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Interferon‑γ increases sensitivity 
to chemotherapy and provides 
immunotherapy targets in models 
of metastatic castration‑resistant 
prostate cancer
Dimitrios Korentzelos1, Alan Wells 1,2,3,4,5,6 & Amanda M. Clark 1,2,3,6*

Interferon‑γ (IFNγ) is a cytokine with limited evidence of benefit in cancer clinical trials to date. 
However, it could potentially play a role in potentiating anti‑tumor immunity in the immunologically 
"cold" metastatic castration‑resistant prostate cancer (mCRPC) by inducing antigen presentation 
pathways and concurrently providing targets for immune checkpoint blockade therapy. Moreover, 
it could additionally increase sensitivity to chemotherapy based on its pleiotropic effects on cell 
phenotype. Here, we show that IFNγ treatment induced expression of major histocompatibility 
class‑I (MHC‑I) genes and PD‑L1 in prostate cancer cells in vitro. Furthermore, IFNγ treatment led 
to a decrease in E‑cadherin expression with a consequent increase in sensitivity to chemotherapy 
in vitro. In an in vivo murine tumor model of spontaneous metastatic prostate cancer, IFNγ systemic 
pretreatment upregulated the expression of HLA‑A and decreased E‑cadherin expression in the 
primary tumor, and more importantly in the metastatic site led to increased apoptosis and limited 
micrometastases in combination with paclitaxel treatment compared to diffuse metastatic disease 
in control and monotherapy treatment groups. These findings suggest that IFNγ may be useful 
in combinatorial regimens to induce sensitivity to immunotherapy and chemotherapy in hepatic 
metastases of mCRPC.

Interferon-γ (IFNγ) is a multifunctional cytokine currently approved by the FDA for the treatment of osteo-
petrosis and chronic granulomatous  disease1. As IFNγ also induces a strong antitumor immune response via 
T-helper 1 cell polarization, cytotoxic lymphocyte activation, and increased dendritic cell tumoricidal  activity2, 
it was extensively evaluated as a single agent cancer immunotherapy in multiple clinical trials during the 1990s. 
However, it was associated with inconsistent results, and as a consequence eventually these efforts were largely 
abandoned. In the current era of immunotherapy, it is understood that these controversial results are largely 
due to the dual roles of IFNγ; it is also able to promote tumor development and progression, particularly by 
upregulating aggression and immune checkpoint molecules, such as the PD-1/PD-L1  axis3.

Conversely, one of the other major effects of IFNγ is upregulation of major histocompatibility class-I (MHC-
I) gene expression and therefore in the setting of cancer, increased tumor antigen processing and presentation 
leading to improved T-cell recognition and  cytotoxicity4–8. Several studies have shown a strong correlation 
between markers of antigen presentation and response to immune checkpoint blockers (ICBs) targeting the 
PD-1/PD-L1  axis9–12. This would make IFNγ a promising strategy in the case of relatively ‘’immune cold’’ can-
cers, such as metastatic castration-resistant prostate cancer (mCRPC), which is characterized by a low tumor 
mutational burden and few tumor infiltrating T cells, and are relatively resistant to  ICBs13. Indeed, clinical trials 
of anti-PD-1/PD-L1 monotherapies in prostate cancer have exhibited limited benefit thus far, including a recent 
phase III randomized clinical trial of atezolizumab failing to meet its primary overall survival (OS)  endpoint14–17. 
Moreover, with regards to the liver, which represents the second most common metastatic site for prostate 
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cancer after bone and the one with the worst  prognosis18, our current understanding is that its immunologic 
characteristics are unique in facilitating metastatic expansion via diminished immunity to neoantigens entering 
through the portal  circulation19.

Metastatic cancers are not only frequently able to avoid immune surveillance, but also show resistance to 
chemotherapy either in a primary, intrinsic or a secondary, adaptive  manner20. In the case of dormant micro-
metastases, our group has previously demonstrated that one of the factors conferring survival advantage with 
regards to avoidance of chemotherapy is E-cadherin re-expression in an autocrine or paracrine  fashion21–23. This 
is particularly evident in the liver, where hepatocytes promote p38- and ERK-mediated phenotypic switching in 
mCRPC cells supporting tumor cell survival in the face of death  signals24,25. This makes IFNγ even more prom-
ising as a potential part of a combinatorial treatment strategy in mCRPC, as it has been shown that decreased 
membranous expression of E-cadherin is evoked by IFNγ in a Fyn Kinase-dependent manner, and additionally, 
IFNγ-induced IFIT5 suppresses E-cadherin in prostate cancer via altered miRNA  processing26,27.

