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against triple-negative breast cancer
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Sukyeong Lee,4 Francis T.F. Tsai,4 Paulo C. Rodriguez,5 David Munn,1 Esteban Celis,1 Hasan Korkaya,1

Abdessamad Debbab,6 Brian Blagg,2 and Ahmed Chadli1,8,*

SUMMARY

Low response rates and immune-related adverse events limit the remarkable impact of cancer immuno-
therapy. To improve clinical outcomes, preclinical studies have shown that combining immunotherapies
with N-terminal Hsp90 inhibitors resulted in improved efficacy, even though induction of an extensive
heat shock response (HSR) and less than optimal dosing of these inhibitors limited their clinical efficacy
as monotherapies. We discovered that the natural product Enniatin A (EnnA) targets Hsp90 and destabi-
lizes its client oncoproteins without inducing an HSR. EnnA triggers immunogenic cell death in triple-nega-
tive breast cancer (TNBC) syngeneic mouse models and exhibits superior antitumor activity compared to
Hsp90 N-terminal inhibitors. EnnA reprograms the tumor microenvironment (TME) to promote CD8+

T cell-dependent antitumor immunity by reducing PD-L1 levels and activating the chemokine receptor
CX3CR1 pathway. These findings provide strong evidence for transforming the immunosuppressive
TME into a more tumor-hostile milieu by engaging Hsp90 with therapeutic agents involving novel mech-
anisms of action.

INTRODUCTION

Triple-negative breast cancer (TNBC) is an aggressive disease that remains challenging with limited targeted therapies available. However,

harnessing the power of the immune system to eliminate various aggressive cancers offers new hope to patients suffering from TNBC.1,2

Indeed, immune checkpoint inhibitors (ICIs) such as antibodies against programmed cell death 1 (PD-1), programmed cell death 1 ligand

1 (PD-L1), and cytotoxic T-lymphocyte associated protein 4 (CTLA-4) have shown striking clinical responses in various cancers, including

advanced metastatic cases. Unfortunately, initial responses are often followed by relapse and disease progression in many patients.3–5

Thus, alternative treatments, including ICI combinations, have been developed. They have shown improved therapeutic efficacy compared

to monotherapies in various human cancers and preclinical models such as E0771 and 4T1 syngeneic murine TNBC.6–9 Other strategies used

involve combining immunotherapy with targeted chemotherapies. Indeed, several studies have demonstrated the potential therapeutic

benefit of combining ICIs with N-terminal inhibitors of the chaperoneHsp90. For instance, the second-generation Hsp90 inhibitor ganetespib

(STA-9090) enhances T-cell-mediated killing of patient-derived human melanoma cells by their autologous T cells in vitro and potentiates

responses to anti-CTLA4 and anti-PD-1 therapy in vivo through upregulation of interferon target genes.10 Similar improvement in efficacy

or restoration of sensitivity to immunotherapeutic agents has been reported in various cancers.11,12 These findings correlate with a recent

report showing that Hsp90 N-terminal inhibitors of various chemical scaffolds including ganetespib, Luminespib (AUY-922), SNX-5422, PU-

H71, and geldanamycin caused a significant decrease in the transcription and cancer cell-surface expression of immune checkpoint ligands

PD-L1 and PD-L2.13 It is, however, well established that high doses of Hsp90 N-terminal inhibitors used in most preclinical and clinical studies

induce an extensive heat shock response (HSR)14 driven by the transcription factor HSF1, which itself emerged as a promoter of various
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cancers including skin malignancies and hepatocarcinoma.15–18 Furthermore, activation of HSF1 drives the overexpression of Hsp70 and

Hsp27, which are known to be anti-apoptotic factors.19–23 These pro-survivalmechanisms are thought to lower the Hsp90 inhibitors’ antitumor

efficacy. Yet, paradoxically, overexpression of Hsp70 andHsp27 is used as a biomarker for Hsp90 inhibition in clinical trials. Overall, the clinical

benefit of targeting Hsp90 to treat cancer remains largely unharnessed. Indeed, Hsp90 controls the stability and function of ‘‘client’’ proteins,

many of which are oncoproteins and, thus, Hsp90 remains an attractive target for cancer treatment.24,25 Furthermore, accumulating evidence

supports the emergence of a powerful concept that the biology of Hsp90 in cancer cells differs substantially from its normal function in non-

transformed cells. Indeed, early studies have shown that biochemical complexes of Hsp90 in cancer cells contain higher levels of co-chaper-

ones that confer a higher affinity state to certain Hsp90 N-terminal inhibitors.26 More recent and comprehensive studies have demonstrated

the existence of a highly integrated chaperone network, referred to as an epichaperome, involving complex interconnections between Hsp90

andHsp70machines in cancer cells, promoting aggressive tumor states. Yet, this pathological molecular organization can confer sensitivity to

Hsp90 inhibitors such as PU-71, which was shown to target the epichaperome and exhibit a more efficacious impact on aggressive tu-

mors.27–30 Excitingly, the cytosolic Hsp90-selective inhibitor pimitespib (TAS-116) received the first approval in Japan for aggressive gastro-

intestinal stromal tumors that progressed after chemotherapy.31,32

Besides chemical optimization and dosing strategies of Hsp90 N-terminal inhibitors and their combination with other therapeutic agents,

efforts to develop alternative small molecule inhibitors that lack detrimental side effects of N-terminal inhibitors have shown that targeting the

C-terminal ATP-bindingpocket does not induce extensiveHSRs.25,33,34 Another strategy to inactivate theHsp90machine is to inhibit co-chap-

erones such as p23, the activator of Hsp90 ATPase (Aha1), the FK506-binding protein 52 (FKBP52), and the cell division cycle 37 (CDC37).35–41

However, to date, these inhibitors remain in early preclinical evaluation, and their clinical impact in treating cancer remains unknown.

To better harness the potential of the Hsp90 machine as a therapeutic target, we sought to identify small molecule inhibitors that cause

cellular degradation of oncoprotein clients of Hsp90, without inducing an HSR. Here, we report our discovery that the natural product cyclo-

hexadepsipeptide (Cyclo[N-methyl-L-isoleucyl-N-oxa-D-valyl-N-methyl-L-isoleucyl-N-oxa-D-valyl-N-methyl-L-isoleucyl-N-oxa-D-valyl]) En-

niatin A (EnnA) is an Hsp90 inhibitor satisfying the above-specified criterion.

Previous studies have shown that EnnA has antifungal and antibiotic activity, as well as specific cytotoxicity against malignant cell types,

including leukemia, human non-small cell lung cancer, and hepatoma.42 At the molecular level, EnnA inhibits several signaling pathways that

are essential for cancer cell survival and has shown ionophoric properties.43 Interestingly, all of the pathways inhibited by EnnA involve Hsp90

client proteins such as the extracellular signal-regulated kinase (ERK), phosphoinositide 3-kinases (PI3Ks)/Protein kinase B (AKT), and p53,44–47

which correlates with our finding that EnnA targets Hsp90 in vitro and in vivo. We show that compared to 17-N-allylamino-demethoxygelda-

namycin (17-AAG, tanespimycin), the classical N-terminal Hsp90 inhibitor tested in Phase III clinical trials, EnnA exhibited superior efficacy

without inducing an extensive HSR. Furthermore, EnnA triggered cancer cell immunogenic cell death (ICD) leading to reduced tumor growth

through enhanced CD8+ T cell infiltration in the aggressive syngeneic E0771 and 4T1 murine breast cancer models. Following a lead from a

bulk RNA-seq analysis of cancer cells, we established that the C-X3-C motif chemokine receptor 1 (CX3CR1) signaling pathway promotes

EnnA’s antitumor activity in vivo. Furthermore, EnnA caused degradation of PD-L1 protein, preventing CD8+ T cell exhaustion and tumor

immunosuppression. Our results suggest that EnnA is a previously unrecognized Hsp90 inhibitor with a unique antitumor mechanism of ac-

tion that circumvents the detrimental effects of current Hsp90 inhibitors and activates the immune system to control tumor growth.

RESULTS

Identification of EnnA as an inhibitor of the Hsp90 chaperone machine

Using a screening platform to identify potential inhibitors of the Hsp90 machine’s chaperoning activity,48 we screened a small library of 139

natural products mostly purified from extracts of medicinal plants and their symbiotic microorganisms (Table S1). The assay measures the

ability of molecular chaperones to recover the hormone-binding activity of the progesterone receptor (PR) following heat inactivation. In

this assay, we used either rabbit reticulocyte lysate (RRL) as a source of molecular chaperones, or purified Hsp90b (HSP90AB1), Hsp70

(HSPA1A), Hsp40 (DNAJB), Hsp70-Hsp90 organizing protein (HOP) (STIP1), and p23 (PTGES30) that have been shown to be essential for

PR refolding.49 From this set of natural products, we identified several compounds with various chemical scaffolds showing strong inhibitory

activity of Hsp90 machine chaperoning function. Figure S1A shows a typical dataset obtained with this assay. This report focuses on EnnA

(Figure 1A), which was initially purified from natural sources, as described in STAR methods. Subsequently, EnnA was chemically synthesized

as described in Data S1/Method S1 (supplemental information).

To validate EnnA’s specificity, we compared its PR reconstitution inhibitory activity to that of other cyclic peptides using RRL as a source of

chaperones. As shown in Figures S1B and S1C, none of the cyclic peptides tested at the samemolarity exhibited the potent activity shown by

EnnA. This inhibition of PR hormone binding recovery with RRL is concentration–dependent with an IC50 of about 5 mM (Figure 1B). Protein

complex analysis by SDS-PAGE followed by Coomassie blue staining showed that EnnAmodifies the PR complexes in a manner distinct from

that induced by the N-terminal Hsp90 inhibitor 17-AAG (Figure 1C). Remarkably, EnnA did not induce the accumulation of the intermediate

chaperoning complexes rich with Hsp70 as observed with 17-AAG.

Characterization of EnnA interaction with Hsp90

To further characterize the molecular target of EnnA, we tested its inhibitory effect on the five purified human chaperones Hsp90b, Hsp70,

Hsp40, HOP, and p23.39,49 As seen in Figure 1D, EnnA inhibited PR hormone binding recovery in a dose-dependent manner, with an IC50

of�7.5–10 mM. This suggests that EnnA’s main target is among the five chaperones used in the assay. To identify this target, we used Surface
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Figure 1. EnnA inhibits PR refolding through Hsp90 inactivation via a different mechanism than that of 17-AAG

(A) Structure of EnnA.

(B) Dose-dependent effect of EnnA (in mM) on PR chaperoning using rabbit reticulocyte lysate (RL) as a source of chaperones. Green bar indicates 100% folding

activity of RL without inhibitor. ‘‘PR22’’ represents the anti-PR antibody (PR22) without PR but with RL and EnnA (40 mM). ‘‘PR’’ represents only PR with PR22. Data

are represented as mean G S.E.M. and represent at least three independent studies.

(C) Coomassie blue staining of protein complex after PR reconstitution performed in B. ‘‘PR’’ is PR alone; ‘‘PR22’’ is PR22 + RL; ‘‘RL’’ is PR + RL, without inhibitor;

‘‘17AAG’’ is PR + RL with 1 mM 17-AAG; ‘‘EnnA’’ is PR + RL with 10 mM EnnA.

