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SUMMARY
Pancreatic ductal adenocarcinoma (PDAC) is characterizedby notorious resistance to current therapies attrib-
uted to inherent tumor heterogeneity and highly desmoplastic and immunosuppressive tumor microenviron-
ment (TME). Unique proline isomerase Pin1 regulates multiple cancer pathways, but its role in the TME and
cancer immunotherapy is unknown. Here, we find that Pin1 is overexpressed both in cancer cells and can-
cer-associated fibroblasts (CAFs) andcorrelateswithpoor survival in PDACpatients. TargetingPin1usingclin-
ically available drugs inducescomplete eliminationor sustained remissionsof aggressivePDACbysynergizing
with anti-PD-1 and gemcitabine in diverse model systems. Mechanistically, Pin1 drives the desmoplastic and
immunosuppressive TMEby acting onCAFs and induces lysosomal degradation of the PD-1 ligandPD-L1 and
the gemcitabine transporter ENT1 in cancer cells, besides activating multiple cancer pathways. Thus, Pin1 in-
hibition simultaneously blocks multiple cancer pathways, disrupts the desmoplastic and immunosuppressive
TME, and upregulates PD-L1 and ENT1, rendering PDAC eradicable by immunochemotherapy.
INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is one of the most

aggressive solid malignancies, with near uniform mortality (Sie-

gel et al., 2021), and is projected to be the 2nd leading cause of

cancer deaths by 2030 (Rahib et al., 2014). PDAC is notoriously

resistant to chemotherapy, targeted therapies, and even immu-

notherapy (Brahmer et al., 2012; Kleeff et al., 2016), attributed

to inherent intratumor heterogeneity and a highly desmoplastic

and immunosuppressive tumor microenvironment (TME) (Bin-
C

newies et al., 2018; Ho et al., 2020; McGranahan and Swanton,

2017). Tumor heterogeneity renders tumors resistant to targeted

therapies aiming at blocking individual pathways because multi-

ple pathways are often activated simultaneously and/or rapidly

upregulated as a compensatory mechanism (Gerlinger et al.,

2012; Hanahan andWeinberg, 2011; Luo et al., 2009), especially

in PDAC where they are highly heterogeneous and continuously

evolving (Biankin et al., 2012; Samuel and Hudson, 2011).

The PDAC TME is dominated by dense desmoplasia and

immunosuppressive cell populations, which limit cytotoxic
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T cell response (Balachandran et al., 2019; Laklai et al., 2016).

Cancer-associated fibroblasts (CAFs) play a central role in pro-

moting the desmoplastic and immunosuppressive TME by pro-

ducing extracellular matrix proteins and cytokines, as well as in-

teracting with cancer cells to promote tumor growth and

malignancy (Sahai et al., 2020; Whittle and Hingorani, 2019).

Recent strategies targeting the stroma reduce tumor growth

and increase tumor response to chemo- and/or immunotherapy;

however, they rarely lead to obvious tumor regression (Jiang

et al., 2016; Sherman et al., 2014). Moreover, some of those ap-

proaches even lead to disease acceleration and more aggres-

sive tumors (Özdemir et al., 2014; Rhim et al., 2014), and clinical

trials have not yet produced promising results (Ho et al., 2020;

Hosein et al., 2020; Sahai et al., 2020), suggesting that targeting

the TME might not be sufficient.

Targeting immune checkpoints such as the one mediated by

programmed cell death protein 1 (PD-1) and its ligand PD-L1

has improved patient survival in various cancers. However, the

response rate is very low in PDAC patients (Brahmer et al.,

2012), due to diminished tumor immunogenicity, including low

PD-L1 expression and immunosuppressive TME, but the under-

lying mechanisms are not well understood (Gotwals et al., 2017;

Mahoney et al., 2015; Sharma and Allison, 2015; Zou et al.,

2016). PD-L1 expression is tightly controlled at the transcrip-

tional and post-translational levels but is aberrantly altered in hu-

man cancers (Burr et al., 2017; Cha et al., 2019; Dorand et al.,

2016; Lim et al., 2016; Zhang et al., 2018). Importantly, although

PD-L1 has been well studied for its engagement with PD-1 on

T cells to evade antitumor immunity, recent studies have shown

that the presence of PD-L1-expressing cancer cells within tu-

mors is known to be an important predictor of response to im-

mune checkpoint blockade (ICB) therapy in patients (Herbst

et al., 2014). Moreover, upregulating PD-L1 expression in cancer

cells using different approaches improves ICB efficacy in exper-

imental models (Herter-Sprie et al., 2016; Jiao et al., 2017; Zhang

et al., 2018). Since most PDAC tumors are negative for PD-L1

(Tessier-Cloutier et al., 2017), it is critical to understand the

mechanisms and signaling pathways behind the regulation of

PD-L1 levels to improve ICB response and efficacy.

A central common signaling mechanism in cancer is proline-

directed phosphorylation regulating numerous oncoproteins

and tumor suppressors (Blume-Jensen and Hunter, 2001; Uber-

sax and Ferrell, 2007), many of which are further regulated by a

unique proline isomerase, Pin1 (Lu and Hunter, 2014; Zhou and

Lu, 2016). Aberrant Pin1 overactivation promotes tumorigenesis

by activating over 60 oncoproteins and inactivating over 30 tu-

mor suppressors in various cancers, including numerous sub-

strates in oncogenic Kras signaling (Lu and Hunter, 2014; Zhou

and Lu, 2016), which is dominant in PDAC (Waters and Der,

2018). Furthermore,PIN1�/�mice develop normally but are high-

ly resistant to tumorigenesis (Girardini et al., 2011; Liou et al.,

2002; Wulf et al., 2004; Zhou and Lu, 2016). Moreover, genetic

polymorphisms that reduce Pin1 expression are also associated

with reduced risk for multiple cancers in humans (Li et al., 2013).

These data suggest that targeting Pin1 in PDAC might simulta-

neously block multiple oncogenic signaling pathways without

major toxicity (Lu and Hunter, 2014; Zhou and Lu, 2016). This

notion has been corroborated by the recent unexpected identifi-
4754 Cell 184, 4753–4771, September 2, 2021
cation of all-trans retinoic acid and arsenic trioxide (ATRA + ATO)

as synergistic Pin1 inhibitors that block multiple cancer-driving

pathways, eliminate cancer stem cells, and increase response

to chemotherapy, targeted therapy, and radiation in various can-

cers (Kozono et al., 2018; Liu et al., 2019; Luo et al., 2020; Mu-

goni et al., 2019;Wei et al., 2015; Zhou and Lu, 2016). These find-

ings identify Pin1 as a major cellular target for ATRA + ATO to

safely cure deadly acute promyelocytic leukemia (APL) (de Thé

and Chen, 2010; Kozono et al., 2018; Wei et al., 2015; Zhou

and Lu, 2016). However, it is unknown whether Pin1 has any

role in the TME and cancer immunotherapy and whether Pin1 in-

hibitors could render a solid malignancy curable.

Here,we report that inPDAC,Pin1 drives thedesmoplastic and

immunosuppressive TME by acting on CAFs and induces PD-L1

andENT1endocytosis and lysosomal degradation in cancer cells

by acting on HIP1R, in addition to activating multiple oncogenic

pathways. Consequently, targeting Pin1 using Pin1 inhibitors

including ATRA + ATO simultaneously blocks multiple cancer

pathways, disrupts the desmoplastic and immunosuppressive

TME, and upregulates PD-L1 and ENT1, thereby rendering

aggressivePDACeradicable by synergizingwith immunochemo-

therapy. These findings may have immediate therapeutic impact

on PDAC patients as some Pin1 inhibitors are approved drugs.

RESULTS

Targeting Pin1 disrupts the desmoplastic and
immunosuppressive TME and renders PDAC tumors
curable by immunochemotherapy in KPC mouse-
derived allografts
To evaluate the effects of targeting Pin1 on the TME and tumor

growth in PDAC, we used two different Pin1 inhibitors (Pin1i-1

and -2) to treat three different PDAC mouse models. Pin1i-1 is a

combination of ATRA + ATO (Kozono et al., 2018), and Pin1i-2

is Sulfopin, a highly Pin1-specific covalent inhibitor that targets

the ATO-binding pocket and has no detectable side effect (Du-

biella et al., 2021) (Tables S1 and S2). The three mouse models

were patient-derived tumor orthotopic xenograft (PDTX) model

(Day et al., 2015; Rubio-Viqueira et al., 2006), patient-derived

PDAC organoid and CAFs orthotopic xenograft (PDOX) model

(Koikawa et al., 2018a), and the LSL-K-RasG12D/+; LSL-

p53R172H/+;Pdx1-Cre (KPC) genetically engineeredmousemodel

(GEMM)-derived orthotopic allograft (GDA) model in syngeneic

immunocompetent mice (Day et al., 2015; Hingorani et al.,

2005; Li et al., 2019). Treatment of overt tumor (>0.5 cm)-bearing

PDTX or GDAmice with Pin1i-1 or -2 significantly reduced tumor

growth (Figures S1A–S1CandS2B), collagen deposition (Figures

1A and S1D), and CAF activation and proliferation (Figures 1B,

S1F, S1G, and S1J). Compared with vehicle controls, Pin1 inhib-

itors reduced the proliferation of cancer cells (Figure S1E) and re-

sulted in amore differentiated histology (Figures S1D andS1I), as

evidenced by reduced vimentin and increased E-cadherin,

markers for epithelialmesenchymal transition (EMT) (FigureS1H).

Both Pin1 inhibitors also increased tumor-infiltrating CD8a+

T cells, specifically CD8a+Granzyme B+ cytotoxic T cells (CTLs)

and decreased immunosuppressive CD4+FOXP3+ regulatory

T cells (Tregs), Ly6G+CD11b+ myeloid cells, and F4/80+CD206+

tumor associated macrophages (TAMs) in GDA mice (Figures
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Figure 1. Targeting Pin1 disrupts the desmoplastic and immunosuppressive TME and renders PDAC tumors curable by im-

munochemotherapy in GDA mice

(A–C) Overt tumor-bearing (>0.5 cm) GDA mice were treated with Pin1i-1 or -2 for 4 weeks, followed by examining collagen deposition using Sirius Red staining

(A), CAF proliferation using double immunofluorescence (IF) for aSMA and Ki67 (B), and tumor-infiltrating immune cell populations (CD8a+ T cells, FOXP3+ Tregs,

and Ly6G+ CD11b+ myeloid cells) using IF (C).

(D–G) Tumor-bearing GDA mice were treated with Pin1i, low-dose (10 mg/kg, weekly) GEM + aPD1 (G+P), Pin1i + aPD1, or Pin1i + G+P for up to 120 days and

monitored for tumor growth (D), and overall survival using Kaplan-Meier survival analysis (E) for up to 365 days, as well as examining macroscopic tumors (F) or

(legend continued on next page)
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1C and S2D–S2G). Thus, Pin1 inhibitors suppress tumor growth

and progression and block CAF activation, as well as disrupt

the desmoplastic and immunosuppressive TME in PDAC mouse

models.

The above results suggest that Pin1 inhibitors might increase

PDAC responses to chemo- and/or immunotherapy. Thus, we

first treated overt tumor-bearing PDTX, PDOX or GDA mice

with Pin1i and/or low dose (20 mg/kg, weekly) gemcitabine

(GEM), with or without starting Pin1i treatment 3 days before

starting GEM (Figure S1A). Pin1i-1 or -2 were only slightly supe-

rior to GEM treatment in inhibiting tumor growth and improving

survival, but the effects were significantly enhanced by their

combination in each of mouse models assessed (Figures S1K–

S1M and S2A). The combination effects were even more pro-

found in a group of tumor-bearing mice with Pin1i treatment

started at 3 days before GEM (Figure S1K). This prompted us

to routinely start a Pin1i treatment at 3 days before others in

combination therapies. In addition, unlike GEM treatment alone,

Pin1i also fully prevented liver metastasis of PDAC in PDTX mice

(Figure S1N).

Next, we treated tumor-bearing GDA mice with Pin1i, and/or

anti-PD-1 (aPD1), or low-dose (10 mg/kg, weekly) GEM +

aPD1 (G+P) (Figure S1A). Treatment with aPD1 or G+P partially

inhibited tumor growth and marginally increased overall survival

(Jiang et al., 2016), and both Pin1i-1 and -2 as single agents were

slightly more potent than above treatments (Figures 1D, 1E, S2B,

and S2I). Notably, Pin1i-1 + aPD1 combination dramatically

reduced tumor growth and more than doubled median survival,

with 12.5% complete regression (Figure 1E). The most pro-

nounced effect was seen in a group treated with the triple com-

bination. Pin1i-1 and G+P combination markedly disrupted the

desmoplastic and immunosuppressive TME (Figures S2C, S2F,

and S2G) and fundamentally changed overall survival, leading

to 87.5% complete regression (Figures 1D and 1E). These

mice survived without macroscopic (Figure 1F) or microscopic

(Figure 1G) evidence for residual PDAC at least for 1 year in

good health, even though the treatments were stopped at

120 days (Figures 1E and S2H). Similar results were obtained

with Pin1i-2 in combination with aPD1 or G+P, although they

were less impressive during long-term treatment (Figures S2B,

S2C, S2E, S2F, S2H, and S2I).

To examine the relevance of cytotoxic and natural killer cells

for the synergy between Pin1 inhibition and immunotherapy,

we examined the efficacy of Pin1i-2 and aPD1 combination in

the absence or presence of CD8a+ T cells or NK1.1+ cells in

GDA mice. When CD8a+ T cells were depleted, PDAC tumor

growth accelerated considerably and the synergistic efficacy

of Pin1i-2 and aPD1 treatment was completely offset (Figure 1H).

aPD1 treatment alone also accelerated tumor growth in CD8a+

T cell depleted GDAmice (Figure S2J), reminiscent of hyper-pro-
microscopic tumors (G) after autopsy (n = 8–16). Median survival:vehicle, 33 da

complete remission.

(H) Tumor-bearing GDA mice were treated with vehicle, Pin1i-2 + aPD1, anti-CD8

assaying tumor volume.

Scale bars, 200 mm (A), 50 mm (B), 100 mm (C), and 2,000 and 100 mm (high magnifi

0.0001; n.s., not significant; by Student’s t test (A–C), long-rank test (E), or one-w

See also Figures S1 and S2.
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gression observed in clinical trials of cancer patients with aPD1

therapy (Wang et al., 2020). Immune cell profiling showed that

while Pin1i increased the number of tumor-infiltrating CD8a+

T cells and their Granzyme B expression, Pin1i alone also

increased their expression of the activation/exhaustion markers,

PD-1, lymphocyte activation gene-3 (LAG-3), and cytotoxic T-

lymphocyte antigen 4 (CTLA-4), but the later effects tended to

be reduced by combination with aPD1 (Figures S2E and S2G),

indicative of reversion of lymphocyte exhaustion (Ruscetti

et al., 2020). In contrast, PD-L1 expression on myeloid and den-

dritic cells (DCs), which contribute to anti-tumor immune

response (Oh et al., 2021), was not changed after Pin1 inhibition

(Figure S2E). Thus, CD8+ CTLs are pivotal for the synergy be-

tween Pin1 inhibition and immunotherapy.

To investigate whether the synergy of immunochemotherapy

with Pin1 inhibition in PDAC is specific to GEM or aPD1, we

tested the microtubule stabilizing paclitaxel (PTX), non-nucleo-

side-based chemotherapy, and anti-CTLA-4 (aCTLA4), an alter-

native ICB. Pin1 inhibition did not potentiate PTX anti-tumor

activity and tended to increase aCTLA4 anti-tumor effect, but

the effect was small and without statistical significance (Fig-

ure S2K). Thus, although Pin1 inhibitors have moderate single-

agent anticancer efficacy, they potently disrupt the desmoplastic

and immunosuppressive TME, and remarkably render most

aggressive PDAC tumors curable when combined with GEM

and aPD1 in GDA mice.

Pin1 is overexpressed both in cancer cells and CAFs in
human PDAC and correlates with the desmoplastic and
immunosuppressive TME and poor patient survival
Given such unexpected and striking potency of Pin1i in rendering

PDAC curable, we evaluated Pin1 expression in human tumor

tissues surgically resected from 167 PDAC patients and its rela-

tionships with TME changes and patient survival using IHCwith a

validated Pin1 monoclonal antibody (Bao et al., 2004). Pin1 was

overexpressed in cancer cells and correlated positively with can-

cer progression (Figures 2A and S3A). Furthermore, Pin1 was

overexpressed in tumor stromal CAFs, which expressed various

CAF markers, a-smooth muscle actin (aSMA), fibroblast activa-

tion protein (FAP), human leukocyte antigen (HLA) class II histo-

compatibility antigen DP beta 1 (HLA-DPB1), or CD44 (Figures

2B–2D, and S3B) (Hosein et al., 2020). By classifying our cohorts

into Pin1-High and Pin1-Low groups based on their IHC intensity

and area, we not only found that Pin1 was overexpressed in can-

cer cells in 71.5% of the patients and correlated with poor sur-

vival, as reported (Chen et al., 2019), but also uncovered that

Pin1 was overexpressed in CAFs in 51.9% of the patients and

correlated with poor survival (Figure 2E). More impressively,

high Pin1 both in cancer cells and CAFs, as compared with

low Pin1 group, strongly correlated with reduced median overall
ys; G+P, 38 days; Pin1i-1, 43.5 days; and Pin1i-1 + aPD1, 72.4 days (E). CR,

a (aCD8a), anti-NK1.1 (aNK1.1) or their combination for 3 weeks, followed by

cation) (G). Error bars, mean ± SD; *p < 0.05, **p < 0.001, ***p = 0.0001, ****p <

ay ANOVA (H).
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survival from 60 to 16 months in this cohort (Figure 2F). To ask

whether Pin1 overexpression is relevant to the desmoplastic

and immunosuppressive TME, we evaluated collagen deposition

and tumor-infiltrating immune cell populations in human PDAC

tissues. Pin1 overexpression in CAFs, but not in cancer cells,

significantly correlated with collagen deposition (Figure 2G).

Pin1 overexpression in cancer cells and CAFs also correlated

with fewer infiltrated CD8+ T cells and more CD163+ TAMs (Fig-

ures 2H and 2I). Thus, Pin1 is overexpressed in cancer cells and

CAFs in human PDAC and correlates well with the desmoplastic

and immunosuppressive TME and poor survival.

