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Response resistance to the immune checkpoint blockade (ICB) immunotherapy

remains a major clinical challenge that may be overcome through the

rational combination of ICB and specific targeted therapeutics. One emerging

combination strategy is based on sensitizing ICB-refractory tumors

with antagonists of 90kD heat shock protein (Hsp90) that target all four

isoforms. However, pan-Hsp90 inhibitors are limited by the modest efficacy,

on-target and off-tumor toxicities, and induction of the heat shock response

(HSR) that overrides the effect of Hsp90 inhibition. Recently, we developed

Hsp90b-selective inhibitors that were cytotoxic to cancer cells but did not

induce HSR in vitro. Here, we report that the Hsp90b inhibitor NDNB1182

downregulated CDK4 (an Hsp90b-dependent client protein) and induced the

expression of endogenous retroviral elements and interferon-stimulated genes.

In syngeneic mouse models of prostate cancer and breast cancer, NDNB1182

significantly augmented the efficacy of ICB therapy. Furthermore, NDNB1182

showed superior tolerability to the pan-Hsp90 inhibitor Ganetespib in mice. Our

findings provide evidence that Hsp90b inhibition is a potentially effective and safe

regimen to combine with ICB to treat immunotherapy-refractory solid tumors.
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Introduction

Novel immunotherapies have revolutionized the treatment

of cancer patients in recent years. The broadest impact comes

from immune checkpoint blockade (ICB) that reinvigorates

anti-tumor cytotoxic T lymphocytes (CTLs) using antibodies

against CTLA4 or PD1/PD-L1 and generates therapeutic

responses across a variety of cancer types (1). However, some

solid tumor types remain largely resistant to ICB therapy,

including breast cancer and prostate cancer which represent

the first and third most frequently diagnosed malignancies

worldwide, respectively (2). Advanced prostate cancer

(metastatic and castration-resistant) shows overwhelming de

novo resistance to anti-CTLA4 or anti-PD1 therapies (3–6).

When ipilimumab and nivolumab were combined in a

preliminary phase II clinical trial (CheckMate 650), improved

objective response rates were reported (25% and 10% for pre-

and post-chemotherapy), yet inadequate response rate and

strong adverse effect remain frustrating (7). For metastatic

triple-negative breast cancer, two ICB drugs, atezolizumab and

pembrolizumab, in combination with chemotherapy, have been

approved by the FDA to treat PD-L1+ cases (8, 9). However, the

majority of the patients remain nonresponsive to ICB therapy. In

order to bring broad benefits to patients with advanced prostate

cancer and breast cancer, therapeutic approaches to overcome

the resistance and sensitize the disease to ICB are

urgently needed.

The 90kD heat shock protein (Hsp90) family functions as an

evolutionarily conserved molecular chaperone to regulate

protein homeostasis under physiological and stress conditions

(10–13). Hsp90 family consists of four members: Hsp90a
(inducible) and Hsp90b (constitutive) in the cytoplasm,

glucose-regulated protein 94 (Grp94) in endoplasmic

reticulum, and tumor necrosis factor receptor-associated

protein-1 (Trap1) in mitochondria. Hsp90 proteins are

responsible for the proper folding, disaggregation and

intracellular trafficking of over 400 client proteins, including

protein kinases, steroid hormone receptors, transcription

factors, E3 ubiquitin ligases and more. Many of these clients

control the hallmarks of cancer, therefore inhibition of Hsp90

may offer a unique benefit of co-targeting many oncogenic

pathways (13). Various reports suggest that mutated and

overexpressed oncoproteins rely more on the Hsp90

chaperone activity for proper folding, thus neoplastic cells may

be more dependent on the function of Hsp90 chaperone for

survival and proliferation than normal cells are, which could

create a therapeutic window (14–17).

Many cell types express Hsp90 on the cell surface or secrete

Hsp90 into the extracellular space (18, 19), and often Hsp90

expressed on the cell surface is more abundant in cancer cells

than normal cells (20). Tumor cells appear to be more sensitive

to Hsp90 inhibition, because the Hsp90 complex in cancer cells

is distinct from normal cells with its higher affinity binding state
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(14). Moreover, in approximately 50% of cancers especially those

fueled by MYC, Hsp90 acts as a nucleating site to form

functionally integrated complexes termed ‘epichaperome’,

which render tumor cells more sensitive to Hsp90 inhibitors

(Hsp90i) (17). Lastly, Hsp90i preferentially accumulate in tumor

cells as compared with normal cells (21–23). Therefore, Hsp90 is

an attractive target for developing drugs to treat malignancies,

including prostate cancer and breast cancer (24, 25).