(D) EnnA inactivates the refolding of PR by the 5 purified chaperones (5P): Hsp90b, Hsp70, Hsp40, HOP, and p23; 17-AAG (10 mM) was used as control. Data are

represented as mean G S.E.M. and represent at least three independent studies.

(E and F) SPR analysis of EnnA binding to immobilized Hsp90b. E. Overlay of sensorgrams recorded at various EnnA concentrations. The association phase (kon)

was monitored for 180s, and the dissociation phase (koff) was monitored for 300s. SPR experiments were repeated twice. Blank sensorgrams were subtracted. F.

Plot of RU max values as a function of EnnA concentration. Kinetic parameters were estimated assuming a 1:1 binding model using Evaluation Software 4.1 (GE

Healthcare).

(G) Proposedmodel of EnnA binding to the Hsp90 dimer. Hsp90 (gold/cyan) and p23/Sba1 (green) are shown as a ribbon diagramwith EnnA (magenta) depicted

as a stick model. Brackets mark boundaries of Hsp90 domains (NTD, MD, and CTD). EnnA binding was modeled in silico using the crystal structure of the closed-

state Saccharomyces cerevisiaeHsp90-p23/Sba1 complex (PDB ID: 2CG9). Ligand docking was performed using AutoDock Vina [PMID: 19499576] with a docking

box size of 683 783 66 Å3, which covers the Hsp90-MD. The highest-scoring solution is shown. Inset shows the predicted EnnA binding site with residues from

both Hsp90 protomers contacting the bound ligand. The approximate localization of the 17-AAG and ATP binding sites on the cyan monomer is indicated with a

dotted purple circle.

(H) Cellular thermal shift assay (CETSA) was performed with MCF7, Hs578T, or E0771 cells in the presence of 20 mM EnnA for 1 h. Cell lysates were separated by

SDS-PAGE and analyzed by Western blotting.

(I) Effect of EnnA on the binding of p23, HOP, and FKBP52 to Hsp90b. H90.10 antibody was used to co-IP purified Hsp90b (0.5 mg) with 1 mg of p23, HOP, or

FKBP52. Protein complexes were Western blotted using specific antibodies.
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Plasmon Resonance (SPR) to evaluate the ability of EnnA to interact with the purified chaperones individually. To this end, proteins were cova-

lently immobilized on a microchip.50 EnnA was tested in a range of 0.05–100 mM. Only Hsp90b showed dose-response sensorgrams (Fig-

ure 1E). From binding isotherms using one site assumption, and total and nonspecific binding equations we determined a KD of 14.5 G

0.2 mM (Figure 1F). This is also confirmed by kinetic parameters (kon = 2.01 *103 1/ms and koff = 0.0322 1/s resulting in KD of 15.9 mM), which

is in accordancewith EnnA’s overall inhibitory efficacy in vitro (Figures 1B and 1D) and its cytotoxicity towardmurine cancer cells (IC50 = 7.5 mM)

(see below). For Hsp70, SPR signal variation occurred at high micromolar concentrations of EnnA without reaching saturation (Figure S2A).

Under these conditions, kinetic parameters determined a KD of �246 mM, which is 16.5-fold lower affinity for EnnA compared to that for

Hsp90b. SPR analysis did not indicate a dose-dependent response of EnnA binding to the other proteins (not shown). Thus, Hsp90 is the

main target of EnnA among the five proteins tested.

To gain atomic insight into the Hsp90:EnnA interaction, we used in silico molecular docking. No crystal structure is available for the full-

length human Hsp90b. Thus, docking was implemented using the crystal structure of the yeast Hsp90:p23 complex.51 As seen in Figure 1G,

EnnA potentially binds to a new binding site composed of the interface between the twoHsp90monomers in complex with the co-chaperone

p23. This binding site is far from the 17-AAG binding site (Figure 1G) and involves amino acid residues belonging to the middle domain of

both Hsp90monomers, whichmakes EnnA a unique small molecule to potentially target themiddle domain of the dimeric Hsp90. This finding

is important because Hsp90 functions as a dimer, and themiddle domain of Hsp90 is thought to be involved in its interaction with Hsp90 client

proteins.52 The new binding site involves amino acid residues L331, E333, L427, I505, Y508, andQ596 in yeast protein numbering, which corre-

spond to L332, E334, L429, I507, Y510, andQ598 in humanHsp90b. Strikingly, all of these amino acids are strictly conserved in human cytosolic

Hsp90a (HSP90AA1) and b. They are also conserved in the Hsp90 orthologue in the endoplasmic reticulum glucose-regulated protein 94

(GRP94) (Figure S2B), suggesting that our binding predictions would be valid for the human protein and that EnnA might inhibit both

Hsp90 cytosolic isoforms (i.e., a and b) (Figure S2B). Sequence analysis also suggests that GRP94 might bind to EnnA. They are, however,

divergent in the Hsp90 mitochondrial tumor necrosis factor receptor-associated protein-1 (TRAP-1) suggesting that EnnA might not bind

to TRAP-1.

To test whether Hsp90 is a cellular target of EnnA, we used the cellular thermal shift assay (CETSA), a well-established method to evaluate

drug target engagement in cells.53 HumanMCF7, Hs578T, andmurine E0771 cells were treated with 20 mMEnnA for 1 h. Cell protein extracts

were heated in a temperature gradient from 52o to 61�C to cause protein melting and denaturation. Cell extracts were then centrifuged to

remove precipitated proteins. It is expected that if Hsp90 is a cellular target, EnnA binding will promote Hsp90 stability and resistance to

temperature-induced melting compared to control. As seen in Figure 1H, while Hsp90b was almost completely precipitated at about 54�-
56�C in control cell extracts, treatment with EnnA stabilized Hsp90b up to over 61�C, indicating that EnnA binds to Hsp90b in MCF7,

Hs578T, and E0771 cell lines. This conclusion is substantiated by the finding that EnnA analogs, Enniatin B (AD96) and the cyclic peptide

AD25, which did not inhibit the PR refolding (Figures S1A–S1C) did not stabilize Hsp90 in CETSA experiments using E0771 cells (Figure S2C).

Next, we tested the impact of EnnA on Hsp90b0s interaction with co-chaperones. Immunoprecipitation (IP) experiments using the Hsp90b

monoclonal antibody H90.10 and purified proteins showed that, as with 17-AAG, EnnA disrupts Hsp90b binding to p23 (Figure 1I). However,

unlike 17-AAG, EnnA does not affect HOP binding to purified Hsp90b. Furthermore, EnnA promotes in vitro FKBP52 (FKBP4) binding to

Hsp90b, which wasminimal under our experimental conditions (Figure 1I). These findings further strengthen the hypothesis that EnnA inhibits

Hsp90b through a different mechanism than that of N-terminal inhibitors.

EnnA kills breast cancer cells without inducing a heat shock response

The above findings suggest that EnnA might interfere with Hsp90 function in cells. As shown in Figure 2A, EnnA caused cell death of various

breast cancer cell lines including human the poorly aggressive luminal A molecular subtype member MCF7; HER2+ MDA-MB-453 cells, and

TNBC Hs578T and MDA-MB-231, as well as TNBC murine E0771 and 4T1 cells with an IC50 ranging between 1.25 and 10 mM. EnnA cellular

inactivation of Hsp90 was demonstrated by destabilization of Hsp90 client proteins such as kinases CDK4, Checkpoint kinase 1 (Chk1), AKT,

human epidermal growth factor receptor 2 (HER2), and integrin-linked kinase (ILK) (Figure 2B). Importantly however, unlike 17-AAG, EnnA

does not seem to induce an extensive HSR (i.e., upregulation of mRNA and protein levels of Hsp70 and Hsp27). Indeed, EnnA did not signif-

icantly change the mRNA levels of Hsp70 and Hsp27 in E0771 and Hs578T cells (Figure S3). A marked decrease of Hsp70 protein was seen in

MCF7 but no substantial change was seen in the other cells (Figure 2B). However, the impact of EnnA on Hsp40 mRNA level is less consistent

between the cell lines tested. EnnA treatment caused a slight decrease of Hsp40 mRNA in E0771, but a significant increase in Hs578T cells

(Figure S3). This correlates with a decrease in Hsp40 protein level in E0771 but a slight increase in the Hs578T cell (Figure 2B). Consistently,

however, EnnA induces much lower upregulation of Hsp40 compared to 17-AAG in all cell lines tested (Figure 2B). As expected, 17-AAG

induced Hsp90 client protein degradation along with an upregulation of mRNA and protein levels of Hsp70, Hsp40, and Hsp27. Together,

these data suggest that EnnA does not induce an extensive HSR andmay have pharmacological advantages over N-terminal Hsp90 inhibitors

such as 17-AAG.

EnnA displays robust antitumor activity that requires a functional adaptive immune system

To evaluate the antitumor activity of EnnA in vivo, we first used the E0771 syngeneic model implanted in the mammary glands of seven-week-

old female C57BL/6 (B6) immunocompetent mice (Figure 3A). When tumors reached about 50mm3, mice were treated with vehicle (indicated

as Dimethyl sulfoxide, DMSO) or EnnA. A dose of 10 mg/kg was selected to deliver twice the IC50 determined in vitro every 48 h. Tumor

growth and body weight of animals were monitored. As shown in Figure 3A, EnnA exhibited significant antitumor activity against E0771
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tumors. Importantly, EnnA treatment does not cause any obvious toxic effects as indicated by the normal body weight of mice (Figure 3B), no

evident signs of abnormal mouse behavior, and the absence of microscopic tissue damage or inflammatory lesions in livers, lungs, or kidneys

(Figure S4).

In correlation with in vitro data, several Hsp90 client proteins (CDK4, ILK, phospho-AKT) were downregulated in most tumor lysates of

EnnA-treatedmice (Figure 3C), confirming that EnnA targets Hsp90 in vivo. Furthermore, we observed a decrease inHsp40 protein expression

in most EnnA-treated tumors. These data demonstrate that, in vivo, EnnA reduces tumor growth by inhibiting Hsp90 without inducing an

excessive HSR.

To compare the antitumor activities of EnnA to that of 17-AAG in vivo,we used E0771 and 4T1 syngeneicmousemodels. Clearly, EnnAwas

more efficacious than 17-AAG at reducing the tumor burden (Figures 3D and 3E). Histological analysis by H&E staining of tumors showed that

EnnA-treated E0771 (Figure 3F) and 4T1 (Figure 3H) tumors were much more necrotic compared to DMSO controls (Figure S5A). We also

observed that necrotic areas were filled with immune-like cells in EnnA-treated tumors but were largely void of cells in controls

(Figures 3F–3I). Interestingly, 4T1 tumors from mice treated with 17-AAG were more necrotic than controls, but they were not as infiltrated

as in the case of EnnA-treated animals (Figure S5B). Further characterization by immunofluorescence analysis of the infiltrates observed in

EnnA-treated E0771 tumors confirmed that these are CD45+ immune cells (Figures 3J and 3K). These data suggest an important role of

the immune system in the EnnA-induced antitumor activity against TNBC syngeneic models. This hypothesis was tested in vivo using the

immunodeficient nude mouse model. Strikingly, the robust antitumor activity in the E0771 model seen in immunocompetent B6 mice

(Figures 3A–3E) was greatly diminished (Figure 3L), suggesting that the adaptive immune system, which is deficient in nude mice, plays a

key role in EnnA’s antitumor activity.