Pin1 promotes oncogenic signaling pathways, CAF
activation, and crosstalk with cancer cells to enhance
tumor growth and malignancy in human organoids
and PDOXs
To determine the functional significance of Pin1 overexpression

in CAFs in human PDAC tumors, we derived primary CAFs from

two different PDAC patients (Koikawa et al., 2018a, 2018b) and

inhibited their Pin1 function using Pin1i, genetic knockdown

(KD) or CRISPR knockout (KO). Both Pin1 inhibitors dose-

dependently reduced Pin1 and its many substrate oncoproteins

in CAFs (Figures 3A and S3C), with ATRA and ATO synergisti-

cally targeting and degrading Pin1, as shown (Kozono et al.,

2018; Wei et al., 2015). We demonstrated that Pin1 inhibition

suppressed CAF proliferation (Figures 3B, S3D, and S3E),

induced CAF quiescent phenotype, and inhibited their ability to

secrete a wide range of cytokines (Figures 3C–3E and S3F).

Notably, we found suppression of IL-6 and TGF-b release by

cancer cells and IL-6, TGF-b, LIF, and CXCL12 secretion by

CAFs in response to Pin1 inhibition (Figures S3G and S3H).

Those factors promote cancer cell progression (Erkan et al.,

2012; Shi et al., 2019), prevent T cell recruitment into the TME

(Garg et al., 2018), induce the desmoplastic and immunosup-

pressive TME (Mace et al., 2018), and suppress response to

anti-PD-L1 (aPDL1) (Feig et al., 2013; Mariathasan et al., 2018).

Thus, Pin1 activates CAFs andmay contribute to the desmoplas-

tic and immunosuppressive TME.

A continuous crosstalk between cancer cells and CAFs en-

hances tumor growth and invasion (Erkan et al., 2012). To

address whether Pin1 inhibition in CAFs affects their ability to

act on cancer cells, we first indirectly co-cultured pre-formed hu-
Figure 2. Pin1 is overexpressed in cancer cells and CAFs in human PD

pressive TME and poor patient survival

(A) Representative images of Pin1 IHC staining in human PDAC tissues at differe

Figure S3A.

(B) Pin1, ctokeratin (CK) 19, and aSMA IHC staining in human PDAC tissues. B

Pin1+CK19–aSMA+ CAF.

(C and D) Tissue-based cyclic immunofluorescence (t-CyCIF) for Pin1 (white), pa

and CD45 (green) in human PDAC tissues (C) and quantification of Pin1 expression

cells (C).

(E and F) Human PDAC tissues were classified into cancer cell Pin1-High or Pin1

Pin1-High or cancer Pin1-Low and CAF Pin1-Low groups (F) based on Pin1 IH

analysis.

(G) Pin1 IHC and Sirius Red staining in human normal pancreas and PDAC tissu

(H and I) Pin1 and CD8 (H) or CD163 (I) IHC staining in human PDAC tissues, and

Scale bars, 300 and 50 mm (inset) (A), 1,000 and 100 mm (high magnification) (B), 10

**p < 0.001, ***p = 0.0001, ****p < 0.0001; n.s., not significant; by Student’s t tes
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man PDAC organoids with CAFs to analyze the effects of CAF-

derived humoral factors on PDAC organoid growth and invasion

(Figure 3F). Unlike control CAFs, which promoted PDAC orga-

noid growth and invasion, Pin1 KD CAFs failed to promote

PDAC organoid growth and invasion similar to the level of those

without added CAFs (Figures 3G and 3H). To analyze the effects

of cell-cell interactions, we then directly co-cultured PDAC orga-

noids with Pin1i-treated or KO CAFs, followed by assaying orga-

noid growth and invasion using time-lapse imaging (Koikawa

et al., 2018a) (Figure S3I). The results further confirmed that con-

trol CAFs, but neither Pin1i-treated nor Pin1 KO CAFs, promoted

PDAC organoid growth and invasion (Figures S3J and S3K;

Video S1). Finally, to examine whether Pin1 is important for

CAFs to promote the TME and tumor growth of PDAC in vivo,

we orthotopically co-transplanted human PDAC organoids with

Pin1 KO or control CAFs into themouse pancreas (PDOXmodel).

In contrast to control CAFs, Pin1 KO CAFs completely failed to

promote tumor fibrosis, cancer cell proliferation, and tumor

growth and progression, similar to those without co-trans-

planted CAFs (Figures 3I, 3J, S3L, and S3M). Thus, Pin1 in

CAFs is necessary to promote the pro-tumorigenic TME and

enhance the growth andmalignant phenotype of PDAC in human

organoids and mouse tumors.

Pin1 promotes oncogenic signaling pathways and
reduces the expression of PD-L1 and ENT1 at the cell
surface of PDAC cells
The above results show that targeting Pin1 disrupts the TME and

renders PDAC tumors curable by immunochemotherapy, but the

previous attempts to target stroma cells in PDAC were only

modestly effective (Ho et al., 2020; Sahai et al., 2020; Whittle

and Hingorani, 2019). We reasoned that Pin1 inhibitors might

also act on cancer cells, given its overexpression in cancer cells

(Figures 2A–2D). Thus, we examined the effects of Pin1i, Pin1 KD

or KO in primary PDAC cells and organoids derived from two

different PDAC patients (Koikawa et al., 2018a). Indeed, like

Pin1 KD or KO, both Pin1 inhibitors dose-dependently reduced

Pin1 and its substrate oncoproteins including those in Kras

signaling (Figures S4A–S4C and S4E), as well as PDAC cell pro-

liferation (Figures S4D, S4F, and S4G), but the effects were

largely abolished by Pin1 KO (Figure S4H), confirming their spec-

ificity. Furthermore, like Pin1 KD, both Pin1 inhibitors also
AC and strongly correlates with the desmoplastic and immunosup-

nt stages of cancer progression. Quantification of Pin1 expression is shown in

lack arrows indicate Pin1+CK19+aSMA� cancer cell and red arrows indicate

n-cytokeratin (Pan-CK) (green), aSMA (red), HLA-DBP1 (yellow), CD44 (cyan),

(D). Red arrows indicate Pin1+ and DPB1+ or CD44+ CAFs or Pin1+ and CD45+

-Low groups, CAFs Pin1-High or Pin1-Low (E), or cancer Pin1-High and CAF

C, followed by examining patient overall survival using Kaplan-Meier survival

es and quantification of collagen deposition using Sirius Red staining (n = 46).

quantification of CD8 or CD163 positive cells area per field (n = 45) (H and I).

0 (left panel) and 50 mm (C), and 300 mm (G–I). Error bars, mean ± SD; *p < 0.05,

t (G–I) or log-rank test (E and F).
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reduced human PDAC organoid growth and enhanced the ability

of GEM to inhibit organoid growth and proliferation (Figures S4I–

S4L). Moreover, when human PDAC organoids were pre-treated

with Pin1i-1 or -2, followed by treatment with GEM, both Pin1 in-

hibitors greatly potentiated GEM-mediated organoid apoptosis,

whereas neither Pin1i nor GEM alone had obvious effect (Figures

4A and 4B).

Given the striking ability of Pin1 inhibitor pretreatment to

potentiate the GEM sensitivity of PDAC cells, we reasoned that

Pin1 inhibitors might affect the expression of some determinants

of the GEM sensitivity. Notably, equilibrative nucleoside trans-

porter 1 (ENT1) is required for GEM uptake and is a therapeutic

response marker for GEM, deoxycytidine kinase (dCK) is

involved in the first phosphorylation cascade in GEM activation,

and ribonucleotide reductase subunit 1 (RRM1) is a main nuclear

target for GEM (Amrutkar and Gladhaug, 2017; Farrell et al.,

2009). Both Pin1 inhibitors dose-dependently increased the

levels of ENT1, but neither dCK nor RRM1 was affected (Fig-

ure 4C). Since Pin1 inhibition potently enhanced aPD1 efficacy

against PDAC (Figure 1E), we hypothesized that Pin1 inhibitors

might also affect the expression of ICB response biomarkers,

whose upregulation increases ICB efficacy such as PD-L1

(Jiao et al., 2017; Zhang et al., 2018) and HLA class 1 (McGrana-

han et al., 2017; Yamamoto et al., 2020). Indeed, both Pin1 inhib-

itors dose-dependently upregulated PD-L1 but not HLA class 1

level (Figure 4C). The upregulation of PD-L1 and ENT1 was

also confirmed by Pin1 KD or KO (Figure 4D) and was notable

on the cell surface of Pin1i-treated PDAC cells in vitro (Figures

4E and 4F) and Pin1i-treated PDTXs and GDAs in mice (Figures

4G–4J, S5A, and S5B). Moreover, Pin1 expression inversely

correlated with that of PD-L1 and ENT1 in human PDAC tissues

(Figures S5C–S5E). Thus, Pin1 inhibition not only blocks multiple

cancer pathways but also induces PD-L1 and ENT1 expression

on the surface of PDAC cells in vitro and in vivo.

Pin1 promotes endocytosis and lysosomal degradation
of PD-L1 and ENT1 by acting on the pS929-Pro motif
in HIP1R
Our findings that Pin1 inhibition in PDAC cells increased PD-L1

and ENT1 protein levels (Figures 4C–4F) but decreased their

mRNA levels (Figure S5F) suggest that Pin1 inhibition might sta-

bilize ENT1 and PD-L1 proteins. The proteolysis of both PD-L1

(Burr et al., 2017; Cha et al., 2019; Dorand et al., 2016; Lim

et al., 2016; Zhang et al., 2018) and ENT1 (Hu et al., 2017) is high-
Figure 3. Pin1 promotes oncogenic signaling pathways, CAF activati

malignancy in organoids and PDOXs

(A–E) Primary humanCAFs derived from two different PDAC patients (CAF1 or CAF

followed by examining Pin1 and its substrate oncoproteins using IB (A), cell gro

droplets/CAF cell using BODIPY (C and D), and cytokine production using cytok

concentrations were shown (A and B). Pin1i-1 (10 mM) or Pin1i-2 (5 mM) (C–E).

(F–H) Pin1 KD or vector control CAFs were seeded to the top of Matrigel that cont

examining organoid growth and invasion into Matrigel using microscopic imaging

PDAC patients (PDAC1 and PDAC2 organoids).

(I and J) Human PDAC organoids were orthotopically transplanted alone or with

5 weeks, followed by examining tumor growth (l), and fibrosis using Sirius Red s

Scale bars, 100 (top panels) and 50 mm (bottom panels) (C), 100 mm (G), and 200 mm

n.s., not significant; by one-way ANOVA.

See also Figure S3.
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ly regulated, and to modulate proteolysis is a dominant mecha-

nism for Pin1 to regulate dozens of oncogenic proteins (Zhou

and Lu, 2016). To assess themechanisms behind Pin1-mediated

effects, we treated PDAC cells with chemical inhibitors for the

lysosomal degradation pathway (3-MA, Bafilomycin and Chloro-

quine) or proteasomal degradation pathway (MG132 and

MLN4924). Inhibition of the proteasomal pathway increased

PD-L1, but not ENT1, as shown (Hu et al., 2017; Zhang et al.,

2018), while inhibition of the lysosomal pathway increased

both PD-L1 and ENT1 (Figure S5G), suggesting that lysosomal

degradation may be a common mechanism for Pin1-mediated

regulation of PD-L1 and ENT1.

To support this possibility, we investigated Huntingtin interact-

ing protein 1-related (HIP1R) (Wang et al., 2019) and CKLF Like

MARVEL Transmembrane Domain Containing 6 (CMTM6) (Burr

et al., 2017), which promote and inhibit the endocytosis and lyso-

somal degradation of PD-L1, respectively, and also contain pu-

tative Pin1 substrate recognition sites (pSer/Thr-Pro motifs),

whereas such Pin1 recognition sites are not present in PD-L1.

Both Pin1 inhibitors dose-dependently increased HIP1R with a

slower mobility and presumably in the phosphorylated form,

which was also induced by Pin1 KD or KO (Figures 5A–5D) but

was undetectable after treating cell lysates with calf intestinal

phosphatase (CIP) (Figure 5E). Co-immunoprecipitation (Co-IP)

demonstrated that Pin1 bound to phosphorylated HIP1R under

endogenous conditions and that this interaction was phospha-

tase sensitive (Figure 5E). By contrast, Pin1 inhibitors neither

affected the PD-L1 stabilizing CMTM6, nor did Pin1 interact

with CMTM6 (Figures 5A, 5C, and 5E). To determine the impor-

tance of HIP1R in regulating PD-L1 and ENT1 levels, we stably

knocked down HIP1R in PDAC cells and found that HIP1R KD

increased both PD-L1 and ENT1 levels (Figure 5F). These results

together suggest that Pin1 promotes PD-L1 and ENT1 degrada-

tion by acting on phosphorylated HIP1R.

To identify the Pin1-binding site in HIP1R, we generated an Ala

substitution (S929A) at the only putative and conserved S/P site,

pSer929-Pro motif in HIP1R (Figure S5H). Unlike wild-type (WT)

HIP1R, when introduced into PDAC cells, the S929A mutant not

only failed to interact with Pin1 (Figures 5H and 5I) but also

increased the levels of PD-L1 and ENT1 (Figure 5G), similar to

Pin1 inhibitors, Pin1 KD or KO, or HIP1R KD (Figures 4C, 4D,

and 5F). Notably, the pSer929-Pro in HIP1R is located within

its actin-binding domain (Figure S5H), which is critical for

HIP1R-mediated endocytosis and lysosomal degradation
on, and crosstalk with cancer cells to enhance tumor growth and

2) were treatedwith Pin1i-1 or -2 for 72 h, or subjected to stable Pin1 KD or KO,

wth using proliferation assay (B), quiescent phenotype as measured by lipid

ine array (E). ATRA and ATO were used in 10:1 ratio as Pin1i-1 and only ATRA

ained pre-formed PDAC organoids and co-cultured for 10 days (F), followed by

analysis (G and H). Human PDAC organoids were derived from two different

Pin1 KO CAFs or CRISPR control CAFs into the pancreas of NSG mice for

taining (J) (n = 5).

(J). Error bars, mean ±SD; *p < 0.05, **p < 0.001, ***p = 0.0001, ****p < 0.0001;
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Figure 4. Pin1 promotes oncogenic signaling pathways and reduces the expression of PD-L1 and ENT1 at the cell surface of PDAC cells

(A and B) Human PDAC2 organoids were pre-treated with control (DMSO), Pin1i-1 (10 mM), or Pin1i-2 (5 mM) for 72 h and then treated with control (PBS) or GEM

(25 nM) for 24 h, followed by examining organoid apoptosis using caspase 3/7 green fluorescence reagent.

(C) Human PDAC2 cells were treated with Pin1i-1 or -2 at various concentrations for 72 h, followed by IB for different proteins indicated. ATRA and ATOwere used

in 10:1 ratio as Pin1i-1 and only ATRA concentrations are shown.

(D) PDAC1 or 2 cells were subjected to Pin1 KD or KO, followed by IB for different proteins indicated.

(legend continued on next page)
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(Gottfried et al., 2010; Messa et al., 2014). These results suggest

that the S929A mutation might impair the ability of HIP1R to bind

actin and promote the endocytosis of PD-L1 and ENT1 to lyso-

somes. Indeed, WT HIP1R, but not its S929A mutant, interacted

with actin (Figure 5J) and colocalized with Pin1, PD-L1 and ENT1

to peri-nuclear lysosomes, as marked by the lysosomal marker

LAMP1 (Figures 5K–5N). Cycloheximide (CHX) chase assay

demonstrated that the HIP1R, but not its S929Amutant, was un-

stable (Figure S5I). Thus, Pin1 promotes the endocytosis and

lysosomal degradation of PD-L1 and ENT1 presumably by acting

on the pSer929-Pro motif in HIP1R to facilitate actin binding.

Targeting Pin1 synergizes with immunochemotherapy
to induce PDAC organoid apoptosis
Given that targeting Pin1 robustly induces the cell-surface

expression of ENT1 and PD-L1 in PDAC cells, a critical question

is whether targeting Pin1 would affect the therapeutic response

to GEM and aPD1. Thus, we targeted Pin1 in established human

PDAC organoids without any stromal cells to avoid indirect ef-

fects (Koikawa et al., 2018a), followed by the organoid apoptosis

assay using time-lapse imaging to visualize and quantify the dy-

namic changes in organoid apoptosis (Figure 6A). As expected,

both Pin1 inhibitors time-dependently induced ENT1 and PD-L1

levels (Figure 6B), and time- and dose-dependently sensitized

PDAC organoids to GEM-induce apoptosis, with highly synergis-

tic effects (Figures 6C–6E and S6A). The similar effect was

observed in Pin1i with ENT1-dependent 5-FU (Figures S6G

and S6H). Pin1 KO or introduction of HIP1R929A mutant into

the PDAC organoids resulted in similar synergy with GEM treat-

ment (Figure S5J), further supporting our model. To examine the

importance of ENT expression for modulating GEM responsive-

ness by Pin1i, we treated Pin1i pre-treated WT or ENT1-KD

PDAC organoids with GEM. Pin1i-2 induced apoptosis in WT

PDAC organoids but not in ENT1-KD PDAC organoids (Figures

S6B and S6C), supporting the role of ENT1 in GEM response.

To examine the effects of Pin1 inhibition on the ability of aPD1

to induce PDAC organoid apoptosis, Pin1i pre-treated human

PDAC organoids and activated human primary peripheral blood

mononuclear cells (PBMCs) were subjected to the organoid

apoptosis assay (Figure 6A) (Dijkstra et al., 2018; Jiao et al.,

2017). Both Pin1 inhibitors increased the ability of aPD1 or

aPDL1 to induce organoid apoptosis, and the effects were again

dose dependent and highly synergistic (Figures 6F–6H, S6D, S6I,

andS6J). To exclude possible off-target effects of Pin1 inhibitors,

we conducted the same experiment with Pin1 KO and HI-

P1R929A PDAC organoids with activated human PBMCs and

found a similar enhancement of aPD1 anti-tumor effects (Fig-

ure S5K). Pin1i-2 also promoted the apoptosis ofWTPDACorga-

noids but not of PD-L1-KD PDAC organoids (Figures S6E and

S6F), supporting that the effects of Pin1 inhibition and aPD1 are
(E and F) PDAC2 cells were treated with control (DMSO), Pin1i-1 (10 mM), or Pin1i-2

(green) (F). White arrows point to PD-L1 (E) and ENT1 (F) at the cell surface.

(G–J) Tumor-bearing GDAmice were treated with vehicle, Pin1i-1 or -2 for 4 week

PD-L1 (green) (H) or ENT1 (green) (J) (n = 5). White arrows point to PD-L1 (H) and

Scale bars, 100 mm (A), 50 mm (E and F), 500 and 100 mm (right panels) (G and I), an

***p = 0.0001, ****p < 0.0001; n.s., not significant; by one-way ANOVA (B, E, and

See also Figures S4 and S5.
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dependent on PD-L1 expression. Moreover, both Pin1 inhibitors

time- and dose-dependently enhanced the ability of G+P to

induce apoptosis of PDAC organoids, and the effects were also

highly synergistic (Figures 6I–6K, S6K, and S6L; Video S2).