Collectively, IFNγ treatment was recently shown to alter the expression of PD-L1 and E-cadherin28, and 
separately to also increase MHC-I  expression29 in murine models of prostate cancer. A pro-metastatic role of 
the IFNγ pathway in promoting lung metastasis of prostate cancer has also been  described27. However, these 
studies were based on primary tumors and did not address the question of how this affects chemotherapy. In this 
study we explored the effects of IFNγ in the induction of MHC-I and PD-L1 expression and the suppression of 
E-cadherin expression in preclinical models of mCRPC, as well as the impact of these effects on sensitivity of 
mCRPC to chemotherapy.

Results
IFNγ induces upregulation of MHC‑I and PD‑L1 and downregulation of E‑cadherin in mCRPC 
cells. To test the effect of IFNγ on MHC-I, PD-L1 and E-cadherin expression in mCRPC cells, we evaluated 
one normal prostate cell line (RWPE) as well as different prostate cancer cell lines representing both androgen-
dependent (LnCaP) and androgen-independent (DU145, PC3) subtypes of metastatic prostate cancer for their 
response to IFNγ (5 ng/mL, 48 h treatment). IFNγ at 5 ng/mL was deemed optimal in vitro as no additional 
changes in protein expression were observed with higher doses in the E-cadherin high cell line (Fig. S1). Fur-
thermore, to achieve a better representation across the spectrum of cancer-associated epithelial-to-mesenchymal 
transition (cEMT), we specifically used cell line variants that express high and low E-cadherin in the DU-145 
(DU-H, DU-L) and PC3 (PC3-H, PC3-L) cell lines. E-cadherin and PD-L1 levels or E-cadherin and MHC-I 
levels were measured via flow cytometry with and without membrane permeabilization in order to observe total 
and membranous expression, respectively. Treatment with IFNγ significantly increased both membranous and 
total expression of MHC-I and PD-L1 in benign RWPE cells as well as DU-H, DU-L, PC3-H and PC3-L cancer 
cells (Fig. 1A, Figs. S3, S4, S5C and S6C). Interestingly, no differences were observed in LnCaP cells (Fig. S7C) in 
PD-L1 or MHC-I expression. This is likely due to an impaired ability to initiate signaling through the IFNγ and 
IFN-α/β receptors secondary to lack of JAK1 expression, which functions downstream of IFN  receptors30. This 
is unlikely due to AR sensitivity as the AR-responsive RWPE cells (Fig. S3) showed a similar response to IFNγ as 
the aggressive prostate lines (Fig. 1). The aforementioned results were corroborated quantitatively by immunob-
lotting and qualitatively by immunofluorescence (Fig. 1B–D, Figs. S5A,B, S6A,B and S7A,B).

Regarding changes in E-cadherin expression, IFNγ induced significant downregulation of total E-cadherin 
in benign RWPE cells and DU-H, DU-L, and PC3-H cancer cells (Fig. 1A, Figs. S3, S4 and S5C). On the other 
hand, there was no change in total E-cadherin expression in PC3-L cells (Fig. S6C), while there was a mild (10%) 
decrease in LnCaP cells (p = 0.10; Fig. S7C). Interestingly, while all cancer cell lines showed evidence of lower 
membranous E-cadherin expression after IFNγ treatment, statistical significance was only achieved for PC3-H, 
DU-L and DU-H cells (Figs. S4 and S5C) and no change was noticed in RWPE cells (Fig. S3). Strikingly, the 
decrease in membranous E-cadherin in PC3-H cells following IFNγ was almost 39% (p = 0.0007; Fig. S5C). Again, 
immunofluorescence and immunoblots further confirmed the aforementioned findings (Fig. 1B–D, Figs. S5A, 
B, S6A,B and S7A,B).