EnnA antitumor activity is mediated by CD8+ T cells

Immunofluorescence and flow cytometry analyses were performed to further characterize the tumor-infiltrating immune cells. As shown in

Figures 4A and 4B, most of the CD45-positive E0771 tumor-infiltrating cells were also positive for CD8b. Similar results were found in 4T1

tumors, which became heavily infiltrated with CD8+ T cells in EnnA-treated animals and much less so in the 17-AAG-treated group

(Figures 4C and 4D). The CD8b T cells infiltrating E0771 tumors heavily expressed granzyme B (Figures 4E and 4F), indicating that these cells

are effector killer T cells. These immunohistochemistry (IHC) data were confirmedby flow cytometry analysis showing that E0771 EnnA-treated

tumors contained at least three times as many CD45+CD8+ T cells compared to control tumors and these cells are expressing significantly

higher levels of perforin (Figure 4G). Importantly, these cells showed fewer signs of exhaustion, as indicated by lower expression of PD-1 (Fig-

ure 4G). Furthermore, although EnnA induced a significant increase of CD45+CD4+ T cells in tumors, the compound seemed to reduce im-

mune suppression by significantly lowering the number of CD4+FoxP3+ Tregs (Figure 4G) in treated tumors compared to controls.

Figure 2. EnnA inhibits cancer cell lines proliferation in vitro

(A) Survival of human breast (MCF7, MDA-MB-453, Hs578T, MDA-MB-231) and murine (E0771 and 4T1) cancer cells upon treatment with EnnA for 48 h. Data are

represented as mean G S.E.M. and represent at least three independent studies.

(B) Western blot analyses for the indicated proteins using lysates from the cell types in A treated with DMSO, 0.5 mM 17-AAG, and EnnA (at EC50 concentrations

determined in A).
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To validate whether the tumor-infiltrating CD8+ T cells play a key role in EnnA’s antitumor activity, we depleted these cells using anti-

mouse CD8a antibody injections. As shown in Figure 4H, the antitumor effect of EnnA was abolished in mice depleted of CD8+ T cells.

Efficient depletion of CD8+ T cells was validated by flow cytometry analysis of spleen cell suspensions. Indeed, EnnA treatment increased

the percentages of spleen CD8+ T cells in treated animals as compared to the controls, but anti-CD8 antibody treatment reduced this pop-

ulation to similar levels as those observed in control mice (Figure 4I). Importantly, adoptive transfer of T cells from E0771 tumor-bearing

EnnA-treated mice reduced the tumor growth in naive mice compared to T cells transferred from tumor-free mice (Figure S6). Taken

together, these findings established that T lymphocyte populations, CD8+ T cells, in particular, play a key role in EnnA’s antitumor

response.

Figure 3. EnnA exhibits a powerful antitumor activity in vivo

(A–C) E0771 cells (1x105) were surgically implanted into the mammary fat pad of seven-week-old female B6 mice. Post-operative day 10 (POD10), mice were

injected with either EnnA (10 mg/kg) or vehicle every 48 h. Tumor volumes (A) and body weight (B) were measured on the days indicated. C. Tumor lysates

from six control (1–6) and six EnnA-treated mice (1–6) were used for Western blot analysis using specific antibodies to the indicated proteins.

(D) E0771 cells (5x104) were surgically implanted into the mammary fat pad of B6 mice. POD7, mice were injected with EnnA (10 mg/kg), 17-AAG (50 mg/kg), or

vehicle every 48 h; tumor volumes were measured on days indicated.

(E) 4T1 cells (5x104) were surgically implanted into the mammary fat pad of BALBc mice. POD7, mice were injected with EnnA (10 mg/kg), 17-AAG (25 mg/kg), or

vehicle every 48 h; tumor volumes were measured on days indicated.

(F) H&E staining of E0771 tumors from control and EnnA-treatedmice fromA. The scale bar represents 300 mm for 4x and 50 mm for 20x. G. Average of the number

of immune-like cells found in two cm square necrotic areas from three controls and three EnnA-treated tumors from A.

(H) H&E staining of 4T1 tumors from control and EnnA-treated mice from E. (I) Average of the number of immune-like cells found in two cm square necrotic areas

from three controls and three EnnA treated tumors from E. The scale bar represents 100 mm for 4x and 20 mm for 20x.

(J) Immunohistochemistry analysis of immune cell infiltration using anti-CD45 antibody staining of tumors from control and EnnA-treated mice from A. The scale

bar represents 300 mm for 4x and 50 mm for 20x. (K) The corrected total cell fluorescence (CTCF) intensity was calculated, as indicated in Method, from 100 CD45+

cells from three different microscopic fields of control and EnnA-treated tumors.

(L) E0771 cells (5x104) were surgically implanted into the mammary fat pad of seven-week-old female nude mice. POD7, mice were injected with either EnnA

(10 mg/kg) or vehicle every 48 h, and tumor volumes were measured on days indicated. Data are represented as the mean of at least two independent

studies GS.E.M. **p < 0.01 and ****p < 0.0001, as determined by one-way unpaired tailed Student’s t test. n represents the number of mice per group.
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EnnA induces features of immunogenic cancer cell death

To gain further insight into how EnnA treatment activates the immune system to fight tumors, we investigated whether EnnA induces ICD of

cancer cells. ICD is a regulated process that renders dying cells more visible to the immune system. It involves changes in the cell surface

composition and the release of soluble mediators that elicit antigen-specific adaptive immune responses. ICD is thought to be one of the

prominent mechanisms through which effective conventional cancer therapies induce clinically relevant anti-cancer immunity. ICD is induced

by certain chemotherapeutic drugs, oncolytic viruses, physicochemical therapies, photodynamic therapy, and radiotherapy.54 ICD inducedby

therapeutic agents is initiated by the emission of damage-associated molecular patterns (DAMPs)55 such as cell surface exposure of cyto-

plasmic chaperones (i.e., Hsp90 and Hsp70), endoplasmic reticulum (ER) chaperones (i.e., calreticulin), and the release of nuclear protein

high-mobility group Box 1 (HMGB1) and ATP. Release of these markers is driven by cellular processes such as ER stress, autophagy, and

necrotic plasma membrane permeabilization.56

Figure 4. EnnA antitumor activity against E0771 tumors is mediated by CD8+ T cells

(A) Immunofluorescence analysis showing that EnnA induces recruitment of CD8b+ T cells to the E0771 tumor site and increases tumor infiltration compared to

control. The scale bar represents 300 mm for 4x and 20 mm for 40x.

(B) Average of 180 cells from three different fields of control and EnnA-treated tumors (n = 3). Data are represented in the percentage of mean G S.E.M.

(C) Immunofluorescence analysis of 4T1 tumors treated with EnnA (10 mg/kg/48 h) or 17-AAG (25 mg/kg/48 h) stained with anti-CD45 and anti-CD8a. The scale

bar represents 50 mm.

(D) Average of 250 cells from three different fields of control and EnnA-treated tumors (n = 3). Data are represented in the percentage of mean G S.E.M.

(E) Immunofluorescence analysis of E0771 tumors from control and EnnA-treated animals showing that CD8b+ T cells also express granzyme b. The scale bar

represents 300 mm for 4x and 50 mm for 20x.

(F) Average of 135 cells from three different fields of control and EnnA-treated tumors (n = 3).

(G) Flow cytometric analysis of cells from tumors treated with EnnA or DMSO. Data are represented in the percentage of mean G S.E.M.

(H) Depletion of CD8+ T cells frommice using amonoclonal antibody (InVivoMAb anti-mouse CD8a, clone 53–6.7) abrogates antitumor activity of EnnA. Data are

represented in the percentage of mean G S.E.M. n represents the number of mice per group.

(I) EnnA treatment increases the number of CD8+ T cells in spleens, which is abrogated by an anti-CD8 antibody. Data are represented as mean G S.E.M.

*p < 0.05; **p < 0.01 by one-way ANOVA or unpaired tailed Student’s t test and are a representation of at least two independent studies.
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According to the consensus guidelines for the detection of ICD,56 the gold-standard approach relies on vaccination assays to evaluate

the ability of a specific therapeutic agent to induce ICD. Thus, we tested whether in vitro EnnA-treated E0771 tumor cells would immunize

mice against a subsequent challenge with live E0771 cells. Mice received 4 s.c. injections of EnnA-treated tumor cells (10 days apart) and

were challenged 2 days after the last injection with live, luciferase-expressing tumor cells (implanted in the opposite mammary gland).

Strikingly, none of the mice that received the EnnA-treated tumor cells developed tumors after the challenge; however, all control

mice did (Figure 5A).

Autophagy is another key feature of ICD.57–59 We found that EnnA triggered autophagy in human breast cancer cells (Hsp578T andMDA-

MB-453) as indicated by the accumulation of autophagic vacuoles seen by light microscopy (Figure S7A) and by electron microscopy (Fig-

ure 5B, blue arrowheads), which also identified autophagosomes (Figure 5B, red arrowheads). Accumulation of autophagosomes was further

confirmed by Western blot analysis showing accumulation of the autophagosome marker LC3BII in EnnA treated cells (Figure 5C). EnnA

Figure 5. EnnA treatment triggers immunogenic cell death in vitro and in vivo

(A) EnnA-killed E0771 cells vaccinate mice against live cells. Three injections of E0771 cancer cells killed with EnnA (lower panel) are able to vaccinatemice against

live cells (105) implanted in mammary fat pads of B6 mice (upper panel). Control mice receiving just culture media develop tumors, as expected.

(B) Electron microscopy (EM) analysis of E0771 cells treated with 5 mM EnnA for 24 h. Red arrows indicate autophagosomes. Blue arrows indicate vacuoles. The

scale bar represents 1 mm.

(C) Western blot analysis of cell lysates from human Hs578T and MDA-MB-453 cells treated with indicated concentrations of EnnA. A specific antibody against

total LC3B was used. b-actin was used as a loading control.

(D–G) Immunocytochemistry (IHC) analysis of E0771 cultured cells (D) and tumor samples (F), stained for autophagosomes (a-LC3BII) and the nucleus (DAPI). The

scale bar represents 20 mm. E. 30 cells per field (n = 3) in control and EnnA-treated cells were analyzed for the presence of autophagic puncta. G. 70 cells per field

(n = 3) in control and EnnA-treated tumors were analyzed for the presence of autophagic puncta. Data are represented in the percentage of mean G S.E.M.

(H) Flow cytometry analysis of E0771 cells treated with 5 mM EnnA for 24 h. Cells were stained for surface expression of Hsp90b and calreticulin using specific

antibodies. In each sample, a total of 10,000 cells were acquired. Gating strategies are shown in Figures S10–S12. Data are represented in the percentage of

mean G S.E.M.

