2x week. Gemcitabine
(G-4177, LC Laboratories) was administered i.p. at 100 mg/kg, 2x week. Treatment with
CDH11 monoclonal antibody (mAb), SYNO0012 (Adheron) was administered i.p. at 10
mg/kg, 2x week. Treatment with a small molecule CDH11-inhibitor, SD133, was
administered i.p. at 150 mg/kg, 40 mg/kg or 10 mg/kg, 4x week. Stock solution of SD133 at
375 mg/mL was made in DMSO (Sigma), and further diluted in 30% PEG400 (Sigma).
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Imaging mass cytometry (IMC)

IMC data acquisition and visualization were performed as previously described.24 Briefly,
stained and air-dried slides were inserted into the ablation chamber of the Hyperion™
Imaging System (Fluidigm), where a pulsed 200 Hz laser is focused to a 1 pm spot and
applied over a user-defined area, ablating adjacent spots in 1 um steps as the slide moves
under the laser beam. The plumes of vaporized material are streamed by inert gas with high
time-fidelity into the inductively coupled plasma ion source for analysis by the mass
cytometer. Images of each mass channel were reconstructed by plotting the laser shot signals
in the order in which they were recorded, line scan by line scan. Multi-channel images were
overlaid for desired channel combinations in MCD™ Viewer v1.0.560.2 (Fluidigm).

Statistical analysis

Results

Statistical tests were performed using GraphPad Prism 5 software (GraphPad Software,
www.graphpad.com; RRID: SCR_002798), as indicated in each figure legend. Each figure
specifies number of individual data points. Mean and standard error of the mean are shown.

See Supplementary Materials for cell lines, primary cell isolation, antibodies,
immunohistochemistry (IHC), histologic quantification, immunofluorescence, protein
isolation, Western blotting (WB), cytokine and phospsho-protein expression, RNA isolation,
cDNA synthesis, quantitative PCR (gPCR), Nanostring gene expression analysis, RNA
sequencing (RNAseq), single cell RNA sequencing (sScRNAseq), metal conjugation of
oligonucleotide probes used in IMC, /n situhybridization by RNAscope, and antibody
staining for IMC.

CDH11 is increased in CAFs of pancreatic cancer patients, mouse models and cells

CDH11 transcripts are increased up to 25-fold in patients with pancreatitis and pancreatic
cancer when compared to normal pancreas (Figure 1A, Oncomine data extracted from25-29),
which was confirmed by CDH11 IHC staining with 5B2H5 antibody (Figure 1B-D).
Supplementary Figure 1 provides some added technical clarifications. Next, we assessed
CDH11 mRNA expression across different human and mouse pancreatic cancer cell lines
and primary CAFs isolated from human PDAC, and found that in human and mouse,
CDH11 mRNA expression was 10-10,000-fold higher in CAFs than in pancreatic cancer
epithelial cells (Figure 1E). Similarly, human primary CAFs express high levels of CDH11
protein, while a panel of human and mouse pancreatic cancer epithelial cell lines express
very low (usually undetectable) levels of CDH11 but high levels of E-cadherin (Figure 1F).
The activation status of human CAFs was confirmed by positive staining for alpha smooth
muscle actin (aSMA) (Figure 1G). Furthermore, sScRNAseq data derived from a Kras
+/LSL-G12D. Typ53+/LSL-R172H:pdx-Cre PDAC mouse model obtained from the publicly
available dataset (GSE114417)30, showed that Cah11 is primarily expressed by CAFs, with
negligible expression in other cell types including cancer epithelial cells or immune cells
(Figure 1H, Supplementary Figure 2). Additionally, we generated subcutaneous tumors in
immunocompetent C57BL/6 mice using the PDAC cell line, mT3, derived from a Kras
*/LSL-G12D. Typ53+/LSL-R172H.pgx-Cre C57BL/6 mouse?3, and allowed for tumor growth for
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3 weeks. Upon scRNAseq analysis of immune-cell-depleted tumors, we detected Cahi1
expression exclusively in two CAF subpopulations, with virtually no expression in cancer
epithelial cells (Figure 11, Supplementary Figure 3) (https://datadryad.org, doi: 10.6071/
M3HM32). These data indicate that in the context of pancreatic cancer, CAFs are the
predominant cell type that produces CDH11.

Loss of CDHL11 significantly improves survival in KPC mouse model

To study the role of CDH11 in PDAC, we used an immunocompetent p48-Cre;LSL -
KrasG12D/+:| S|_-Trp53R172H/* (KPC) mouse model that resembles progression of human
disease?2. By introducing the knockout Cah11 allele (Cah117~)?, we produced three KPC
genotypes with different Cah11 status (KPC/Cah11t*, KPC/Cdh11™'~ and KPC/Cdhi11")
(Supplementary Figure 4).