Following the discovery of natural product inhibitors of

Hsp90, geldanamycin (26) and radicicol (27), avid investment

in the design, synthesis and evaluation of drug-like Hsp90i

ensued (16, 28). So far, 18 small molecule drugs as pan-Hsp90

inhibitors (pan-Hsp90i) have entered clinical trials, but none has

demonstrated satisfactory benefit-risk profile to be approved by

the Food and Drug Administration (FDA) (29, 30). Pan-Hsp90i

target the N-terminal domain (NTD) and bind competitively to

the ATP binding site of all four Hsp90 isoforms. Challenges with

current Hsp90i include limited efficacy, dose-limiting toxicities

(DLTs), and various on-target and off-tumor toxicities. A major

cause of the limited efficacy and DLTs is the induction of the

pro-survival heat shock response (HSR) by pan-Hsp90

inhibition, because pan-Hsp90i trigger dissociation of heat

shock factor 1 (Hsf1) from Hsp90 complex and Hsf1

subsequently enters nucleus and activates the transcription of

Hsp27, Hsp40, Hsp70 and Hsp90 (31, 32), which counteracts the

effect from the inhibitor. On the other hand, Hsp90i-associated

hepatic, cardio and ocular toxicities may result from the

disruption of clients. For example, the cardiac potassium

channel human ether-a-go-go related gene (hERG) depends on

Hsp90 for functional maturation, thus Hsp90i can cause

deleterious effects on the hERG-related membrane potential

(33). Interestingly, hERG is solely dependent on Hsp90a (34),

suggesting that inhibition of Hsp90a (but not other isoforms) is

likely to account more for the cardio and ocular toxicities.

Moreover, Hsp90a and Hsp90b govern clientele and exert

biological functions in non-redundant manners despite highly

similar structures (35, 36), emphasizing the value of developing

isoform-selective inhibitors. Using a structure-based molecular

design and optimization approach, Blagg and colleagues

developed various Grp94 inhibitors (37–40), Hsp90a
inhibitors (Hsp90a-i) (41, 42), and Hsp90b inhibitors

(Hsp90b-i) (43, 44). Among them, Hsp90b-i induce

degradation of Hsp90b-dependent clients without concomitant

degradation of Hsp90a clients or induction of the HSR (43, 44).

Therefore, Hsp90b-i may overcome the obstacles encountered

by pan-Hsp90i that have struggled in clinical trials.

Emerging evidence shows the involvement of Hsp90 in

tumor immuni ty and the potent ia l o f enhanc ing

immunotherapy with Hsp90i, although the mechanisms

remain inadequately characterized and all these studies used

pan-Hsp90i. For example, Ganetespib induced type I interferon

response genes, such as interferon-induced protein with

tetratricopeptide repeats (IFIT), through an unknown
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mechanism and promoted tumor cell killing by autologous T

cells in vitro and anti-CTLA4 immunotherapy in mouse model

of colorectal cancer (45). In addition, Ganetespib and 17-AAG

decreased PD-L1 transcription through destabilizing Hsp90

clients MYC and STAT3 in monocytes and tumor cells at the

sub-cytotoxic concentration, and Ganetespib diminished PD-L1

level on MC38 tumor cells in vivo (46). It is not yet explored

whether isoform-selective Hsp90i, especially Hsp90b-i, can
sensitize prostate cancer and breast cancer to immunotherapy,

which is the central question for the current study to address.
Results

HSP90b-selective inhibitor NDNB1182
inhibits cell proliferation

We first conducted in silico analysis to support the proposition

of inhibiting Hsp90b to enhance ICB therapy. From a phase 2

clinical trial of ipilimumab (anti-CTLA4) in 30 patients with

metastatic castration-resistant prostate cancer (47), we retrieved

the expression values of HSP90AB1 (encoding Hsp90b) from the

published RNA-seq data of the patient samples in the study (n=18)

and separated the cohort to HSP90AB1high and HSP90AB1low

groups. We compared the two groups for PSA progression free

survival (PFS) and overall survival (OS). HSP90AB1high group

showed significantly worse outcome than the HSP90AB1low group

under ipilimumab therapy (Figure 1A). Next, we noticed that the

KMplot tool recently gathered the survival data for patients across

various cancer types treated with ICB therapies (48), so we used

KMplot to compare the OS of HSP90AB1high and HSP90AB1low

patients for either anti-PD1 treatment or anti-PD-L1 treatment. In

both regimens, patients with HSP90AB1high tumors showed

significantly shorter OS (Figure 1B).

The Blagg laboratory recently reported the structure-based

rational development of the 2H-isoquinolin-1-one based series

of Hsp90b-i (44). To enhance the solubility of these Hsp90b-i
compounds for in vivo application, Blagg’s group replaced the

solvent exposed fragment (cyclohexanolamine) to reduce

intermolecular pi-stacking, and synthesized the newest

Hsp90b-i, NDNB1182 (Figure 1C) (Mishra et al, manuscript

under preparation). Like other 2H-isoquinolin-1-one series of

Hsp90b-i, NDNB1182 was evaluated for the binding affinities

against the four Hsp90 isoforms by measuring the ability to

competitively displace FITC-labeled geldanamycin (a pan-

Hsp90i) in a fluorescence polarization (FP) assay (44, 49).