To use an autologous organoid model to confirm the above

findings that CD8+ cytotoxic T cells are important factor for the

response of Pin1i + aPD1 therapy in GDA mice (Figures 1H

and S2E–S2G), we co-cultured KPC mouse PDAC organoids

with activated CD8+ T cells derived from the same KPC tumor-

bearing mice or their tumor-free littermates. As expected, the

CD8+ T cells derived from tumor-bearing mice were significantly

more effective in inducing organoid apoptosis than those from

non-tumor-bearing controls (Figures 6L and S6M). More impor-

tantly, Pin1i synergized with aPD1 to induce PDAC organoid

apoptosis (Figures 6M and 6N), and the synergistic effects

were also upheld when GEM was used (Figures S6N and S6O),

as in GDA mice (Figure 1E), confirming the critical role of CD8+

CTLs for Pin1 inhibitors to potentiate immunotherapy response.

Thus, targeting Pin1 acts on PDAC cells not only to inhibit multi-

ple cancer pathways and induce the cell-surface expression of

PD-L1 and ENT1 but also to synergize with immunochemother-

apy to induce apoptosis of human and mouse PDAC organoids.

Targeting Pin1 renders primary PDAC tumors
eradicable by immunochemotherapy in KPC GEMM
To determine whether Pin1 inhibitors are able to disrupt the high-

ly desmoplastic and immunosuppressive TME and render pri-

mary PDAC tumors eradicable by immunochemotherapy in a

GEMM of PDAC, we used KPC mice expressing commonly

occurring KrasG12D and p53R172H mutations in the pancreas.

These mice developed the spectrum of aggressive PDAC with

100% penetrance, which recapitulate tumor heterogeneity, des-

moplastic and immunosuppressive TME, poor immunogenicity,

and rapid progression typical of human disease (Bayne et al.,

2012; Hingorani et al., 2005). We treated overt tumor-bearing

KPCmice with Pin1i, G+P or their combination. As shown (Jiang

et al., 2016), G+P neither affected the desmoplastic and immu-

nosuppressive TME, nor increased survival, with most mice suc-

cumbing to the disease within 3 months (Figures 7B and 7D–7F).

However, Pin1i-1 or -2 andG+P combination suppressed cancer

cell proliferation, and CAF activation and proliferation (Figures

7A, 7C, S7A, and S7B), disrupted the desmoplastic and immuno-

suppressive TME, increased tumor-infiltrating CD8a+Granzyme

B+ CTLs (Figures 7B, 7D, and 7E) and induced PD-L1 and

ENT1 expression in cancer cells (Figures S7C and S7D). Impor-

tantly, Pin1i-1 or -2 and G+P combination drastically increased

survival, with 60%–70% of treated mice surviving for at least

6 months after treatment (Figure 7F). Upon necropsy, these sur-

viving mice had no obvious macroscopic tumors, and only resid-

ual microscopic tumors were notable (Figures 7G and S7E),
(5 mM), followed by IF for Pin1 (red), DAPI (blue), and PD-L1 (green) (E) or ENT1

s, followed by IHC for PD-L1 (G) or ENT1 (I), or IF for Pin1 (red), DAPI (blue), and

ENT1 (J) at the cell surface.

d 50 and 12.5 mm (inset) (H and J). Error bars, mean ± SD; *p < 0.05, **p < 0.001,

F) or Student’s t test (H and J).
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without any liver metastases (Figure S7F), indicating that tumors

are disappearing despite continuous expression of oncogenic

mutant Kras and p53 in the pancreas. In conclusion, Pin1 inhib-

itors not only block multiple cancer pathways, disrupt the des-

moplastic and immunosuppressive TME, and induce PD-L1

and ENT1 expression but also render PDAC tumors eradicable

by immunochemotherapy in GDA and KPC mice (Figure S7G).

DISCUSSION

PDAC is notoriously resistant to current therapies due to inherent

tumor heterogeneity and highly desmoplastic and immunosup-

pressive TME. Here, we find that Pin1 is overexpressed both in

cancer cells and CAFs in PDAC patients and highly correlates

with the desmoplastic and immunosuppressive TME and poor

patient survival. Functionally, besides activating multiple cancer

pathways, Pin1 drives the desmoplastic and immunosuppres-

sive TME and promotes tumor malignancy and drug resistance

by acting on stromal cells such as CAFs and inducing endocy-

tosis and degradation PD-L1 and ENT1 in cancer cells by acting

on pS929-HIP1R. Consequently, targeting Pin1 offers a unique

and promising approach to render this deadly cancer eradicable.

These findings support a possible design of future clinical trials

using Pin1 inhibitors in combination with immunochemotherapy

for PDAC patients given that the ATRA+ATO therapy is a safe

modality to cure most APL patients.

In PDAC, stromal CAFs play a vital role in promoting the des-

moplastic and immunosuppressive TME, as well as tumor

growth and malignancy, and have emerged as cancer targets

(Sahai et al., 2020; Whittle and Hingorani, 2019). However, the

mechanisms controlling CAF activation and function are still

not fully understood. We show that Pin1 is overexpressed in

CAFs and correlates with the desmoplastic and immunosup-

pressive TME and poor survival. Targeting Pin1 not only inhibits

multiple oncogenic pathways in CAFs but also suppresses their

growth, activation, and production of cytokines implicated in

immunosuppression (Erkan et al., 2012; Mace et al., 2018; Ma-

riathasan et al., 2018). Furthermore, targeting Pin1 eliminates

the ability of CAFs to promote the desmoplastic TME, tumor

growth, and malignancy in human PDAC organoids and/or

PDOX mice. Moreover, Pin1 inhibitors also potently increase tu-

mor-infiltrating CD8+ CTLs and decrease immunosuppressive
Figure 5. Pin1 promotes the endocytosis and lysosomal degradation o

(A–D) Human PDAC2 cells were treated with Pin1i-1 or -2 at various concentration

different proteins indicated (A and C) and quantifying phosphorylated HIP1R (B a

phosphorylated HIP1R. ATRA and ATO were used in 10:1 ratio as Pin1i-1 and on

(E) PDAC2 cell lysates were incubated with CIP (+ CIP) or CIP plus phosphatase

(F) HIP1R in PDAC2 cells was stably knocked down using shRNA or vector cont

(G) Flag-HIP1R WT or its S929A mutant was stably expressed in PDAC2 cells, fo

(H–J) PDAC2 cells stably expressing Flag-HIP1RWT or S929Amutant were subjec

J). A red arrow points to phosphorylated HIP1R and a black arrow to non-phosp

(K) PDAC2 cells were treated with control (DMSO) or Pin1i-1 (10 mM) and then su

(L–N) HIP1R WT or S929A stably transfected PDAC2 cells were subjected to IF fo

(green) (N), followed by assaying co-localization of Pin1-HIP1R (K), HIP1R-LAMP1

being Pearson’s coefficient for co-localization.

Scale bars, 50 and 5 mm (inset) (K) and 20 and 5 mm (inset) (L–N). Error bars, mean ±

one-way ANOVA (B and D) or Student’s t test (K–N).

See also Figure S5.
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cells in GDA and KPC mice. These results are consistent with

the reports that ATRA reduces the desmoplastic and immuno-

suppressive TME, and tumor growth andmalignancy viamultiple

cancer and CAF-related pathways (Chen et al., 2019; Ene-

Obong et al., 2013; Froeling et al., 2011; Guan et al., 2014;

Kocher et al., 2020), because many ATRA-mediated effects

might be at least partially due to Pin1 inhibition (Wei et al.,

2015; Zhou and Lu, 2016). Of note, CAFs are heterogenous

and their functions are complex in PDAC. Our results suggest

that Pin1 inhibition might target aSMA+ CAFs (myCAFs) and

PDGFRa+ CAFs (iCAFs), with the latter contributing to desmo-

plastic immune suppressive TME by secreting collagens and cy-

tokines (Garg et al., 2018; Hosein et al., 2020), but further work

needs to define the role of Pin1 in various types of CAFs.

Protein degradation is a key mechanism to regulate not only

numerous oncogenic proteins (Lu and Hunter, 2014; Zhou and

Lu, 2016), but also many cancer therapeutic targets/receptors

biomarkers, including PD-L1 (Burr et al., 2017; Wang et al.,

2019; Zhang et al., 2018), and ENT1 (Hu et al., 2017). Notably,

HIP1R is a key protein in lysosomal proteolysis by binding with

a membrane protein such as PD-L1 and cytoplasmic actin for

endocytosis (Gottfried et al., 2010; Messa et al., 2014; Wang

et al., 2019). However, whether this PD-L1 degradation is further

regulated is not known, which is especially important for PDAC

because most PDAC patients have very low PD-L1 (Tessier-

Cloutier et al., 2017). We demonstrated that Pin1 binds to the

pSer929-Pro motif in HIP1R and also promotes the HIP1R-actin

interaction and HIP1R-mediated endocytosis and lysosomal

degradation of PD-L1 and ENT1 in PDAC cells. Moreover, Pin1

inhibition highly synergizes with aPD1 to promote the ability of

activated lymphocytes to induce human and KPC PDAC orga-

noid apoptosis and to dramatically reduce tumor growth and in-

crease overall survival of GDAmice. These results are consistent

with the recent findings that human cancer patients with

elevated PD-L1 levels tend to respond better to PD-1 blockade

(Herbst et al., 2014). Moreover, induction of PD-L1 expression

in cancer cells in response to radiation (Herter-Sprie et al.,

2016), PARP inhibitors (Jiao et al., 2017), or inhibition of PD-L1

proteasomal proteolysis using CDK4/6 inhibitors (Zhang et al.,

2018) also potentiates ICB efficacy.

It is likely that without or before ICB therapy, tumors with high

PD-L1 will gain an advantage by avoiding immune surveillance
f PD-L1 and ENT1 by acting on the pS929-Pro motif in HIP1R

s for 72 h (A and B) or subjected to Pin1 KD or KO (C and D), followed by IB for

nd D). A red arrow points to phosphorylated HIP1R and a black arrow to non-

ly ATRA concentrations are shown (A and B).

inhibitors (– CIP), followed by IB directly (input) or after IP with Pin1 antibodies.

rol, followed by IB.

llowed by IB.

ted to IB directly (input) or after IP with Pin1 antibody (H) or Flag antibody (I and

horylated HIP1R.

bjected to IF for Pin1 (red), HIP1R (green), and DAPI (blue).

r HIP1R (red), DAPI (blue), and LAMP1 (green) (L), PD-L1 (green) (M), or ENT1

(L), HIP1R-PDL1 (M), and HIP1R-ENT1 (N) using ImageJ program, with R value

SD; *p < 0.05, **p < 0.001, ***p = 0.0001, ****p < 0.0001; n.s., not significant; by
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Figure 6. Targeting Pin1 synergizes with immunochemotherapy to induce PDAC organoid apoptosis

(A) Experimental setup of PDAC organoid apoptosis assay. Established primary human or KPCmouse PDAC organoids were pre-treated with control or Pin1i for

3 days, followed by (1) treating with control, GEM, or 5-FU, or (2) co-culturing with activated human PBMCs or mouse-derived CD8+ T cells, and treating with

control, aPD1, aPDL1, or GEM + aPD1 (G+P). Apoptosis of PDAC organoid was measured using caspase 3/7 green fluorescent reagent and time-lapse imaging.

(B) Human PDAC2 organoids were treated with control (DMSO), Pin1i-1 (10 mM) or Pin1i-2 (5 mM) for 3 or 7 days, followed by IB.

(legend continued on next page)
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resulting in poor outcomes. However, in response to aPD1 ther-

apy, immune cells might be activated as well as protected from

exhaustion to recognize and kill cancer cells expressing high PD-

L1 at the cell surface. This might be especially true if cancer cells

sensitize to the therapy by Pin1 inhibitors, which block multiple

cancer pathways and disrupt the desmoplastic and immunosup-

pressive TME, are combined with GEM, which is cytotoxic to

cancer cells, as suggested by our results in human organoids,

GDA mice, and KPC mice. However, more experiments are

needed to define the mechanisms by which high PD-L1 levels

in cancer cells improve aPD1 response, and whether Pin1 in im-

mune cells including CD8+ CTLs contributes to their function and

tumor killing response. Notably, our results also indicate that

combination treatment with Pin1 inhibitor and aPD1 induces

only a small minority of tumors (12.5%) to complete regression,

but leads to the complete regressions in the vast majority

(87.5%) of tumors when given in combination with low-dose

GEM in GDA mice, underscoring the importance of cytotoxic

damage to cancer cells.

Our results together suggest a potential new treatment strat-

egy using Pin1 inhibitors in combination with aPD1 and GEM

to render aggressive PDAC eradicable. Our experimental design

with a Pin1 inhibitor treatment for 3 days before addition of the

combination of GEM and aPD1 treatment is consistent with the

ability of Pin1 inhibitors to reduce multiple cancer pathways in

cancer cells and CAFs, to induce the cell-surface expression

of PD-L1 and ENT in cancer cells, to synergize with GEM and

aPD1 to induce organoid apoptosis, and to have better efficacy

in various PDAC mice models. We believe, prior to GEM and

aPD1 treatments, it may be important to ‘‘prime’’ the tumor

with Pin1 inhibition to reducemultiple cancer pathways in cancer

cells and CAFs and to induce the cell-surface expression of PD-

L1 and ENT in cancer cells, to prepare the tumor and its micro-

environment for immunochemotherapy, but further work needs

to define the exact impact and timing for such additional Pin1 in-

hibitor treatment.

We speculate that the Pin1 inhibitor-immunochemotherapy

combination would add little and/or non-overlapping toxicity to

immunochemotherapy. ATRA+ATO arewell tolerated and render

APL curable with an acceptable safety profile even in children (de

Thé and Chen, 2010), and PIN1�/� mice develop normally (Liou

et al., 2002; Zhou and Lu, 2016). A recent phase I study found

that adding ATRA to GEM and nab-paclitaxel in the treatment

of advanced PDAC is safe and tolerable and results in an encour-
(C–E) Pin1i-1 pre-treated PDAC2 organoids were treated with GEM, followed by e

and GEM 25 nM) for different times (C and D) or at different concentrations for 24

(F–H) Pin1i-1 pre-treated PDAC2 organoids were co-cultured with activated hum

apoptosis at constant concentrations (Pin1i-1 10 mM and aPD1 200 mg/mL) for

analyzing synergy score of Pin1i and aPD1 using Synergy finder (H).

(I–K) Pin1i pre-treated PDAC2 organoids were co-cultured with activated human

organoid apoptosis at constant concentrations (Pin1i-1 10 mM, GEM 10 nM an

indicated for 40 h and analyzing synergy score of Pin1i, GEM and/or aPD1 using

(L–N) KPC organoids derived from KPC mouse PDAC tumors were co-cultured w

mice or their tumor-free littermates that did not have all the three transgenes for 4

(5 mM) for 3 days and co-culturedwith the sameKPC tumor-bearingmouse-derive

N), followed by examining PDAC organoid apoptosis.

Scale bars, 100 mm. Error bars, mean ± SD; *p < 0.05, **p < 0.001, ***p = 0.0001, *

Video S2.
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aging progression-free survival for over 11 months, as well as re-

programs the TME (Kocher et al., 2020), consistent with our find-

ings. The efficacy of ATRA is limited by a short half-life of 45min in

humans (Lefebvre et al., 1991) and requires addition of ATO to

cure APL (de Thé and Chen, 2010). However, liposomal ATRA

has a longer half-life with significant efficacy in APL patients as

monotherapy (Jain et al., 2014). In this context, our data show

that the covalent Pin1 inhibitor Sulfopin, which targets the ATO-

binding site (Dubiella et al., 2021), matches ATRA+ATO with re-

gard to efficacy in PDAC.

In summary, we uncover a unique therapeutic strategy and

elucidate the underlying mechanisms by which targeting Pin1

renders aggressive PDAC eradicable by synergizing with immu-

nochemotherapy, paving the way for clinical trials and further

development of new Pin1 inhibitors to evaluate their clinical

impact on patients with PDAC.

Limitations of the study
Our studies present pre-clinical data that justify further develop-

ment of Pin1 inhibitors in preparation for first-in-human trials, but

they have some limitations. A potential concern is that PD-L1

expression induced by Pin1 inhibition might aid immune evasion

of cancer cells, and hence combination of a Pin1 inhibitor with a

ICB might be preferable to capitalize on increased PD-L1

expression to increase the synergy. Althoughwe found complete

resolution of a majority of PDAC tumors in the GDA model, and

long sustained reemission in the majority of the spontaneous

PDAC tumors in the genetic KPC mouse model, the KPC mice

have a minimal residual disease and some KPC mice showed

a resistance to Pin1i after long treatment.
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n.s., not significant; by one-way ANOVA (A–E) or log-rank test (F). See also Figure S7.

ll

Cell 184, 4753–4771, September 2, 2021 4767

Article



ll
Article
B Human and mouse PDAC organoids

B Human CAFs and human/mouse PDAC cells

d METHOD DETAILS

B Mouse experiments

B PDAC organoid and CAF co-culture model

B Organoid apoptosis assay

B Synergy score analysis

B Production of stable Pin1 KD or KO cell lines

B Construct of HIP1R point mutant

B Production of stable HIP1R expressing cell lines

B Production of stable HIP1R KD, ENT KD, and PD-L1

KD cell lines

B Cell proliferation assay

B ELISA assay and cytokine array

B Flow cytometric analysis

B Immunoblotting analysis (IB)

B Immunoprecipitation analysis (IP)

B HIP1R protein stability assay

B Quantitative real-time PCR analysis

B Lipid droplet accumulation assay

B Immunohistochemistry analysis (IHC)

B Immunofluorescence analysis (IF)

B t-CyCIF experimental protocol

B t-CyCIF image processing

B BaSiC

B ASHLAR

B Ilastik

B t-CyCIF data analysis workflow

B Data aggregation

B Data filtering

B Data normalization

B Isolation of CAF subsets

d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.cell.

2021.07.020.

