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ABSTRACT
◥

Pancreatic ductal adenocarcinoma (PDAC) has a prominent

fibrotic stroma, which is a result of interactions between tumor,

immune and pancreatic stellate cells (PSC), or cancer-associated

fibroblasts (CAF). Targeting inflammatory pathways present

within the stroma may improve access of effector immune cells

to PDAC and response to immunotherapy. Heat shock protein-

90 (Hsp90) is a chaperone protein and a versatile target in

pancreatic cancer. Hsp90 regulates a diverse array of cellular

processes of relevance to both the tumor and the immune system.

However, to date the role of Hsp90 in PSC/CAF has not been

explored in detail. We hypothesized that Hsp90 inhibition would

limit inflammatory signals, thereby reprogramming the PDAC

tumor microenvironment to enhance sensitivity to PD-1 block-

ade. Treatment of immortalized and primary patient PSC/CAF

with the Hsp90 inhibitor XL888 decreased IL6, a key cytokine

that orchestrates immune changes in PDAC at the transcript and

protein level in vitro. XL888 directly limited PSC/CAF growth

and reduced Jak/STAT and MAPK signaling intermediates

and alpha-SMA expression as determined via immunoblot.

Combined therapy with XL888 and anti–PD-1 was efficacious

in C57BL/6 mice bearing syngeneic subcutaneous (Panc02) or

orthotopic (KPC-Luc) tumors. Tumors from mice treated with

both XL888 and anti–PD-1 had a significantly increased CD8þ

and CD4þ T-cell infiltrate and a unique transcriptional profile

characterized by upregulation of genes associated with immune

response and chemotaxis. These data demonstrate that Hsp90

inhibition directly affects PSC/CAF in vitro and enhances the

efficacy of anti–PD-1 blockade in vivo.

Introduction
There is an urgent need for effective therapeutic approaches for

patients with pancreatic ductal adenocarcinoma (PDAC). Prognosis

for patients with PDAC is dismal, with 5-year survival of only 10% in

the United States (1). The incidence of PDAC is also increasing and is

predicted to emerge as the second leading cause of cancer-related death

by the year 2030 (2). Unfortunately, only incremental advances in the

efficacy of chemotherapy approaches have been observed for PDAC,

and in contrast to other tumor types, Abs targeting immune check-

point molecules rarely provide clinical benefit.

One prominent feature of PDAC that can thwart effective T-cell–

mediated antitumor immune responses is a dense, desmoplastic

stroma (3). A particularly hostile environment emerges as a result of

complex interactions betweenmultiple cell types including tumor cells,

immunosuppressive cells, and inflammatory cancer-associated fibro-

blasts (CAF) that can arise from “pancreatic stellate cells” (PSC;

refs. 3–9). This fibrotic, cancerous tissue is particularly adept at

producing inflammatory cytokines and chemokines that alter traf-

ficking and phenotype of cells in the tumormicroenvironment (TME).

Abundant factors including IL6, IL1a, and TGFb among others lead to

sustained activation of inflammatory signaling pathways across mul-

tiple cellular components of the TME (9–14).

Although inflammatory signaling pathways in the PDAC TME are

attractive targets, there remains a high level of redundancymaking this

approach difficult. However, there are key nodes that may simulta-

neously regulate multiple factors across cellular compartments.

Among these are Hsp90, a key chaperone protein that regulates a

diverse array of cellular processes relevant to both the tumor and

immune system (15, 16). Inhibition of Hsp90 has direct effects on

tumor cells including enhanced tumor antigen expression, class I

MHC upregulation, and inflammatory cytokine production (15–18).

These properties are likely mediated by the ability of Hsp90 inhibitors

to interferewith activated inflammatory pathways including Jak/STAT

and NF-kB (17–20). There has been renewed interest in targeting

Hsp90 in recent years, resulting in novel smallmolecules that are under

investigation in early phase clinical trials (21, 22). This has invigorated

investigation of Hsp90 as a therapeutic target, despite early trials in

PDAC marked by poor tolerability and limited efficacy with early

generation inhibitors such as 17-AAG (23). Importantly, the avail-

ability of potent, well-tolerated Hsp90 inhibitors ready for clinical use

represents a viable means to simultaneously modulate tumor, stromal,

and immune compartments in the PDAC TME.