IFNγ potentiates response to chemotherapy in mCRPC in vitro. As stated above, it has been previ-
ously shown by our group that hepatocyte-induced E-cadherin re-expression in breast and prostate cancer cells 
leads to increased  chemoresistance21. Thus, we next asked whether IFNγ-induced E-cadherin downregulation 
could effectively sensitize mCRPC cells to chemotherapy. Concordantly, we treated DU-H, DU-L, PC3-H, and 
PC3-L with IFNγ (5 ng/mL, 48 h treatment) prior to administration of combination treatment with 1 μΜ camp-
tothecin (CPT) and 100 ng/mL tumor necrosis factor-related apoptosis inducing ligand (TRAIL). This combi-
nation of a cytotoxic chemotherapeutic agent with a death cytokine was selected because it is physiologically 
relevant as dormant prostate cancer metastases are resistant to death inducing signals, whether from chemo-
therapies or cytokines. Moreover, our group has previously shown that the aforementioned cell lines were more 
sensitive to concurrent treatment than monotherapy with any of these  agents25. Cleaved caspase 3 was used as 
a surrogate marker for apoptotic activity and membranous E-cadherin was measured as previously  described25. 
In all cases, cleaved caspase 3 was significantly increased in the IFNγ-pretreatment mCRPC cell lines illustrat-
ing increased sensitivity to chemotherapy after sensitization with IFNγ (Fig. 2). The most striking increase was 
observed in DU-L cells (164%, p < 0.0001) and then in sequential order in PC3-L (74.3%, p = 0.0003), PC3-H 
(73.3%, p < 0.0001) and DU-H (13.3%, p = 0.03). With regards to membranous E-cadherin expression in IFNγ-
treated groups, PC3-L cells demonstrated a reduction by 43% (p = 0.005), DU-L and PC3-H cells showed small 
decreases which did not reach statistical significance, while DU-H showed a small, not significant increase 
(Fig. 2).
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IFNγ decreases E‑cadherin expression and potentiates response to chemotherapy in mCRPC 
in vivo. The next step was to address whether IFNγ-induced E-cadherin downregulation renders mCRPC 
more sensitive to chemotherapy in a preclinical murine model of spontaneous mCRPC liver metastasis. We 
injected DU-L cells into the spleen of mice, as our group has previously shown this to be a valid model to con-
sistently produce liver metastases by day 18 post-injection25. Mice were divided into four treatment groups: 
control, single IFNγ dose on day 18, chemotherapy, and combination of IFNγ on day 18 and chemotherapy 
(Fig. 3A). For IFNγ, a dose sufficient to up-regulate HLA-A/PD-L1 and sensitize the tumor to paclitaxel rather 
than inducing a strong anti-tumor response was utilized. Based on those reported in the literature, we identi-
fied 1 µg per  mouse31,32. The drug used was a taxane (paclitaxel, PAC), a class of chemotherapy suggested by the 
National Comprehensive Cancer Network for patients with advanced prostate cancer. More specifically, it was 
chosen based on prior literature on mice for dosing and also prior work from our group. Similarly to CPT, pre-

Figure 1.  IFNγ treatment alters the expression of MHC-I, PD-L1 and E-cadherin in mCRPC cells. (A) 
Geometric Mean Fluorescence Intensity (GMFI) of E-cadherin, MHC-I, and PD-L1 total expression in DU-H 
and DU-L cells after treatment with control or IFNγ (5 ng/mL) for 48 h, determined by flow cytometry. 
(B) Immonoblot of E-cadherin, PD-L1, and MHC-I in DU-H and DU-L cells after control or IFNγ (5 ng/
mL) treatment for 48 h, with GAPDH as loading control. Uncropped immunoblot images are located in 
supplementary figures (Fig. S2). (C) Quantification of immunoblots with fold change compared with control. 
Data shown as mean ± SD of three independent experiments. Student t-test *p < 0.05, **p < 0.005, ***p < 0.001  
****p < 0.0001, ns, not significant. (D) Representative immunofluorescence (IF) images of staining MHC-I (red), 
PD-L1 (green), E-cadherin (red), and Hoechst 33342 (blue) in DU-H and DU-L. Cells were treated with control 
or IFNγ (5 ng/mL) for 48 h. All scale bars, 50 μm.
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Figure 2.  IFNγ influences the response of mCRPC cells to chemotherapy in vitro. (A) Representative IF images 
of co-staining E-cadherin (red), cleaved caspase 3 (green), and nucleus (Hoechst 33342, blue) in DU-H, DU-L, 
PC3-H, and PC3-L. Cells were treated with 1 μM camptothecin and 100 ng/ml TRAIL (CPT-TRAIL) for 4 h 
after 48 h of control or IFNγ (5 ng/mL) treatment. All scale bars, 50 μm. (B) GMFI of cleaved caspase 3 and 
membranous E-cadherin expression in DU-H, DU-L, PC3-H and PC3-L cells determined by flow cytometry. 
Data shown as mean ± SD. Student t-test, *p < 0.05, **p < 0.005, ***, p < 0.001, ****p < 0.0001.
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treatment with IFNγ of mCRPC cells in vitro was associated with increased sensitivity to PAC (Fig. S8). Mouse 
weight was recorded prior to each drug injection to monitor for potential side effects; no obvious weight loss 
(> 5%) was observed in any of the mice. The mice were euthanized on day 30 after five rounds of PAC treatment.