ACKNOWLEDGMENTS

We are grateful to Stephanie K. Dougan for her expert advice, Terri Woo for her

assistance with t-CyCIF, and animal facility staffs at Beth Israel Deaconess

Medical Center (BIDMC) for mouse experiments. The graphical abstract and

schemas were created with BioRender.com. F.S. was supported by JSPS KA-

KENHI JP18KK0445 and AMED grant JP20gm5910024 in Japan. C.Q. is Alz-

heimer’s Association Research Fellow in the United States. B.W. was funded

by NIH R21 CA256720. S.K.M. was supported by NIH CA224193. The work is

supported by the funding from the Ludwig Center at Harvard and NIH grants

U54-CA225088 to S.S.; T32-HL007627 to G.G.; the Breast Cancer Research

Foundation (BCRF) and NIH SPORE grants 1P50CA168504 and

5R01CA226776 to G.M.W.; NIH R01CA205153 to K.P.L., N.S.G., and X.Z.Z.;

NIH R01AG055559 to K.P.L., E.H.L., and X.Z.Z.; and NIH U01NS096835 to

K.P.L.; as well as gift donations from the Owens Family Foundation to X.Z.Z.

and K.P.L in the United States.

AUTHOR CONTRIBUTIONS

Conceptualization, K.K., X.Z.Z., and K.P.L.; methodology, K.K., X.Z.Z., and

K.P.L.; investigation, K.K., S.K., F.S., N.S., N.K., T.D.M., P.J.B., Y.N., T.H.L.,

S.K., C.Q., A.V., G.G., and S.S.; writing – original draft, K.K., X.Z.Z., and
4768 Cell 184, 4753–4771, September 2, 2021
K.P.L.; writing – review & editing, K.K., B.W., G.M.W., G.S.N., X.Z.Z., and

K.P.L.; resources, D.A., K.O., Y.O., B.W., J.C., N.L., M.H., S.K.M., M.N., and

G.S.N.; project administration, G.M.W., X.Z.Z., and K.P.L; funding acquisition,

X.Z.Z., G.S.N., and K.P.L.; supervision, X.Z.Z. and K.P.L.
DECLARATION OF INTERESTS

K.K., G.M.W., T.D.M., B.J.P., N.L., N.S.G., X.Z.Z., and/or K.P.L. are inventors

of a number of issued patents and/or pending patent applications on Pin1,

Pin1 biomarkers, Pin1 inhibitors, and Pin1 inhibitor combination to treat human

diseases; X.Z.Z. and K.P.L. are inventors of cis P-tau antibody technology,

which was licensed by BIDMC to the startup Pinteon Therapeutics. X.Z.Z.

and K.P.L. are the scientific founders and former scientific advisors of and

own equity in Pinteon. Their interests were reviewed and are managed by

BIDMC in accordance with its conflict of interest policy. G.M.W. reports

research funding from Glaxo Smith Kline (institutional funding). N.S.G. is a

founder, science advisory board member (SAB), and equity holder in Gate-

keeper, Syros, C4, Allorion, Jengu, Inception, B2S, EoCys, Larkspur, and Sol-

tego (board member). The Gray lab receives or has received research funding

from Novartis, Takeda, Astellas, Taiho, Jansen, Kinogen, Arbella, Deerfield,

and Sanofi. All other authors do not have any competing interests.

Received: September 16, 2020

Revised: April 21, 2021

Accepted: July 15, 2021

Published: August 12, 2021

REFERENCES

Amrutkar, M., and Gladhaug, I.P. (2017). Pancreatic Cancer Chemoresistance

to Gemcitabine. Cancers (Basel) 9, 157.

Ayala, G., Wang, D., Wulf, G., Frolov, A., Le, R., Wheeler, T., Sowadski, J.M.,

Lu, K.P., and Bao, L. (2003). Pin1 is a novel prognostic marker in prostate can-

cer. Cancer Research 63, 6244–6251.

Bachem, M.G., Schünemann, M., Ramadani, M., Siech, M., Beger, H., Buck,

A., Zhou, S., Schmid-Kotsas, A., and Adler, G. (2005). Pancreatic carcinoma

cells induce fibrosis by stimulating proliferation andmatrix synthesis of stellate

cells. Gastroenterology 128, 907–921.

Balachandran, V.P., Beatty, G.L., and Dougan, S.K. (2019). Broadening the

Impact of Immunotherapy to Pancreatic Cancer: Challenges and Opportu-

nities. Gastroenterology 156, 2056–2072.

Bao, L., Kimzey, A., Sauter, G., Sowadski, J.M., Lu, K.P., and Wang, D.G.

(2004). Prevalent overexpression of prolyl isomerase Pin1 in human cancers.

Am. J. Pathol. 164, 1727–1737.

Bayne, L.J., Beatty, G.L., Jhala, N., Clark, C.E., Rhim, A.D., Stanger, B.Z., and

Vonderheide, R.H. (2012). Tumor-derived granulocyte-macrophage colony-

stimulating factor regulates myeloid inflammation and T cell immunity in

pancreatic cancer. Cancer Cell 21, 822–835.

Berg, S., Kutra, D., Kroeger, T., Straehle, C.N., Kausler, B.X., Haubold, C.,

Schiegg, M., Ales, J., Beier, T., Rudy, M., et al. (2019). ilastik: interactive ma-

chine learning for (bio)image analysis. Nat. Methods 16, 1226–1232.

Biankin, A.V., Waddell, N., Kassahn, K.S., Gingras, M.C., Muthuswamy, L.B.,

Johns, A.L., Miller, D.K., Wilson, P.J., Patch, A.M., Wu, J., et al.; Australian

Pancreatic Cancer Genome Initiative (2012). Pancreatic cancer genomes

reveal aberrations in axon guidance pathway genes. Nature 491, 399–405.

Binnewies, M., Roberts, E.W., Kersten, K., Chan, V., Fearon, D.F., Merad, M.,

Coussens, L.M., Gabrilovich, D.I., Ostrand-Rosenberg, S., Hedrick, C.C., et al.

(2018). Understanding the tumor immune microenvironment (TIME) for effec-

tive therapy. Nat. Med. 24, 541–550.

Bleijs, M., van deWetering, M., Clevers, H., and Drost, J. (2019). Xenograft and

organoid model systems in cancer research. EMBO J. 38, e101654.

Blume-Jensen, P., and Hunter, T. (2001). Oncogenic kinase signalling. Nature

411, 355–365.

https://doi.org/10.1016/j.cell.2021.07.020
https://doi.org/10.1016/j.cell.2021.07.020
http://BioRender.com
http://refhub.elsevier.com/S0092-8674(21)00879-5/sref1
http://refhub.elsevier.com/S0092-8674(21)00879-5/sref1
http://refhub.elsevier.com/S0092-8674(21)00879-5/sref106
http://refhub.elsevier.com/S0092-8674(21)00879-5/sref106
http://refhub.elsevier.com/S0092-8674(21)00879-5/sref106
http://refhub.elsevier.com/S0092-8674(21)00879-5/sref2
http://refhub.elsevier.com/S0092-8674(21)00879-5/sref2
http://refhub.elsevier.com/S0092-8674(21)00879-5/sref2
http://refhub.elsevier.com/S0092-8674(21)00879-5/sref2
http://refhub.elsevier.com/S0092-8674(21)00879-5/sref3
http://refhub.elsevier.com/S0092-8674(21)00879-5/sref3
http://refhub.elsevier.com/S0092-8674(21)00879-5/sref3
http://refhub.elsevier.com/S0092-8674(21)00879-5/sref4
http://refhub.elsevier.com/S0092-8674(21)00879-5/sref4
http://refhub.elsevier.com/S0092-8674(21)00879-5/sref4
http://refhub.elsevier.com/S0092-8674(21)00879-5/sref5
http://refhub.elsevier.com/S0092-8674(21)00879-5/sref5
http://refhub.elsevier.com/S0092-8674(21)00879-5/sref5
http://refhub.elsevier.com/S0092-8674(21)00879-5/sref5
http://refhub.elsevier.com/S0092-8674(21)00879-5/sref6
http://refhub.elsevier.com/S0092-8674(21)00879-5/sref6
http://refhub.elsevier.com/S0092-8674(21)00879-5/sref6
http://refhub.elsevier.com/S0092-8674(21)00879-5/sref7
http://refhub.elsevier.com/S0092-8674(21)00879-5/sref7
http://refhub.elsevier.com/S0092-8674(21)00879-5/sref7
http://refhub.elsevier.com/S0092-8674(21)00879-5/sref7
http://refhub.elsevier.com/S0092-8674(21)00879-5/sref8
http://refhub.elsevier.com/S0092-8674(21)00879-5/sref8
http://refhub.elsevier.com/S0092-8674(21)00879-5/sref8
http://refhub.elsevier.com/S0092-8674(21)00879-5/sref8
http://refhub.elsevier.com/S0092-8674(21)00879-5/sref9
http://refhub.elsevier.com/S0092-8674(21)00879-5/sref9
http://refhub.elsevier.com/S0092-8674(21)00879-5/sref10
http://refhub.elsevier.com/S0092-8674(21)00879-5/sref10


ll
Article
Brahmer, J.R., Tykodi, S.S., Chow, L.Q., Hwu, W.J., Topalian, S.L., Hwu, P.,

Drake, C.G., Camacho, L.H., Kauh, J., Odunsi, K., et al. (2012). Safety and ac-

tivity of anti-PD-L1 antibody in patients with advanced cancer. N. Engl. J. Med.

366, 2455–2465.

Burr, M.L., Sparbier, C.E., Chan, Y.C., Williamson, J.C., Woods, K., Beavis,

P.A., Lam, E.Y.N., Henderson, M.A., Bell, C.C., Stolzenburg, S., et al. (2017).

CMTM6 maintains the expression of PD-L1 and regulates anti-tumour immu-

nity. Nature 549, 101–105.

Cha, J.H., Chan, L.C., Li, C.W., Hsu, J.L., and Hung, M.C. (2019). Mechanisms

Controlling PD-L1 Expression in Cancer. Mol. Cell 76, 359–370.

Chen, L., Xu, X., Wen, X., Xu, S., Wang, L., Lu, W., Jiang, M., Huang, J., Yang,

D., Wang, J., et al. (2019). Targeting PIN1 exerts potent antitumor activity in

pancreatic ductal carcinoma via inhibiting tumor metastasis. Cancer Sci.

110, 2442–2455.

Dantes, Z., Yen, H.Y., Pfarr, N., Winter, C., Steiger, K., Muckenhuber, A., Hen-
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Reagent or resource Source Identifier

Antibodies

Mouse monoclonal anti-Pin1 Bao et al., 2004 N/A

Rabbit polyclonal anti-Pin1 Ayala et al., 2003; Wulf et al., 2001 N/A

Mouse monoclonal anti-Pin1 (clone G-8) Santa Cruz Cat# sc-46660; RRID: AB_628132

Mouse monoclonal Alexa Fluor 647 anti-

Pin1 (clone G-8)

Santa Cruz Cat# sc-46660 AF647; RRID: AB_628132

Rabbit polyclonal anti-Pin1 Cell Signaling Technology Cat# 3722; RRID: AB_10692654

Mouse monoclonal anti-CD8 alpha Abcam Cat# ab17147; RRID: AB_443686

Rabbit monoclonal anti-CD3 (clone SP7) Abcam Cat# ab16669; RRID: AB_443425

Rabbit monoclonal anti-CD45 (clone

EP322Y)

Abcam Cat# ab40763; RRID: AB_726545

Rabbit monoclonal anti-CD163 Abcam Cat# ab182422; RRID: AB_2753196

Rabbit monoclonal anti-Cytokeratin 19 Abcam Cat# ab52625; RRID: AB_2281020

Rabbit monoclonal anti-Fibroblast

activation protein

Abcam Cat# ab207178; RRID: AB_2864720

Rabbit polyclonal anti-Ki67 Abcam Cat# ab15580; RRID: AB_443209

Rabbit polyclonal anti-Granzyme B Abcam Cat# ab4059; RRID: AB_304251

Recombinant Alexa Fluor 488

Anti-HLA-DPB1 antibody (clone EPR11226)

Abcam Cat#ab201527; RRID: AB_2890211

Recombinant Alexa Fluor 555 Anti-alpha

smooth muscle Actin antibody (clone

EPR5368)

Abcam Cat# ab202509; RRID: AB_2868435

Goat F(ab) Anti-Mouse IgG H&L Abcam Cat# ab6668; RRID: AB_955960

Rabbit polyclonal anti-FBW7 Bethyl Cat# A301-720A; RRID: AB_1210897

Rat monoclonal anti-Mouse FOXP3, Alexa

Fluor 647

BioLegend Cat# 126408; RRID: AB_1089115

Rat monoclonal anti-Mouse Ly-6G, Alexa

Fluor 647

BioLegend Cat# 127610; RRID: AB_1134159

Rat monoclonal anti-Mouse CD11c, Alexa

Fluor 647

BioLegend Cat# 117312; RRID: AB_389328

Rat monoclonal anti-Mouse CD8a, Alexa

Fluor 647

BioLegend Cat# 100724; RRID: AB_389326

Rabbit polyclonal anti-Akt Cell Signaling Technology Cat# 9272; RRID: AB_329827

Rabbit monoclonal anti-c-Jun (clone 60A8) Cell Signaling Technology Cat# 9165; RRID: AB_2130165

Mouse monoclonal anti-E-Cadherin

(clone 4A2)

Cell Signaling Technology Cat# 14472; RRID: AB_2728770

Mouse monoclonal anti-Pan Keratin

(clone C11)

Cell Signaling Technology Cat# 4523S; RRID: AB_836889

Rabbit monoclonal anti-NF-kappaB p65

(clone D14E12)

Cell Signaling Technology Cat# 8242; RRID: AB_10859369

Rabbit monoclonal anti-LAMP1

(clone D2D11)

Cell Signaling Technology Cat# 9091; RRID: AB_2687579

Rabbit monoclonal anti-PD-L1

(clone E1L3N)

Cell Signaling Technology Cat# 13684; RRID: AB_2687655

Rabbit monoclonal anti-SQSTM1/p62

(clone D1Q5S)

Cell Signaling Technology Cat# 39749; RRID: AB_2799160

(Continued on next page)

e1 Cell 184, 4753–4771.e1–e13, September 2, 2021



Continued

Reagent or resource Source Identifier

Rabbit monoclonal anti-RRM1 (clone

D12F12)

Cell Signaling Technology Cat# 8637; RRID: AB_11217623

Rabbit monoclonal anti-Vimentin

(clone D21H3)

Cell Signaling Technology Cat# 5741; RRID: AB_10695459

Rabbit monoclonal anti-b-Catenin

(clone D10A8)

Cell Signaling Technology Cat# 8480; RRID: AB_11127855

Rabbit monoclonal anti-Cleaved Caspase3

(clone 5A1E)

Cell Signaling Technology Cat# 9664S; RRID: AB_2070042

Rabbit monoclonal anti-STING Cell Signaling Technology Cat# 13647S; RRID: AB_2732796

Mouse monoclonal PE anti-CD44 (clone

156-3C11)

Cell Signaling Technology Cat# 8724; RRID: AB_10829611

Rabbit monoclonal Alexa Fluor 555

anti-PDGF Receptor a (D13C6) XP

Cell Signaling Technology Cat# 8893; RRID: AB_2797679

Mouse monoclonal anti-Human Smooth

Muscle Actin (clone 1A4)

Dako Cat# M0851; RRID: AB_2223500

Rat monoclonal Super Bright 600

anti-CD8a (clone 53-6.7)

eBioscience Cat# 63-0081-82; RRID: AB_2637163

Mouse monoclonal eFluor 660 anti-CD8a

(clone AMC908)

eBioscience Cat# 50-0008-80; RRID: AB_2574148

Goat Polyclonal Alexa Fluor 488 anti-CD4 R&D Systems Cat# FAB8165G; RRID: AB_2728839

Rabbit polyclonal anti-PD-L1 Novus Cat# NBP1-76769; RRID: AB_11024101

Mouse monoclonal anti-AQP9 (clone G-3) Santa Cruz Cat# sc-74409; RRID: AB_1119055

Mouse monoclonal anti-Cytokeratin 19

(clone A-3)

Santa Cruz Cat# sc-376126; RRID: AB_10988034

Mouse monoclonal anti-cyclin D1 (clone

DCS-6)

Santa Cruz Cat# sc-20044; RRID: AB_627346

Mouse monoclonal anti-dCK (clone H-3) Santa Cruz Cat# sc-393099; RRID: AB_2864729

Mouse monoclonal FITC anti-ENT1

(clone F12)

Santa Cruz Cat#sc-377283FITC; RRID: N/A

Rabbit polyclonal anti-CMTM6 Sigma-Aldrich Cat# HPA026980; RRID: AB_10602801

Mouse monoclonal anti-FLAG (clone M2) Sigma-Aldrich Cat# F1804; RRID: AB_262044

Mouse monoclonal anti-b-Actin Sigma-Aldrich Cat# A5441; RRID: AB_476744

Rabbit polyclonal anti-ENT1 Proteintech Cat# 11337-1-AP; RRID: AB_2190784

Rabbit polyclonal anti-HLA class I ABC Proteintech Cat# 15240-1-AP; RRID: AB_1557426

Rabbit polyclonal anti-HIP1R Proteintech Cat# 16814-1-AP; RRID: AB_2117572

Rat monoclonal PE-Cyanine7 anti-

mouse CD45

Invitrogen Cat# 25-0451-82; RRID: AB_2734986

Mouse monoclonal Pan Cytokeratin Alexa

Fluor 488 (clone AE1/AE3)

Invitrogen Cat# 53-9003-82; RRID: AB_1834350

Rat monoclonal Pacific blue anti-

mouse CD3

BioLegend Cat# 100214; RRID:AB_493645

Rat monoclonal APC anti-mouse CD4 BioLegend Cat# 100516; RRID: AB_312719

Rat monoclonal PE anti-CD8a BioLegend Cat# 553033; RRID: AB_394571

Rat monoclonal PE anti-mouse/

human CD11b

BioLegend Cat# 101208; RRID: AB_312791

Armenian Hamster monoclonal PE anti-

mouse CD11c

BioLegend Cat# ;117308; RRID: AB_313777

Rat monoclonal PE anti-mouse NK1.1 BioLegend Cat# 108708; RRID: AB_313395

Rat monoclonal APC anti-mouse CD206 BioLegend Cat# 141708; RRID: AB_10900231

Rat monoclonal FITC anti-mouse F4/80 BioLegend Cat# 123108; RRID:AB_893502

(Continued on next page)
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Rat monoclonal APC anti-mouse CD279

(PD-1)

BioLegend Cat# 135210; RRID: AB_2159183

Rat monoclonal APC anti-mouse CD274

(PD-L1)

BioLegend Cat# 124312; RRID: AB_10612741

Rat monoclonal FITC anti-mouse H-2Kb

(MHC-ClassI)

BioLegend Cat#116506; RRID: AB_313733

Rat monoclonal FITC anti-mouse 1-A/1-E

(MHC-ClassII)

BioLegend Cat# 107606; RRID: AB_313321

Rat monoclonal FITC anti-human/mouse

Granzyme B

BioLegend Cat# 515403; RRID: AB_2114575

Rat monoclonal APC anti-mouse

CD152 (CTLA4)