In this report, we address the hypothesis that Hsp90 inhibition

limits inflammatory signals in the PDAC TME, resulting in enhanced

efficacy of PD-1 blockade. We demonstrate Hsp90 inhibition with
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XL888, a clinically relevant small molecule, limits an activated phe-

notype of PSC/CAF. These in vitro data suggest PSC/CAF may be a

cellular target affected by Hsp90 inhibition. Further results indicate

that Hsp90 inhibition enhances in vivo efficacy in murine PDAC

models when paired with Abs targeting PD-1. Finally, tumors from

mice treated with the combination of XL888 and anti–PD-1 had

increased CD8þ and CD4þ T-cell infiltration and differentially

expressed genes related to chemokine and chemokine receptor expres-

sion. These novel preclinical data identify new cellular targets ofHsp90

inhibition and support further investigation into this treatment com-

bination for therapy of advanced PDAC.

Materials and Methods
Cell lines and reagents

The heat shock protein 90 inhibitor XL888 (A11251) was purchased

from Adooq Bioscience. The chemical structure for XL888 has been

previously published (21). Murine Ab to PD-1 (Clone RMP1–14) and

isotype control rat IgG2 (Clone 2A3) for in vivo studies were purchased

from BioXcell. The murine pancreatic cancer cell line Panc02 was

provided by Dr. Shari Pilon-Thomas (H. Lee Moffitt Cancer Center,

Tampa, FL). KPC-Luc cells were provided byDr. Craig Logsdon (M.D.

Anderson Cancer Center, Houston, TX). These cells are derived from

KPC mice (KrasLSL-G12D, Trp53�/�, and PDX-1-Cre) and transfected

with enhanced firefly luciferase as described (24). Human pancreatic

fibroblast (HPF) cells were purchased from Vitro Biopharma. Panc02,

KPC-Luc, and HPF cells were cultured in DMEM (Gibco) with 10%

FBS (Gibco) and antibiotic (Gibco). The MT-5 (KrasLSL�G12D,

Trp53LSL�R270H) cell line was a gift from Dr. David Tuveson (Cold

Spring Harbor Laboratory) and grown in RPMI-1640 (Gibco) with

10% FBS (Gibco) and antibiotics (Gibco). The human HPAC cell line

was purchased from the ATCC and cultured in DMEM/F12 Medium

(Gibco) with 10% FBS (Gibco), antibiotic (Gibco), 0.002 mg/mL

insulin (Sigma-Aldrich), 0.005 mg/mL transferrin (Sigma-Aldrich),

40 ng/mL hydrocortisone (Sigma-Aldrich), and 10 ng/mL epidermal

growth factor.

PSC/CAF isolation and culture

The human pancreatic cancer–associated stellate cell line h-iPSC-

PDAC-1 was generated as previously described (25). Primary human

PSC/CAFwere isolated from resected pancreatic tumors in accordance

with an Institutional Review Board–approved protocol at theWinship

Cancer Institute of Emory University on deidentified tissue as

described (12). Briefly, freshly resected pancreatic tissue was dissected

into 1 mm3 pieces, plated in uncoated wells with DMEM þ 10% FBS

and antibiotics, and incubated for 2 to 3 weeks to allow for PSC/CAF

outgrowth and validation as described (25).

RNA extraction and real-time PCR

The h-iPSC-PDAC-1 cells were plated and treated with various

concentration doses of XL888 for 24 hours, and total RNA was

extracted using TRIzol Reagent (Invitrogen, 15596018) following the

manufacturer’s protocol. Total RNA was transcribed into cDNA

according to the manufacturer’s protocol using the iScript cDNA

Synthesis Kit (Bio rad, 1708890). The Power SYBR Green PCRMaster

Mix reaction system (4367659) from Thermo Fisher Scientific was

used to determine the mRNA level of IL6 with the primers 50-

GCAGAAAAAGGCAAAGAATC-30(forward) and 50-CTACATTT-

GCCGAAGAGC-30(reverse). GAPDH served as an internal control

using the primers 50-CTTTTGCGTCGCCAG-30(forward) and 50-

TTGATGGCAACAATATCCAC-30(reverse). The expression level of

mRNA was quantitated using Applied Biosystems 7500 Fast Real-

Time PCR System (Thermo Fisher Scientific) using the delta Ct

method.

Protein extraction and Western blots

Following a 48-hour treatment with XL888, cells were collected and

protein was extracted using RIPA lysis buffer together with 1%

phosphatase inhibitor and 1% protease inhibitor. The Pierce BCA

Protein Assay Kit (23227) from Thermo Fisher Scientific was used to

determine protein concentration. Western blots were performed as

described (25). Primary Abs for pSTAT3 (9145 L), STAT3 (4904 S),

pERK (4377 S), tERK (4695 S), Hsp27 (50353), Hsp70 (4872), b-actin

(4967 S) and secondary anti-Rabbit (7074 S), or anti-Mouse (7076 S)

Abs were purchased from Cell Signaling Technology, Inc. Primary Ab

for a-SMA (MA137027) was purchased from Thermo Fisher Scien-

tific, Inc. Primary Ab for murine PD-L1 was purchased from Abcam

(ab233482).