NDNB1182 exhibited improved selectivity (over 150-fold) for

the Hsp90b isoform over the highly identical Hsp90a isoform

(Figure 1C). While pan-HSP90i luminespib reduced expression

of the HSP90a-selecitve client protein Src (42, 50), NDNB1182

did not alter Src levels (Figure 1D). The purity of the compound

was confirmed to be >95% by high-performance liquid
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chromatography (HPLC) (Figure 1E). We performed the

resazurin assay to evaluate the cytotoxicity of NDNB1182

against murine colorectal cancer cell line MC38, murine

prostate cancer cell lines Pten-CaP8 and RM1, and murine

Lewis lung carcinoma LLC. The IC50 values for all the lines

fell below 100nM and did not show significant differences

among the lines (P = 0.0889, Figure 1F). As comparison, the

effect of NDNB1182 was tested on two normal cell types, mouse

prostate primary epithelial cells (grown from the dissociated

prostate glands of wild type C57BL/6 mice) and the mouse

fibroblast cell line L cells (ATCC, CRL-2648). IC50 of

NDNB1182 was 430nM for normal prostate cells and 1255nM

for L cells (Figure 1G), which were significantly higher than the

IC50 values of the four mouse prostate cancer cell lines. Next, we

plotted HSP90AB1 expression levels in various human prostate

lineage cell lines at the Depmap portal. The result showed that

various prostate cancer tissue-derived cell lines (MDAPCA2B,

VCAP, NCIH660, LNCAP, 22Rv1, PC3) expressed HSP90AB1

at higher levels than the normal-like or ectopically transformed

prostate cell lines (PRECLH, WPE1NA22, P4E6, SHMAC4,

SHMAC5) (Figure 1H). Overall, these results support that

Hsp90b is a promising target for prostate cancer and suggest

that NDNB1182 selectively targets Hsp90b.
NDNB1182 upregulates IFIT and
endogenous retroviral element
expression

The pan-Hsp90i Ganetespib was reported to induce IFIT1

expression at 125nM and higher (45). To examine whether

isoform-selective Hsp90a-i or Hsp90b-i has this activity, we

treated MC38 with Ganetespib, Hsp90a-i 12h (42) and

NDNB1182 for 6 hours. Hsp90a inhibition induced no increase

in Ifit1 expression, whilst Ganetespib and NDNB1182 both

significantly increased Ifit1 expression with NDNB1182 inducing

Ifit1 by a higher magnitude (Figure 2A). We further confirmed the

dose-dependent induction of IFIT1 expression by NDNB1182 in

human prostate cancer cell line DU145 (Figure 2B).

Mbofung et al. did not identify the mechanism for

Ganetespib to induce interferon-stimulated genes (ISGs),

which is addressed in our study. We previously showed that

Hsp90b-i compounds led to degradation of Hsp90b-dependent
clients including CDK4 but did not trigger the undesired HSR

such as HSF1 upregulation (43, 44). NDNB1182 was confirmed

to induce a dose-dependent decline of CDK4 expression, but no

increase of HSF1 (Figure 2C). Our result reinforced that CDK4/6

are Hsp90b-selective clients (51, 52). Interestingly, CDK4/6

inhibition was shown to reduce the expression of DNMT1

(encoding DNA methyltransferase 1), an E2F target gene,

resulting in hypomethylation of the genome and activation of

the expression of endogenous retroviral (ERV) elements and
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ISGs to enhance tumor antigen presentation and ultimately anti-

tumor immunity (53). Taking these together, we hypothesized

that NDNB1182 could achieve an equivalent effect as CDK4/6

inhibitor (like Palbociclib) to stimulate ERV and anti-viral ISG

expression. To test this, we treated MC38 with Ganetespib and

NDNB1182 and examined the expression of a list of murine

ERV elements (54). Both inhibitors stimulated the levels of Ifit1

and ERV genes AblMLV1 and EndoPP1 (Figure 2D).
Frontiers in Immunology 04
Interestingly, we observed that lower confluence of MC38 cells

corresponded to higher Ifit1 induction by both Hsp90 inhibitors

(Figures 2A, D). This observation may be related to the DNA

methylation dynamics during cell cycle (see Discussion). We

expanded the treatment and detection to more syngeneic cell

lines: the prostate cancer cell line PPS that we developed from

the PB-Cre+ PtenL/L p53L/L Smad4L/L transgenic mouse model

(55), and a mammary cancer cell line PyMT-7160 that we
B

C D

E F G

H

A

FIGURE 1

Hsp90b-selective inhibitor NDNB1182. (A) Association of high HSP90AB1 expression with worse PSA progression free survival (PFS) and overall
survival, with data extracted from the database of a phase 2 clinical trial of ipilimumab in metastatic castration-resistant prostate cancer *P<0.05,
log rank test between the two cohorts (47). (B) Association of high HSP90AB1 expression with worse overall survival for anti-PD1 or anti-PD-L1
treatment with data from multiple clinical studies, drawn with KMplot. (C) The generic structure of NDNB1182 and IC50 values against Hsp90
isoforms determined using fluorescence polarization (FP) assay. (D) Western blot of Src in mouse prostate cancer cell line PPS treated with
DMSO, NDNB1182 or luminespib for 12 hours, with the semi-quantitative result presented on the right. (E) HPLC result confirming the high
purity of NDNB1182. (F) Dose-response curves and IC50 values of NDNB1182 on four cancer cell lines. Nonlinear regression modeling with log
(inhibitor) and normalized response of variable slopes was conducted in Graphpad Prism. (G) Dose-response curves and IC50 values of
NDNB1182 on primary prostate epithelial cells grown from wild type C57BL/6 mice and the mouse fibroblast cell line L cells. (H) HSP90AB1
transcript levels for prostate-lineage cell lines in the Depmap database portal with the plot generated by Depmap.
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established in this study from the MMTV-PyMT (mouse