BioLegend Cat# 106310; RRID: AB_2087653

Mouse monoclonal Alexa Fluor 647 anti-

human CD45

BioLegend Cat# 304056; RRID: AB_2564155

Rat monoclonal FITC anti-FOXP3 Invitrogen Cat# 11-5773-82; RRID:AB_465243

Rat monoclonal FITC anti-CD223 (Lag-3) Invitrogen Cat# 11-2231-82; RRID: AB_2572484

Goat polyclonal anti-Mouse IgG, IgM (H+L),

Alexa Fluor 488

Invitrogen Cat# A-10680; RRID: AB_2534062

Goat polyclonal anti-Rabbit IgG (H+L),

Alexa Fluor 488

Invitrogen Cat# A-11008; RRID: AB_143165

Goat polyclonal anti-Mouse IgG (H+L),

Alexa Fluor 594

Invitrogen Cat# A-11005; RRID: AB_2534073

Goat polyclonal anti-Rabbit IgG (H+L),

Alexa Fluor 594

Invitrogen Cat# A-11012; RRID: AB_2534079

Goat polyclonal anti-Rat IgG (H+L), Alexa

Fluor 594

Invitrogen Cat# A-11007; RRID: AB_10561522

Goat polyclonal anti-Mouse IgG (H+L)

Cross-Adsorbed Secondary Antibody,

Alexa Fluor 647

Invitrogen Cat# A-21235; RRID: AB_2535804

Goat polyclonal anti-Rabbit IgG

IRDye 800CW

LI-COR Cat# 926-32211; RRID: AB_621843

Horse anti-Mouse IgG (H+L) Vector Laboratories Cat# PI-2000; RRID: AB_2336177

Goat anti-Rabbit IgG (H+L) Vector Laboratories Cat# PI-1000; RRID: AB_2336198

Bacterial and virus strains

Pin1 shRNA lentiviral particles Kondo et al., 2015 N/A

CRISPR Pin1 lentiviral particles Kozono et al., 2018 N/A

GFP (CMV Bsd) lentiviral particles GeneTarge Cat# LVP001

Biological samples

Tissue specimens of patients with PDAC Kyushu University Hospital,

Fukuoka, Japan

Ethics board approval #28-189

Archival tissue specimens of patients

with PDAC

Brigham and Women’s Hospital,

Boston, MA

IRB approval #1627

PDAC patient derived xenograft

(PDX) tumor

Gilles et al., 2018 N/A

Chemicals, peptides, and recombinant proteins

All-trans retinoic acid (ATRA) Sigma Cat. #R2625

Arsenic trioxide (ATO) Sigma-Aldrich Cat# A1010

ATRA-releasing pellet Innovative Research of America Cat# V-111

Placebo pellet Innovative Research of America Cat# C-111

Sulfopin Dubiella et al., 2021 N/A

NMP Sigma-Aldrich Cat# 328634

(Continued on next page)
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Kolliphor HS 15 (Solutol) Sigma-Aldrich Cat# 42966

DMSO Corning Cat# 25-950-CQC

Gemcitabine FRESENIUS KABI NDC 63323-102-13

5-FU Sigma Cat# F6627

InVivoMAb anti-PD-1 BioXcell Cat# BE0146

InVivoMAb anti-PD-L1 BioXcell Cat# BE0285

InVivoMAb anti-CD8a BioXcell Cat# BE0117

InVivoMAb anti-Nk1.1 BioXcell Cat# BE0036

InVivoMAb anti-CTLA4 BioXcell Cat# BE0032

InVivoMAb rat IgG2a isotype control BioXcell Cat# BE0089

InVivo ph7.0 Dilution Buffer BioXcell Cat# IP0070

Paclitaxel MedChemExpress Cat# HY-B0015

PEG 300 MedChemExpress Cat# HY-Y0873

Tween 80 MedChemExpress Cat# HY-Y1891

Growth Factor reduced (GFR) Matrigel Corning Cat# 356231

RPMI 1640 without L-glutamine and

phenol red

Corning Cat# 17-105-CV

AdDMEM/F12 Invitrogen Cat# 12634-010

HEPES Invitrogen Cat# H4034

GlutaMax Invitrogen Cat# 35050-061

Penicillin/Streptomycin Invitrogen Cat# 15140122

B27 Invitrogen Cat# 17504044

N-acetyl-L-cysteine Sigma-Aldrich Cat# 9165

Wnt-3a R&D Systems Cat# 5036-WN-010

R-Spondin 1 Peprotech Cat# 120-38

Noggin Invitrogen Cat# 120-10C

EGF Peprotech Cat# AF-100-15

FGF Peprotech Cat# C100-26

Nicotinamide Sigma-Aldrich Cat# N0636

Y- 27263 Sigma-Aldrich Cat# Y0503

A83-01 R&D Systems Cat# 2939/10

Cell Tracker Green Life Technologies Cat# C7025

Cell Tracker Red Life Technologies Cat# C34552

Matrigel Corning Cat# 356231

Collagen BD Biosciences Cat# 354249

Collagenase/dispase Sigma-Aldrich Cat# 11097113001

TrypLE Express GIBCO Cat# 12604-021

Defined K-SFM GIBCO Cat# 10744019

Dynabeads Human T-Activator CD3/CD28

for T Cell Expansion and Activation

GIBCO Cat# 11161D

Dynabeads Mouse T-Activator CD3/CD28

for T Cell Expansion and Activation

GIBCO Cat# 11456D

Recombinant IL-2 Peprotech Cat# 200-02

Recombinant IL-2 Peprotech Cat# 212-12

Green-fluorescent caspase 3/7 probe

reagent

Invitrogen Cat# R37111

Image-iT LIVE Red Caspase-3 and �7

Detection Kit, for microscopy

Invitrogen Cat# I35101

Cell Staining Buffer BioLegend Cat. #420201

(Continued on next page)
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Foxp3 / Transcription Factor Staining

Buffer Set

eBioscience Cat# 00-5523-00

Intracellular Fixation & Permeabilization Kit eBioscience Cat# 88-8824-00

RIPA Lysis and Extraction Buffer Thermo Scientific Cat# 89901

NaF Sigma-Aldrich Cat# S1504

NA3VO4 Sigma-Aldrich Cat# S6508

Aprotinin Sigma-Aldrich Cat# A1153

Leupeptin Sigma-Aldrich Cat# 62070

Pepstatin Sigma-Aldrich Cat# P5318

DTT Fisher Scientific Cat# BP172-25

AEBSF Sigma-Aldrich Cat# A8456

Chymotrypsin Sigma-Aldrich Cat# C7268

Tween 20 VWR LIFE SCIENCE Cat# M147

HEPES Sigma-Aldrich Cat# H3375

Triton X-100 Sigma-Aldrich Cat# T9284

Cycloheximide Sigma-Aldrich Cat# C104450

Glycerol Fisher Chemical Cat# G33-4

Protein A Sepahrose beads GeneScript Cat# L00210

b-mercaptoethanol Millipore Cat# ES-007-E

4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-

3a,4a-diaza-s-indacene

Life Technologies Cat# D-3922

Hematoxylin Fisher Chemical Cat# CS401-1D

Picrosirius Red Staining Kit Polysciences Cat# 24901

Blasticidin InvivoGen Cat# ant-bl-05

Puromycin Sigma Cat#P8833

MG132 Sigma Cat#1211877-36-9

NAE inhibitor, MLN4929 Calbiochem Cat# 5.05477.000

3-MA Sigma Cat# M9281

Bafilomycin A1 Sigma Cat# 19-148

Chloroquine CAYMAN CHEMICAL COMPANY Cat# 14194

EasySep Mouse CD8+ T Cell Isolation Kit STEM CELL Cat# 19853

EasySep Buffer STEM CELL Cat# 20144

Tumor dissociation Kit Mouse Miltenyi Biotec Cat# 130-960-730

RNeasy Mini Kit QIAGEN Cat# 74104

SYBR Green PCR Master Mix Applied Biosystems Cat# 4309155

Critical commercial assays

CellTiter-Glo 2.0 Assay Promega Cat# G9242

Human IL-6 uncoated ELISA Kit Invitrogen Cat# 88-7066-88

Human TGF-b uncoated ELISA Kit Invitrogen Cat# 88-50390-88

Human SDF1a (CXCL12) ELISA Kit Invitrogen Cat# EHCXCL12A

Human LIF ELISA Kit Invitrogen Cat# BMS242

Human IFNa ELISA kit R&D Systems Cat# 41100-1

Human cytokine ELISA plate array I Signosis Cat# EA-4001

Experimental models: Cell lines

Human: Patient derived PDAC organoid Koikawa et al., 2018a N/A

Human: Patient derived PDAC cell Koikawa et al., 2018a N/A

Human: Patient derived PSC cell Endo et al., 2017; Koikawa et al., 2018b N/A

Human: PBMC Precision for Medicine Lot# 2010113876

Mouse: KPC derived PDAC organoid Koikawa et al., 2018a N/A

(Continued on next page)
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Mouse: KPC derived PDAC cell Okumura et al., 2019 N/A

Experimental models: Organisms/strains

Mouse: C57BL/6 Jackson Laboratories Stock # 000664 IMSR_JAX:000664

Mouse: NOD.Cg- prkdcscidll2rgtm1Wjl/Szj Jackson Laboratories Stock # 005557 IMSR_JAX:005557

Mouse: LSL-KRasLSLG12D/+ Jackson Laboratories Stock # 008179 IMSR_JAX:008179

Mouse: LSL-p53R172H/+ Jackson Laboratories Stock # 008652 IMSR_JAX:008652

Mouse: Pdx1-Cre Jackson Laboratories Stock # 014647 IMSR_JAX:014647

Oligonucleotides

MISSION shRNA clone for human HIP1R Sigma-Aldrich Table S3

MISSION shRNA clone for human CD274

(PD-L1)

Sigma-Aldrich Table S3

MISSION shRNA clone for human

SLC29A1 (ENT1)

Sigma-Aldrich Table S3

Software and algorithms

BZ-X 800 analyzer software ver. 1.1.1.8 KEYENCE https://www.keyence.com/ss/products/

microscope/bz-x800_long/

Synergyfinder ver. 2 Ianevski et al., 2020 https://synergyfinder.fimm.fi

CRISPR design tool ZHANG LAB http://CRISPR.mit.edu/

Guide Design Resources ZHANG LAB https://zlab.bio/guide-design-resources

CytExpert software Beckman Coulter Model #B90883

ImageJ NIH https://imagej.nih.gov/ij/

Prism 8 GraphPad Software https://www.graphpad.com/

scientific-software/prism/

BioRender BioRender.com. https://app.biorender.com
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled Lead Contact, Kazuhiro Koi-

kawa (kkoikawa@bidmc.harvard.edu).

Materials availability
Any other unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer

Agreement.

Data and code availability
This study did not generate/analyze unique datasets or code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human PDAC tissue samples
Human PDAC tissue samples used in this study came from 167 patients who underwent surgical resections for pancreatic cancer at

Kyushu University Hospital (Fukuoka, Japan). The study was approved by the Ethics Committee of Kyushu University and conducted

by the Ethical Guidelines for Human Genome/Gene Research enacted by the Japanese Government and Helsinki Declaration.

Mouse models of PDAC
We used the following 4 different commonly used mouse models of human PDAC (Bleijs et al., 2019; Day et al., 2015). 1) The KPC

(LSL-K-RasLSLG12D/+; LSL-p53R172H/+;Pdx1-Cre) genetically engineered mouse model (Hingorani et al., 2005). KPC mice were

generated by crossbreeding LSL-KrasG12D (B6.129S4-Krastm4Tyj/J Stock No: 008179, a congenic C57BL/6J genetic background,

Jackson Laboratories), LSL-p53 (129S-Trp53tm2Tyj/J, Stock No: 008652, a 129S4/SvJae background, Jackson Laboratories, also

known As:p53LSL.R172H 129svj), and Pdx1-Cre (B6.FVB-Tg (Pdx1-cre) 6Tuv/J Stock No: 014647, a C57BL/6 genetic background.
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Allelic profiling of resulting KPCmice by the B6 panel (Jackson Laboratories) confirmed 129S1/SvImJ with average match of 84.2%,

129S4SvJae with average match of 83.8%, B6N with average match of 65.7% and B6J, with average match of 65.1%. 2) the KPC

Genetically engineered mouse-derived orthotopic allografts (GDA) mouse model (Hingorani et al., 2005; Li et al., 2019). Mouse

PDAC cells were established from KPC mouse pancreatic tumor tissues, followed by orthotopically injecting 1 x106 mouse PDAC

cells in 50 mLMatrigel (356231, Coaning) into the pancreas of female 8 week-old syngeneic immunocompetent C57BL/6 mice (Jack-

son Laboratories). 3) PDAC Patient-derived Tumor orthotopic xenografted (PDTX) mouse model (Gilles et al., 2018; Rubio-Vi-

queira et al., 2006). PDAC PDX tumors were obtained from Dr. Muthuswamy and Dr. Hidalgo and divided into 4 3 2 mm pieces,

followed by xenografting orthotopically into the pancreas of female 8-week-old immunodeficient NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ

(NOD scid gamma; NSG) mice (Jackson Laboratories). 4) PDAC Patient-derived Organoid and CAFs orthotopic xenograft

(PDOX) mouse model (Dantes et al., 2020; Koikawa et al., 2018a). 5 3 104 patient derived PDAC organoids and 5 x104 patient

derived CAFs in 50 mL of Matrigel were injected orthotopically into the pancreas of female 8 week-old immunodeficient NSG mice

(Jackson Laboratories).

Human and mouse PDAC organoids
Primary humanPDAC organoids (PDAC1 andPDAC2 organoid) were established form fresh surgically resected human PDAC tissues

from two different patients in Kyushu University, and mouse PDAC organoids were established form KPC mice pancreatic tumor as

previously described (Koikawa et al., 2018a; Koikawa et al., 2018b; Okumura et al., 2019). These organoids were 3D cultured in

Growth Factor reduced (GFR) Matrigel (356231, Corning) with complete organoid media, containing AdDMEM/F12 (12634-010, In-

vitrogen, CA, USA), medium supplemented with 1M HEPES (Invitrogen), GlutaMax (35050-061, Invitrogen), penicillin/streptomycin

(15140122, Invitrogen), B27 (17504044, Invitrogen), N-acetyl-L-cysteine (9165, Sigma-Aldrich Co.), Wnt-3a (5036-WN-010, R&D

Systems), R-Spondin 1 (120-38, Peprotech), Noggin (120-10C, Invitrogen), epidermal growth factor (EGF, AF-100-15, Peprotech),

fibroblast growth factor (FGF, C100-26, Peprotech), Nicotinamide (N0636, Sigma-Aldrich Co.), Y- 27263 (Y0503, Sigma-Aldrich

Co.) and A83-01 (2939/10, R&D Systems). To distinguish and visualize PDAC organoids and CAFs in live-cell imaging fluorescence

microscopy, PDAC organoids were labeled with green fluorescent protein (GFP) or Cell TrackerTM Green (C7025, Life Technologies).

Human CAFs and human/mouse PDAC cells
The human CAFs (CAF1 and CAF2) were established in Kyushu University from fresh surgically resected PDAC tissues from two

different patients using the outgrowthmethod, as described previously (Bachemet al., 2005; Koikawa et al., 2018b). The isolated cells

were confirmed to beCAFsby their spindle-shapedmorphology, and immunofluorescence staining foraSMA-, vimentin-, CD90-, glial

fibrillary acidicprotein-, andnestin-positive, andCK19-negative (Endoet al., 2017;Koikawaet al., 2018b), andusedwithin 6passages.

Human PDAC cells (PDAC1 and PDAC2) were isolated form PDAC organoids, which were established surgically resected human

PDAC tissues from two different patients in Kyushu University (Koikawa et al., 2018b), and Mouse PDAC cells were established

from pancreatic tumors of KPC mice using the outgrowth method described previously (Okumura et al., 2019), and the cells were

tested for CK19, SMA, Vimentin and CD45 to verify their identity and purity, and used within 8 passages for all experiments. Cell lines

weremaintained in Dulbecco’smodified Eagle’smedium (Sigma-Aldrich Co.) supplementedwith 5%–10% fetal bovine serum, strep-

tomycin (100 mg/ml), and penicillin (100 mg/ml) at 37�C in a humidified atmosphere containing 10% CO2. All cell lines were tested

negative for mycoplasma contamination. To distinguish and visualize PDAC cells and CAFs in live-cell imaging fluorescence micro-

scopy, PDAC cells were labeled with green fluorescent protein (GFP) or Cell TrackerTM Green (C7025, Life Technologies), whereas

CAFs were labeled with Cell TrackerTM Red (C34552, Life Technologies).

METHOD DETAILS

Mouse experiments
Pin1i-1 (ATRA+ATO) treatment was described as previously (Kozono et al., 2018; Wei et al., 2015), so did Pin1i-2 (Sulfopin) treatment

(Dubiella et al., 2021). Briefly, all mice were randomly selected to receive treatments groups. Tumor sizes were measured by weekly

palpation with electronic caliper or ultrasound, and when tumors were reached > 0.5cm, the treatment was started. Briefly, animals

were placed under general anesthesia with 2%–3% isoflurane once a week. Under general anesthesia, the abdominal wall became

very flaccid, and the muscle tone of the mouse was very low. The mouse was scuffed with the left hand to allow for palpation and

measurement with the right hand. This allowed to detect the firm pancreatic mass by palpation, and to determine its size by electronic

caliper measurements. Mice in our hands did not develop ascites, and the firm upper abdominal mass was easily identified below the

rib cage in the left abdomen. In the GDA model and PDX models, palpable tumors predictably were detectable within 4-7 days post

implantation. Hence electronic caliper measurements under general anesthesia were our routine method, and confirmatory ultra-

sound was conducted in some cases (Figure S1B). In the transgenic KPC mice, where we expected spontaneous tumor develop-

ment, we started weekly palpation from age 8 weeks. When we could not clearly detect the tumor by palpation after age 12 weeks,

wemonitoredmice by ultrasound. Oncewe detected themaximum length > 0.5 cm tumor, we randomized themice to treatment, and

then followed tumor growth by electronic caliper measurement. To validate the external caliper measurements, we measured the

tumor size prior to euthanization of the mice and then measured the actual tumor size upon necropsy to ascertain concordance.