All the primary tumors that arose upon intrasplenic injection produced hepatic metastases with the excep-
tion of one tumor treated with combination therapy, which did not lead to any detectable metastasis to the liver. 
Strikingly, all samples in control and PAC treatment groups, and 3/4 samples from IFNγ group, demonstrated a 

Figure 3.  Alterations in HLA-A and E-cadherin expression and chemosensitivity of mCRPC after IFNγ 
pretreatment in vivo. (A) Experimental outline to test the effect of IFNγ pretreatment on HLA-A and 
E-cadherin expression, as well as sensitivity to chemotherapy in DU-L cells in vivo. (B) Limited liver metastatic 
tumor growth of DU-L prostate cancer cells in IFNγ and paclitaxel combination group. H&E images at 
200 × magnification and all others at 400 × magnification. Tumor is not outlined where the vast majority of the 
captured image is tumor. (C) Enumeration of liver metastasis in each mouse. (D) Representative H&E, HLA-
A, E-cadherin and TUNEL staining in the metastatic tumors at completion of the study. (E) Quantification 
of HLA-A and E-cadherin expression, and TUNEL assays. Data shown as mean ± SD. Analysis of variance 
(ANOVA) or Kruskal–Wallis with Dunn’s multiple comparisons test after determination of normality based on 
Shapiro–Wilk test, *p < 0.05, **p < 0.005.
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diffuse pattern of liver involvement with almost complete replacement of the organ by metastatic tumor (Fig. 3B, 
C). One sample from IFNγ group had only a small focus of micrometastasis, but also a well-circumscribed tumor 
nodule in the spleen, in contrast to the other mice that had diffuse infiltration of the spleen by tumor. Neverthe-
less, the 3 samples from the combination group that showed metastatic deposits, either had multiple small, well-
circumscribed metastatic foci (2/4 samples) occupying less than 10% of the organ, or only rare micrometastases 
(1/4 samples). This difference in diffuse metastasis versus no metastasis/micrometastases between combination 
and all other groups combined was statistically significant (chi square test, χ2 = 13.39, df = 3, p = 0.0039). Consist-
ently, E-cadherin expression was decreased in the combination group compared to control, while interestingly a 
trend was not only observed in the IFNγ group as expected but in the PAC group as well (Fig. 3B, E). Neverthe-
less, this decrease only reached the level of statistical significance in the liver and in the comparison between 
control and combinatorial treatment (Fig. 3E). This result clearly demonstrates that the pretreatment with IFNγ 
leads to a decrease in E-cadherin expression and sensitizes the liver metastases of mCRPC to chemotherapy.

We then pursued further mechanistic insight into the increased chemosensitivity of mCRPC in response 
to IFNγ by performing TUNEL assays to evaluate apoptosis. Apoptotic activity was significantly increased in 
PAC and combination groups compared to control and IFNγ, albeit there was no difference between PAC and 
combination groups (Fig. 3E).

Effects of IFNγ on MHC‑I levels in mCRPC in vivo. To confirm that treatment with IFNγ induces 
upregulation of PD-L1 and MHC-I in liver metastases of mCRPC we measured the levels of the two markers 
by IHC (Fig.  3B, D and E). With regards to HLA-A, both IFNγ and combination treatment groups showed 
increased expression in the primary tumors in the spleen, although did not reach statistical significance (Fig. 3B, 
D). Interestingly, the combination group demonstrated a significant increase in HLA-A in the liver metastases 
and furthermore, the difference between IFNγ and combination groups was also significant (Fig. 3E). The pat-
tern of staining was predominantly membranous, although some cytoplasmic staining could also be appreciated, 
a finding consistent with the extensive posttranslational modifications of the protein occurring predominantly 
in the Golgi  apparatus33. Unfortunately, unlike in vitro findings, immunohistochemical staining with PD-L1 was 
minimal-to-absent in all four treatment groups, with a non-specific speckled pattern rather than membranous 
when present, both in the primary and in the metastatic setting, despite the use of a clinically validated antibody 
at a high concentration, prohibiting any further accurate analyses (Fig. S9).