mammary tumor virus promoter driven polyoma middle T-

antigen) transgenic mice with autochthonous mammary

adenocarcinoma (56). In both cell lines, NDNB1182 induced

the expression of Ifit genes and various ERV elements

(AblMLV1/2, EcoMLV, EndoPP1/2, MLV), although the exact

fold changes differed (Figures 2E, F). Furthermore, both

NDNB1182 and Palbociclib induced Ifit1 expression in PPS

(Figure 2G). Ifnb1 (encoding interferon b1, a major type I

interferon) was upregulated significantly in MC38 cells treated

with Ganetespib and NDNB1182 (Figure 2H). These results

demonstrate that NDNB1182, by inhibiting Hsp90b but not

other isoforms, can downregulate CDK4/6 expression, activate

ERV elements and stimulate the interferon response in cancer

cells. This trait prompted us to test whether NDNB1182 could

enhance ICB therapy.
Frontiers in Immunology 05
NDNB1182 enhanced ICB efficacy in the
PPS syngeneic prostate cancer model

We tested the anti-tumor effect of NDNB1182 in two prostate

cancer syngeneic models, Myc-CaP and PPS. Myc-CaP was derived

from c-myc transgenic mice in the FVB/N background (57) and

responded poorly to ICB therapy (58).We confirmed thatMyc-CaP

failed to shrink under anti-PD1 plus anti-CTLA4 ICB treatment

(Figure 3A). In this model, neither NDNB1182 (dosed at 50mg/kg,

daily) nor Ganetespib (dosed at 25mg/kg, daily) had a significant

impact on tumor growth (Figure 3B). Nevertheless, this model

provided promising results for the toxicity profile of NDNB1182,

because in the same experiment while Ganetespib showed

significant toxicity leading to 80% (4 out of 5) mortality within

13 days of treatment, mice treated with NDNB1182 at two-fold of

the dose showed no significant change of survival (Figure 3C).
B C

D E F G

A

H

FIGURE 2

NDNB1182 upregulates IFIT and endogenous retroviral element expression. (A) qRT-PCR and western blot of Ifit1 expression in MC38 treated
with DMSO, Ganetespib, NDNB1182, or Hsp90a-i 12h, at the indicated concentrations for 6 hours. Cells were at 30% confluence when treated
with the inhibitors. (B, C) Western blot of IFIT1, HSF1 and CDK4 in DU145 treated with DMSO or a concentration gradient of NDNB1182 for 12
hours. In (A, B), the quantification of band intensities was from one representative result of three repeated experiments that showed consistent
results. (D–F) qRT-PCR result of Ifit and ERV elements in MC38, PPS and PyMT-7160 treated with DMSO, Ganetespib (1µM) or NDNB1182 (1µM)
for 6 hours. In (D), MC38 confluence during the inhibitor treatment was indicated. (G) qRT-PCR result of Ifit1 expression in PPS treated with
DMSO, NDNB1182 (1µM) and Palbociclib (2µM) for 6 hours. (H) qRT-PCR result of Ifnb1 expression in MC38 (50% confluence) treated with
DMSO, Ganetespib (1µM) or NDNB1182 (1µM) for 6 hours. In (A, D–H), data represent mean ± SEM, N=3. #, P>0.05; *P<0.05, **P<0.01,
***P<0.001, ****P<0.0001, Student’s t-test.
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PPS tumors grown in C57BL/6 background responded

partially to ICB monotherapy (60). We treated PPS-carrying

animals with vehicle control, NDNB1182, ICB (anti-PD1 + anti-

CTLA4), or combination of NDNB1182 and ICB. Therapy with

NDNB1182 or ICB each showed partial response, but the

combination achieved remarkably enhanced efficacy

(Figure 3D). Immunohistochemistry (IHC) staining of CD8a
demonstrated that NDNB1182 alone induced a moderate
Frontiers in Immunology 06
increase of CD8+ T cell infiltration to the tumors, ICB alone