Strikingly, mice with zero or one allele of Cadh11 survived significantly longer than mice
with both wild-type copies of Cdh11 (Figure 2A). Moreover, at the time of euthanasia,
pancreata from the KPC/Cah11* animals were significantly larger (1.2 g) than in KPC/
Cah11~ mice (0.6 g) (Figure 2B). The macrometastasis rate in KPC/Cah11** mice (82%)
was similar to KPC/Cah11!= (79%) and KPC/Cah11™'~ mice (79%), and to the
macrometastasis rate of 76% shown by Hingorani et al.22 It is likely that KPC/Cah117~
mice develop additional congenital issues, due to the role of CDH11 during development3!
which coupled with PDAC diminishes overall animal health and mice succumb to the
disease with smaller tumors than their KPC/Cah11*~ counterparts.

Loss of CDH11 modulates the tumor microenvironment

CDH11-deficiency affects the pattern of fibrosis in the KPC mouse model—To
assess correlation between stromal activation and Cah11 status, we analyzed the pattern of
aSMA expression, and collagen content by gene expression analyses. In the KPC model, a
difference in stromal activation assessed by aSMA* IHC staining was clearly apparent
around early pancreatic intraepithelial neoplasms (PanIN). At the PanIN1/2 stage, KPC/
Cah11*'* mice exhibited substantial stromal activation around every lesion, while KPC/
Cdh11-deficient animals displayed incomplete encirclement of the lesions (Figure 2C).
Quantification of a SMA* staining (Figure 2D) was confirmed by RNAseq analysis of
pancreata collected at the time of euthanasia, showing ~2.5-fold decrease in Acta2 (aSMA)
in KPC/Cah11*'~ mice compared to KPC/Cah11** (Supplementary Table 1). Additionally,
the expected 2.45-fold decrease in Cah11 transcripts of KPC/Cah11~ pancreata in
comparison to KPC/Cah11** (Supplementary Table 1) correlated with ~2-3-fold reduced
expression of multiple collagens and fibronectin (Supplementary Tables 1 and 2).

CDH11-deficiency reduces T-reg infiltration of the PDAC tumor center—Next,
we analyzed the distribution of FOXP3* T-regs within the PDAC tissue of KPC mice (Figure
2E—-H). The total number of FOXP3* cells (tumor center + periphery) was similar in KPC/
Cdh11*"* and KPC/Cah11t'~ tumors, but was significantly reduced in KPC/Cahi11/~. A
marked reduction in number of immunosuppressive FOXP3™ cells in the tumor center (>300
um from the tissue margin) of KPC/Cah11-deficient animals correlated with their improved
survival (Figure 2A, F and H), while increased T-reg infiltration of the KPC/Cah11** tumor
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center positively correlated with tissue and serum expression of cytokines that attract T-regs:
CCL17 and CCL2232 (Supplementary Tables 3 and 4). Additionally, we detected more
tertiary lymphoid structures (TLSs) in pancreata of KPC/Cah11-deficient mice (Figure 21),
together with an increase in TLS-promoting cytokines Ccl21, Ccl19 and Cxcl13, and their
receptors Cer7 and Cxcr5, when compared to KPC/Cah11'* (Supplementary Tables 2 and
3).

Cdh117~ mice reject transplanted tumors and induce immune memory—In an
additional series of experiments, mouse pancreatic cancer cells (mMPDAC, clone G8), isolated
from the pancreatic cancer of a KPC mouse, were inoculated into Cah11*'* and Cahi11/~
animals. The CDH11 colony was bred into the background of the KPC colony for multiple
generations to produce Cah11*'* and Cahi117/~ littermates on the same mixed background as
the mPDAC cells. Thirteen Cah11** and twelve Cah11™/~ littermate mice were transplanted
with mPDAC cells. Initial s.c. tumor growth was comparable in Cah11** and Cah11'~
animals. However, approximately 10-14 days after mPDAC cell injection, s.c. tumors (with
average volume of ~400mm3) in many Cah117/~ animals started regressing (Supplementary
Figure 5A). The median survival of engrafted Cah11** mice was only 17 days, and all 13
mice succumbed to the disease by one month after mPDAC engraftment. CahZ1~/~ mice
survived significantly longer (101 days on average), and ascites developed in only 17% of
animals, c.f. 92% of Cah11*"* mice (Supplementary Figure 5B). Furthermore, aSMA* IHC
and MTS quantification showed decreased stromal activation and no excess collagen
deposition in Cah117~ mice compared to Cah11*'* littermates during the 3-week time
period after mMPDAC cell engraftment (Supplementary Figure 5C—H). Finally, three
Cdh117'~ mice that initially grew large s.c. tumors (~100-500 mm3), lost tumors entirely
without sign of recurrence for >1.5 year. Two of them survived longer than 2 years, and were
rechallenged with the same mPDAC cell line by s.c. injection. Upon re-challenge, these
Cah117~ mice did not develop any tumors (Supplementary Figure 51), suggesting the
presence of immune memory long after the initial challenge. At the same time, Cah11**
animals formed large tumors with the same mPDAC cell preparation. Although we
acknowledge that this model is not truly syngeneic even after backcrossing, only Cah117/~
mice lost their tumors, while none of their Cah11*'* littermates did.