Mice were treated with ATO (2 mg/kg, i.p., 3 times/week, Sigma) and subcutaneous implantation of 5 mg 21-day slow-releasing
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ATRA pellets (Innovative Research of America) (Pin1i-1) or placebo pellets (Innovative Research of America), or Sulfopin (40 mg/kg,

i.p., every day) (Pin1i-2) or vehicle (Sulfopin diluted solution; 5% NMP, 5% Solutol, 20% DMSO), and/or Gemcitabine (10mg/kg or

20mg/kg, i.p., weekly) or vehicle (PBS), and/or anti-PD1 (200 mg, i.p., every 3-4 days, BE0146, BioXcell) or vehicle (IgG isotype con-

trol, BE0090, BioXcell). To evaluate the effects of CD8+ T cell or NK1.1+ cell depletion in GDA mice, mice were treated with anti-CD8

(200 mg, i.p., twice a week, BE0117, BioXcell) (Pantelidou et al., 2019) or anti-NK1.1 (25 mg, i.p., twice a week, BE0036, BioXcell)

(Waggoner et al., 2011), or vehicle (IgG isotype control), and/or Sulfopin (40mg/kg, i.p., every day) (Pin1i-2) or vehicle (Sulfopin diluted

solution; 5% NMP, 5% Solutol, 20% DMSO), and/or anti-PD1 (200 mg, i.p., every 3-4 days, BE0146, BioXcell) or vehicle (IgG isotype

control). To test Sulfopin and/or PTX and/or anti-CTLA4 combination treatment in GDAmice, mice were treated with Sulfopin (40mg/

kg, i.p., every day) (Pin1i-2) or vehicle (Sulfopin diluted solution; 5% NMP, 5% Solutol, 20% DMSO), and/or PTX (10mg/kg i.p.,

weekly) or vehicle (PTX diluted solution; 10% DMSO, 40% PEG300, 5% Tween 80, 45% Saline), and/or anti-CTLA-4 (250 mg, i.p.,

every 3-4 days, BE0032, BioXcell) or vehicle (IgG isotype control). Tumor volumes were calculated using the formula L x W2 3

0.52, where L and W represent length and width, respectively (Kozono et al., 2018). Survival events were scored when mice lost

over 10% body weight, tumor burden reached 2.0 cm in diameter or per absolute survival events. All animal experiments were

approved by the IACUC of the Beth Israel Deaconess Medical Center, Boston, MA, USA.

PDAC organoid and CAF co-culture model
For indirect co-culture model, 5 3 103 primary human PDAC organoids were cultured in 50 mL GFR Matrigel (356231, Corning) with

Organoid Media and 5 3 104 primary human CAFs, which were stably transfected with Pin1 shRNA or control vector, were then

seeded on the top of Matrigel for 10 days, followed by monitoring organoid growth using Cyntellect Celigo (Cyntellect) and analyzing

the organoid size using Cyntellect Celigo software (version 1.3, Cyntellect). Direct co-culture model of PDAC organoids and CAFs

was as described (Koikawa et al., 2018a; Koikawa et al., 2018b). Briefly, primary human PDAC organoid cells were transfected

with GFP and subjected to organoid culture. Human primary CAFs were pre-treated with Pin1 inhibitor (Pin1i-1 or Pin1i-2), or stably

transfected with Pin1 CRISPR KO or vector control. Before the start of co-culture, CAFs were stained in red with cell tracker red

(C34452, Invitrogen) for visualization. 1 3 104 Organoids were co-cultured with 1 3 105 human primary CAFs on the Matrigel and

collagen (354249, BD Biosciences) mixed gel coated 6 well plate, followed by observing time lapse images using BZ-X800 fluores-

cence microscope (KEYENCE) and examining the organoid area using BZ-X 800 analyzer software (KEYENCE).

Organoid apoptosis assay
1) For assaying the effects of Pin1 inhibition on GEM sensitivity, 53 103 primary human PDAC organoids were cultured in 50 mL

GFRMatrigel (356231, Corning) for 7 days and then the organoids were treated with control (DMSO) or Pin1 inhibitors (Pin1i-1,

or Pin1i-2) for 3 days. The organoids were isolated from Matrigel using collagenase, and seed Matrigel coated 96 well plate,

and then treated with control (PBS) or GEM, or control (DMSO) or 5-FU, followed by assaying organoid apoptosis using fluo-

rescent caspase 3/7 and live-cell time lapse imaging for 24 hr. At the start of coculture, a green-fluorescent caspase 3/7 probe

reagent (R37111, Invitrogen) and Hoechst (135102, Invitrogen) was added to visualize cells undergoing apoptosis. Apoptotic

organoids were monitored by time lapse imaging using BZ-X800 fluorescence microscope (KEYENCE) and quantified using

BZ-X800 analyzer (ver. 1.1.1.8, KEYENCE).

2) For assaying the effects of Pin1 inhibition on anti-PD1 or PDL1 sensitivity, organoids and PBMCswere co-culture as described

previously (Dijkstra et al., 2018; Jiao et al., 2017). Human PDAC organoids were treated with control (DMSO) or Pin1 inhibitors

(Pin1i-1, or Pin1i-2) for 3 days, and then co-cultured with human PBMCs. Human PBMCs (Precision for Medicine) were stim-

ulated by PDAC organoid culture media, and 8.03 104 PBMCs were incubated with 2 ml CD3/28 beads (11161D, GIBCO) and

30 U recombinant IL-2 (200-02, Peprotech) per well in 96-well plates for 24 hours before starting co-culture. PDAC organoids

and activated PBMCswere directly co-cultured at 5:1 ratio onMatrigel (356231, Coaning) coated 96well plate and treated with

control (IgG), anti-PD1, or anti-PDL1, or control (PBS + IgG) or GEM + anti-PD1. At the start of co-culture, a green-fluorescent

caspase 3/7 probe reagent (R37111, Invitrogen) and Hoechst (135102, Invitrogen) were added to visualize cells undergoing

apoptosis. Apoptotic organoids were monitored by live-cell time lapse imaging was started 2 hours after the start of co-culture

using BZ-X800 fluorescence microscope (KEYENCE) and quantified using BZ-X800 analyzer (ver. 1.1.1.8, KEYENCE).

3) For assaying the effects of Pin1 inhibition on GEM and anti-PD1 sensitivity in mouse PDAC organoids, mouse PDAC organoids

(KPC organoids) were established from KPC mouse PDAC tumors, and 1x 106 KPC organoid cells were orthotopically trans-

planted into their tumor-free littermates that did not have all the three transgene or female C57BL/6 WT (8 weeks of age, Jack-

son) mouse pancreas. 4 weeks after transplantation, mouse CD8+ T cells were isolated from the KPC tumor-bearing mouse, or

tumor-free littermate mouse or C57BL/6 WT mouse spleens using CD8+ T cell Isolation Kit (19853, STEM CELL) according to

the manufacturer’s instructions, and then 8.03 104 CD8+ T cells were activated with 2 ml CD3/28 beads (11453D, GIBCO) and

30U recombinant IL-2 (212-12, Peprotech) per well in 96-well plate for 24 hours before the start of co-culture. At the start of co-

culture, a green-fluorescent caspase 3/7 probe reagent (R37111, Invitrogen) and Hoechst (135102, Invitrogen) were added to

visualize cells undergoing apoptosis. KPC organoids were treated with control (DMSO) or Pin1 inhibitors (Pin1i-1 or Pin1i-2) for

3 days, and KPC organoids and activated CD8+ T cells were directly co-cultured 5:1 ratio onMatrigel (356231, Corning) coated

96 well plate, and then treated with control (IgG) or anti-PD1, or control (PBS + IgG) or GEM + anti-PD1. Apoptotic organoids
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were again monitored by time lapse imaging using BZ-X800 fluorescence microscope (KEYENCE) and quantified using BZ-

X800 analyzer (ver. 1.1.1.8, KEYENCE).
Synergy score analysis
To analyze the synergistic effects of the combination therapy between Pin1i and chemotherapies (GEM or 5-FU) or checkpoint im-

munotherapies (anti-PD-1 or anti-PD-L1), using Organoid apoptosis assay (see Organoid apoptosis assay). Synergy scores were

calculated by Synergyfinder ver 2 (https://synergyfinder.fimm.fi/) (Ianevski et al., 2020).

Production of stable Pin1 KD or KO cell lines
Establishment of Pin1 KD and CRISPR KO cells were as descried previously (Kozono et al., 2018; Wei et al., 2015). Pin1 guide RNAs

(gRNAs) were designed using the online CRISPR design tool (http:// CRISPR.mit.edu/). The gRNA sequences were gRNA-1 AGT-

CACGGCGGCCCTCGTCCTGG, gRNA-2 CAGTGGTGGCAAAAACGGGCAGG. The pLentiCRISPR construction was performed ac-

cording to the protocol provided by the Zhang Lab (https://zlab.bio/guide-design-resources). Oligos, (F)— 50-CACCC-gRNA and (R)

AAAC-gRNA-C, were cloned into the gRNACloning Vector (Addgene, plasmid #49536). To obtain single clones of Pin1 KO cells, cells

were transfected with the pLenti CRISPR plasmid containing each target gRNA sequence or empty vector, selected with puromycin

for 3 days and isolated by colony formation assay or single cell culture. The single clones were validated by immunoblotting analysis

and DNA sequencing.

Construct of HIP1R point mutant
HumanHIP1R (Huntingtin InteractingProtein 1Related) (GenBank:NM_003959.3; 3,204 bpORF sequence) in pcDNA3.1+/C-(K)-DYK

was purchased from GenScript (NJ, USA). For constructing the point mutants of the putative Pin1 binding serine929-proline site,

Ser929wassubstitutedbyalanine (S929A) using inversePCRmethodwith primer sets, asdescribedbefore (Suizuet al., 2016). Inbrief,

wholeplasmidDNAwasamplifiedby thepolymerasechain reactionof 16cycleswithprimer setsdescribedbelow inUniverseHotStart

High-Fidelity 2xPCRMastermix (Biotool). After the reaction, template plasmidDNAs (wild-type)weredigestedbyDpnI enzyme (NEB).

The amplifiedmutated linear DNA fragmentswere self-ligated and circulized in the presence of T4 Polynucleotide kinase (NEB) and T4

DNA ligase (NEB). Themutation siteof plasmidDNAwasconfirmedby sangerDNAsequencinganalysis inDF/HCCDNA resourcecore

facility. Protein expression was analyzed by immunoblotting with anti-FLAG (M2) antibody (Sigma). Primer sets for S929A, sense

primer; 50-CCCCCCACCTGAGCCGC-30, anti-sense primer50-; CGTGCTTGTTGGCCTTCACCTTGG-30, Primer sets for S1017A,

sense primer; 50-cCCCTGGAGAGGAGGTGGCC �30, anti-sense primer; 50-cGCCTGATGCCCCAGCCAG-30

Production of stable HIP1R expressing cell lines
To subclone human HIP1R into a lentivirus vector, wild-type or point mutated HIP1R ORF including DYK tag sequence was ampli-

fied by the polymerase chain reaction of 20 cycles with primer sets described below in Q5 High-Fidelity DNA Polymerase reaction

mix (NEB). The digested PCR fragments with restriction enzymes XhoI and NotI were ligated into lentivirus backbone plasmid vec-

tor pCSII-EF1a-MCS-IRES2-Blasticidin (Suizu et al., 2016). For lentivirus production, 293FT packaging cells were transfected with

lentiviral plasmid (pCSII), packaging plasmid (pcDNA-DR8.91), and envelope plasmid (VSV-G/pMD2.G) by PEI (Polyscience) trans-

fection method. After transfection for 24hrs, the transfection reagent was replaced by fresh medium. After incubation at 35�C, 5%
CO2 for 48 hr, the resulting lentivirus supernatant was collected and filtrated with 0.45 mm disc filter. Patient-derived PDAC cells

were infected with the lentivirus supernatant and fresh media at 1:1 ratio with 8 mg/mL polybrene. After infection for 48 hr, the virus

particles are replaced by fresh media and the stably HIP1R-expressing cells were selected in the presence of 2 mg/ml of Blasticidin

for at least 4 days. Protein expression was analyzed by immunoblotting with anti-FLAG (M2) antibody (Sigma). Primer sets for

subcloning Hs HIP1R into pCSII lentivirus vector, sense primer with XhoI enzyme site; 50-ATCATCCTCGAGCCACCATGAACAG-

CATCAAG-30, anti-sense primer including DYK with NotI enzyme site; 50-ATCGCGGCCGCTCACTTATCGTCGTCATCCTTG-

TAATCG-30

Production of stable HIP1R KD, ENT KD, and PD-L1 KD cell lines
For silencing endogenous HIP1, ENT1 or PD-L1 expression, lentivirus producing shRNA targeting human HIP1R, ENT1 or PD-L1

mRNA was utilized. Five individual clones from MISSION� shRNA target set (Sigma) HIP1R (GenBank: NM_003959.1), ENT1

(GenBank: NM_004955.1), PD-L1 (GenBank: NM_014143.2) (Table S3) or pLKO.1 empty vector was co-transfected with a lentivirus

packaging and envelope plasmid into 293FT cells as described above. The resulting lentiviral particles were used to infect PDAC by

the mix of lentivirus supernatant and fresh media at 1:1 ratio with 8 g/mL polybrene. After infection for 48 hr., the virus particles are

replaced by fresh media and the stably shRNA-expressing cells were selected in the presence of 2 mg/ml of Puromycin for at least

4 days. Protein expression was analyzed by immunoblotting with anti-HIP1R (16814-1-AP, Proteintech), ENT1 (11337-1-AP, Protein-

tech) or PD-L1 (13684, Cell Signaling Technology) antibody.
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Cell proliferation assay
Cells were seeded at a density of 5000 cells (PDAC1 and PDAC2), or 3000 cells (CAF1 and CAF2) per well in 96-well flat-bottomed

plates and incubated for 24 h in culture medium. At 24 h, cells were treated with ATO, ATRA, their combination (Pin1i-1), or Sulfopin

(Pin1i-2). Control cells received dimethyl sulfoxide (DMSO) at a concentration equal to that of drug- treated cells for 72 hours. The cell

viability was determined by CellTiter-Glo� 2.0 Assay (Promega) following the manufacturer’s instructions.

ELISA assay and cytokine array
The concentrations of cytokines in culture media were evaluated using human IL-6 uncoated ELISA (88-7066), human TGF-b uncoated

ELISA (88-50390), human SDF-1 (CXCL12) ELISA (EHCXCL12A), and human LIF ELISA (BMS242) from Invitrogen, human IFNa ELISA

(41100-1,R&DSystems)andusinghumancytokineELISAplatearray I (EA-4001,Signosis), according to themanufacturer’s instructions.

Flow cytometric analysis
PDAC tumor tissues were finely sliced into 0.5-1.0 mm fragments and dissolved by collagenase/dispase (11097113001, Sigma) for

30min at 37�Cor by Tumor dissociation Kit (130-960-730, Miltenyi Biotec) according to themanufacturer’s instructions. After filtered,

cell lysate was collected. To assess cell surface expressions, cells were harvested by non-enzymatic cell dissociation solution, and

resuspend in blocking solution (Cell Staining Buffer, BioLegend). Cells were incubated with following antibodies; CD45-Cy7 (25-

0451-82, Invitrogen), CD3-Pacific blue (100214, BioLegend), CD4-APC (100516, BioLegend), CD8a-PE (553033, BioLegend),

CD11b-PE (101208, BioLegend), CD11c-PE (117308, BioLegend), CD206-APC (141708, BioLegend), F4/80-FITC (123108, Bio-

Legend), CD279-APC (PD-1,135210, BioLegend), CD274-APC (PD-L1, 124312, BioLegend), H-2Kb-FITC (MHC-ClassI, 116506, Bio-

Legend), 1-A/1-E-FITC (MHC-ClassII, 107606, BioLegend), NK1.1-PE (10870, BioLegend), anti-CD223-FITC (Lag-3, 11-2231-82,

Invitrogen) for 60 min on ice. For FOXP3 staining, cells were fixed and permeabilized using Foxp3 / Transcription Factor Staining

Buffer Set (00-5523, eBioscience), and incubatedwith FOXP3-FITC (11-5773-82, Invitrogen) for 30mins at RT. For GranzymeB stain-

ing, cells were fixed and permeabilized using Intracellular Fixation & Permeabilization Kit (88-8824-00, eBioscience), and incubated

with GranzymeB-FITC (515403, BioLegend) for 30mins at RT. All antibodies were diluted according tomanufacture instruction. Cells

were analyzed using CytoFLEX flow cytometer and CytExpert software (Beckman Coulter, IN, USA).

Immunoblotting analysis (IB)
Cultured cells were lysed in RIPA buffer (50 mM Tris-HCl, pH 7.2, 150 mM NaCl, 1% NP40, 0.1% sodium dodecyl sulfate (SDS),

0.25% Na-deoxycholate) with freshly added phosphatase inhibitors containing 5 mM NaF and 0.2 mM sodium orthovanadate

(NA3VO4), and proteinase inhibitors containing 2 mg/ml Aprotinin, 2 mg/ml Leupeptin, 2 mg/ml Pepstatin A, 1 mM DTT (dithiothreitol),

0.5 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride (AEBSF), and 20 mM Chymotrypsin, and then mixed with the SDS sample buffer

and loaded onto a gel after boiling for 10 minutes at 95�C. The proteins were resolved by polyacrylamide gel electrophoresis and

transferred to PVDFmembrane. The transferredmembranewaswashed three timeswith Tris-buffered saline containing 0.1%Tween

20 (TBST). After blocking with TBST containing 5%milk or 3% bovine serum albumin (BSA) for 1 h room temperature, the membrane

was incubated with the appropriate primary antibody (diluted 1:500 - 1:10000) in 5% milk or 3% BSA-containing TBST at 4�C over-

night. After incubation with the primary antibody, the membrane was washed three times with TBST for a total of 30 min followed by

incubation with horseradish peroxidase conjugated goat anti-rabbit or anti-mouse IgG (diluted 1:5000) for 1 h at room temperature.

After three extensive washes with TBST for a total of 30 min, the immunoblots were visualized by enhanced chemi-luminescence.

Immunoblotting results were quantified using ImageJ (NIH).

Immunoprecipitation analysis (IP)
Cells were lysed in IP lysis buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 1% Triton X-100 and 10% glycerol) or NP-40 IP lysis buffer

(10 mM Tris HCl, pH7.5, 100mM NaCl, 0.5% NP-40) with freshly added phosphatase and protease inhibitors. After centrifugation at

13,000 g for 15 min, the supernatant was pre-cleaned with Protein A Sepahrose beads (L00210, GeneScript) for 60 min at 4�C, one-
tenth of the supernatant was stored as input, and the remainder was incubated for 12 hwith 2 mg anti-Pin1 orM2 Flag agarose (Sigma)

at 4�C. The supernatants were incubated with Protein A Sepahrose beads for 60 min at 4�C, and then washed three times with the

aforementioned lysis buffer. After brief centrifugation, immunoprecipitates were collected, suspended in 2 3 SDS sample buffer

(100 mM Tris-HCl, pH 6.8, 4% SDS, 5% b-mercaptoethanol, 20% glycerol, and 0.1% bromophenol blue), boiled for 10 min at

95�C, and subjected to immunoblotting analysis.