had no effect, but the NDNB1182 plus ICB combination

dramatically augmented the infiltration of CD8+ T cells

(Figure 3E). Importantly, the animal body weight was not

affected by NDNB1182 or NDNB1182 plus ICB treatments,

showing low toxicity by NDNB1182 monotherapy or the

combination treatment (Figure 3F). Furthermore, vehicle and

NDNB1182 treated mice showed no discernable histological
B C

D E

F G H

A

FIGURE 3

NDNB1182 enhanced ICB efficacy in the PPS syngeneic prostate cancer model. (A) Growth curves of Myc-CaP tumors treated with isotype IgG
or ICB (anti-PD1 plus anti-CTLA4) administered intraperitoneally (i.p.) at 10mg/kg, twice/week. N=9/group. (B) Growth curves of Myc-CaP
tumors treated with vehicle, Ganetespib (25mg/kg, i.p. daily) or NDNB1182 (50mg/kg, i.p. daily). N=10 tumors/group at the start of the
treatment. (C) Survival curves for mice bearing Myc-CaP tumors and treated with vehicle, Ganetespib or NDNB1182. N=5/group. (D) Growth
curves of PPS tumors treated with vehicle control (N=6), NDNB1182 (50mg/kg, i.p. daily; N=6), ICB (anti-PD1 plus anti-CTLA4, 10mg/kg, i.p.,
twice/week; N=10), or concurrent NDNB1182 plus ICB (N=8). In (A, B, D), the randomized groups on day 0 of the treatment showed no
significant difference based on statistical tests (for (A) two groups at day 0, P=0.8238 based on Mann Whitney test; for (B) three groups at day 0,
P=0.4265 based on ANOVA test; for (D) four groups at day 0, P= 0.5561 based on ANOVA test). (E) Representative images and quantification
results for CD8a immunohistochemistry on PPS tumors treated with the four regimens. The tumor regions (“T”) and the margin contours are
denoted. N=5 for each condition. Image analysis and quantification was performed with ImageJ following a published protocol (59), where DAB
signals were normalized to the number of nuclei present in the images. Scale bar 200µm. (F) Body weight changes of mice treated with vehicle,
NDNB1182, or NDNB1182 plus ICB. (G) Representative H&E staining images of liver from vehicle-treated and NDNB1182-treated mice. Scale bar
50µm. (H) Quantification results for cleaved caspase 3 immunohistochemistry on liver and spleen tissues from vehicle-treated and NDNB1182-
treated mice. In (A–H), data represent mean ± SEM. #P>0.05; *P<0.05, **P<0.01, ****P<0.0001, Student’s t-test. In (B, D–F), one-way ANOVA
test result was shown in red (#P>0.05; ****P<0.0001). In (C), #P>0.05; *P<0.05, logrank test.
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differences in the liver (Figure 3G) or the spleen (data not

shown). NDNB1182 also caused no increase in apoptosis (as

indicated by positive cleaved caspase 3 staining) in the liver or

spleen (Figure 3H). These results provide further support for the

safety of NDNB1182 at the dosage used.

The results fromMyc-CaP and PPS models connect the anti-

tumor activity of NDNB1182 with the ICB response of the

models and illustrate the potential of enhancing ICB therapy

with Hsp90b inhibition.
NDNB1182 enhanced ICB therapy in the
PyMT-7160 syngeneic mammary
tumor model

To test the activity of NDNB1182 to enhance immunotherapy

in another tumor type, we orthotopically injected FVB/N female

mice with PyMT-7160 mammary cancer cells and implemented a

similar design of single and combination treatments. NDNB1182

and ICB each had moderate impact on tumor growth, but the

NDNB1182 and ICB combination showed dramatic anti-tumor

activity (Figure 4A). We dissociated the tumors at the endpoint
Frontiers in Immunology 07
and quantified the CTLs (CD45+ CD8+) and antigen-presenting

dendritic cells (DCs, CD11c+ MHC-II+) with flow cytometry. We

quantified CD11c+ MHC-II+ DCs because these cells may play an

important role in presenting the tumor antigens to activate the T

cell immunity. Consistent with the anti-tumor efficacy, only the

NDNB1182 plus ICB treatment stimulated the tumor infiltration

of both CTLs (Figures 4B, C) and DCs (Figures 4D, E)

significantly compared with the control. We further confirmed

that tumors treated with ICB plus NDNB1182 expressed Ifit genes

and ERV elements MLV and EcoMLV at the highest level

compared with other treatment regimens (Figure 4F). These

results support that the combination of Hsp90b inhibition and

ICB offers the most potent control on breast cancer progression

through ERV and interferon response activation and anti-tumor

immunity reprograming.
Discussion

Most previous studies regarded Hsp90 chaperone as one

machinery and inhibited Hsp90 activities in cancer models and

clinical trials with pan-Hsp90i, which may largely account for
B

C

D

E

A F

FIGURE 4

NDNB1182 enhanced ICB therapy in the PyMT-7160 syngeneic mammary tumor model. (A) Growth curves of PyMT-7160 tumors treated with
vehicle control (N=8), NDNB1182 (50mg/kg, i.p. daily; N=10), ICB (anti-PD1 plus anti-CTLA4, 10mg/kg, i.p., twice/week; N=10), or concurrent
NDNB1182 plus ICB (N=8). (B, C) Quantification results and gating strategy for tumor-infiltrating CD8+ T cells in treated PyMT-7160 tumors.
(D, E) Quantification results and gating strategy for tumor-infiltrating CD11c+ MHC-II+ dendritic cells (DCs) in treated PyMT-7160 tumors.
(F) qRT-PCR result of Ifit1/2/3 and two ERV elements for PyMT-7160 tumors treated with DMSO, NDNB1182, ICB, or NDNB1182 plus ICB (N=3/
group).In (A, B, D, F), data represent mean ± SEM. #P>0.05; *P<0.05, **P<0.01, ****P<0.0001, Student’s t-test. In (A, B, D), one-way ANOVA test
result was shown in red (*P<0.05, **P<0.01, ***P<0.001).
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the disappointing clinical performance of Hsp90 inhibition in