Discussion
Herein, we explored the effects of IFNγ to promote the expression of MHC-I and PD-L1 in mCRPC preclinical 
models, as well as its potential to downregulate E-cadherin in order to render mCRPC more sensitive to chemo-
therapy. Among multiple prostate cancer cell lines, spanning diverse molecular subtypes both in terms of AR 
expression as well as position along the cEMT spectrum, we found that IFNγ upregulated MHC-I expression 
both in vitro and in vivo, and PD-L1 expression was upregulated in vitro (corroboration in vivo was not techni-
cally possible). Moreover, E-cadherin expression was reduced in response to IFNγ pretreatment, and this led to 
increased apoptosis, as measured based on cleaved caspase 3 levels, upon exposure of mCRPC cells to a combi-
nation of a chemotherapeutic drug with a death cytokine. Strikingly, the combination of IFNγ with subsequent 
administration of chemotherapy (PAC) led to limited metastatic disease (micrometastases) in vivo compared 
to the diffuse infiltration of the liver by metastatic tumors in the case of control and monotherapy with either 
IFNγ or PAC. The present work is a novel approach and makes it clear that IFNγ has potential as an agent that 
may provide targets for immunotherapy and concurrently increase the sensitivity of mCRPC to chemotherapy.

The study has a number of limitations and open questions for further study. The paradoxical mild and not 
statistically significant increase in membranous E-cadherin in DU-H cells after IFNγ treatment in the chemosen-
sitivity assays could potentially be explained by the fact that mCRPC cells with lower expression of E-cadherin 
may be more easily damaged by  chemotherapy25. Another limitation was the lack of PD-L1 staining in spleens 
and livers of mice from all groups despite the use of a clinically validated antibody. Nevertheless, this can be 
explained by the very rare/low expression of PD-L1 in  mCRPC34, which means that even after IFNγ-induced 
PD-L1 upregulation, the PD-L1 levels might still fall under the analytical sensitivity of the IHC method. Alter-
natively, N-linked glycosylation of PD-L1 might potentially hinder its recognition by the PD-L1 antibody used, 
which means that a deglycosylation step would be required in order to prevent a false-negative  result35. Utiliz-
ing the immune deficient NSG mice enabled investigations to maintain experiments on the human cell lines 
investigated in vitro as well as focus on the direct effects of IFNγ upon the tumor cells. However, a concurrent 
limitation with using this mouse model of metastatic human cancers is the inability to determine the efficacy of 
PD-1/PD-L1 blockers in combination with IFNγ or assess the role of immune cells in mediating the effects of 
IFNγ in combination with chemotherapy.

Although interest in IFNγ has waned over the last years in lieu of targeted agents and because of its confound-
ing pro- and anti-tumoral actions, the failure of ICBs in the case of immune cold tumors such as mCRPC put it 
again into consideration. Recently, Zhang et al. reported their results from a phase 0 clinical trial of systemic IFNγ 
in two other immune cold tumors, synovial sarcoma and myxoid/round cell liposarcoma, where IFNγ resulted 
in increased MHC-I expression and significant T-cell infiltration with better tumor antigen presentation and less 
exhausted phenotypes of the  TILs1. Furthermore, the IFNγ-induced PD-L1 upregulation which was tradition-
ally considered a major player driving pro-tumoral effects of IFNγ, could potentially now represent the basis 
for powerful combinatorial approaches with ICBs, a phenomenon similar to the positive predictive value of an 
otherwise negative prognostic biomarker, HER2/neu amplification, in breast cancer. However, these in vitro and 
in vivo findings have to be tested in further preclinical studies and future clinical trials with particular attention 
to the optimal timing of IFNγ administration before the intervention with a PD-1/PD-L1 inhibitor.
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Methods
Cell lines. DU145 (both variants herein termed DU-L [E-cadherin low expressing] and DU-H [E-cadherin 
high expressing]), PC3 (both variants herein termed PC3-L [E-cadherin low expressing] and PC3-H [E-cad-
herin high expressing]) and LnCaP human prostate cancer cell lines, and RWPE-1 normal prostate cell line, were 
purchased from the American Type Culture Collection (Manassas, VA, USA). DU-H/DU-L and PC3-H/PC3-L 
cells were maintained in DMEM and F-12 K media, respectively. LnCaP cells were maintained in RPMI 1640 
media and RWPE-1 cells in Keratinocyte Serum Free Medium (K-SFM). Cells were seeded into 6-well plates and 
after 24 h treated with IFNγ (5 ng/mL) or control (PBS) for 48 h. Cells were harvested for immunoblot or flow 
cytometry, or fixed for immunofluorescence.