HIP1R protein stability assay
HIP1RWT or HIP1R S929A transfected PDAC cells were incubated with 300 mg/mL cycloheximide (C104450, Sigma) under existing

culture conditions. Cells were harvested at the indicated time points with RIPA buffer (50 mM Tris-HCl, pH 7.2, 150 mM NaCl, 1%

NP40, 0.1% sodium dodecyl sulfate (SDS), 0.25% Na-deoxycholate) and a proteinase and phosphatase inhibitors (5 mM NaF

and 0.2 mM sodium orthovanadate (NA3VO4), 2 mg/ml Aprotinin, 2 mg/ml Leupeptin, 2 mg/ml Pepstatin A, 1 mM DTT (dithiothreitol),

0.5mM4-(2-aminoethyl)-benzenesulfonyl fluoride (AEBSF), and 20 mMChymotrypsin). The supernatant was collected and subjected

to western blot analysis using antibody for HIP1R.
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Quantitative real-time PCR analysis
The purification of high-quality RNA from cells was performed using The RNeasy Mini Kit (74104, QIAGEN) in accordance with the

manufacturer’s protocols. Samples were performed in triplicates. SYBR Green PCR Master Mix (4309155, Applied Biosystems)

was used for two-step real-time RT-PCR analysis on an Applied Biosystems StepOnePlus Real Time PCR instrument.

Expression value of the targeted gene in a given sample was normalized to the corresponding expression of GAPDH. The 2-DDCt

method was used to calculate relative expression of the targeted genes. The primers were: GAPDH-F, 50- AGCCTCAAGATCATCAG

CAATG’, GAPDH-R 50- TGATGGCATGGACTGTGGTCAT �30, hPin1-F, 50-GCCTCACAGTTCAGCGACT-30, hPin1-R, 50-ACTCAGTG

CGGAGGATGATGT-30, hENT1-F, 50-CAGAAAGTGCCTTCGGCTAC-30, hENT1-R, 50-TGGGCTGAGAGAGTTGGAGACT-30, hPD-L1-
F, 50-TGGCATTTGCTGAACGCATTT-3, hPD-L1-R, 50-TGCAGCCAGGTCTAATTGTTTT-30 (Zhang et al., 2018), hPD-L1-2F, 50-GGT

GCCGACTACAAGCGAAT-30, hPD-L1-2R, 50-AGCCCTCAGCCTGACATGTC-30 (Burr et al., 2017), hPD-L1-3F, 50-ATTTGGAG

GATGTGCCAGAG-30, hPD-L1-3R, 50-CCAGCACACTGAGAATCAACA-30 (Mezzadra et al., 2017), hPD-L1-4 F, 50- CCTACTGG

CATTTGCTGAACGCAT-30, hPD-L1-4 R, 50- ACCATAGCTGATCATGCAGCGGTA-30

Lipid droplet accumulation assay
Lipid droplet accumulation assay was performed as described previously (Endo et al., 2017). Cells were stained with 1 mg/mL 4,4-

difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indacene (bodipy 493/503; #D-3922; Life Technologies, Carlsbad, CA), and

the number of bodipy-positive punctures per cell in 20 cells was counted.

Immunohistochemistry analysis (IHC)
In vitro PDAC organoids or in vivomouse pancreas tissues were cut into 4-mm-thick sections from paraffin-embedded samples, de-

paraffinized in Histoclear, and rehydrated through an ethanol gradient. Antigen retrieval was achieved bymicrowaving or autoclaving

the sections in sodium citrate buffer (pH 6.0) or Tris-EDTA (pH 8.0). Endogenous peroxidase activity was blocked by incubation with

3% hydrogen for 15 min. After blocking with 5% Goat serum for 30 min at room temperature (RT), the sections were incubated with

antibodies in 1% Goat serum buffer (1:1000) overnight at 4�C. Then the sections were incubated with HRP-conjugate secondary

antibodies (1:1000, Mouse IgG; PI-2000 or Rabbit IgG; PI-1000, VECTOR) for 60 min at RT. Counterstaining was performed with

hematoxylin. Sirius red staining was conducted using a Picrosirius RedStaining Kit (24901, Polysciences, Inc.), according to theman-

ufacturer’s instructions. Whole-tissue slide scans at 4 3 magnification was performed on BZ-X800 fluorescence microscope

(KEYENCE), and scanned at least three different representative areas at 10xmagnification. Image analysis was performed by thresh-

olding for positive staining and normalizing to total tissue area, using ImageJ (NIH) and BZ-X800 analyzer (KEYENCE). IHC intensity

was semi-quantified manually in a double-blind manner as a 3-tier scale (0; negative to weak, 1; moderate, 2; strong) based on pre-

vious reports (Kozono et al., 2018; Maréchal et al., 2012; Wei et al., 2015; Yamaki et al., 2017). For Pin1 analysis, Low staining was

defined as a staining intensity of ‘‘0’’ or ‘‘1 in under 50% of cancer or CAF cells,’’ and high staining was defined as a staining intensity

of ‘‘2’’ and ‘‘1 in >50% cancer or CAF cells.’’

Immunofluorescence analysis (IF)
Cells were seeded on cover glass (#12-542A Fisher Scientific) at approximately 60%confluence and subsequently treatedwith Pin1i-

1 or Pin1i-2 for 72 hours. At 72 hours, cells were fixed by 4% PFA for 20 min, and washed three times with PBS, each time for 5 min.

Cells were then permeabilized with 0%–0.1% Triton X-100 and blocked in 3% BSA in PBS for 1 hour at RT. Human PDAC or mouse

tumor tissue sections were boiled in 10 mM sodium citrate (pH 6.0), for antigen retrieval after deparaffinization. The sections were

permeabilized with PBS containing 0.1%–0.5% Triton X-100 and blocked with PBS containing 5% Goat serum for 30 min RT.

The primary antibodies were diluted in PBS containing 1%Goat serum (1:100) and incubated in slides for overnight at 4�C. The cells

were rinsed by PBS three times, each time for 5 min. Secondary antibodies were diluted in PBS (1:200) and incubated for 20 min at

room temperature. 20 mg/ml DAPI was used to label nuclear of cells. Whole-tissue slide scans at 43magnification was performed on

BZ-X800 fluorescence microscope (KEYENCE), and scanned at least three different representative areas at 10x magnification (for

tissue analysis) or 20x magnification (for cell analysis). Image analysis was performed by thresholding for positive staining and

normalizing to total tissue area, using ImageJ (NIH) and BZ-X800 analyzer (KEYENCE).

t-CyCIF experimental protocol
t-CyCIF imaging consisted ofmultiple cycles of antibody incubation, imaging, and fluorophore inactivation. The t-CyCIF experimental

protocol was conducted as previously described (Du et al., 2019; Lin et al., 2018). In brief, 5 micron sections from 9 FFPE pancreatic

adenocarcinoma specimens were baked at 60�C for 30 min, dewaxed using Bond Dewax Solution (Leica Biosystems) at 72�C, and
antigen retrievalwasperformedwithEpitopeRetrieval 1Solution (LeicaBiosystems) at 100�C for 20minutes using theBONDRXAuto-

mated IHC/ISHStainer (LeicaBiosystems). All antibodieswerediluted inOdyssey InterceptBuffer (plusHoechst 333420.25mg/mL; LI-

COR Biosciences) and incubated overnight at 4�C in the dark. See the Key Resources Table for the complete list of antibodies (note

that PDGFRa staining was non-specific and inadequate to detect iCAFs). Slides were coverslipped using 20%–50% glycerol

solution (Sigma-Aldrich) in PBS. Imageswere taken using DAPI, FITC, Cy3, andCy5 channels on the RareCyte CyteFinder Instrument

(20x/0.75NA objective lens, RareCyte Inc. Seattle WA). After imaging, the fluorophores were inactivated by incubating with photo-

bleaching solution (4.5% H2O2 and 20 mM NaOH in PBS) for 30 minutes under LED lights (this step was repeated twice).
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t-CyCIF image processing
The image processing of tissue cyclic immunofluorescence is organized in the following steps, each of which is described in detail

below: i) the software ASHLAR is used to stitch, register, and correct for image acquisition artifacts (using the BaSiC algorithm). The

output of ASHLAR is a single pyramid ome.tiff file for each region imaged; ii) the ome.tiff file is re-cut into tiles (typically 5000x5000

pixels) containing only the highest resolution image for all channels. One random cropped image (250x250 pixels) per tile is

outputted for segmentation training (using ImageJ/Fiji); iii) using the ilastik software the labeling of nuclear, cytoplasmic and back-

ground areas are trained on the cropped images. Based on the user training the Ilastik software outputs a 3-color RGB image with

label probabilities; iv) the RBG probability images are thresholded and watershed in MATLAB to segment the nuclear area. The

cytoplasmic measurements are derived by dilating the nuclear mask; v) single-cell measurements are extracted for each channel

(cell pixel median and mean for both nuclear and cytoplasmic area) as well as morphological measurements of area, solidity, and

cell coordinates location.

BaSiC
The BaSiC ImageJ plugin tool was used to perform background and shading correction of the original images (Peng et al., 2017). The

BaSiC algorithm calculates the flatfield, the change in effective illumination across an image, and the darkfield, which captures the

camera offset and thermal noise. The dark field correction image is subtracted from the original image, and the result is divided by the

flatfield image correction to obtain the final image.

ASHLAR
Alignment by Simultaneous Harmonization of Layer/Adjacency Registration (ASHLAR) is used to stitch together image tiles and reg-

ister image tiles in subsequent layers to those in the first layer (Lin et al., 2018; Rashid et al., 2019). For the first image layer, neigh-

boring image tiles are aligned to one another via a phase correlation algorithm that corrects for local state positioning error. A similar

method is applied for subsequent layers to align tiles to their corresponding tile in the first layer. ASHLAR outputs an OME-TIFF file

containing a multi-channel mosaic of the full image across all imaging cycles. Full codes available at: https://github.com/

labsyspharm/ashlar.

Ilastik
ilastik is a machine learning based bioimage analysis tool that is used to obtain nuclear and cytoplasmic segmentation masks from

OME-TIFF files (Berg et al., 2019). For increased processing speed, randomly selected 250 3 250 pixel regions from the original

OME-TIFF are used as training data. ilastik’s interactive user interface allows the user to provide training annotations on the cropped

regions. Users are presented with a subset of the channels stacked images and label pixels as either nuclear area, cytoplasmic area,

or background area. The annotations are used to train non-linear classifiers that are applied to the entire image to obtain probability

masks describing the probabilities of each pixel belonging to the nuclear, cytoplasmic, or background area. A MATLAB (version

2018a) script uses these masks to construct binary masks for nuclear and cytoplasmic area.

t-CyCIF data analysis workflow
The data analysis is divided in a set of pre-processing steps in which data fromdifferent tissues is i) log2-transformed and aggregated

together, ii) filtered for image analysis errors, and iii) normalized on a channel-by-channel basis across the entire data from a single

experiment. All the steps are performed in MATLAB.

Data aggregation
The image processing workflow outputs one ome.tiff image and one data file (.mat) for each tissue area imaged. The data matrices

from each .mat file are concatenated into a single matrix for each metric measured (median/mean, nuclear/cytoplasmic) into a single

structure (‘‘AggrResults’’). The morphological data (i.e., area, solidity, and centroid coordinates) is concatenated into a single struc-

ture (‘‘MorpResults’’), which also contains the indexing vector to keep track of the tissue of origin within the dataset.

Data filtering
Single cells are filtered to identify and potentially exclude from subsequent analysis errors in segmentation and cells lost through the

rounds of imaging. Two types of criteria are used to filter cells: morphological criteria based on cell object segmented area, which are

applied to all the rounds for the cell object, and DAPI-based criteria which are applied to the DAPI measurement for each imaging

round. The latter corrects for cell loss during cycling and computational misalignment, which are both round specific.

Morphological filtering criteria are: 1) nuclear area within a user-input range; 2) cytoplasmic area within a user-input range; 3) nu-

clear object solidity above a user-input threshold. DAPI-based criteria are: 1) nuclear DAPI measurement above a user-input

threshold; 2) ratio between nuclear and cytoplasmic DAPI measurement above a user-input threshold. The filter information for

the criteria is allocated to a logical (0-1) structure ‘Filter’, which is used to select the cells to analyze in the further analysis by indexing.

The threshold selection is dataset dependent and is performed by data inspection. The values used in each dataset are available with

the codes used for data analysis in the github repository

https://github.com/santagatalab/2021_Koikawa_et_al_CyCIF_codes.
Cell 184, 4753–4771.e1–e13, September 2, 2021 e12

https://github.com/labsyspharm/ashlar
https://github.com/labsyspharm/ashlar
https://github.com/santagatalab/2021_Koikawa_et_al_CyCIF_codes


ll
Article
Data normalization
Each channel distribution is normalized by probability density function (pdf) centering and rescaling. The aim is to center the distri-

bution of the log2 fluorescent signal at 0 and rescale the width of the distribution to be able to compare across channels. The data is

first log-transformed (base 2). The standard normalization is performed using a 2-component Gaussian mixture model, each model

capturing the negative and the positive cell population. If the 2-component model fails to approximate the channel distribution, two

other strategies are attempted: i) a 3-component model is used assuming the components with the two highest means are the nega-

tive and positive distribution (i.e., discarding the lowest component) or ii) the user selects a percentage ‘x’ of assumed positive cells

and a single Gaussian distribution fit is performed on the remainder of the data to capture the negative distribution. The single

Gaussian fit is then used as the lower component in a 2-component model to estimate the distribution of the positive population.

The strategy chosen for each channel in each dataset is available in the github repository https://github.com/santagatalab/

2021_Koikawa_et_al_CyCIF_codes. The ‘‘add_coeff’’ is defined as the intersection of the negative and positive distributions. The

‘‘mult_coeff’’ is defined as the difference between the mean of the negative and positive distributions. The full distribution is normal-

ized by subtracting the add_coeff and dividing by the mult_coeff. The normalization is performed on the nuclear and cytoplasmic

single-cell, single-channel distributions individually. The data preprocessing workflow is performed on all datasets. The individual

analyses used in the paper are performed only in select datasets as follows.

Isolation of CAF subsets
Cells from tissue-based experiments are classified into lineage compartments by cell type markers, by gating on the sign of the

normalized values of cell type markers. Stromal cells were defined as double negatives for pan-cytokeratin and CD45. Stromal cells

were subtyped by k-means clustering based on normalized values of alpha smooth muscle actin, CD44 and DPB1.

QUANTIFICATION AND STATISTICAL ANALYSIS

Biochemical experiments in vitro were routinely repeated at least three times, and the repeat number was increased according to

effect size or sample variation. We estimated the sample size considering the variation and mean of the samples. No statistical

method was used to predetermine sample size. No animals or samples were excluded from any analysis. Animals were randomly

assigned groups for in vivo studies; no formal randomization method was applied when assigning animals for treatment. Group allo-

cation and outcome assessment was not done in a blinded manner, including for animal studies. A computer program Prism 8

(GraphPad Software, CA, USA) was used for statistical analysis. All data are presented as the means ± s.d., followed by determining

significant differences using the unpaired Student’s t test or one-way analysis of variance (ANOVA) test or Pearson’s chi-square test.

Kaplan-Meier survival analysis was used for all survival studies, and the groupswere compared using the log-rank test. Differences of

*p < 0.05, **p < 0.01, ***p = 0.001, and ****p < 0.001 were considered statistically significant.
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Figure S1. Targeting Pin1 disrupts the desmoplastic and/or immunosuppressive TME and inhibits tumor growth and progression in PDTX

and GDA mice, related to Figure 1

(A-B) Experimental setup and treatment schedule. Tumor-bearing (> 0.5 cm) PDTX, PDOX or GDAmice were treated with Pin1i, GEM and/or aPD1, starting Pin1i

3 days before others unless stated otherwise. Tumor sizes were detected by ultrasound or palpation with electronic caliper (A). Representative ultrasound images

of the initial tumor on Day �3 (B).

(C-H) Pin1 inhibitors suppress tumor growth and progression, and desmoplastic TME in PDTXmice. Overt tumor-bearing PDTXmice were treated with vehicle or

Pin1i-1 for 4 weeks, followed by assaying tumor growth and volume (C), collagen deposition and cancer cell differentiation using Sirius Red and H&E staining (D),

cancer cell proliferation using Ki67 IHC (E), tumor-associated CAF activation and proliferation using double IF for aSMA and Ki67 (F) or platelet-derived growth

factor receptor a (PDGFRa) and Ki67 (G), and EMT using double IF for E-cadherin and Vimentin (H) (n = 5). White arrows indicate aSMA and Ki67 double positive

CAFs (F), Ki67 and PDGFRa double positive CAFs (G), or Vimentin positive cancer cell (H).

(I and J) Pin1 inhibitors suppress cancer cell proliferation and tumor progression, and desmoplastic and immunosuppressive TME in GDA mice. Tumor-bearing

GDAmice were treated with vehicle, Pin1i-1 or�2 for 4 weeks, followed by examining cancer cell differentiation using H&E staining (I), and CAF proliferation using

double IF for PDGFRa and Ki67 (J) using IF (n = 5).

(K-N) Pin1 inhibitors render PDAC sensitive to GEM in PDOX and PDTX mice. Patient-derived PDAC1 organoids and CAFs (K; PDOX mice, n = 5) or patient-

derived PDAC tumors (L-N; PDTX mice, n = 6) were orthotopically transplanted into NSG mouse pancreas and when tumors reached 0.5 cm, mice were treated

with vehicle, Pin1i and/or GEM (20 mg/kg), followed by measuring tumor volumes (K and L) and liver metastasis (N) after autopsy at 4 weeks after treatment, or

monitoring overall survival by Kaplan–Meier survival analysis (M). Median survival; vehicle 36 days, GEM 42.5 days, Pin1i-1 43 days, and Pin1i-1 + GEM

71 days (M).

Scale bars, 500 and 100 mm (right panel) (D), 100 and 25 mm (inset) (F, G), 50 mm (H, J), and 100 mm (I), and 200 mm (N). Error bars, mean ± s.d.; *p < 0.05, **p <

0.001, ***p = 0.0001, ****p < 0.0001; n.s., not significant; by Student’s t test (C-H, J), one-way ANOVA (K, L, N), or log-rank test (M).
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Figure S2. Targeting Pin1 disrupts the desmoplastic and/or immunosuppressive TME and render PDAC sensitive to GEMand/or anti-PD-1 in

PDTX, PDOX, and GDA mice, related to Figure 1

(A) Pin1 inhibitors render PDAC sensitive to GEM in GDA mice. Overt tumor-bearing GDA mice were treated with vehicle, Pin1i and/or GEM (20 mg/kg) (n = 6),

followed by monitoring overall survival by Kaplan–Meier survival analysis. Median survival; vehicle 34 days, GEM 42 days, Pin1i-2 56 days, GEM + Pin1i-2

83.5 days.