(I) Flow cytometry analysis of E0771 tumor cell suspensions from control and EnnA-treated mice using indicated antibodies. In each sample, a total of 10,000 cells

were acquired. Data are represented in the percentage of mean G S.E.M. **p < 0.01; ****p < 0.0001 by one-way ANOVA or unpaired tailed Student’s t test.
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induction of autophagy was further validated by immunofluorescence showing increased staining of LC3BII puncta in the murine cell line

E0771 in vitro (Figures 5D and 5E) and in tumors (Figures 5F and 5G).

Asmentioned above, molecular features of ICD include exposure of the cytoplasmic Hsp90 and the ER chaperone calreticulin (CRT) on the

cell surface. Indeed, Hsp90 exposed on the cell surface is a DAMP signal linked to ICD.59 Hsp90 cell surface exposure facilitates the uptake of

dying cells by dendritic cells (DCs), leading to tumor antigen cross-presentation and induction of tumor-specific cytotoxic T lymphocyte re-

sponses. We found that EnnA treatment caused Hsp90b to be exposed on the cell surface in a higher percentage of cancer cells in vitro (Fig-

ure 5H, upper panels) and in vivo (Figure 5I, upper panels) compared to controls. Correlating with the hypothesis that EnnA induces ICD, flow

cytometry results showed that the EnnA treatment of E0771 cells enhanced the expression of CRT on the cell surface (Figure 5H, lower panels).

Although not as drastic in vivo, tumor cells resected from EnnA-treated animals also showed a consistent increase in calreticulin surface

expression (Figure 5I, lower panel). Using the highly aggressive murine and human TNBC cell lines, 4T1 and MDA-MB-231, respectively,

we found that EnnA induces more pronounced cell surface exposure of Hsp90, calreticulin, and HMGB1 compared to 17-AAG (Figure S7B).

EnnA modulates cancer cell transcriptome to stimulate the immune system

To gainmore insight into howEnnA triggers anti-cancer immunity, we analyzed the impact of EnnA treatment, in comparison with 17-AAG, on

the transcriptome of the E0771 murine breast cancer cell line. Bulk RNA-seq analysis from cultured cells treated with IC25 doses for each com-

pound was performed. Genes were then grouped based on the fold of up- or down-regulation [log2 fold change and an associated p value of

0.05 or less] (Figure 6A). This threshold criterion reduced the number of genes from 11024 to 251, which is about 2.3% of E0771 transcripts. The

heatmap in Figure 6B shows that overall, the two Hsp90 inhibitors impact the E0771 transcriptome in very distinct ways. Surprisingly, this anal-

ysis revealed that just a few common genes are affected by both compounds. Using the above criteria, we determined that 241 and 251 genes

were affected by 17-AAGor EnnA treatment, respectively (Figure 6C, upper panel). However, of these genes, only 34 (�14%) were in common.

Furthermore, their expression was not altered in the same way (Figure 6C, lower panel). These data confirmed that EnnA and 17-AAG inhibit

the Hsp90 machine through different mechanisms.

Focusing on the top 70 affected genes, Ingenuity Pathway Analysis (IPA) analysis showed a dramatic difference between the two compounds

in the potential impact on disease and underlying signaling pathways (Figure 6D). For instance, while EnnA activates genes involved in the he-

matological system, 17-AAG seems to decrease their expression. Similarly, EnnA highly activates the inflammatory response and immune cell

trafficking pathways, while 17-AAG decreases these functions. EnnA induces higher expression of genes involved in cellular movement

compared to 17-AAG. In accordancewith its mainly cytotoxic effect, 17-AAG upregulates the transcriptome of cell death and survival pathways.

Overall, these analyses indicate that EnnAmight render tumor cells more visible to the immune system through activation of inflammatory

responses and immune cell trafficking pathways. As seen in Figure 6E, EnnA significantly increased the level of IL23, which is a member of the

inflammatory cytokine family. This has been validated by RTqPCR showing that EnnA upregulates other pro-inflammatory cytokines such as

IL12b, TNFa, and IL1b (Figures S8A and S8B). In contrast, 17-AAG had a limited impact on these inflammatory cytokines (Figures S8A and S8C).

Interestingly, among the top genes highly upregulated by EnnA treatment (Figure 6E) are the CX3CR1 chemokine receptor, the CD74

MHC class II chaperone, and engulfment and cell motility protein 1 (ELMO1). CD74 plays a key role in MHC-I trafficking, regulates T cell

and B cell development, DC motility, macrophage inflammation, and thymic selection.60 ELMO1 has been identified as a microbial sensor

in epithelial and phagocytic cells that turns on inflammatory signals.61 Accordingly, a KEGG enrichment plot analysis showed a clear positive

correlation of EnnA treatment with activation of the chemokine signaling and cytokine-cytokine receptor interaction pathways (Figure 6F),

which is not the case when 17-AAG was used. Many of these genes are indeed downregulated (Figure S9A). Albeit to various extents,

both EnnA and 17-AAG decreased mRNA expression of anti-inflammatory cytokines such as IL10 (Figure S8C), which validated the RNA-

seq data and RTqPCR showing that EnnA dramatically reduced the level of IL19 (Figures 6E and S8A), a member of the IL10 family.

CX3CR1 is a positive mediator of EnnA antitumor activity in mice

The high upregulation of the chemokine receptor CX3CR1 expression (Figure 6E) was remarkable because a recent report has identified

CX3CR1 as a marker for CD8+ T cells that withstand chemotherapy during cancer chemo-immunotherapy, suggesting that this chemokine

receptor could be used as a marker for potential anti-PD-1 responsive patients.62 This observation correlates with a broader KEGG enrich-

ment analysis showing a clear positive correlation between chemokine signaling and T cell receptor signaling pathways with EnnA treatment

(Figures 6F and S9B). Strikingly, several chemokines are shown to be upregulated in E0771 cells treated with EnnA. These include CCL3,

CXCL1, CCL4, CCL5, CXCL10, CCL25, and CSF2 (Figures 6F and S8). As shown below, further investigations indicated that the CX3CR1

pathway plays an important role in EnnA’s antitumor activity.

The upregulation of CX3CR1 upon treatment with EnnA was validated by RTqPCR using E0771 cells in vitro (Figure S6A). Flow cytometry

analysis confirmed that CX3CR1 protein is upregulated at the surface of E0771 cells treatedwith EnnA compared to DMSO control (Figure 7A).

Similar results were found in human Hs578T andMDA-MB-231 andmurine 4T1 cell lines (Figure S5C). These findings were confirmed in E0771

tumor tissues as well. Indeed, using flow cytometry, we found that CD45-:CX3CR1+ cells are significantly upregulated in E0771 tumors treated

with EnnA compared to tumors from the control group (Figure 7B, left panel). Interestingly, the number of infiltrating triple positive CD45+/

CD8a+/CX3CR1+ cells isolated fromEnnA-treated tumors was also significantly higher compared to cells isolated from the control group (Fig-

ure 7B, right panel). These findings prompted us to hypothesize that the CX3CR1 signaling pathway might be involved in EnnA’s antitumor

activity. This was tested in vivoby combining EnnAwith the CX3CR1 antagonist 5-[3-[4-(4-Chlorophenyl)-1-piperidinyl]propyl]pyrrolo[1,2-a]qui-

noxalin-4(5H)-one hydrochloride (JMS-17-2), an optimized compound that has been recently shown to reduce lung breast cancermetastasis.63
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As shown in Figure 7C, when injected intraperitoneally at 10 mg/kg every 48 h, alternating with EnnA, JMS 17-2 significantly reduced the ef-

ficacy of EnnA. These data suggest that activation of the CX3CR1 signaling pathway is important for EnnA’s tumor-killing activity.

EnnA treatment reduces PD-L1 levels in vitro and in vivo

To further strengthen the hypothesis that EnnA inhibition of Hsp90 reprograms the tumor microenvironment (TME) to promote CD8+ T cell

antitumor immunity, we tested whether EnnA modulates key immunosuppressive mechanisms such as the PD-1/PD-L1 signaling pathway,

which is a well-established potent suppressor of effector T cell function.64 This idea was prompt by a recent report showing that several

Hsp90 inhibitors of various chemical scaffolds caused a decrease in both the mRNA and protein levels of PD-L1 in PHP-1 acute monocytic

Figure 6. EnnA modulates E0771 cell transcriptome to activate the immune system

(A) Volcano plots of bulk RNA-seq data from E0771 cells treated with EnnA, 17-AAG or DMSO as control. Plots were generated based on EnnA versus control

(upper, +/� 2-fold change and p < 0.065, as shown in dashed blue lines) and 17-AAG versus control (bottom, +/� 2-fold change and p < 0.05, as shown in dashed

blue lines), after the removal of low-expressing genes.

(B) Heatmap generated based on the intersection of 4852 genes with the normalized FPKM counts from duplicates of control, EnnA-treated, and 17-AAG-treated

cells, after the removal of low-expressing genes.

(C) Venn Diagram (upper panel) indicates 251 genes at or exceeding the cutoff of 2 log2 fold changes in response to EnnA versus control-treated cells and 241

genes at or exceeding the cutoff of 1.5 log2 fold changes in response to 17-AAG versus control-treated cells, with an intersection of 34 genes, which were used to

plot a heatmap across control, EnnA, and 17-AAG groups (lower panel).

(D) Predicted biological impact: Two filtered fold-change tables, EnnA versus control (upper, +/� 3-fold change and p < 0.05) and 17-AAG versus control

(bottom, +/� 2-fold change and p < 0.05), were imported into IPA software to predict biological effects (increases (orange) or decreases (blue)) on diseases

and cell biology processes.

(E) List of top genes affected by EnnA treatment. Red: upregulated. Blue: downregulated.

(F) Plots of Heatmap and Enrichment Score by GSEA on immune responses involving KEGG pathways. Heatmap and Enrichment Scores were plotted using the

3,668 genes at a cutoff of 1.5-fold changes into the GSEA analysis with the duplicates of EnnA versus control to produce the immune response-associated KEGG

pathways containing chemokine signaling pathways and cytokine-cytokine receptor interaction. Data are represented as a meanG S.E.M. *p < 0.05; **p < 0.01;

***p < 0.001 by one-way ANOVA or unpaired tailed Student’s t test. Data represent at least two independent studies.
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Figure 7. CX3CR1 chemoattraction pathway and PD-L1 pathways are modulated by EnnA treatment

(A) Flow cytometry analysis of CX3CR1 surface expression on E0771 cells treated with 7.5 mM EnnA or DMSO control. Data are represented as a meanG S.E.M.

(B) Flow cytometry analysis of CX3CR1 surface expression on cell suspensions from E0771 tumors treated with EnnA or control. Data are represented as ameanG

S.E.M.

(C) The CX3CR1 chemoattraction pathway is important for EnnA’s antitumor efficacy. 103 104 E0771 cells were injected into themammary fat pad of seven-week-

old female mice. EnnA and JMS-17-2 groups were injected intraperitoneally with 10 mg/kg of EnnA or JMS-17-2 every 48 h, and the control group (DMSO)

received vehicle (mixture of 15% DMSO and 20% cremophor in PBS). The EnnA + JMS-17-2 group received the compounds at alternate 48-h time points.

Tumor volume was measured as treatment progressed. n represents the number of mice per group. Data are represented as a mean G S.E.M.

(D and E) Western blot analysis for PD-L1 expression in cell extracts from indicated cell lines treated with various concentrations of EnnA or 17-AAG. DMSO is

used as control.