CDH11-deficiency induces an anti-tumor immunity and reduces
immunosuppression—To achieve a greater insight into the PDAC TME, we analyzed
gene expression of pooled pancreatic tumors isolated from KPC/Cah11~ mice at the time
of euthanasia, normalized to KPC/Cah11** by Nanostring (Figure 3A—H, Supplementary
Table 2). The Nanostring data was confirmed by qPCR reactions on individual PDAC
samples (Supplementary Figure 6A), in addition to RNAseq analysis (GSE157781),
(Supplementary Table 1) and cytokine mRNA and protein expression, including RNA and
protein detection by IMC (Figure 31-K, Supplementary Table 3).

Compared to KPC/Cah11'*, in pancreata of KPC/Cadh11*'~ mice we detected increased
expression of multiple antigen processing and presentation genes, T cell receptor (TCR)
components (Cd3g, Cd3e, Cd3d, Cd247), and kinases downstream of TCR (Lck, /tkand
Zap70) (Figure 3A and C, Supplementary Table 2). Moreover, by combining metal-based
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RNAscope with antibody staining using IMC, in KPC/Cah11*'~ pancreata we detected an
increase in cell infiltrates positive for CD4, CD8a or CD19 protein and Cc/21a mRNA-
expressing cells when compared to KPC/Cah11* (Figure 31), as suggested by Nanostring
data (Supplementary Table 2). Furthermore, phosphorylation of PKC-6 and SLP-76, which
mediate TCR signaling33:34 was increased in KPC/Cdh11*'~ tumors (Supplementary Table
5, Supplementary Figure 7A). Additionally, markers associated with conventional dendritic
cells (cDC), M1 macrophages, and B cells were increased in KPC/Cdh11*~ tumors (Figure
3D-E and G), as well as cytokines (MRNA and protein) that attract B, T, and dendritic cells:
CXCL13, CCL21 and CCL193° (Figure 31 and K, Supplementary Tables 2, 3, and 4).
Furthermore, in KPC/Cah11*~ tumors, phosphorylation of mTOR and PI3K was decreased
(Supplementary Table 5, Supplementary Figure 7A), along with reduced expression of M2
macrophage, MDSC and other immunosuppressive markers (Figure 3B, F and H). When we
queried the Skyline database3® for the top 20 increased or decreased genes from the KPC/
Cah11!~ tumors identified by Nanostring (Figure 3A-B), we found that the up-regulated
genes are associated predominantly with T cells, and some with cDCs, B cells, and natural
killer (NK) cells (Supplementary Figure 6B). In contrast, the decreased genes are mainly
associated with cells that share immunosuppressive properties or play a role in chronic
inflammation: macrophages, monocytes and neutrophils (Supplementary Figure 6B).
Furthermore, protein levels of many soluble factors that support infiltration by
immunosuppressive cells, such as CSF3, DKK1, CD14, IL11, C5/C5a, CCL17, CCL22, etc.
(Figure 3J-K, Supplementary Tables 3 and 4, Supplementary Figure 7B—C) were decreased
in KPC/Cah11*~ mice. Additionally, changes in ADIPOQ and LDLR protein levels (Figure
3K, Supplementary Tables 3 and 4) indicate altered lipid metabolism. Ingenuity Pathway
Analysis of RNAseq data also indicates CDH11-dependent changes in lipid metabolism,
extracellular matrix modification, fibrosis and stellate cell activation, agranulocyte and
granulocyte diapedesis, and others (Supplementary Table 6).