Immunofluorescence. Cells on coverslips were fixed in cold 2% paraformaldehyde in PBS, and then per-
meabilized in 0.2% Triton X-100 in PBS for 20 min. Cells were subsequently washed in PBS, blocked for 1 h at 
room temperature (RT) in PBS containing 2% bovine serum albumin (Sigma-Aldrich). Fixed cells were then 
incubated with the primary antibody in 2% BSA/PBS solution overnight at 4  °C. Cells were washed in PBS 
three times, and the secondary antibody was added in 2% BSA/PBS solution for 1 h at RT in the dark. Cells 
were washed three times in PBS and then incubated for 2 min in Hoechst 33342 solution, after which they were 
washed in PBS and mounted. Confocal images were obtained on an Olympus upright Fluoview 2000 confocal 
microscope (Center for Biologic Imaging, University of Pittsburgh, supported by NIH #1S10OD019973-01) 
using a 60x (UPlanApo NA = 1.42) or 20x (UPlanSApo NA = 0.85) objective. The primary antibodies used were 
rabbit anti-human cleaved caspase-3 (9661, Cell Signaling Technology), mouse anti-human E-cadherin (Clone 
36, BD), mouse anti-human HLA Class 1 ABC antibody (EMR8-5, Abcam) and mouse anti-human PD-L1 (28-
8, Abcam). Secondary antibodies used were goat anti-mouse Alexa Fluor® 488 or goat anti-rabbit Alexa Fluor® 
647 (Life Technologies). Hoechst 33342 was applied for nuclei counterstaining.

Immunoblot. Whole-cell extracts were prepared by lysing cells for 15  min on ice in RIPA lysis buffer 
(50  mM Tris-HCl (pH 7.5), 150  mM NaCl, 1.0% NP-40, 0.1% SDS, and 0.1% Na-deoxycholic acid) supple-
mented with protease cocktail inhibitor (Thermo Fisher). Cellular lysates were assayed for protein concentration 
using Pierce™ BCA Protein Assay Kit in 96-well plates using a microplate reader. Whole cell lysates were sepa-
rated through 7.5% SDS-polyacrylamide gels and transferred to nitrocellulose membrane (Bio-Rad Laborato-
ries, Inc.). Membranes were blocked with 5% milk powder in 0.1% Tween 20 in 1 × Tris-Buffered Saline (TBST) 
for 1 h at RT followed by incubation with primary antibodies diluted in 5% milk/TBST. Pierce ECL Western 
blotting substrate (Thermo Scientific) was used to visualize protein levels with light sensitive-films (Thermo Sci-
entific CL-XPosure Film). Immunoblots were quantified using ImageJ software. The following antibodies were 
used in this study: E-cadherin (24E10, Cell Signaling Technology and clone 36, BD), PD-L1 (E1L3N, Cell Sign-
aling Technology), HLA Class 1 ABC (EMR8-5, Abcam), and GAPDH (D16H11, Cell Signaling Technology).

Flow cytometry. Cells were rinsed with warm PBS and harvested with a non-enzyme cell dissociation 
buffer (Life Technology). After centrifugation, cells were fixed with 2% paraformaldehyde in PBS for 30 min 
then rinsed with 1% FBS/PBS. For total expression, cells were permeabilized with 0.2% Triton X-100 in PBS for 
20 min and subsequently washed in PBS. Both membranous and total expression samples were then incubated 
with an FcR Blocker along with the primary antibodies in 1% FBS/PBS for 30 min at 4 °C. They were then washed 
with 1% FBS/PBS and incubated with secondary antibodies for 30 min at 4 °C. The primary antibodies used were 
rabbit anti-human cleaved caspase-3 (9661, Cell Signaling Technology), mouse anti-human E-cadherin (Clone 
36, BD), mouse anti-human HLA Class 1 ABC antibody (EMR8-5, Abcam) and rabbit anti-human PD-L1 (28-8, 
Abcam). Secondary antibodies used were goat anti-mouse Alexa Fluor® 647 or goat anti-rabbit Alexa Fluor® 488 
(Life Technologies). Cells were sorted on BD FACSCalibur™ and analyzed with FlowJo (v10.6.2).