cancer treatment so far. Because different Hsp90 isoforms have

non-redundant functions executed by recognizing different sets

of client proteins, targeting all isoforms is neither necessary nor

beneficial. Here, we have challenged this paradigm by reporting,

for the first time, the in vivo anti-tumor activity of Hsp90b-i and
its potential as an immunotherapy sensitizer. Specifically, we

made the following discoveries: (1) the new Hsp90b-i
NDNB1182 demonstrated high selectivity toward Hsp90b over

the other three Hsp90 isoforms and killed cancer cells at the

lower 100nM IC50 level; (2) NDNB1182 induced the expression

of various ERV elements and Ifit genes across different cancer

cell lines; (3) NDNB1182 significantly augmented the efficacy

from ICB therapy in the PPS prostate cancer and PyMT-7160

breast cancer models; (4) NDNB1182 displayed better

tolerability than the pan-Hsp90i Ganetespib and did not cause

mouse body condition deterioration or rapid weight loss when

dosed at tumor-restricting levels.

Pan-Hsp90i as cancer monotherapy in clinical trials has

encountered many challenges of limited efficacy and DLTs,

leading to the dampened interest in oncological targeting of

Hsp90 (29, 30). For example, a phase II trial using AUY922 in

patients with metastatic gastrointestinal stromal tumor only

showed modest anti-tumor effect but caused significant ocular

toxicity (61). However, recent publications linking Hsp90

function with cancer immune modulation and showing how

Hsp90 inhibition may enhance cancer immunotherapy in

preclinical models have revived the interest in the combination

of Hsp90i and ICB in the clinic (62, 63). For example, there are at

least two ongoing Phase I trials that combine Hsp90i (XL888,

TAS-116) and anti-PD1 in advanced gastrointestinal cancers

(NCT03095781, NCT04999761). Nevertheless, the on-target

toxicities from inhibiting all Hsp90 isoforms remain a concern

and may lead to the difficulty in dose management of the

combination treatment (63). This reasoning further highlights

the significance of developing isoform-selective Hsp90i, which

may still achieve the desired efficacy by targeting the isoform-

dependent oncoprotein clients while avoiding the toxicities

associated with the disruption of other clients, such as Hsp90a
client hERG (34). To this end, we believe that Hsp90b emerges

as the most promising isoform for the combinatorial targeting,

because Hsp90b-i can induce degradation of Hsp90b-dependent
clients that have well-established oncogenic functions (e.g.

CDK4, CDK6, CXCR4, BRAF, HER2) without concomitant

degradation of Hsp90a clients or induction of the HSR (43,

44). Our study confirms that NDNB1182 is effective in vitro and

in vivo without causing discernable toxicities in mice (by

contrast, Ganetespib was lethal even when administered at the

half dose), electing NDNB1182 as a promising candidate for

further preclinical validation and clinical development.

Our result showing that NDNB1182 activated the expression

of ERV and IFIT genes is consistent with the previous finding

with Ganetespib (45), suggesting the inhibition of Hsp90b
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among all four isoforms likely contributed the most to the

activity of Ganetespib in the antiviral-like response in cancer

cells. The CDK4 downregulation by NDNB1182 provides a

logical mechanistic connection from Hsp90b inhibition to

ERV and IFIT overexpression, because CDK4 is a client for

Hsp90b and it is known that CDK4/6 inhibition can reactivate

ERV expression and interferon response in cancer cells through

downregulating DNMT1 expression and DNAmethylation (53).

CDK4/6 promotes Rb phosphorylation, leading to the release of

E2F and subsequent transcriptional activation of E2F targets,

including DNMT1. CDK4/6 inhibitors hinder the G1/S

transition by inhibiting Rb phosphorylation and E2F release.

Hsp90i may achieve the same effect by diminishing CDK4/6

protein level in the cells. Therefore, either by preventing Rb

phosphorylation through CDK4/6 activity inhibition or by

reducing the available pool of CDK4/6 through Hsp90

inhibition, the end result is a reduction in DNMT1 protein

and subsequent DNA hypomethylation.

We noticed that the effect of NDNB1182 on Ifit1 induction

was inversely related to cell confluence during the inhibitor

treatment (Figures 2A, D). Because DNMT1 as the maintenance

methyltransferase is responsible for the preservation of 5-

methylcytosine in the genome during DNA replication (64),

we speculate that a less confluent cell culture has higher portion

of dividing cells than a much more confluent cell culture,

therefore, the effect of NDNB1182 on DNA hypomethylation

and Ifit1 upregulation became more manifested in less confluent

cells. Further experiments will help verify this proposition. In

addition, we notice that the specific ERV elements activated by

NDNB1182 differed among the cell lines in our study, and it is

probably caused by the distinct epigenetic status of these ERV

elements in these cell lines. Nonetheless, all the cell lines showed

IFIT upregulation, thus producing equivalent interferon

response signaling output to cooperate with immune

checkpoint inhibition to reinvigorate T cell immunity. Indeed,

efficacious immunotherapy depends on a potentiated type I

interferon response (65, 66).