Loss or inhibition of CDH11 combined with gemcitabine or anti-PD1

Even though the effects of CDH11 loss alone on survival are substantial, we next asked if
combination of CDH11 loss or inhibition with currently available immunotherapy (PD1
mAb), or a commonly used chemotherapy in PDAC patients, gemcitabine,3” could further
extend survival. Although KPC/Cah11"* mice showed a trend towards improved survival
following anti-PD1 treatment, this was not statistically significant, and KPC/Cadh11-deficient
animals did not show any sign of further improvement after anti-PD1 injections (Figure 4A).

We next used gemcitabine, a nucleoside analog that inhibits DNA synthesis upon
incorporation into DNA. Starting at 100 days of age, we treated KPC mice for 6 weeks,
equivalent to a single course of chemotherapy in the human disease. Remarkably, the first
PDAC-related death in the KPC/Calh11-deficient group occurred only after gemcitabine
treatment ended, much later than in the KPC/Cah11"* mice, and its overall survival
improved significantly over the KPC/Cah11-deficient untreated group (Figure 4B).
However, hierarchical clustering and principal component analysis of RNAseq data suggests
that genotype (Cdh11 status) has a larger impact on the transcriptome than gemcitabine
treatment (Supplementary Figure 8). RNAseq analysis (GSE157781) revealed a marked
increase in the expression of numerous immunoglobulins and antigen-presentation genes
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(H2-Eb1, H2-T22, H2-T23, Ciita, H2-DMb1, H2-Abl1, Cd74, H2-Aa, H2-DMa, H2-K1) in
PDAC tissues from gemcitabine-treated KPC/Cah11*'~ mice compared to gemcitabine-
treated KPC/Cah11** animals (Supplementary Table 1). In addition, CCL21, Cc/19 (attract
T and dendritic cells3®) and CXCL13 (attracts B cells3%) were increased on protein and
mMRNA level (Figure 4D, Supplementary Figure 7C, Supplementary Tables 1, 3 and 4). I1L4,
which promotes B cell proliferation and survival38, increased >2-fold in serum of KPC/
Cah11*~ gemcitabine-treated mice (Figure 4C, Supplementary Figure 7B, Supplementary
Table 3). Together, these data suggest PDAC infiltration with B cells in KPC/Cah11t!~
animals upon gemcitabine treatment, which was confirmed upon CD19 IHC staining and
quantification (Figure 4E-F). Ingenuity Pathway Analysis also indicated changes in B cell
development, antigen presentation, and T cell differentiation, signaling and activation
pathways, and dendritic cell maturation (Supplementary Table 7). Finally, protein levels of
multiple other cytokines associated with tumor progression or poor prognosis (e.g. IL11,
VEGFA, PTX3, CRP and IL1A)3%42 were decreased in tumor tissues of gemcitabine-
treated KPC/Cah11*~ mice in comparison to gemcitabine-treated KPC/Cah11*"* mice
(Figure 4D, Supplementary Figure 7C, Supplementary Table 3).

CDH11 mAb in combination with gemcitabine in the mT3 transplant mouse
model—Next, we used a CDH11 mAb, which targets the cell-to-cell adhesion-binding
region of CDH11, in an immunocompetent transplant mouse model. C57BL/6J mice were
s.c. injected with mT3 pancreatic cancer cells, derived from a Kras

*/LSL-G12D. Typ53+/LSL-R172H:pdx-Cre mouse on C57BL/6 background?3. Engrafted mice
were treated with a CDH11 mAb (SYN0012)43 + gemcitabine. As expected, gemcitabine-
only treatment did not reduce tumor growth (Figure 5A). Although treatment with CDH11
mADb alone also failed to attenuate tumor growth (Figure 5B), combination of CDH11 mAb
plus gemcitabine modestly but significantly reduced tumor growth (Figure 5C). The
combinatorial effect observed here is somewhat similar to the outcome in the gemcitabine-
treated KPC/ Cah11~ mice.

A small molecule CDH11-inhibitor reduces tumor growth in the mT3
transplant mouse model—Previously, we designed several families of drug-like small
molecule inhibitors of CDH1115. One of these, SD133, binds specifically to the CDH11
binding pocket (Figure 5D) with low uM affinity /n vitro, and it was previously
characterized and validated Jn vitrol®. We treated mT3 tumor-bearing C57BL/6J mice with
SD133 beginning on day 2 after engraftment, and observed a marked reduction in tumor
growth (Figure 5E) with no decrease in animal weight during the experiment
(Supplementary Figure 9). After discontinuation of SD133 treatment, tumors began to grow,
but they remained significantly smaller than tumors in control animals. As SD133 treatment
effectively attenuated tumor growth during the administration period, we did not observe a
combinatorial effect with gemcitabine (Figure 5F). In the second experiment, we continued
SD133 administration throughout the study and observed reduced tumor growth for the
duration of injections (Figure 5G). In a separate experiment, we started treatment once the
average tumor volume reached 100 mm3. SD133 treatment at 40 mg/kg and 10 mg/kg
significantly reduced growth of pre-existing tumors in a dose-dependent manner (Figure
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5H). Collectively, our data confirm that therapeutic inhibition of CDH11, perhaps in
combination with gemcitabine, constrains the PDAC progression.