(F) Immunofluorescence analysis for PD-L1 expression in E0771 tumors from animals treated with DMSO control or EnnA. The scale bar represents 20 mm.

(G) The corrected total cell fluorescence (CTCF) intensity was calculated from 100 PD-L1+ cells from three different microscopic fields of control and EnnA-treated

tumors.

(H) Western blot analysis of PD-L1 complexes isolated from E0771 cells by immunoprecipitation using anti-PD-L1 antibody. PD-L1 expression was induced with

10 ng/mL interferon-gamma for 24 h. Cells were treated with 10 mM EnnA or DMSO for an extra 5 h. Rat IgG was used as a control.

(I) Cells were treated as in H. After immunoprecipitation, part of the PD-L1 resin was stripped (with stripping) from endogenous interacting proteins using 250mM

KCl and then incubated with purified Hsp90. The other fraction was kept as is (No stripping) to visualize the endogenous Hsp90 binding to PD-L1. Mouse IgG was

used as control.

(J) 10x104 E0771 cells were injected into 4th mammary fat pad of seven-week-old female B6 mice. Tumors were allowed to grow to about 50 mm3 before starting

treatment. EnnA (10 mg/kg) and DMSO were injected every 48 h. Anti-PD-L1 (InVivoMAb anti-mouse PD-L1 (B7-H1) (BioXCell)) was injected intraperitoneally

twice a week at 200 mg/mouse. n represents the number of mice per group.

(K) Model for EnnA’s antitumor activity. EnnA inhibits Hsp90, causing degradation of its oncogenic client proteins and autophagy. EnnA also causes exposure of

calreticulin and Hsp90 on the surface of cancer cells, leading to cancer antigen cross-presentation to DCs and activation of CD8+ T cells and their mobilization

through the CX3CR1 pathway to the tumor site. CD8 + T cell suppression by cancer cells is reduced by downregulation of PD-L1 expression. Data are represented

as a mean G S.E.M. **p < 0.01; ****p < 0.0001 by one-way ANOVA or unpaired tailed Student’s t test.
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leukemia and MC-38 murine adenocarcinoma cell lines.13 Given the key importance of effector CD8+ T cells in EnnA-induced antitumor ac-

tivity, we tested whether EnnA treatment affected PD-L1 expression. Indeed, Western blot and flow cytometry analyses showed that treating

human and murine cell lines with EnnA significantly reduced the level of PD-L1 protein in several cell lines in vitro (Figures 7D and 7E) and in

E0771 tumors in vivo (Figures 7F and 7G). However, contrary to the N-terminal inhibitors, EnnA does not reduce PD-L1 mRNA levels. Rather,

RNA-seq and qPCR analyses showed a slight increase in PD-L1 mRNA level (Figure S8B), suggesting that EnnA acts by inducing degradation

of PD-L1 protein, which is consistent with the hypothesis that PD-L1might be a novel Hsp90 client protein. This hypothesis is supported by our

immunoprecipitation results showing that Hsp90b is in protein complexes with PD-L1 in E0771 cell lysates (Figure 7H). Furthermore, treatment

of cells with EnnA causes the dissociation of Hsp90b from PD-L1 complexes (Figure 7H), leading to PD-L1 cellular degradation (Figures 7D and

7E). To further test whether PD-L1 is a client of Hsp90, we tested its direct interaction with the chaperone in vitro (Figure 7I). To this end, PD-L1

was isolated from E0771 cell extracts using an anti-PD-L1 antibody. PD-L1 was stripped of its endogenous interacting proteins using high salt

(250 mM KCl) and then incubated with purified Hsp90b. As shown in Figure 7I, PD-L1 binds specifically to purified Hsp90b compared to the

background binding seen with IgGs. Non-stripped PD-L1 (left two columns) confirmed the results in Figure 7H, showing endogenous inter-

action of Hsp90 with PD-L1.

Seeking to improve EnnA’s antitumor activity, we tested whether the combination of EnnA with immunotherapeutic agents targeting the

PD-L1 pathway, as previously reported for N-terminal inhibitors of Hsp90.13 Our results show that the combination of EnnAwith anti-PD-L1 did

not improve antitumor activity against the E0771 syngeneic mousemodel (Figure 7J), suggesting that inactivation of this pathway by EnnA as

indicated by the drastic reduction of PD-L1 protein (Figures 7D–7H) provides optimal benefit expected from inactivating this pathway.

DISCUSSION

We present here compelling evidence that EnnA exhibits a powerful antitumor activity, at least in part, through inhibition of Hsp90 and acti-

vation of the immune system to recognize and destroy tumor cells. EnnA is a novel Hsp90 inhibitor with a distinct mechanism of action

compared to inhibitors targeting the ATP binding site at the N-terminal of the chaperone. Indeed, EnnA does not induce an HSR and differ-

ently affects Hsp90 complexes with its client proteins and co-chaperones, compared to these other inhibitors. Although we have strong ev-

idence that EnnA binds to Hsp90 in vitro and in cells, the exact molecular mechanism by which this binding occurs remains to be fully eluci-

dated. Indeed, similarly to C-terminal inhibitors of Hsp90, EnnAdoes not induce anHSR. However, in silico docking studies suggest that EnnA

binds to the middle domain of the Hsp90 dimer in a binding site formed by the two Hsp90 monomers. Interestingly, gambogic acid (GBA),

another natural product with a different chemical scaffold, binds selectively to the middle domain of Hsp90b. However, only one Hsp90

monomer is sufficient for this interaction.65 Accordingly, GBA and EnnA exhibit distinct effects on cancer cells: GBA-induced cancer cell para-

ptosis.66 but EnnA triggered autophagy in various breast cancer models in vitro and in vivo (Figures 5A–5F and S7A). EnnA also induces

apoptosis in vitro as indicated by surface expression of annexin V and 7AAD staining (Figure S7C). Clearly, EnnA kills cancer cells in a manner

that exposes them to the immune system. Further studies have shown that in addition to autophagy, EnnA induces several other features of

ICD including exposure of Hsp90, calreticulin, and HMGB1 on the surface of cancer cells. These futures are not induced by 17-AAG (Fig-

ure S7B). We thus propose that activation of the immune system through ICD induction contributes significantly to the superior antitumor

efficacy of EnnA compared to 17-AAG. Indeed, the reprogramming of cancer cells and the TME caused by EnnA treatment promotes immune

infiltration and reduced tumor immune suppression as reflected by increased mobilization of CD8+ T cells into the tumor site, decreased

CD8+ T cell exhaustion, and a reduced CD4-FOXP3 regulatory T cell population in tumors.

The important role of Hsp90 in cancer immunology is becoming more appreciated, but its molecular underpinnings remain unclear. For

instance, there is a consensus that exposure of Hsp90, and other intracellular chaperones, on the cell surface is an ‘‘eat me’’ signal for phago-

cytic cells. Using ovalbumin-derived antigens, it has been established that Hsp90 is essential for antigen cross-presentation by antigen-pre-

senting cells (APCs). Cancer cells treated with ICD inducers such as EGFR antibody67 or bortezomib68 expose Hsp90 at the cell surface, which

enhances DC-mediated phagocytosis and antigen presentation. Interestingly, however, the combination of bortezomib with geldanamycin

(the parent compound of 17-AAG) enhanced tumor cell apoptosis but abrogated their immunogenicity,68 suggesting that N-terminal inhib-

itors of Hsp90might interfere with its stimulation of the immune system.69 This correlates with an earlier report showing that treatment of cells

with Hsp90 N-terminal inhibitors generates an ‘‘empty’’ MHC I, and inhibition of Hsp90 in antigen donor cells compromises their ability to

cross-prime T cell responses.70 This, however, does not seem to be an issue for EnnA. It is worth noting that preclinical and clinical responses

achieved with N-terminal Hsp90 inhibitors have been generated using doses that, in hindsight, have not been optimized to take into account

the importance of the immune system in fighting tumors.14 Indeed, the acute high doses of Hsp90 N-terminal inhibitors needed to achieve

tumor killing in immunodeficient mice have been shown to be immunosuppressive in immunocompetent mice and in clinical trials.69,71

Accordingly, a alternative treatment paradigm of a sustained low dose of N-terminal Hsp90 inhibitor was demonstrated to be more effica-

cious in combination with a single dose of nonspecific immune adjuvant in syngeneic immunocompetent mice.69 Thus, the importance of

Hsp90 as a promotor of immunosuppression and how to manipulate this activity to stimulate the immune system needs more investigation.

Consistent with the idea that cytosolic Hsp90 promotes the cancer cell’s ability to escape an immune attack, recent studies have shown that

targeting Hsp90 improved immunotherapy through induction of interferon target genes.10 Another study has found that Hsp90 N-terminal in-

hibitors of various scaffolds reduce PD-L1 and PD-L2 expression on the surface of cancer cells through inactivation ofmaster transcriptional reg-

ulators and the Hsp90 client proteins the signal transducer and activator of transcription 3 (STAT-3) and c-Myc.13 However, EnnA-mediated

reduction of PD-L1 level seems to be through causing PD-L1 protein dissociation from Hsp90 complexes and PD-L1 cellular degradation.

Indeed, EnnA does not affect PD-L1 mRNA levels, suggesting that PD-L1 is a client protein of Hsp90. This is supported by binding of PD-L1
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toHsp90 in cells and inpurified systems (Figures 7H and 7I). Therefore, the uniquemechanismof actionof EnnAallowed the discovery that PD-L1

is a novel Hsp90 client protein, which will have a significant impact on our understanding of how Hsp90 promotes an immunosuppressivemicro-

environment to facilitate tumor growth. A reduced level of PD-L1 on the surface of cancer cells is known to increase the number of activated

CD8+ T cells within the TME. Thus, the loss of PD-L1 in cancer cells upon EnnA treatment is highly significant in promoting antitumor immunity.

Since EnnA induces degradation of oncoprotein clients of Hsp90, including PD-L1, and causes Hsp90 exposure on the cell surface, trig-

gering CD8+ T cell-dependent antitumor activity, we propose that EnnA enhances antigen cross-presentation by DCs and mobilization of

effector lymphocytes into the tumor bed (Figure 7K). This hypothesis is supported by our findings that EnnA induces significant activation

of immune cell trafficking pathways and immune cell movement in vitro and in vivo. This seems to be promoted, at least in part, by an increase

in CX3CR1 expression in cancer cells but also in CD8+ T cells. Indeed, inhibition of CX3CR1 using the antagonist JMS17-2 significantly compro-

mised EnnA’s efficacy against E0771 tumors (Figure 7C). In addition, RNA-seq and RTqPCR analyses showed that the two known ligands for

CX3CR1, CX3CL1 and CCL26, are downregulated by EnnA treatment of cancer cells (Figures 6F and S8A). These data correlate with several

lines of evidence, indicating the importance of this chemokine pathway in cancer: 1- High expressing CX3CR1 CD8+ T cells withstand chemo-

therapy and predict positive response to anti-PD-1 blockade therapy62; 2- High expression of CX3CL1 in tumors predicts poor prognosis in

breast72 and hepatocellular73 carcinomas; 3- Absence of CX3CL1 prior to chemotherapy correlates with positive PD-L1 response blockades74;

4- downregulation of CX3CR1-CX3CL1 restricts cytotoxic T cells infiltration of solid tumors; and 5- High expression of CX3CL1 promotes

monocytic myeloid-derived suppressor cell (M-MDSC) recruitment into the TME and increases PD-L1-independent immunosuppression.75

Therefore, EnnA holds great promise of combining the cytotoxic effect of Hsp90 inhibition with the stimulation of immune cell trafficking

through modulation of the CX3CR1/CX3CL1 pathway to deliver a better antitumor efficacy in breast and other solid tumors. A better under-

standing of the molecular mechanism underlying EnnA’s induction of CX3CR1 and its cell membrane localization through the Hsp90 pathway

would be of great interest to improve EnnA’s efficacy. Remarkably, a significant portion of CD8+ T cells remains in the tumor periphery (Fig-

ure 4A), suggesting the possibility of further enhancing EnnA’s efficacy using infiltration-promoting and immunotherapeutic agents.