There are a few limitations in our study. First, the in vivo

results were generated only using syngeneic models. While these

models have served well as preclinical platforms for

immunotherapy discovery and development, other types of

cancer models such as genetically engineered mouse models

and humanized mouse models with patient-derived tumors and

reconstituted human immune system will provide important

confirmative evidence. Second, the immunotherapy-sensitizer

activity of NDNB1182 was only tested together with ICB

therapy. Other immunotherapy modalities such as oncolytic

virus and CAR-T therapy may also benefit from the

combination with Hsp90b inhibition, especially in solid

tumors. Third, our study does not exclude other immune

modulatory mechanisms by Hsp90b inhibition besides the

CDK4-ERV-IFIT axis that may also contribute to the

combinatorial efficacy from NDNB1182 plus ICB treatment,
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which clearly warrants further investigations. Fourth,

NDNB1182 was administered via intraperitoneal injection in

our study, which would be inconvenient for the clinical

application. Our teams are working on formulations that will

allow oral delivery of NDNB1182 (or its improved analog).

Lastly, given that hypomethylation and ERV may contribute to

genomic instability in cancer (67, 68), the application of Hsp90b
inhibition in clinical cancer therapy may not be suitable for

certain patients (for example, young patients).

In conclusion, our results establish the preclinical evidence

to support the rational combination of Hsp90b antagonists and

immunotherapy in the treatment of intractable solid tumors,

illuminating a clinical path for the better outcome of many

cancer patients.
Materials and methods

Cell lines

Murine cell lines Pten-CaP8, RM1, LLC, and Myc-CaP and

human cell line DU145 were purchased from ATCC and

cultured in medium types recommended by ATCC. MC38 was

purchased from kerafast and cultured in the recommended

medium. PPS was developed from a spontaneous prostate

tumor of PB-Cre+ PtenL/L p53L/L Smad4L/L transgenic mice

(55). PyMT-7160 was developed from a spontaneous

mammary tumor of the FVB/N-Tg(MMTV-PyVT)634Mul/J

mice (Jackson Laboratory, 002374). PPS and PyMT-7160 were

cultured in DMEM (GE Healthcare, SH30243.FS) supplemented

with 10% fetal bovine serum (GE Healthcare, SH30396.03) and

100U/ml penicillin-streptomycin (Caisson Labs, PSL01). All the

cell lines were cultured at 37°C in a humidified incubator with

5% CO2. All cells were tested for mycoplasma-free status using a

Mycoplasma Assay Kit (Agilent Technologies, 302109).
Chemicals

Hsp90a-i 12h (42) and Hsp90b-i NDNB1182 (Mishra et al,

manuscript under preparation) were synthesized by the Blagg

laboratory using the cited protocols. The identity of the

chemicals was confirmed by high resolut ion mass

spectrometry and nuclear magnetic resonance, while the purity

of the compounds was confirmed to be >95% by high-

performance liquid chromatography (HPLC). Ganetespib

(MedChem Express, HY-15205) and Palbociclib (LC

Laboratories, P-7788) were purchased.
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Mice

C57BL/6J males (Jackson Laboratory, 000664) and FVB/NJ

males and females (Jackson Laboratory, 001800) were purchased

at 5 weeks of age and used for experiments after one week of

acclimation. All animals were maintained under pathogen-free

conditions and cared for in accordance with the International

Association for Assessment and Accreditation of Laboratory

Animal Care policies and certification.
Quantitative RT-PCR

RNA was isolated from cells and tissues using the EZ-10 Spin

Column Total RNA Miniprep Kit (Bio Basic, BS1361) according

to the manufacturer protocol. After RNA extraction, cDNA was

synthesized using the All-in-one 5x RT MasterMix (ABM, G592).

qPCR reactions were performed with the 2X SYBR Green Master

mix (Bimake, B21203) and run on the CFX Connect Real-Time

PCR Detection System (Bio-Rad, 1855201). Gapdh was used for

normalization. Student’s t-test was performed based on the DDCT

values. Unless otherwise specified, n=3 biological replicates per

group were used for all qRT-PCR experiments. Primers were

purchased from Eurofins Genomics. Primer sequences are listed

in Supplementary Table 1.
Western blot

Cell and tissue samples were lysed in RIPA buffer containing

protease inhibitor (Bimake, B14012) and phosphatase inhibitor

(Bimake, B15002). Protein concentration was determined using

the Pierce BCA Protein Assay Kit (Thermo Scientific, 23225).