ELISA

Cell supernatants were collected following a-48 hour treatment with

XL888. Human LIF DuoSet (DY7734–05) and human IL6 Duoset

(DY206) were purchased from R&D Systems Inc. to measure cytokine

expression following the manufacturers’ protocol.

Oil Red “O” staining

h-iPSC-PDAC-1 cells were plated into chamber slides (Nalgene

Nunc International) and treated with XL888 or 10 mmol/L al-trans

retinoic acid (R2625, Sigma Aldrich). Forty-eight hours later, cells

were fixed with 4% formalin in PBS for 30 minutes. Next cells were

stained with Oil Red O (1320–06–5) from Sigma-Aldrich after incu-

bation with 60% isopropanol for 5 minutes. VECTOR Hematoxylin

QS (H-3404) from Vector Laboratories was used to stain the nuclear.

Cells were then rinsed with tap water and mounted with mounting

media. Images at 20x magnification were captured under the light

microscope (Zeiss Axioplan 2) and analyzed using Fiji imageJ

(GitHub) to figure out the area % of the lipid droplet.

MTT assay

Cells were grown in 96-well plates and treated with increasing

concentrations of XL888. Following a 72-hour incubation, 10 mLMTT

reagent (30–1010K, ATCC) was added to each well, and cells were

incubated for 2 to 3 hours at 37�C with 5% CO2. After removal of

media, 200 mL of DMSO was added per well, and the absorbance was

measured using a Synergy H1 plate reader (BioTek) at wave 595 nm.

For these assays, all cells were plated in triplicate for each experimental

condition.

Isolation and viability assay of human blood cells

Peripheral blood mononuclear cells (PBMC) were isolated using

Ficoll-Paque (Amersham) from the blood of healthy adult donors as

described (26). PBMCswere plated into 6-well plates at a density of 1�

106 cells/well. The next day, different concentrations of XL888 were

added, and after 48 hours, PBMCswere counted under themicroscope

after staining with Trypan Blue Solution 0.4% (15250061, Gibco).

Colony formation assays

Cells were trypsinized into a single-cell suspension and plated into

12-well plates at a low density (100–200 cells/well). XL888 was added

the following day once cells were adherent and media were changed

every 2 days. Following 10 to 14 days, cells were fixed with 4% formalin

for 30 minutes at room temperature and stained with 0.5% Crystal
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Violet (C3886, Sigma Aldrich) for 30minutes. The number of colonies

which contained more than 50 cells was counted via light microscopy.

In vivo experiments

All animal studies were conducted in accordance with a protocol

approved by the Emory University Institutional Animal Care and Use

Committee (IACUC). For s.c. tumor efficacy studies, 4- to 6-week-old

female C57BL/6 mice (n ¼ 6–7 mice per treatment group) were

injected s.c. with 5� 105 Panc02 cells in the right flank. Once tumors

were palpable after 7 days, mice were either randomized to treatment

with vehicle (10 mmol/L HCl, oral), XL888 (62.5 mg/kg, oral), anti–

PD-1 (200 mg/mouse, intraperitoneal), or combined therapy with

XL888 and anti–PD-1. Animals in vehicle or XL888 groups also

received isotype control Ab (200 mg/mouse, intraperitoneal). All

agents were administered for 2 weeks, 3 times per week, together with

themeasurement of the tumor volume. The dose of XL888 in this study

was based on prior reports that have characterized its pharmacokinetic

and pharmacodynamic properties (21). For orthotropic tumor efficacy

studies, 6- to 8-week-old female C57BL/6 mice (n ¼ 9 mice per

treatment group) were injected with 2 � 105 KPC-Luc cells in 20 mL

1:1 PBS and Matrigel Matrix (354263, Discovery Labware, Inc.) into

the tail of the pancreas and randomized into the treatment groups as

indicated above (27). At days 7, 14, and 21 following injection, tumor

progression was analyzed by bioluminescent imaging via the IVIS

system. The study was terminated at day 21 where mice were eutha-

nized via CO2 inhalation followed by cardiac puncture as per IACUC-

approved protocol. Following euthanasia, tumor weight was recorded,

and tissues were preserved or freshly processed for subsequent bio-

marker analyses.