(B-H) Pin1 inhibitors render PDAC sensitive to GEM and aPD1 by disrupting the desmoplastic and immunosuppressive TME in GDA mice. Tumor-bearing GDA

micewere treated with vehicle, Pin1i and/or aPD1 or GEM (10mg/kg) +aPD1 (G+P), followed bymeasuring tumor volumes (B), assaying collagen deposition using

Sirius Red staining (C), tumor-infiltrated immune cell profiling using flow cytometry (D, E), and tumor-infiltrating immune cell populations, CD8a+ T cells, FOXP3+

Tregs, Ly6G+CD11b+ Myeloid cells (F), and CD8a+Granzyme B+ CTLs (G) using IF after 4 weeks treatment (n = 5), or measuring body weight after 120 days

treatment (Control/No transplantation: n = 3, G+P + Pin1i-1: n = 7, G+P + Pin1i-2: n = 6) (H).

(I) Pin1 inhibitors render PDAC curable by immunochemotherapy in GDA mice. Overt tumor-bearing GDA mice were treated with vehicle, Pin1i-2, GEM (10 mg/

kg) + aPD1 (G+P), Pin1i-2 + aPD1, or Pin1i-2 + G+P for up to 150 days and followed by monitoring overall survival by Kaplan–Meier survival analysis up to

250 days (n = 8). Median survival; vehicle 36.5 days, G+P 41 days, Pin1i-2 54 days, aPD1 + Pin1i-2 83.5 days, G+P + Pin1i-2 133.5 days (I).

(J) aPD1 renders GDA tumors hyperprogressive in the absence of CD8+ T cells. Tumor-bearing GDAmice were treated with aCD8a and vehicle, aPD1, Pin1i-2, or

aPD1 + Pin1i-2 for 9 days, followed by examining tumor volume.

(K) Pin1 inhibition does not significantly potentiate PTX or aCTLA4 therapy in GDA mice. Tumor-bearing GDA mice were treated with vehicle, Pin1i-2, PTX,

aCTLA4, or their combination for 4 weeks, followed by assaying tumor volume.

Scale bars, 200 mm (C), 100 mm (F), and 100 and 25 mm (inset) (G). Error bars, mean ± s.d.; *p < 0.05, **p < 0.001, ***p = 0.0001, ****p < 0.0001; n.s., not significant;

by log-rank test (A, I), Student’s t test (D), or one-way ANOVA (B, C, E-H, J, K).
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Figure S3. Pin1 is overexpressed in CAFs, and Pin1 promotes oncogenic signaling pathways, CAF activation, and crosstalk with cancer cells

to enhance tumor growth and malignancy in human organoids and PDOXs, related to Figures 2 and 3

(A-B) Pin1 is overexpressed in cancer cells and CAFs, and correlated with PDAC progression.

Quantification of Pin1 expression at different stages of human PDAC progression by deterring Pin1 IHC score. Normal-Adjacent normal (Normal, n = 12), Low

grade PanIN (Low, n = 20), High grade PanIN (High, n = 35), PDAC (n = 167) (A). Representative images of Co-IF for Pin1 (red) and FAP (green) in human PDAC

tissue (B).

(legend continued on next page)
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(C-F) ATRA and ATO synergistically reduce Pin1 and its substrate oncoproteins, suppress cell growth and induce quiescent phenotype in CAFs, like Pin1 KD.

CAF1 andCAF2 cells derived from two different human PDAC patients were treated with ATRA, ATO, or their combination (Pin1i-1) for 72 hr (C, D, F) or genetically

knocked down of Pin1 (E), followed by examining Pin1 and its substrate oncoproteins using IB (C), cell growth using cell proliferation assay (D, E), quiescent

phenotype as measured by lipid droplets/CAF cell using BODIPY staining (F). ATRA and ATO were used in 10: 1 ratio as Pin1i-1 and only ATRA concentrations

were shown to simplify labeling (C). CAFs were treated with control (DMSO), ATRA (10 mM) or Pin1i-1 (10 mM) (F).

(G and H) Pin1 inhibitors reduce cytokine production in primary human PDAC cells (G) and CAFs (H). Primary PDAC2 or CAF1 cells were treated with Pin1i-1 or�2

for 72 hr, before assaying IL-6, TGFb, LIF and CXCL12 using ELISA. Pin1i-1 10 mM (G). ATRA and ATO were used in 10: 1 ratio as Pin1i-1 and only ATRA

concentrations were shown (H).

(I-K) Pin1-inhibited or CRISPR KO CAFs fail to promote PDAC growth and invasion in human 3D PDAC organoid direct co-cultures. Control (DMSO) or Pin1i-

treated CAF1 (Pin1i-1 10 mMor Pin1i-2 5 mM for 72 hr), or CRISPER control or Pin KOCAF1, labeled in red using cell tracker red, were cocultured with established

human PDAC1 organoids, labeled by GFP (green) (I), followed by time-lapse imaging to visualize their interactions and analyze organoid growth and invasion

(J, K).

(L and M) Pin1 KO CAFs fail to promote PDAC tumor progression and proliferation in PDOX mice. Human PDAC1 organoids were orthotopically co-transplanted

with or without CRISPER control or Pin1 KO CAF1 into NSG mouse pancreas for 5 weeks, followed by examining histology using H&E staining (L) and cell

proliferation using Ki67 IHC (M) derived from PDAC1 organoids (n = 5).

Scale bars, 100 and 20 mm (inset) (B), 100 mm (J), 100 and 50 mm (right panels) (L), and 50 mm (M). Error bars, mean ± s.d.; **p < 0.05, **p < 0.001, ***p = 0.0001,

****p < 0.0001; n.s., not significant; multiple comparisons: by Student’s t test (E, G) or one-way ANOVA (F, H, K, M).
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Figure S4. Pin1 promotes oncogenic signaling pathways and growth of PDAC Cells, related to Figure 4

(A) ATRA and ATO cooperatively reduce Pin1 and its substrate oncoproteins in human PDAC cells. Primary human PDAC cells (PDAC1 and PDAC2) derived from

two different PDAC patients were treated with ATRA, ATO, or ATRA + ATO (Pin1i-1) for 72 hr, followed by examining Pin1 and its substrate oncoproteins using IB.

ATRA and ATO were used in 10: 1 ratio as Pin1i-1 and only ATRA concentrations were shown.

(B and C) Pin1i-1, Pin1 KD or Pin1 KO reduces many Pin1 substrates in oncogenic Kras signaling networks in PDAC cells. PDAC2 cells were treated with Pin1i-1

for 72 hr (B) or subjected to Pin1 KD or KO (C) followed by examining Pin1 and its substrate oncoproteins in Kras signaling using IB. ATRA and ATO were used in

10: 1 ratio as Pin1i-1 and only ATRA concentrations are shown (B).

(legend continued on next page)
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(D-F) ATRA, ATO, Pin1i-1 and Pin1i-2 dose-dependently suppress cell growth and ablate Pin1. PDAC cells were treated with ATRA, ATO, Pin1i-1 or Pin1i-2 for

72 hr, followed by examining cell growth using proliferation assay (D, F) and Pin1 using IB (E). ATRA and ATO were used in 10: 1 ratio as Pin1i-1 and only ATRA

concentrations are shown (E).

(G) Pin1 KD inhibits human PDAC organoid growth. Pin1 KD or vector control human PDAC cells were subjected to 3D organoid cultures, followed by assaying

organoid growth curve.

(H) Pin1i-2 fails to suppress Pin1 KO cell growth. Pin1 KO or CRISPR control PDAC2 cells were treated with Pin1i-2 for 72 hr, followed by examining cell growth

using proliferation assay (H).

(I-L) Pin1 inhibitors enhance the ability of GEM to inhibit human PDAC organoid growth. PDAC organoids were treated with Pin1i-1 or �2 and/or GEM at various

concentrations for 7 days, followed by examining organoid growth using microscope (I, J; PDAC2 organoid) and H&E staining, and organoid proliferation using

double IF for Pan-Keratin and Ki67 IF (K, L; PDAC1 organoid, Pin1i-1 10 mM and GEM 10 nM).

Scale bars, 100 mm (G, I) and 100 and 20 mm (inset) (K). Error bars, mean ± s.d.; *p < 0.05, **p < 0.001, ***p = 0.0001, ****p < 0.0001; n.s., not significant; by

Student’s t test (G) or one-way ANOVA (H, J, L).

ll
Article



********

********

Pin1 staining High Low High Mod-Low

High 4 (9.76%) 37 (90.24%) 5 (17.86%) 23 (82.14%)

Low 2 (16.67%) 10 (83.33%) 10 (55.56%) 8 (44.44%)

Total 6 (11.32%) 47 (88.68%) 15 (32.61%) 31 (67.39%)

PD-L1 Staining ENT1 Staining

0.0

0.5

1.0

1.5

0.0

0.5

1.0

1.5

l M M
0.0

0.5

1.0

1.5

Figure S5. Pin1 promotesGEM resistance and reduces the expression of PD-L1 and ENT1 at the cell surface of PDACcells, related to Figures

4, 5, and 6

(A and B) Pin1 inhibition increases the expression of PD-L1 or ENT1 notably at the cell surface in PDTX mice. PDTX mice were treated with vehicle, Pin1i-1, or

Pin1i-2 for 4 weeks, followed by IF for Pin1 (red), DAPI (blue), and PD-L1 (green) (A), or ENT1 (green) (B) (n = 5). White arrows point to PD-L1 (A) and ENT1 (B) at the

cell surface.

(C-E) Pin1 overexpression is correlatedwith reduced PD-L1 or ENT1 levels in human PDAC tissues. Human PDAC tissues were subjected to IHC for Pin1 and PD-

L1 (n = 53) (C), or for Pin1 and ENT1 (n = 46) (D), followed by semi-quantifying their expression as high or low and examining their correlations by Pearson’s chi-

square test (PD-L1: p = 0.013, ENT1: p = 0.008) (E).

(legend continued on next page)
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(F) Pin1 inhibition suppressesmRNA expression of Pin1, ENT1 and PD-L1 in human PDAC cells. PDAC2 cells were treatedwith vehicle (DMSO), Pin1i-1 (10 mM) or

Pin1i-2 (5 mM) for 72 hr, followed by RT-PCR.

(G) Both PD-L1 and ENT levels are regulated by the lysosome-dependent proteolysis. PDAC2 cells were treated with 3-MA (15 mM), Bafilomycin A1 (30 nM),

Chloroquine (20 mM), MLN4929 (1 mM), or MG132 (5 mM) for 12 hr, followed by analyzing PD-L1 and ENT1 levels using IB.

(H) A schematic for the structural domains of HIP1R and the location of only one putative Pin1 recognition Ser929-Pro motif that is identical in humans and mice.

(I) Cycloheximide (CHX) chase assay shows the degradation of HIP1R in HIP1R WT or S929A PDAC2 cells.

(J-K) Pin1 KO or HIP1RS929A synergizes with GEM or aPD1 to induce human PDAC organoid apoptosis as well as Pin1i. Pin1i-2 (5 mM) pre-treated PDAC2

organoids or Pin1 KO or HIP1RS929A PDAC2 organoids were treated with GEM (25 nM), followed by examining apoptotic organoids using time lapse imaging

and green fluorescent caspase 3/7 reagent for 48 hr (J). Pin1i-2 (5 mM) pre-treated PDAC2 organoids or Pin1 KO or HIP1RS929A PDAC2 organoids were co-

cultured with activated human PBMCs, and then treated with aPD1 (200 mg/ml), followed by examining apoptotic organoids using time lapse imaging and green

fluorescent caspase 3/7 reagent for 40 hr (K).

Scale bars, 50 mm and 12.5 mm (inset) (A, B), 500 mm (C, D) and 100 mm (J, K). Error bars, mean ± s.d.; *p < 0.05, **p < 0.001, ***p = 0.0001, ****p < 0.0001; n.s., not

significant; by Student’s t test (A, B) or one-way ANOVA (F, J, K).
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Figure S6. Targeting Pin1 synergizes with immunochemotherapy to induce human/mouse PDAC organoid apoptosis, related to Figure 6

(A) Pin1 inhibitors synergize with GEM to induce human PDAC organoid apoptosis. Pin1i-2 pre-treated PDAC2 organoids were treated with GEM, followed by

examining organoid apoptosis at different concentrations for 24 hr and analyzing synergy score of Pin1i-2 and GEM using Synergy finder. We have tested 2

different patient-derived PDAC organoids (PDAC1 and PDAC2 organoid) and obtained consistent results. Subsequent experiments were shown with one or-

ganoid (PDAC2 organoid) with high expression of PD-L1 and ENT.

(B-C) ENT1 KD impairs the synergic effect of Pin1i and GEM. Control (DMSO) or Pin1i-2 (5 mM) pre-treated ENT1 WT or KD PDAC2 organoids were treated with

control (PBS) or GEM (25 nM), followed by examining apoptotic organoids using time lapse imaging and green fluorescent caspase 3/7 reagent for 24 hr.

(D) Pin1 inhibitors synergize with aPD1 to induce human PDAC organoid apoptosis. Pin1i-2 pre-treated PDAC2 organoids were co-culturedwith activated human

PBMCs, and then treated with aPD1, followed by examining organoid apoptosis at different concentrations for 40 hr and analyzing synergy score of Pin1i-2 and

aPD1 using Synergy finder.

(E-F) PD-L1 KD impaired the synergic effect of Pin1i and aPD1. Control (DMSO) or Pin1i-2 (5 mM) pre-treated PD-L1WT or KD PDAC2 organoids were co-cultured

with activated human PBMCs, and then treated with control (IgG) or aPD1 (200 mg/ml), followed by examining apoptotic organoids using time lapse imaging and

green fluorescent caspase 3/7 reagent for 40 hr.

(G-J) Pin1 inhibitors synergize with 5-FU or aPD1 to induce human PDAC organoid apoptosis. Control (DMSO), Pin1i-1 (10 mM) or Pin1i-2 (5 mM) pre-treated

PDAC2 organoids were treatedwith control (DMSO) or 5-FU (25 nM), followed by examining PDAC organoid apoptosis using time lapse imaging for 24 hr (G, H), or

were co-culturedwith activated humanPBMCs, and then treatedwith control (IgG) or aPD-L1 (200 mg/ml), followed by examining PDAC organoid apoptosis using

time lapse imaging for 40 hr (I, J).

(K and L) Pin1 inhibitors synergize with immunochemotherapy (GEM + aPD1) to induce human PDAC organoid apoptosis. Control (DMSO) or Pin1i pre-treated

PDAC2 organoids were co-cultured with activated human PBMCs, and then treated with control (PBS and/or IgG), GEM and/or aPD1, followed by assaying

PDAC organoid apoptosis for different times at constant concentrations (Pin1i-1 10 mM, Pin1i-2 5 mM, GEM 10 nM, and aPD1 100 mg/ml).

(M) KPC tumor-bearing mouse derived CD8+ T cells induce KPC organoid apoptosis. KPC mouse PDAC tumor derived organoids were co-cultured with/without

activated CD8+ T cells derived from KPC tumor-bearing mice or their tumor-free controls, followed by examining apoptotic organoids using time lapse imaging

and green fluorescent caspase 3/7 reagent for 40 hr.

(N-O) Pin1 inhibitors synergize with GEM and aPD1 to induce KPC PDAC organoid apoptosis. Control (DMSO) or Pin1i-2 pre-treated KPC tumor derived or-

ganoids were co-cultured with KPC tumor-bearing mouse derived activated CD8+ T cells, and then treated with control (PBS + IgG), or GEM and aPD1, followed

by examining apoptotic organoids using time lapse imaging and green fluorescent caspase 3/7 reagent for 24 hr at constant concentrations (Pin1i-2 5 mM, GEM

10 nM, and aPD1 200 mg/ml).

Scale bars, 100 mm (B, E, G, I, K, M, N). Error bars, mean ± s.d.; *p < 0.05, **p < 0.001, ***p = 0.0001, ****p < 0.0001; n.s., not significant; by one-way ANOVA (C, F,

H, J, O) or Student’s t test (L).
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Figure S7. Targeting Pin1 renders primary PDAC tumors eradicable by immunochemotherapy in KPC GEMM, related to Figure 7

(A-B) Pin1 inhibitors disrupt the desmoplastic and immunosuppressive TME in KPC mice. Overt tumor-bearing KPC mice were treated with vehicle or G+P with/

without Pin1i-1 or �2, followed by assaying CAF activation using aSMA IF (A) or PDGFRa IF (B) and CAF proliferation using double IF for PDGFRa and Ki67 (B)

(n = 5).

(C-D) Pin1 inhibitors increased PD-L1 and ENT1 expression in KPCmice. Overt tumor-bearing KPCmice were treated with vehicle or G+Pwith/without Pin1i-1 or

�2, followed by assaying PDL1 (C) and ENT1 (D) expression using IF after autopsy (n = 5).

(E-F) Pin1 inhibitors render PDAC tumors eradicable by immunochemotherapy in KPC mice. Overt tumor-bearing KPC mice were treated with vehicle or G+P

with/without Pin1i-1 or �2, for up to 180 days, followed by detecting macroscopic and microscopic tumors (E) and liver metastasis (F) after autopsy (n = 10).

(legend continued on next page)
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(G) Left, in PDAC, Pin1 acts on cancer cells to induce HIP1R-mediated endocytosis and lysosomal degradation of PD-L1 and ENT1, and on stromal cells such as

CAFs to drive the desmoplastic and immunosuppressive TME, as well as activating multiple oncogenic pathways, including many in oncogenic Kras signaling in

both cells, thereby inducing drug resistance to immunochemotherapy. Right, Pin1 inhibitors suppress multiple oncogenic pathways, increase the cell surface

expression of PD-L1 and ENT1 in cancer and disrupt the desmoplastic and immunosuppressive TME, together rendering aggressive PDAC tumors eradicable by

immunochemotherapy (GEM + aPD1) in a synergistic manner.

Scale bars, 100 and 50 mm (B), 100 mm (C, D), 5000 and 200 mm (E), and 200 mm (F). Error bars, mean ± s.d.; *p < 0.05, **p < 0.001, ***p = 0.0001, ****p < 0.0001;

n.s., not significant; by one-way ANOVA (A-D).
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