Effective attenuation of PDAC growth upon CDH11 inhibition requires the
presence of T and B cells—Finally, to explore the immunomodulatory role of CDH11-
inhibition in the pancreatic cancer context, we engrafted immunocompromised Ragl-mutant
C57BL/6J mice with mT3 pancreatic cancer cells, derived from a KPC C57BL/6 mouse?3,
After s.c. tumors reached an average volume of 100 mm3, we started treating mice with 40
mg/kg of SD133, the dose that was effective in immunocompetent C57BL/6J mice.
Interestingly, in the absence of mature T and B cells, the small molecule CDH11-inhibtor,
SD133 did not suppress tumor growth - indicating that T and B cells are necessary
components of CDH11-mediated immunomodulation of the PDAC TME (Figure 5I).

Discussion

Here, we showed that CDH11 is primarily expressed by CAFs in stroma of human and
mouse PDAC. Cdhi11-deficiency correlates with: (1) decreased stromal activation, and
collagen and fibronectin expression in PDAC. This is consistent with the demonstration that
fibroblasts isolated from Caf11*'* mice produce more collagen than those from Cah11-
deficient mice**. Moreover, reduced a SMA expression around early PanIN lesions in KPC/
Cdh11-deficient mice suggests a delayed stromal activation, which may ultimately translate
into sustained or delayed tumor progression. Importantly, a battery of approaches, including
RNAseq, Nanostring, RNA and protein detection by IMC, cytokine and phosphoprotein
arrays, showed that Cah11-deficiency contributes to anti-tumor immunity by modulating the
PDAC TME through: (2) decreasing markers associated with immunosuppressive cells, such
as MDSCs and M2 macrophages; (3) promoting expression of antigen processing and
presentation genes as well as professional antigen-presenting cell markers, such as cDCs,
M1 macrophages and B cells; and (4) increasing PDAC infiltration by T and B cells. Both
outcomes are likely mediated by secreted cytokines that attract or deter specific immune
cells, and/or skew immune cell differentiation. For example, Cdh11-deficiency leads to a
reduced number of FOXP3™* cells in the tumor center - possibly driven by decreased
expression of CCL17 and CCL22. However, expression of myeloid-recruiting cytokines
associated with T-reg depletion: Ccl3, Ccl6 and their receptor Ccr1,19 as well as MDSC
markers, decreased in pancreata of KPC/Cah11*'~ mice in comparison to KPC/Cah11*
(Supplementary Table 2). Importantly, the increase in CD4*, CD8a* and CD19* cells in
KPC/Cah11!~ tumors suggests their role in CDH11-mediated PDAC attenuation, which
was further corroborated by the necessity of T and B cells for small molecule CDH11-
inhibitor (SD133) efficacy.

Additionally, CAFs in Cah1I1-deficient animals might acquire antigen-presenting properties.
Indeed, hepatic and pancreatic stellate cells and other activated fibroblasts can serve as
antigen-presenting cells.*>46 In some diseases, activated fibroblasts can directly regulate
expansion and retention of T-regs /n vitro*’, while T-regs can negatively regulate antigen
processing and presentation in dendritic cells*®. Conversely, PKC-8 inhibits T-reg-mediated
immunosuppression while it is required for effector T cell activation.33 Even though
correlative, our data suggests that localization of FOXP3* cells plays a role in mitigating
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tumor growth. Specifically, the reduced number of T-regs in the KPC/Cah11*'~ tumor center
correlates with decreased fibroblast activation, increased expression of genes associated with
antigen processing and presentation, and increased phosphorylation of PKC-6 and SLP-76,
suggesting greater T cell activation downstream of the TCR complex33:34, and ultimately
longer survival.