IHC analysis

Tumors from both s.c. and orthotopic efficacy studies were forma-

lin-fixed, embedded in paraffin, and subjected to IHC analysis via

staining with Abs directed against CD8 (Abcam, ab203035), aSMA

(Santa Cruz Biotechnology, A1218), pSTAT3 (Cell Signaling Tech-

nology, Inc., 9145L), CD11c (Abcam, ab33483), CD45R/B220 (Fisher

Scientific, BDB557390), and F4/80 (Abcam, ab100790). For analysis,

images were acquired at 10x and 20x magnification (approximately 5–

25 pictures per mouse depending on the size of the tumor) and

captured using NDP.View2 software (Hamamatsu Photonics K.K.).

Pictures for the staining of pSTAT3 and CD8 were analyzed by Fiji

ImageJ (GitHub) to quantify the percentage of positive cells or the

count of the positive cells. CellProfiler (Broad institute, Cambridge,

MA) was used to analyze the aSMA staining pictures (28, 29). Qupath

was used to quantify the staining for CD11c, B220, and F4/80.

Orthotopic tumors were also stained for DAPI (Perkin Elmer), CD4

(Abcam, ab183685), and FOXP3 (Novus Biologicals, NB100–39002)

and then visualized using a Vectra Polaris immunofluorescent whole

slide scanner. Qupath was used to quantify the number of

CD4þFOXP3� and CD4þFOXP3þ cells per cm2 tissue (30).

Nanostring gene expression analysis

RNA was isolated from representative tumors (n ¼ 3/treatment

group) from the orthotopic efficacy study using the Omega E.Z.N.A.

FFPE Kit (Omega Bio-Tek) following the manufacturer’s protocol,

and quality was assessed using the Agilent 2100 bioanalyzer.

Purified RNA underwent nanostring analysis using the nCounter

Nanostring PanCancer Immune Profiling Panel (Nanostring

Technologies). Pathway analysis was performed using Metacore

(Clarivate Analytics) based on the list of differentially expressed

genes.

Biostatistics

Data from densitometry analysis of Western blots, ELISA, MTT

assay, and colony formation assays were analyzed using one-way

ANOVA with P value < 0.05 as their significance, followed by a t test

for multiple comparisons. For in vivo studies in mice bearing subcu-

taneous tumors, a mixed model was used to test for significant

differences in longitudinal tumor volume across the four different

treatment groups, followed by a pairwise group comparison in lon-

gitudinal tumor volume. For bioluminescence imaging (BLI) data in

orthotopic tumors, linear mixed models were performed to test for

significant change over time and for significant difference among

treatment groups. Significance level was set at 0.05. The Kruskal–

Wallis test was used to test for overall difference between groups for

tumor weight, and IHC stains including aSMA, pSTAT3, CD4, and

CD8, followed by a t test for multiple comparisons. The SAS9.4

statistical package (SAS Institute, Inc.) was used for data analysis.

Results
Inhibition of Hsp90with XL888 limits an activated phenotype in

PSC/CAF

We postulated that Hsp90 inhibitors can modulate PDAC stromal

components that affect immunity. Although the ability of Hsp90

inhibitors to limit viability of PDAC has been documented in the

literature (20, 31–38), the impact of these targeted agents on the

biology of PSC/CAF has not been interrogated. Similar to PDAC

tumor cell lines, immunoblot analysis revealed abundant Hsp90

expression in immortalized (h-iPSC-PDAC-1) or primary patient-

derived (SC37) PDAC-associated PSC/CAF cultures. Hsp90 expres-

sionwas significantly greater in h-iPSC-PDAC-1 (P¼ 0.047) and SC37

(P¼ 0.014) as compared with normal HPFs (Fig. 1A and B). h-iPSC-

PDAC-1 cells were sensitive to the growth-inhibitory effects of XL888

(Fig. 1C). More detailed analysis revealed that XL888 exposure

induced a concentration-dependent decrease in aSMA expression in

h-iPSC-PDAC-1, a marker synonymous with an activated myofibro-

blast phenotype in PSC/CAF (Fig. 1D; Supplementary Fig. S1A).