After determining concentration, 30µg of protein lysate was

boiled at 95°C for 5 minutes in Laemmli buffer (Bio-Rad, 161-

0747), and subsequently run on SDS-PAGE. Gels were

transferred to PDVF membranes (Bio-Rad, 1620177) using the

Bio-Rad Trans-Blot Turbo Transfer System. After transfer,

membranes were blocked for 1 hour in 5% fat free milk in

TBS-T. After blocking, membranes were incubated in primary

antibodies at concentrations according to manufacturer

specifications for either 2 hours at room temperature or 16

hours at 4°C, washed three times in TBS-T, incubated for 1 hour

at room temperature with HRP-linked secondary antibody (Cell

Signaling Technologies, aRabbit cat#7074, aMouse cat#7076),

and then washed again three times in TBS-T. Subsequently

membranes were imaged using Clarity ECL (Bio-Rad,

1705060) on the ChemiDoc XRS+ imager (Bio-Rad, 1708265).

The antibodies used are listed in Supplementary Table 2.
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Flow cytometry

Tumors were minced and digested in DMEM with 10% FBS

and 1 mg/ml collagenase IV (STEMCELL Technologies, 07427)

at 37°C for 1 h, followed by passing through 40mm strainers.

Erythrocytes were depleted via hypotonic lysis. Cells were

treated with mouse Fc-shield anti-CD16/CD32 (Tonbo

Biosciences, 70-0161) for 15 minutes, and stained with

primary fluorophore-conjugated antibodies for 30 minutes.

Cells were washed twice and resuspended in a buffer

containing DAPI (viability dye) and analyzed on the Beckman

Coulter Cytoflex S cytometer. The antibodies used are listed in

Supplementary Table 2.
Immunohistochemistry

Tumors and livers/spleens were fixed in 10% neutral

buffered formalin (VWR, 16004-128) for 24 hours and

prepared as paraffin-embedded 5 µm sections. Antigen

retrieval was performed using sodium citrate buffer (pH 6.0) at

95°C for 30 minutes followed by 115°C for 10 seconds. After

antigen retrieval, endogenous peroxidase activity was blocked

using 3% hydrogen peroxide for 10 minutes. Subsequently

samples were blocked in 5% normal goat serum in TBS-T for

30 minutes and incubated with primary antibody anti-mouse

CD8 (Cell Signaling Technology, 98941) or cleaved caspase 3

(Cell Signaling Technology, 9661) in a humidified chamber at 4°

C for 16 hours. After washing, the VECTASTAIN Elite ABC-

HRP Kit (Vector Laboratories, PK-6101) was used as secondary

antibody and signal detection. Counterstain was performed

using Mayer’s hematoxylin for 30 seconds. Imaging was

performed using a Leica Aperio scanscope with 20× objective.

At least 6 biological replicates were counted to quantify tumor-

infiltrating CD8+ T cells or cleaved caspase 3 staining.

Hematoxilin and eosin stain (H&E)

Livers were fixed in 10% neutral buffered formalin for 24

hours and prepared as paraffin-embedded 5 µm sections. After

rehydration, samples were stained for 8 minutes in Mayer’s

hematoxilin. Excess dye was washed off in water for 8 minutes.

Samples were immersed in 95% ethanol and stained in Eosin Y

1% (VWR, 101432-132) for 3 minutes. Excess dye was washed

off in 95% ethanol after which slides were dehydrated and

coverslipped and imaged using the Aperio scanscope.
Tumor growth and inhibitor treatments

Syngeneic prostate tumor cell lines Myc-CaP or PPS was

injected subcutaneously into 6-week-old FVB/NJ males or

C57BL/6J males, respectively. Syngeneic mammary tumor cell

line PyMT-7160 was injected to the mammary fat pads of 6-
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week-old FVB/NJ females. Tumors were measured with calipers

and volumes were calculated using the formula length × width2

÷ 2. Mice with tumors reaching the pre-specified volume range

were randomized to receive the following therapies: anti-PD-1

(clone RMP1-14, Leinco Technologies, P362) and anti-CTLA4

(clone 9H10, Leinco Technologies, C1614) were injected

intraperitoneally at 10mg/kg, twice per week; NDNB1182 or

Ganetespib was dissolved in 10% DMSO, 40% polyethylene

glycol 300, 5% Tween-80 and 55% ddH2O and injected

intraperitoneally at 50mg/kg and 25mg/kg daily, respectively.

To select the dosage of NDNB1182 for animal experiments, a

maximum tolerated dose (MTD) pilot experiment was

conducted in five 10-week old FVB/NJ mice with escalated

dosages. After 10 days of daily treatment, the dose of 50mg/kg

was the highest dose that caused no significant body weight loss

or body condition deterioration, thus this dose was defined in

our study as the desired dose to administer NDNB1182 in mice.

For Ganetespib, 25mg/kg daily was used based on previous

reports (69, 70). All treatments were continued until the

specified experimental endpoints were reached.
Statistical analyses

Statistical analyses were performed using GraphPad Prism

v8.0. Unless otherwise mentioned, all data were presented as

mean ± SEM (standard error of the mean). Sample sizes, error

bars, P values, and statistical methods were denoted in the

figures or figure legends. Statistical significance was defined as

P < 0.05.
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