In our models, CDH11 is targeted in the whole animal, rather than specifically in a particular
cell type. However, in post-embryonic life, CDH11 expression is largely restricted to
activated fibroblasts, osteosarcomas and some invasive carcinomas.1:16:49-54 gpecific
targeting of activated fibroblasts in a particular organ is difficult, as these cells exist
throughout the body. In PDAC, CDH11 is almost exclusively expressed by CAFs, and
consequently we suggest that the effects of CDH11 deficiency or inhibition are mediated by
CAFs. CDH11 protein may also be present in particular macrophage sub-types in other
diseases®®, but we did not observe this in PDAC (Figure 1H, Supplementary Figure 2). Since
CDH11 could be cleaved and released from the cell surface similarly to E-cadherin,51:56 and
it could activate growth factor receptors on other cells,®” CDH11 could potentially be taken
up by macrophages, perhaps explaining the presence of protein but not RNA in these cells in
other systems®®. As CDH11 mAb and small molecule CDH11-inhibitor target the cell-to-
cell adhesion pocket, it is likely that this region mediates both autonomous and non-
autonomous actions.

The failure of CDH11 mAb (SYNO0012) to attenuate mT3 tumor growth as a single agent
could be attributed to difficulty in penetrating the dense PDAC fibrosis, and its modest
affinity. The active site of CDH11 is unusually hydrophobic since it contains two tryptophan
residues. This is useful for specificity as it serves to distinguish CDH11 from other
cadherins, but such hydrophobic pockets are notoriously difficult to target with antibodies,
which prefer surface-exposed charged regions.>® This makes development of small molecule
CDH11-inhibitors, such as SD133 of high interest. Here, we did not observe a combinatorial
effect of SD133 with gemcitabine (Figure 5F), perhaps because of the potency of SD133
alone or because it was only administered for 2 weeks. Clearly, the combination of
gemcitabine with continuous SD133 administration is worth further exploration, as well as,
additional investigations that combine anti-CDH11 therapeutics with non-PD1 pathway
checkpoint inhibitors. While PD1 (PDCD1) expression in KPC/Cah11*'~ mice increased
1.8-fold (Supplementary Table 2), we detected a slight reduction (-1.3-fold) in PDL1
(CD274). Interferon -y, a major regulator of PDL1 levels in other systems,>9 was also
unaffected by Cdh11 deficiency. Hence, PDAC tumors in KPC/Cdh11-deficient animals may
depend on non-PD1/PDL1 pathways, such as alternative inhibitory checkpoints. In future
studies we propose to investigate the effect of CDH11 targeting = gemcitabine in the KPC
mouse model upon tumor detection to increase translational significance, since the improved
survival of gemcitabine treated KPC/Cadh11-deficient mice observed in this study could be a
result of treating earlier stage disease in 3-month-old KPC/Cdh11-deficient animals than in
KPC/Cdh11** mice.

In summary, CDH11 emerges as an excellent target for PDAC treatment, because it is not
widely expressed in non-diseased tissues in post-embryonic life, but is highly expressed on
activated fibroblasts in the stroma of PDAC patients. A marked survival advantage observed
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across several immunocompetent PDAC mouse models suggests that targeting CDH11 has a
great potential for clinical translation. Even a 2.45-fold reduction in Cadh11 expression in
KPC/Cah11!~ animals, significantly increased survival, suggesting that complete disruption
of CDH11 function is unnecessary, which bodes well for the development of CDH11-
targeted therapy. The drug-like small molecule CDH11-inhibitor, SD133, is at an early stage
in its pre-clinical development but was remarkably effective as a single agent, even on pre-
existing tumors, with no sign of toxicity. Conversely, a CDH11 mAb in clinical trials for
other indications was less effective as a monotherapy but yielded a significant combinatorial
effect with gemcitabine and could feasibly be translated into the clinic.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What you need to know:
Background and Context:

Pancreatic ductal adenocarcinomas have a fibrotic, immunosuppressive
microenvironment. Strategies to alter this microenvironment might help activate an anti-
tumor immune response.

New Findings:

Cadherin 11, which is expressed by cancer-associated fibroblasts (CAFs) but not in
normal pancreas, promoted immune tolerance to pancreatic tumors in mice. Loss or
inhibition of cadherin 11 significantly extended survival of mice with pancreatic tumors
by altering interactions between CAFs and immune cells, and restored sensitivity to
gemcitabine.

Limitations:

This study reported an association between cadherin 11 expression and the anti-tumor
immune response and survival of mice. Studies are needed to determine mechanisms by
which anti-cadherin 11 therapeutics impact PDAC mouse models and humans.

Impact:

Strategies to inhibit cadherin 11 or its signaling pathways might be developed for
treatment of pancreatic cancer.

Gastroenterology. Author manuscript; available in PMC 2022 March 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Peran et al.