Consistent with the known chaperone activity of Hsp90, XL888

treatment also decreased phosphorylation of signaling pathways

including ERK, STAT3, and upregulated Hsp27 and Hsp70, two

well-characterized biomarkers of Hsp90 inhibition (Fig. 1D; Sup-

plementary Fig. S1B–S1E). Oil Red O staining of h-iPSC-PDAC-1

cells following 48-hour exposure to XL888 further verified intra-

cellular accumulation of lipid droplets, in a manner comparable

with retinoic acid treatment as a positive control (Fig. 1E). Similar

effects of XL888 on cell viability and activation phenotype were

evident in primary PSC/CAF isolated from patients (Fig 2A and B),

whereas less of an effect was observed on normal cell types with an

inherently lower proliferation rate including HPFs or healthy donor

PBMCs (Fig. 2C–E). Activated PSC/CAF produce an array of

inflammatory cytokines including IL6 that facilitate immune-

suppressive features of the TME (9–14). Consistent with a damp-

ened activation, XL888 treatment led to significant reduction of IL6

in culture supernatants of h-iPSC-PDAC-1 cells (Fig. 3A). Down-

regulation of IL6 in response to XL888 occurred at the transcrip-

tional level as determined by PCR at doses that did not induce

reduced viability at later time points (Fig. 3B).

Inhibition of Hsp90 enhances the in vivo efficacy of

anti–PD-1 blockade

The ability of XL888 to limit activation of stromal cells suggests it

may represent a unique approach to modulating the tumor-immune

Zhang et al.
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microenvironment. Therefore, we first examined the ability of this

agent to limit subcutaneous growth of panc02 tumors when admin-

istered in combination with PD-1–targeted Abs. Although single

agent XL888 and anti–PD-1 Ab alone led to a modest inhibition of

tumor growth rate, the combination of these agents led to a

significant growth inhibition in vivo (Fig. 4A). Importantly, the

regimen was well-tolerated and did not result in acute toxicity as

evidenced by any reduction in body weight (Fig. 4B). Consistent

with the reduced rate of growth inhibition, the end study weight of

tumors from mice treated with XL888 and anti–PD-1 Ab combined

was significantly lower than all other treatment groups (Fig. 4C).

In vitro MTT assay, immunoblot, and colony formation assay data

indicate that both murine (Panc02, MT-5, and KPC-Luc) and

human (HPAC) cell lines were sensitive to the direct actions of

XL888 (Supplementary Figs. S3 and S4). Taken together, these data

indicate a portion of the antitumor efficacy of this combination was

likely due to direct action on the tumors.

In vivo efficacy of Hsp90 inhibition and PD-1 blockade in an

orthotopic PDAC model

The efficacy of combined therapy with XL888 and anti–PD-1 Ab

was next examined in a more aggressive and physiologically relevant

murine model. Luciferase-expressing KPC tumor cells (KPC-Luc)

were orthotopically implanted into the pancreas of immune-

competent C57BL/6 mice. This model better recapitulates the stromal

reaction evident in the pancreas. Seven days following injection, the

presence of pancreatic tumors was confirmed via BLI in mice, and

treatment was initiated (Fig. 4D). Tumor-bearing mice treated with

Figure 1.

Hsp90 inhibition limits activation of

PSC/CAF. A, Immunoblot analysis of

Hsp90 expression in a panel of murine

PDAC cell lines (MT5, Panc02,

and KPC-Luc), normal HPFs, immortal-

ized PDAC-derived human PSC/CAF

(h-iPSC-PDAC-1), and a primary PDAC

patient–derived PSC/CAF culture

(SC37). B, Densitometry analysis

from n ¼ 3 biological replicate blots.

MTT assay (C) and immunoblot (D)

of h-iPSC-PDAC-1 cells treated with

increasing concentrations of XL888.

E–F, Oil Red O staining of h-iPSC-

PDAC-1 cells following treatment for

48 hours with XL888. Al-trans retinoic

acid–treated cells served as a biolog-

ical-positive control. For immunoblot

analysis, b-actin served as a loading

control. Error bars, SD of n¼ 3 biolog-

ical replicates; � , P < 0.05.
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anti–PD-1 Ab alone or the combination had a trend toward a lower

rate of change in BLI signal over time, but these data were not

statistically significant (Supplementary Fig. S5). Importantly, the body

weight of mice in this model was also stable, indicative of a well-

tolerated treatment regimen (Fig. 4E). Although useful, BLI signals

have inherent limitations as a surrogate of tumor growth given the

Figure 2.

Effect of Hsp90 inhibition on primary PSC/

CAF and normal pancreatic fibroblasts.

Treatment of primary PDAC patient–

derived PSC/CAF (SC37) or normal HPFs

with XL888 was analyzed by MTT assay

(A and C) following a 72-hour treatment

or immunoblot analysis (B andD) following

a 48-hour treatment. b-Actin served as a

loading control. � , P < 0.05. E, Analysis of

Trypan blue staining of PBMCs from normal

donors following a 48-hour treatment with

XL888. Error bars, SD of n ¼ 3 biological

replicates.
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potential impact of subtle differences in anatomic tumor location and

other factors including tissue necrosis. To better examine impact on

tumor burden in the pancreas, tumor weight was also obtained post-

mortem at the study endpoint on all animals. Results confirmed

significantly lower tumor weights in mice treated with XL888 and

anti–PD-1 Ab combined as compared with isotype control and those

receiving XL888 alone (P < 0.05; Fig. 4F).