Limitations of the study

Although this study describes the discovery of EnnA as a promising inhibitor of Hsp90, it remains that potential off-target effects of this natural

product have not been fully addressed due to our inability to immobilize EnnA on a resin and performpulldown experiments from cell lysates.

Our initial efforts to functionalize EnnA for immobilization purposes resulted in a substantial loss of cytotoxic activity in vitro. Thus, developing

analogs to optimize EnnA’s efficacy and further establish its Hsp90 specificity in cells and in vivo is needed. Furthermore, future pharmaco-

dynamic and pharmacokinetic studies will address the potential toxicity of the compound and help optimize its therapeutic potential. These

follow-up studies are important, especially because EnnA, like 17-AAG, does not discriminate between cancer and non-transformed immor-

talized cells in cell culture (Figure S10). Importantly, the lack of obvious in vivo toxicity at an efficacious dose as shown by the normal body

weight of mice (Figure 3B), absence of signs of abnormal mouse behavior, and microscopic tissue damage or inflammatory lesions in vital

organs (Figure S4) suggest that mechanisms of EnnA-induced cell death in normal versus cancer cells might be different. They also support

the prediction that the benefits of EnnA treatment might outweigh its potential adverse effects as a potential therapeutic agent.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit Anti-Cdk4 (C-22) Polyclonal Antibody Santa Cruz Biotechnology Cat# sc-260; RRID:AB_631219

Anti-b-Actin Antibody (C4) Santa Cruz Biotechnology Cat# sc-47778; RRID:AB_626632

Anti-Hsp70 (BB70 from Dr. David Toft,

Mayo Clinic, Rochester, MN)

N/A N/A

Anti-Hsp90b (H90.10 from Dr. David Toft,

Mayo Clinic, Rochester, MN)

N/A N/A

Anti-FKBP52 (His52C from Dr. David F. Smith,

Mayo Clinic, Scottsdale, AZ)

N/A N/A

Anti-P23 (JJ3 from David Toft) N/A N/A

Anti-HOP (F5 from David Smith) N/A N/A

Akt (pan) (C67E7) Rabbit mAb Cell Signaling Technology Cat# 4691; RRID:AB_915783

Phospho-Akt (Ser473) (D9E) XP� Rabbit mAb Cell Signaling Technology Cat# 4060; RRID:AB_2315049

LC3B (D11) XP Rabbit mAb Cell Signaling Technology Cat# 3868; RRID:AB_2137707

Autophagy Cleaved-LC3 Antibody (APG8a) Abcepta Cat# AP1805a; RRID:AB_2137587

Rabbit Anti-HSP70 Polyclonal Antibody,

Unconjugated

Bioss Cat# bs-0126R; RRID:AB_10852592

HSP27 antibody Proteintech Cat# 18284-1-AP; RRID:AB_2295540

GAPDH (D-6) Santa Cruz Biotechnology Cat# sc-166545; RRID:AB_2107299

ErbB-3 (C-17) (Anti-HER3) Santa Cruz Biotechnology Cat# sc-285, RRID:AB_2099723

Calreticulin Polyclonal Antibody Thermo Fisher Scientific Cat# PA3-900; RRID:AB_325990

Human/Mouse CX3CR1 Affinity

Purified Polyclonal Ab

R and D Systems Cat# AF5825; RRID:AB_2292441

Brilliant Violet 421(TM) anti-mouse CX3CR1 BioLegend Cat# 149023; RRID:AB_2565706

Purified anti-mouse CD45 BioLegend Cat# 103102; RRID:AB_312967

Brilliant Violet 605(TM) anti-mouse CD45 BioLegend Cat# 103139; RRID:AB_2562341

ILK BD Biosciences Cat# 611803; RRID:AB_399283

Purified anti-mouse CD8b.2 BioLegend Cat# 140402; RRID:AB_10645339

Purified anti-mouse CD8a BioLegend Cat# 100801; RRID:AB_312762

Alexa Fluor(R) 700 anti-mouse CD8a BioLegend Cat# 100729; RRID:AB_493702

InVivoPlus anti-mouse PD-1 (CD279) Bio X Cell Cat# BE0146, RRID:AB_10949053

APC/Cyanine7 anti-mouse CD279 (PD-1) BioLegend Cat# 135223, RRID:AB_2563522

Purified anti-mouse FOXP3 BioLegend Cat# 126401, RRID:AB_1089120

HMG-1 (HAP46.5) (HMGB-1) Santa Cruz Biotechnology Cat# sc-56698, RRID:AB_783817

Chemicals, peptides, and recombinant proteins

17-allylamino-demethoxygeldanamycin (17-AAG) ChemieTek Cat# #75747-14-7

5-[3-[4-(4-Chlorophenyl)-1-piperidinyl]propyl]

pyrrolo[1,2-a]quinoxalin-4(5H)-one hydrochloride

(JMS-17-2)

Tocris Bioscience Cat# 6378/50

Cyclo[N-methyl-L-isoleucyl-N-oxa-D-valyl-N-methyl-

L-isoleucyl-N-oxa-D-valyl-N-methyl-L-isoleucyl-N-

oxa-D-valyl] (Enniatin A)

Sigma Cat #E9661

Recombinant Mouse IFN-gamma Protein R&D Systems Cat #: 485-MI

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

CellTiter 96� AQueous One Solution Cell

Proliferation Assay (MTS)

Promega Cat#: G3580

MagniSort Mouse T cell Enrichment kit Invitrogen Cat#: 8804-6820

RNA to cDNA EcoDry� Premix (Double Primed) Takara Cat#: 639549

PureLink RNA Mini Kit ThermoFisher Cat#: 12183018A

PureLink DNase Set ThermoFisher Cat#: 12185010

TruSeq Stranded mRNA Library prep kit Illumina Cat#:20020594

Experimental models: Cell lines

Hs 578T ATCC RRID:CVCL_0332

EO771 ATCC Cat# CRL-3461,

RRID:CVCL_GR23

4T1 ATCC CRL-2539, RRID:CVCL_0125)

MDA-MB-231 ATCC RRID:CVCL_0062

MDA-MB-453 ATCC RRID:CVCL_0418

MCF-7 ATCC RRID:CVCL_0031

Experimental models: Organisms/strains

BALB/cJ The Jackson Laboratory Cat# JAX:000651,

RRID:IMSR_JAX:000651

C57BL/6J The Jackson Laboratory Cat# JAX:000664,

RRID:IMSR_JAX:000664

NU/J The Jackson Laboratory Cat# JAX:002019,

RRID:IMSR_JAX:002019

Software and algorithms

ImageJ https://imagej.net/ RRID:SCR_003070

GraphPad Prism http://www.graphpad.com/ RRID:SCR_002798

BIAevaluation Software https://www.biacore.com/lifesciences/service/

downloads/software_licenses/biaevaluation/

RRID:SCR_015936

FlowJo software https://www.flowjo.com/solutions/flowjo RRID:SCR_008520

Oligonucleotides

mCx3cr1.F GAGTATGACGATTCTGCTGAGG Eurofins N/A

mCx3cr1.R CAGACCGAACGTGAAGACGAG Eurofins N/A

mCD74.F AGTGCGACGAGAACGGTAAC Eurofins N/A

mCD74.R CGTTGGGGAACACACACCA Eurofins N/A

mElmo1.F GAGAACAGCAGCCGAGAAGAT Eurofins N/A

mElmo1.R GTTGCAGGTCTCACTAGGCAG Eurofins N/A

mIl23a.F ATGCTGGATTGCAGAGCAGTA Eurofins N/A

mIl23a.R ACGGGGCACATTATTTTTAGTCT Eurofins N/A

mCxcr7.F AGCCTGGCAACTACTCTGACA Eurofins N/A

mCxcr7.R GAAGCACGTTCTTGTTAGGCA Eurofins N/A

mIL19. F CTCCTGGGCATGACGTTGATT Eurofins N/A

mIL19.R GCATGGCTCTCTTGATCTCGT Eurofins N/A

mCcl26.F TTCTTCGATTTGGGTCTCCTTG Eurofins N/A

mCcl26.R GTGCAGCTCTTGTCGGTGAA Eurofins N/A

mMtrf1l.F GGGACACGGAGTCATTGCTG Eurofins N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact Dr. Ahmed Chadli

(achadli@augusta.edu).

Materials availability

This study did not generate new unique reagents. Any other materials generated in this study are available from the lead contact Dr. Ahmed

Chadli (achadli@augusta.edu).

Data and code availability

� Data presented in this manuscript have been deposited in NCBI’s Gene Expression Omnibus under the GEO Series accession code

GSE168875. All the other data are available within the article and the supplementary files.