Page 18

A lacobuzio- E
Badea Danahin Logsdon Pei Segara "
5 FC=493 FC=425 FC=1958 FC=230 FC=421 - 14w * sk
20 - — *
o o T +]
QE ol F.C=25.19 g'% 16 *
T $ 2 L g4
= = —
25 I O& 23 o] %
€ B [5 1 E E -1024
5:- N E 8 -40964
3 g F O 9 -163841 o Yo,
o # of samples ~ 65536 2
3 39 5 12 5 5 10 16 36 6 1
= 0 s 4 a2 ] = @ - SNDDOHM RG]
EEEEEYEEEEE § BZhe008s Bs = 3353
S £ 8 £ 8 ¢ £ 8 £ 38 2 & s OF @ Tz
g e g 8 g g = € g o SIZEIZ
T & =g & ® 3 s By
5 5 H = mouse  human human
=4 =4 = oy
© L © PDAC cancer cells PSC CAFs
-
CDH11 NC
F PDAC cancer cells PSC CAF

mouse human human
r 1 1

T
g g 7 & %
we Sp8 & Ba g X
100— = g ﬁ- CDH11 aSMA DAPI SMAJDAPI
: = f==al @
100_ : “ - “ j E-cadherin gg----
= s - —-m- GAPDH 3

= 0. Macrophages

Cdht1

: 5 Dunﬁtslicﬁglcells = 0. Epithelial/cancer cells
. 3 lacrophages = 1. Epithelialicancer cells
. 4 M,lebmd cells .2 Ep-lhe!uaucanoer cells
o « 5. Macrophages ™ * 3
; . 5 o ‘g gn::el I Il
a » 7. Epithelial cell . pithelialicancer ceils
it ¢ Bchre. T X * & Endothelial cells
= » 9. Acinar cells = ® 7. Immune cells
o * 10, Endothelial cells 2
» 11. Pericyles

-10 0 10 20 -15-10-5 0 5 10 e
UMAP_1 UMAP_1 AL
= é %S
-
KPC tumors mT3 tumor 5
6,
10 7.
-10 5 5 10

Figure 1. CDHL11 is significantly increased in human and mouse PDAC CAFs and pancreatitis
stroma.

(A) CDH11 mRNA in pancreatic carcinoma, ductal (d.) adenocarcinoma, and pancreatitis
compared to normal pancreas. Box defines 25 to 75t percentiles, horizontal line defines
median, and whiskers minimum and maximum. The fold change (F.C.) is indicated. A-values
were determined by unpaired two-tailed t-test. Representative histology of: (B) human
normal pancreas and PDAC stained with MTS and CDH11 IHC (5B2H5); (C) human
pancreatitis stained with H&E and CDH11 IHC (5B2H5); (D) mouse PanIN and PDAC
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isolated from KPC mice stained with MTS and CDH11 IHC (5B2H5). (B-D) Black arrows
represent CDH11-positive staining in CAFs; asterisks depict CDH11-negative cancer
epithelial cells; red arrows represent positive MTS staining; NC — negative control for
CDH11 IHC,; scale bars: 50 pm. (E) CDH11 mRNA expression in human and mouse PDAC
epithelial cell lines and primary human PSC and CAF cell lines. MDA-MB-231 cell line was
used as a positive control for CDH11 expression. (F) Immunoblot for CDH11 (5B2H5) and
E-cadherin in PDAC epithelial, PSC and CAF cell lines. (G) Immunofluorescent staining of
primary human CAF cell line, 1A1399 for CDH11 (5B2H5), aSMA and NC. Scale bars: 50
um. Single cell RNAseq analysis of (H) KPC mouse tumors (GSE114417)30 and (1)
immune-cell-depleted s.c. mT3 pancreatic tumors. Cell clusters from 10x Genomics
scRNAseq analysis visualized by Uniform Manifold Approximation and Projection
(UMAP). Feature plots show Cdh11 expression in different cell types from pancreatic cancer
microenvironment (CAFs in green ovals). Colors indicate clusters of various cell types.
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Figure 2. Loss of CDH11 significantly prolongs survival of PDAC-bearing mice, affects stromal
activation and FOXP3* cell localization.