Combined XL888 and anti–PD-1 reprogram the TME

Tounderstand themechanismbywhichXL888 treatment enhanced

the efficacy of anti–PD-1 therapy, histologic interrogation of the TME

was also conducted in tumors obtained at the study endpoint. Reduced

aSMA staining was observed in mice receiving anti–PD-1 Ab alone or

combined with XL888, as compared with mice treated with isotype

control Ab and vehicle (P < 0.05; Fig. 5A). In addition to this impact of

therapy upon the PDAC stroma, other mechanisms may also be

operative. Indeed, in vitro studies confirmed that XL888 had direct

antiproliferative action upon KPC-Luc and other murine PDAC cell

lines (Supplementary Fig. S4B–S4D). Analysis of pSTAT3 showed a

trend toward reduced expression in tumors frommice receivingXL888

as a single agent (P ¼ 0.08) or a significant decrease in pSTAT3

when XL888 was combined with anti–PD-1 Ab (P < 0.05; Fig. 5B).

Surprisingly, single-agent PD-1 treatment was also associated with

significantly reduced pSTAT3 in tumor tissue as compared with

tumors from control mice in this tumor model (P < 0.05; Fig. 5B).

Strikingly, both CD8þ and CD4þ T-cell infiltration was significantly

increased in tumors from mice receiving XL888 combined with anti–

PD-1 Ab (P < 0.05; Fig. 5C and D). Contrasting these data were no

significant difference in the presence of B cells (B220þ), dendritic cells

(CD11cþ), macrophages (F4/80þ), or phenotypically defined T reg-

ulatory cells (CD4þFoxP3þ) between groups (Supplementary Fig. S6).

In an effort to uncover global changes in immune-related gene

expression unique to tumors in mice receiving the combination of

XL888 and anti–PD-1 Ab, RNA was isolated from tumors and

subjected to nanostring analysis using the nCounter Nanostring

PanCancer Immune Profiling Panel. A unique pattern of gene expres-

sion was evident in tumors from mice treated with anti–PD-1, XL888,

or both agents combined when compared with tumors from vehicle-

treated mice (Fig. 6A). In fact, very little overlap was observed, with

only 2 differentially expressed genes shared between the anti–PD-1

and combination groups. Of the genes differentially expressed in

tumors frommice receiving combined XL888 and anti–PD-1 therapy,

many of those upregulated were involved in immune response (e.g.,

IL21, S100a8, IL12Rb1, CFi) and chemotaxis (CXCL13, CXCR2, and

CCL24). In contrast, fewer genes involved in immune response were

differentially expressed in tumors from mice treated with anti–PD-1

(downregulation of CCL17) or XL888 (upregulation of IL15 and

CCL25) as compared with controls (Fig. 6B and C).

Discussion
This report describes how inhibition of Hsp90 affects PSC/CAF and

enhances the efficacy of PD-1 blockade in vivo. We utilized a com-

bination of immortalized cell lines, cell cultures derived from primary

patient specimens, and in vivomodels to interrogate themechanism of

this combined therapeutic approach on tumor growth and immune

modulation. These data represent the first report of Hsp90 as a

mediator of an activated phenotype of PSC/CAF, and the efficacy of

a novel combination therapy approach in the setting of PDAC. Our

results complement prior published reports showing direct growth-

inhibitory and proapoptotic effects against pancreatic cancer

cells (20, 31–38) and broaden our understanding of PSC/CAF as

potential cellular targets of a clinically relevant Hsp90 inhibitor.

Hsp90 is important in regulating PDAC growth and survival;

however, its role in PSC/CAF has not been investigated to date. Hsp90

cooperates with STAT3, NF-kB, and other factors to facilitate a

paracrine circuit of cytokines that fuels inflammatory changes in

PDAC (18–20). These cytokine changes are likely regulated in both

the tumor and stromal cell compartments. Our data indicate that

XL888 can modulate the activation of PSC/CAF, which in turn

may shape the downstream immune response. These data suggest

further study into how modulation of PSC/CAF biology and subse-

quent changes in downstream cytokine mediators might shape the

immune contexture of the PDAC TME. For example, prior studies

indicate that IL1a secreted from PDAC tumor cells fuels an inflam-

matory, IL6-producing subpopulation of CAF (10). Another report

has implicated PSC-derived leukemia-inhibitory factor (LIF) as an

upstream factor ultimately responsible for IL-6 production from these

same cells (11, 13, 14). Although LIF was produced by the h-iPSC-

PDAC-1 cell line and decreased following XL888 treatment (Supple-

mentary Fig. S2), its secretionwas not detected fromall patient-derived

PSC/CAF cultures. The specific contribution of downregulated factors

such as IL6, in response to XL888, will be of interest in future studies.