� No custom code or mathematical algorithm has been used in this study.
� All raw data are available at: https://data.mendeley.com/drafts/g65wt6bf76.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Murine models

Six to eight weeks old wild-type female C57BL/6 (B6) (stock number 000664), BALB/c mice (stock number 000651), and BALB/C nude mice

(stock number 002019) were purchased from The Jackson Laboratory (Bar Harbor, Maine). This study is focused on breast cancer in females

but the authors expect EnnA to be efficient in male cancers as well. All animal experiments were performed according to ethical regulations

and protocols approved by the Augusta University Institutional Animal Care and Use Committee. Mice are hosted in a facility that is fully

accredited by Laboratory Animal Care International (AAALAC).
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mMtrf1l.R TCTTCCGAAGGAACCAACAGT Eurofins N/A

mCCL4.F TTCCTGCTGTTTCTCTTACACCT Eurofins N/A

mCCL4.R CTGTCTGCCTCTTTTGGTCAG Eurofins N/A

mCxcl10.F CCAAGTGCTGCCGTCATTTTC Eurofins N/A

mCxcl10.R GGCTCGCAGGGATGATTTCAA Eurofins N/A

mCCL5.F GCTGCTTTGCCTACCTCTCC Eurofins N/A

mCCL5.R TCGAGTGACAAACACGACTGC Eurofins N/A

mCCL25.F TTACCAGCACAGGATCAAATGG Eurofins N/A

mCCL25.R CGGAAGTAGAATCTCACAGCAC Eurofins N/A

mCXCL1.F CTGGGATTCACCTCAAGAACATC Eurofins N/A

mCXCL1.R CAGGGTCAAGGCAAGCCTC Eurofins N/A

mTNF.R CCCTCACACTCAGATCATCTTCT Eurofins N/A

mTNF.R GCTACGACGTGGGCTACAG Eurofins N/A

mIL6.F TAGTCCTTCCTACCCCAATTTCC Eurofins N/A

mIL6.R TTGGTCCTTAGCCACTCCTTC Eurofins N/A

mIL12b.F TGGTTTGCCATCGTTTTGCTG Eurofins N/A

mIL12b.R ACAGGTGAGGTTCACTGTTTCT Eurofins N/A

mIL1B.F GCAACTGTTCCTGAACTCAACT Eurofins N/A

mIL1B.R ATCTTTTGGGGTCCGTCAACT Eurofins N/A

mIL4.F GGTCTCAACCCCCAGCTAGT Eurofins N/A

mIL4.R GCCGATGATCTCTCTCAAGTGAT Eurofins N/A

mIL10.F GCTCTTACTGACTGGCATGAG Eurofins N/A

mIL10.R CGCAGCTCTAGGAGCATGTG Eurofins N/A
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Cell lines

MDA-MB-231, MDA-MB-453, Hs578T, 4T1, and E0771 cell lines were purchased from American Type Culture Collection (ATCC, Manassas,

VA) within the last 5 years. Large stocks were made and stored in liquid nitrogen. For the cells that are less frequently used, we are still using

cells from the original stocks. The E0771 cell line is an ER�/PR�/HER2-, p53-mutated, basal-likemurine breast cancer cell line, which qualifies it

as a TNBC model.76 Murine 4T1 cells were originally isolated from a spontaneous mammary tumor in the BALB/c strain and show character-

istics of the human TNBC subtype.77,78When tested as a syngeneicmodel, the E0771 cell line is tumorigenic in C57BL/6 (B6)mice, and the 4T1

cell line is tumorigenic in BALB/c mice. All cell lines are regularly tested at least quarterly for mycoplasma using the Genetica Inc mycoplasma

test and MycoAlert PLUS Mycoplasma Detection Kits.

Compounds

Our studies used 17-AAG (ChemieTek, Indianapolis, IN, #75747-14-7) and JMS-17-2 (Tocris Bioscience, Minneapolis, MN, Cat# 6378/50).

Initial experiments with EnnA were performed using Enniatin purified from the fungal strains Fusarium tricinctum isolated from fresh, healthy

roots of Aristolochia paucinervis growing in the Atlas Mountains of Morocco [S45]. We also have used EnnA purchased from Sigma (St. Louis,

MO, Cat #E9661). Most of the studies, however, were done using EnnA synthesized and characterized in Dr. Brian Blagg’s laboratory (Univer-

sity of Notre Dame, IN) as fully described in Data S1/Method S1 (supplementarl information).

METHOD DETAILS

Progesterone receptor (PR) reconstitution assay

Purified PR was adsorbed onto PR22 antibody-protein A-Sepharose resin beads and was assembled into complexes. Rabbit reticulocyte

lysate (RL) or purified chaperones were used to refold the PR. Briefly, approximately 0.05 mM PR was incubated with 1.4 mM Hsp70, 0.8 mM

Hsp90b, 0.2 mM Hsp40 (Ydj), 0.08 mM HOP, and 2.6 mM p23 in reaction buffer (20 mM Tris/HCl, pH 7.5, 5 mM MgCl2, 2 mM DTT, 0.01%

NP-40, 50 mM KCl, and 5 mM ATP). After incubation for 30 min at 30�C, 0.1 mM [3H]-progesterone (American Radiolabeled Chemicals, Inc

#ART 0063, St. Louis, MO) was added. Samples were incubated on ice for 3h at 4�C. Complexes were then washed three times with 1 mL

of reaction buffer and assessed for bound progesterone by liquid scintillation counting using a PerkinElmer Microbeta plate reader and

for the composition of protein complexes by SDS-PAGE (10% gel) and Coomassie blue staining.

Co-immunoprecipitation of purified Hsp90b with co-chaperones

For these experiments, 2 mg purified Hsp90b was incubated with Hsp90 monoclonal antibody H90.10 adsorbed to protein A-Sepharose resin

beads in 250 mL buffer (10 mM Tris/HCl, pH 7.5, 50 mM KCl, 0.03% NP40, 2.5% glycerol, and 5 mM MgCl2) for 30 min. Samples were shaken

slowly at room temperature. Excess Hsp90 was washed away with 1mL buffer twice; then 5 mg of p23, HOP, or FKBP52 was added to the resin,

and the volume was adjusted to 200 mL. 5 mM 17A-AG or 40 mM EnnA in DMSO was then added, and the volume was adjusted to 200 mL.

DMSO was used as a control. All samples received 5 mM ATP. Samples were further incubated for 30 min at 30�C, and the resin was resus-

pended every 5 min. Samples were washed three times with 1 mL of buffer and analyzed by SDS-PAGE (10% gel) andWestern blotting using

specific antibodies.

Immunoprecipitation from cell lysates

PD-L1 antibody (InVivoMAb, catalog number BE0101) was incubated with 30 mL slurry of protein A/protein G agarose beads (Pierce Recom-

binant Protein A-agarose, catalog number 20334 and Pierce ProteinG agarose, catalog number 20399) for 2 h at room temperature. Following

incubation, cell extracts (200 mg of protein) from E0771 cells were added to each sample and incubated overnight at 4�C with gentle rotation.

The samples were then washed three times with 1X RIPA buffer along with protease inhibitors (Roche Applied Science, 11836170001), 10 mm

NaF, 2 mm sodium pyrophosphate, 2 mm b-glycerophosphate, and 1 mm sodium orthovanadate, and 1mM phenylmethylsulfonyl fluoride

(PMSF) and eluted with 2X sample buffer at 95�C for 5 min. To strip PD-L1 from the endogenous complexes, the immunoprecipitated PD-

L1 was incubated with 300mM KCl for 30 min at 4�C. The resin was then washed 3 times and incubated with 20 mg purified Hsp90 in

250mL reaction volume for 30 min at 30�C. Protein complexes were eluted using SDS-PAGE sample buffer and analyzed by Western blot.

Cellular thermal shift assay (CETSA)

To analyze the engagement of EnnA and Hsp90 protein, a cellular thermal shift assay was performed. 1 3 107 Hs578T, E0771, or MCF7 cells

were seeded in 10 cm culture dishes. After 24 h, cells were treated with DMSO (1%) or EnnA (20 mM) for 1 h. Following treatment, cells were

trypsinized and collected with PBS containing protease inhibitors and transferred to PCR tubes. All samples were heated at 52�C - 60�C for

2 min using a Bio-Rad C1000 thermal cycler and lysed with 3–4 freeze�thaw cycles using liquid nitrogen. For each freeze-thaw cycle, the cells

were exposed to liquid nitrogen for 1min andplaced in a water bath at 30�C for 1min. Precipitated proteins and cell debris were then pelleted

by centrifugation at 16,400 rpm for 15 min at 4�C and the cleared cell lysates were analyzed by Western blotting.
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Protein expression and purification

All protein constructs were generously provided by Dr. David Toft (Mayo Clinic, MN). Hsp70 was prepared by the overexpression of human

hsp70 in Sf9 cells. Cell extracts were run through the DEAE-Sepharose column. Fractions containing Hsp70 were further fractionated on a

column of ATP-agarose. Pooled fractions of hsp70 were concentrated by precipitation with ammonium sulfate (75% saturation), and the pre-

cipitate was dissolved and dialyzed into Tris buffer (TB): 10 mM Tris-HCl, pH 7.5, 3 mM MgCl2, 50 mM KCl, and 2 mM dithiothreitol (DTT).

Hsp70-containing fractions were applied to a 16/60 Superdex 200 sizing columnequilibratedwith TB. The hsp70 fractions eluting in themono-

meric range were pooled, concentrated, and stored at �80�C.
Human hsp90b was overexpressed in SF9 cells and purified from cytosol extracts. Purification was performed by chromatography on col-

umns of DEAE-Sepharose, heparin-agarose, and Mono Q. The purified hsp90 was stored at �80�C for later use.

Human Hop was expressed in bacteria using the pET-11 expression system. Bacterial lysates were fractionated by DEAE-Sepharose chro-

matography followed by hydroxyapatite column chromatography. Additional purification was achieved by fractionating the pool from hy-

droxyapatite on a Mono Q FPLC column that was eluted with a linear gradient of 0–0.5 M KCL. The fractions containing Hop were pooled,

dialyzed into 10 mm Tris-HCl, 1 mm dithiothreitol, and 1 mm EDTA, pH 7.5, and stored at �80�C.
Ydj1 was expressed in a pJC25 bacterial expression system. Cell lysates were fractionated by DEAE-Sepharose column chromatography

followed by hydroxyapatite column chromatography.

Human p23 was expressed in a pET-23 (+) bacterial expression system. The soluble fraction of bacterial lysate was fractionated by DEAE-

Sepharose column chromatography followed by phenyl-Sepharose (hp1660) FPLC, dialyzed into 10 mm Tris-HCl, 1 mm dithiothreitol, and

1 mm EDTA, pH 7.5, and stored at �80�C.

Surface Plasmon Resonance (SPR)

Real-time binding assays were performed on a Biacore 3000 Surface Plasmon Resonance (SPR) instrument (GE Healthcare, Milan, Italy). Full-

length recombinant proteins, Hsp90, Hsp70, HOP, and Hsp40 (what about p23??) were immobilized at similar immobilization levels (1503,

2410, 2172, 3100 RU, respectively) on a CM5 Biacore sensor chip, at �100mg/mL in 10 mM sodium acetate, pH 5.0, by using the EDC/NHS

chemistry, with a flow rate of 2 mL/min and an injection time of 7 min. Binding assays were carried out by injecting 90 mL of the analyte, at

30 mL/min, with HBS (10 mM HEPES, 150 mM NaCl, 3 mM EDTA, pH 7.4), and 1% (v/v) DMSO as running-buffer. The BIAevaluation analysis

package (version 4.1, GE Healthcare), was used to subtract the signal of the reference channel, with a DMSO correction procedure.

RNA extraction and real-time RTqPCR

Total RNAwas extracted usingQIAzol lysis reagent (QIAGEN). RNA extracts were analyzed by a Nanodrop 2000 spectrophotometer (Thermo

Fisher Scientific, Waltham, MA). RNA quality was determined by the ratios of A260/A280 (close to 2) and A260/A230 (close to 2). RNA (1–5 mg)

was used for generating cDNA using RNA to cDNA EcoDry Premix (Double Primed) (Clontech Laboratories, Inc.; now Takara Bio USA). cDNA

was analyzed in triplicate using iQ TM SYBR Green Supermix (Bio-Rad) in a Bio-Rad CFX96 system. Eurofins Genomics (Louisville, KY) primers

were used for the indicated genes. mRNA expression was normalized against that of beta-actin (internal control) (DCt = Ct (target gene) – Ct

(Internal control gene)). The relative fold change was measured by the 2-DDCt formula compared to control cells. Means and differences of

the means with 95% confidence intervals were obtained using GraphPad Prism (GraphPad Software, Inc., San Diego, CA). The two-tailed Stu-

dent’s t test was used for unpaired analysis comparing average expression between conditions. p values <0.05 were considered statistically

significant.