(A) A Kaplan-Meier plot for KPC/Cah11t*, KPC/ Cah11'~ and KPC/Cahi11™'~ mice. P-
values were determined by log-rank Mantel-Cox test. (B) Mass of pancreata at the time of
euthanasia. Each data point represents a measurement from an individual mouse. ~-values
were determined by unpaired two-tailed t-test. (C) Representative pictures of aSMA IHC
staining of pancreata. Green line outlines early PanIN lesions. Scale bars: 100 um. (D)
Quantification of aSMA* IHC staining represented as % area of pancreata. P-values were
determined by unpaired two-tailed t-tests. (E) Representative pictures of FOXP3 IHC
staining of PDAC tumor center (>300 um from the tissue margin) from KPC mice. Yellow
arrows represent FOXP3-positive staining. Scale bars: 100 um. Quantification of FOXP3*
cells in the (F) center, (G) periphery, and (H) ratio of FOXP3™ cells in center versus
periphery of KPC mice. Minimum five pictures taken at 40x magnification from the center,
and the periphery of each tumor were analyzed. Each data point represents an individual
PDAC sample. P-values were determined by unpaired two-tailed t-tests. (1) TLS
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guantification in H&E stained pancreata of KPC mice using ImageJ. Each data point
represents a ratio of total TLS area over pancreata area from an individual mouse. P-values
were determined by unpaired two-tailed t-test.
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(A-H) Differential gene expression analysis of pooled PDAC samples from KPC/Cah11!~

mice (n=5) normalized to KPC/Cah11*"* (n=7). Top 20 genes with (A) increased, and (B)
decreased expression; and expression of (C) antigen processing and presentation, (D) cDC,
(E) M1 macrophage, (F) M2 macrophage, (G) B cell, and (H) MDSC markers. (I) IMC for
CD4, CD8a and CD19 proteins coupled with RNAscope for Ccl21a mRNA performed on
PDAC samples from KPC/Cah11*'* and KPC/Cah11*"~ mice. Bigger panels represent
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merge staining, and smaller panels represent single staining of the same region. DapB was
used as a negative control (NC) for mRNA detection by RNAscope. Six regions of interest
per PDAC sample (n=3 mice per genotype) were analyzed and quantified by ImageJ using
integrated density (IntDen) of the signal. A-values were determined by unpaired two-tailed t-
test. Arrowheads point to positive staining; scale bars: 50 um. Cytokine analysis of pooled
(J) serum, and (K) PDAC samples of KPC/Cah11* (n=3 serum; n=7 tumor) and KPC/
Cah11*'~ mice (n=3 serum; n=6 tumor), performed in duplicates. P-values were determined
by unpaired two-tailed t-test, and reported as */<.05, **/<.01, ***P<.001.
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Figure 4. Loss of Cdh11 promotes response to gemcitabine.
A Kaplan-Meier plot of KPC/Cah11*"* versus KPC/CahlI-deficient mice, KPC/Cahil1

(KPC/Cah11*'~ and KPC/Cah11") treated with: (A) PD1 mAb; or (B) gemcitabine
(GEM). Duration, dose and treatment schedule are indicated on the graphs. P-value was
determined by log-rank Mantel-Cox test. Cytokine analysis of pooled (C) serum, and (D)
PDAC samples of KPC/Cah11*'* (n=3 serum; n=4 tumor) and KPC/Cdh11*"~ mice (n=3
serum; n=5 tumor) treated with gemcitabine, performed in duplicates. P-values were
determined by unpaired two-tailed t-test, and reported as */<.05, **/A<.01, ***/<.001,
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**** P 0001. (E) Representative pictures of CD19 IHC staining of pancreata from
gemcitabine treated KPC/Cah11*"* and KPC/Cah11*~ mice. Black arrowheads represent
CD19-positive staining; PC — positive control; NC — negative control; scale bars: 100 pm.
(F) Quantification of CD19* staining of pancreata of 3 KPC/Cah11*'* and 3 KPC/Cdhi11*~
mice. Minimum of eight pictures taken at 40x magnification from each tumor were
analyzed. P-value was determined by unpaired two-tailed t-test.
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Figure 5. Effective attenuation of pancreatic cancer growth upon CDH11 inhibition requires the
presence of T and B cells.

C57BL/6J mice engrafted with mT3 cells (derived from a PDAC of a KPC C57BL/6
mouse23) treated with (A) gemcitabine (GEM), (B) CDH11 mAb, and (C) CDH11 mAb +
GEM. (D) Binding model of small molecule CDH11-inhibitor, SD133 (green) with the
extracellular domain 1 of CDH11. C57BL/6J mice engrafted with mT3 cells treated with (E)
SD133 for 2 weeks, (F) SD133 for 2 weeks + GEM, (G) SD133 for 5 weeks. (H) C57BL/6J
mice with pre-existing mT3 tumors treated with SD133 at 40 mg/kg or 10 mg/kg. (1)
Immunocompromised Ragl-mutant mice (on C57BL/6J background) with pre-existing mT3
tumors treated with SD133 at 40 mg/kg. The dose, route and treatment schedule are
indicated on graphs. P-values for interaction were determined by two-way ANOVA.
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