In contrast to other solid tumors, targeting the PD-1/PD-L1 path-

way has not affected the clinical course of disease in PDAC. This is

likely due to a redundant series of immunosuppressive mechanisms

that limit T-cell access into tumors, while suppressing their survival

and function should they exhibit reactivity to tumor antigens in the

Figure 3.

Modulation of PSC/CAF-derived IL6 by

Hsp90 inhibition. A, Reduced secretion

of IL6 in culture supernatants from an

immortalized PDAC-derived human

PSC/CAF (h-iPSC-PDAC-1) following a

48-hour treatment with XL888. B, Real-

time PCR for IL6 transcript was conducted

on RNA isolated from h-iPSC-PDAC-1 fol-

lowing 24-hour treatment with XL888.

Data were normalized to GAPDH as a

housekeeping gene and expressed rela-

tive to cells treated with vehicle. Error

bars, SD of n ¼ 3 biological replicates;
� , P < 0.05.
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microenvironment. The PDAC stroma is gaining appreciation as a

factor that limits efficacy of immune checkpoint blockade in this

disease (3, 27, 39–42). Therefore, therapies intended to inhibit stromal

targets are a topic of great interest and may lend to increasing

sensitivity to immune therapy approaches. For example, targeting

FAPþ fibroblasts in PDAC enhances the efficacy of immune check-

point blockade in preclinical models. PSC/CAF certainly secrete

abundant cytokines such as IL6 that act via STAT3 to expand

myeloid-derived suppressor cells (12). Aligned with these data are

further studies indicating that Ab-mediated blockade of IL6 increases

tumoral infiltration of effector T cells and enhances the efficacy of

immune checkpoint blockade in preclinical models of PDAC (27).

Figure. 4.

In vivo activity of XL888 and anti–PD-1. A, Tumor volume was measured over time in mice bearing subcutaneous panc02 tumors. Treatment started on day 7 once

tumors were palpable. B, Bodyweight over time. Error bars, SD from n¼ 6 to 7mice per group. C, End study tumor weight from each animal. Each dot represents an

individual mouse tumor with the bar representing the mean. �A mixed model with pairwise comparisons revealed P < 0.0001 in combination therapy vs. the three

other groups.D, BLI of mice confirming implantation of luciferase expressing KPC cells at day 7 after tumor implantation and at various time points during the study.

Treatment was initiated on day 7 following tumor implantation and continued to the study endpoint at day 21. This study was conducted in two separate cohorts of

mice, as displayed. Body weight over time (E) and end study tumor weight (F) from each animal. Each dot represents an individual mouse tumor with the bar

representing the mean. Error bars, SD from n ¼ 9 mice per treatment group. ISO, isotype control Ab.
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This adaptation of Hsp90 inhibition in preclinical models of PDAC in

the present study provided a similar result, whereby PSC/CAF-derived

production of IL6 was attenuated and infiltration of both CD4þ and

CD8þ T cells was prominent in tumors from mice treated with the

combination of XL888 and anti–PD-1 Abs. Given that PSC/CAF are

exquisitely sensitive to STAT3 inhibitors (43), it is likely that inter-

actions between Hsp90, STAT3, and other key prosurvival pathways

influenced by its chaperone activity contribute to regulating viability

and cytokine production by inflammatory fibroblasts in the PDAC

TME, thereby rendering a tumor more permissive to T cells.

Inhibition of Hsp90 may enhance the efficacy of PD-1/PD-L1

pathway blockade through several mechanisms. Our data substantiate

immune modulation as one viable contributor to antitumor activity.