Cell proliferation assay and drug treatment

Cell proliferation wasmonitored using TheCellTiter 96 AQueousOne SolutionCell Proliferation Assay reagent (Promega #G3580). Cells were

grown to 40–60% confluency on 96-well tissue culture plates (Corning #3599, Glendale, AZ) followed by treatment with EnnA or DMSO con-

trol. For protein analysis by Western blot, cancer cell lines were grown for at least 48 h to be at 40–60% confluent in 6-well plates (Corning

#3516) before drug treatment was started. Cells were then harvested at specified times, and cell lysates were made. For Western blotting,

15 mg of protein lysate was analyzed using the following specific antibodies.

Immunocytochemistry and fluorescence microscopy

The indicated cells were grown in 24-well plates (Corning #3337) on micro-cover glasses (Electron Microscopy Sciences) to about 50% con-

fluency in MEM, 1X (Cellgro #10-010-CV) medium supplemented with 10% fetal bovine serum. Cells were treated with indicated concentra-

tions of 17-AAG, EnnA, or DMSO control for 24 h. Cells were fixed with 0.1 M PIPES, pH 6.95; 1 mM EGTA, pH 8.0; 3 mM MgSO4; and 3%

paraformaldehyde, then permeabilized with 0.1% Triton X-100, blocked with 10% fetal bovine serum with 5% glycerol, and stored at 4�C.
The primary antibodies against LC3B, as well as mouse and rabbit secondary antibodies, were prepared in the blocking buffer.

Electron microscopy

Cell pellets were fixed in 4% paraformaldehyde, 2% glutaraldehyde in 0.1 M sodium cacodylate (NaCac) buffer, pH 7.4, postfixed in 2%

osmium tetroxide in NaCac, stained en bloc with 2% uranyl acetate, dehydrated with a graded ethanol series and embedded in Epon-

Araldite resin. Thin sections were cut with a diamond knife on a Leica EM UC7 ultramicrotome (Leica Microsystems, Inc, Bannockburn, IL),
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collected on copper grids, and stained with uranyl acetate and lead citrate. Cells were observed in a JEM 1230 transmission electron micro-

scope (JEOLUSA Inc., Peabody,MA) at 110 kV and imagedwith an UltraScan 4000CCD camera& First Light Digital CameraController (Gatan

Inc., Pleasanton, CA).

Quantification of immunofluorescence

ImageJ software was used to measure the area, mean fluorescence, and the integrated density of fluorescence for each cell. Mean fluores-

cence of areas void of cells was used to calculate the fluorescence background. The corrected total cell fluorescence (CTCF) was determined

by using the following formula: CTCF= integrated density – the area of selected cell3mean fluorescence of background readings. Individual

data points (n) were plotted in GraphPad Prism 9.4.1.

Flow cytometry

Twenty-five thousand E0771 cells were seeded in a 6-well plate and cultured in RPMI-1640 media containing 10% FBS and 1% antibiotic and

antimycotic solution for 48 h. At about 60% confluency, cells were treated with 5mMEnnA dissolved in 1% DMSO for 24 h. After the treatment

was completed, cells were collected using enzyme-free cell dissociation media and washed with PBS containing 2% FBS. The cell surface was

stained with a specific primary antibody (1:200 dilution) for 30 min at 4�C. After washing, cells were stained with Alexa Fluor 488 (AF488) and

Alexa Fluor 594 (AF594) secondary antibody specific for Hsp90b and calreticulin/Cx3Cr1, respectively, for 30 min at 4�C. Cells were washed

twice with PBS containing 2% FBS and resuspended.

For tumor samples, about 1 cm3 of tissuewas finelyminced using a scalpel andwas dissociated in RPMI 1640media containing collagenase

IV (1mg/ml) andDNAse I (30 units/ml) for 30min at 37�Cwith agitation. Tumor single-cell suspensionwas passed through a 70 mmcell strainer

and washed twice with PBS containing 2% FBS. The cell surface was stained with the appropriate fluorescently conjugated antibodies for

30 min at 4�C. Following the washing steps, cells were treated with BD cyto-Fix/cyto-Perm buffer and then incubated with specific antibodies

for intracellular staining. Cells were washed, resuspended, and acquired in a Thermo Fisher Attune NxT flow cytometer. Data were analyzed

using FlowJo software. In each sample, a total of 10,000 cells were acquired and data are represented as a percentage of mean G S.E.M.

Unstained, and only secondary antibody-stained cells were used as a control for appropriate gating purposes. The gating strategy is shown

in Figures S11–S13.

Animals and tumor cell implantation

A) C57BL/6 (B6) and BALB/cJ mice implantation: 5 3 104 E0771-luc or 4T1 cells were implanted in the mammary fat pad of seven-to eight-

week-old C57BL/6 (B6) or BALB/c femalemice, respectively. Ten days following implantation, micewere intraperitoneally injected for the time

course of the experiment as follows: EnnA (10 mg/kg) or 17-AAG (50 mg/kg), or DMSO (control). Animal body weight and tumor volume were

measured and recorded. At the end of the experiment, mice were necropsied, and tumor tissues and spleens were carefully dissected.

Collected tissues were further processed for histopathological, flow cytometric, Western blotting, and RTqPCR analyses. B) Nude mouse im-

plantation: 53 104 E0771-luc cells were implanted in the mammary fat pad of seven-to eight-week-old female nudemice. Ten days following

implantation, mice were intraperitoneally injected for the time course of the experiment with EnnA (10 mg/kg) or DMSO (control). Animal

body weight and tumor volumeweremeasured and recorded. All mouse procedures were conducted in accordance with the University Com-

mittee on the Use and Care of Animals at Augusta University.

CD8+ T cell depletion

For testing the effect of in vivoCD8+ T cell depletion, InVivoMAb anti-mouse CD8a (cat# BE0004-1, Bio X Cell, NH, USA) was used. Briefly, 53

104 E0771-luc cells were implanted in themammary fat pad of C57BL/6 (B6)mice. Ten days following implantation,micewere intraperitoneally

injected for the time course of the experiment as follows: EnnA (10 mg/kg), EnnA (10 mg/kg) along with anti-mouse CD8a (250 mg/100 mL/

mouse), DMSO, and DMSO along with anti-mouse CD8a (250 mg/100 mL/mouse). Anti-mouse CD8a-assigned groups were injected at day

25 and day 27 post-tumor implantation. Tumor volume was measured via a digital caliper and recorded.

Vaccination

E0771-luc cells were seeded in 10 cmdishes and were allowed to grow to 50–60% confluency. Cells were treated in vitrowith EnnA (7.4 mM) for

48 h. Floating (detached) cells were solely collected and counted. Cells were spun down and resuspended in serum/antibiotic-free media.

Each animal received two ventral subcutaneous injections of a total of 1 3 106 cells. Injections were prepared as follows: 500,000 cells/

100 mL and a total of 2 injections/animal. Control mice received injections of media only. Eachmouse received 3 separate injections: one every

10 days. Two days after the last injection, all mice were implanted in the mammary fat pad with 53 104 E0771-luc cells. Mice were monitored

for tumor growth by imaging.

Adoptive cell transfer

53 104 E0771-luc cells were implanted in themammary fat pad of C57BL/6 (B6)mice. Ten days following implantation, micewere treatedwith

EnnA (10 mg/kg) or DMSO (control) for 14 days. For T cell processing, spleen, and lymph nodes were excised, and T cells were purified

following the MagniSort Mouse T cell Enrichment kit (Cat# 8804-6820, Invitrogen, Thermo Fisher, USA) protocol. A new set of mice were
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injected with 2 3 106 T cells extracted from DMSO control mice (naive T cells) or EnnA-treated mice (Immune T cells). Mice were then im-

planted with 5 3 104 E0771-luc cells, as described above, and tumor volume was monitored via imaging. Measurement of luciferase activity

was further used for statistical analysis.

Bioluminescence imaging

Isoflurane-anesthetized mice were intraperitoneally injected with 75 mg/kg D-luciferin substrate (Wako Pure Chemical Industries, Japan) and

prepared in sterile PBS. Animals were imaged using an IVIS Lumina system (Caliper Life Sciences, Hopkinton, MA) 5 min after substrate

administration.

mRNA sequencing and data analysis

E0771murine cells were allowed to grow in 6-well tissue culture plates for 48 h supplemented with complete RPMI-1640media (Corning, # 10-

040-CV). Cells were treated with EnnA (7.4 mM) or 17-AAG (0.5 mM) for 24 h. Cells were collected by trypsinization, washed with ice-cold PBS,

resuspended in QIAzol Lysis Reagent (Qiagen, #79306), and were immediately delivered to the Integrated Genomics core facility at Georgia

Cancer Center, Augusta University.

RNA was isolated from mouse cells using PureLink RNA Mini Kit (ThermoFisher), and DNA was removed using the PureLink DNase Set

(ThermoFisher). RNA purity and concentration are evaluated by spectrophotometry using theNanoDropND-1000 (ThermoFisher). RNA qual-

ity was assessed by the Tape Station (Agilent Technologies, Santa Clara, CA) and assured of an RNA Integrity Number (RIN) greater than 8.

Total RNA samples were processed for cDNA library preparations using TruSeq Stranded mRNA Library prep kit (Illumina, San Diego, CA).

Briefly, mRNA was captured using oligo-dT beads from 800 ng of total RNA. Following purification, the mRNA was fragmented into small

segments, 300–350 bp in size, and converted to cDNA fragments. A single ‘‘A’’ base was added to these cDNA fragments and the adapter

was ligated. The products were purified and enriched with PCR to create the final cDNA library. The prepared library was further examined by

Tape Station and Qubit (ThermoFisher) to test for quality and quantity, respectively. The libraries were pooled and run on the NextSeq500

sequencing system using a 75-cycle paired-end protocol. BCL files generated by the NextSeq 500 were converted to FASTQ files for the

downstream analysis. Reads passing quality control were aligned to the mouse reference genome of mm9, through the STAR (ultra-fast)

aligner for obtaining alignment rates greater than 90%. The generated alignment files in a comparative setup were imported to the following

Cufflinks and Cuffdiff tools for outputting differentially expressed genes with log2 fold changes and q values having replicates.

Pathway analysis was performed using Ingenuity Pathway Analysis, IPA (Qiagen), Gene Set Enrichment Analysis (GSEA), and Database for

Annotation, Visualization, and Integrated Discovery (DAVID) v 6.7 to identify the relative Gene Ontology (GO) terms followed by discovering

the enriched functional-related gene subgroups as shown in heatmaps by clustering.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism (9.1.0 (216). All data are represented as meanG S.E.M. Statistical significance was

determined using Student’s t test (two-tailed) or one-way ANOVA, as indicated in figure legends. p values less than 0.05 were considered

significant. The number of animals (n) per group is indicated in figure legends. Animals were randomly assigned to groups. Mice that

died and mice bearing tumors that were too large before the end of the experiment were excluded from the final analysis. Studies were

not conducted blinded. p values of statistical significance are represented as: ****, p < 0.0001; ***, p < 0.001; **, p < 0.01; and *, p < 0.05.
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