We saw that T-cell infiltration was accompanied by increased expres-

sion of genes encoding chemokine and chemokine receptors in tumors

from mice receiving combination therapy. Although these data may

simply reflect an increased proportion of T cells in tumors, they may

also signify treatment-induced changes in Hsp90 client proteins such

as NF-kB or Jak/STAT signaling intermediates that regulate expres-

sion of chemokines or their receptors at the transcriptional level. Given

the number of client proteins for Hsp90, it is most likely that multiple

concurrent mechanisms are operative when inhibitors of this pathway

are combined with targeting PD-1/PD-L1. For instance, XL888 and

other Hsp90 inhibitors such as ganetespib (20, 31–38) can directly

inhibit growth (Supplementary Figs. S3 and S4) and modulate epige-

netic properties of pancreatic cancer cells. These same downstream

effects may in fact be relevant to immune cells as well and will be a

continued topic of investigation. Certainly, Hsp90 plays a complicated

Figure 5.

Analysis of IHC data from orthotopic tumor study. Representative analysis and data summary of IHC for (A) aSMA, (B) pSTAT3, and (C) CD8þ T-cell infiltration in

orthotopic tumors obtained frommice at the study endpoint. D, Representative multiparameter immunofluorescence staining and data summary for CD4þ FoxP3�

cell infiltration in tumors obtained frommice at the study endpoint. Each dot represents an individual mouse tumorwith the bar representing themean percentage of

positively stained area (for aSMA and pSTAT3) or mean number of positive cells per 10� field counted.
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role as a regulator of immune responses. Although a subset of studies

suggest Hsp90 inhibitors may antagonize T-cell–mediated immune

responses by virtue of decreasing dendritic cell maturation (44, 45), or

may negatively regulate CD28 expression, a key costimulatory path-

way required for full reversal of exhausted T cells (44, 46–48), other

studies instead show Hsp90 inhibition can alter cells in a manner

that promotes tumor antigenicity and T-cell trafficking (16). Con-

sistent with our data are prior in vivo studies demonstrating that a

separate Hsp90 inhibitor, ganetespib, augments the antitumor

activity of PD-1 blockade in subcutaneous MC38 colon and B16

melanoma models (49) and CTLA-4 blockade in MC38 colon

models by eliciting IFN-stimulated gene signatures (50). These

results highlight the need for additional data to assess the immu-

nomodulatory properties of Hsp90 inhibitors in the context of

immune checkpoint blockade.

Although our results are promising, a number of limitations

deserve mention that are relevant in the context of interpreting the

data. First, PSC/CAF by their nature are inherently heterogeneous

and capable of phenotypic plasticity. Thus, the data obtained

in two-dimensional, in vitro culture models may not fully

Figure 6.

Differential gene expression in orthotopic tumors frommice treated with combined XL888 and anti–PD-1 Ab. Analysis of gene expression differenceswas conducted

using the nCounter Nanostring PanCancer Immune Profiling Panel. A, Venn diagram indicating the number of differentially expressed genes was found in each

comparison of treatment groups, and howmanygenes overlappedwithin each set of comparisons.B,Heatmap clustering of gene expression derived from tumors in

each treatment group. Unsupervised hierarchical clustering of genes and samples was carried out by uncentered Pearson correlation. Color indicated normalized

counts of each gene, with red representing higher expression and green relatively lower expression. C, Summary of differentially expressed genes expressed as log2
fold change in mRNA expression between control mice (treated with ISO þ vehicle) as compared with each individual treatment group.
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recapitulate what might be seen in a spheroid culture, or most

importantly, a patient tumor. Second, our data are limited to

pharmacologic inhibition rather than genetic ablation of the path-

way as a complementary approach. Unfortunately, we did not

choose this methodology given prior reports that Hsp90a and

Hsp90b isoforms can compensate for one another. These factors

would make interpretation of our results quite complex. Further-

more, our data implicating a role for Hsp90 in cell compartments

outside of only tumor cells (i.e., PSC/CAF and possibly immune

cells) would render it difficult to achieve precise genetic modulation

in one cell type. In this scenario, the use of a targeted inhibitor was

the most efficient way to approach this study. Finally, the XL888

Hsp90 inhibitor is a next-generation compound that our group is

currently utilizing in an ongoing phase Ib/II clinical trial of XL888

combined with pembrolizumab in patients with advanced pancre-

atic and colorectal cancer (NCT3095781). This study also has a

robust series of laboratory correlative studies that will be informa-

tive related to its mechanism of action in the clinical setting.

Overall, the application of combining targeted, small-molecule

inhibitors with immunotherapy approaches in the setting of PDAC

is an area of high priority for overcoming limited efficacy. In addition,

the development and refinement of next-generation, small-molecule

Hsp90 inhibitors are areas of continued interest to simultaneously

modulate inflammatory pathways across multiple cell compartments.

We are hopeful that data from our preclinical and clinical work with

XL888may inform other studies using this class of agents in the future,

with the goal of enhancing efficacy of immunotherapy andmodulating

the PDAC stroma.
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