Chemoresistance assay. DU145 and PC3 cells were treated with 5  ng/mL IFNγ or control for 48  h 
and then serum starved overnight. Subsequently, cells were treated with a combination of 1  µM camptoth-
ecin (Sigma-Aldrich) or paclitaxel and 100 ng/mL recombinant human TRAIL (Life Technologies, PH1634) in 
serum-free medium for 4 h, prior to harvesting for flow cytometry. Staining for cleaved caspase-3 and membra-
nous E-cadherin was performed as previously  described25.

Mouse model of liver metastasis. Animal studies were conducted according to a protocol approved by 
as well as the guidelines and regulations of The Association for Assessment and Accreditation of Laboratory 
Animal Care-accredited Institutional Animal Care and Use Committees (IACUC) of the Veteran’s Administra-
tion Pittsburgh Health System. The IACUC stipulations were that once statistical significance was reach, no 
more animals should be inoculated. Seven-week old NOD/SCID gamma mice (00557, The Jackson Labora-
tory, Bar Harbor, ME) were used. After anesthesia with ketamine/xylazine, pain suppression with long-acting 
buprenorphine, and sterile surgical exposure of the spleen, half a million of DU145-L cells were injected into the 
spleen using a 27-gauge needle. The omentum was closed with a running stitch of absorbable suture and the skin 
wound with metal wound clips. At 2.5 weeks post-injection animals were randomly distributed into four groups: 
control (n = 4), IFNγ (n = 4), paclitaxel (n = 4) or IFNγ + paclitaxel (n = 4). At that point 0.005 μg/kg IFNγ was 
administered as a single dose in IFNγ and IFNγ + paclitaxel groups only. Paclitaxel (Fresenius Kabi, Lake Zurich, 
IL) was administered at 10 mg/kg body weight by i.p. every 2 days for a total 5 rounds. Mice were monitored for 
overall health. After 5 weeks the mice were euthanized using a carbon dioxide chamber consistent with AVMA 
Guidelines on Euthanasia.



8

Vol:.(1234567890)

Scientific Reports |         (2022) 12:6657  | https://doi.org/10.1038/s41598-022-10724-9

www.nature.com/scientificreports/

Immunohistochemistry. Tumor sections were embedded in paraffin, and thin histologic sections (4–5 μm) 
were prepared and stained with hematoxylin and eosin following standard protocols (performed by the Pitt Bio-
specimen Core; P30CA047904). For all other stains, tissue sections were deparaffinized in xylene and rehydrated 
in ethanol following treatment in pre-heated target retrieval solution. Following washes, serum-free blocking 
solution was applied for 30 min at RT. Expression of E-cadherin, HLA-A, and PD-L1 was determined using rab-
bit monoclonal antibodies: E-cadherin (24E10; Cell Signaling Technology; 1:100), HLA-A (EP1395Y; Abcam; 
1:200) and PD-L1 (28-8; Abcam; 1:100) in formalin fixed, paraffin-embedded tissue sections. The slides were 
counterstained with hematoxylin, dried and mounted with Permount. Micrographs of the morphology and 
expression of the markers were captured using the Olympus cellSens software (all at a magnification of × 400).

Slides were evaluated by an experienced pathologist. Positively stained tumor cells for E-cadherin or HLA-A 
were counted in at least five representative high power fields (HPF) for each tumor section. E-cadherin and 
HLA-A expression in tumor cells were analyzed using a membranous/cytoplasmic staining algorithm. The stain-
ing intensity was scored as 0 (no staining), 1 (weak staining), 2 (moderate staining), or 3 (strong staining) while 
extension (percentage) of expression were determined as 1 (< 10% cells), 2 (10–50% cells) or 3 (> 50% cells). 
The final scores for tumor tissues were determined by multiplying the staining intensity and reactivity extension 
values (range, 0–9).

Apoptosis assay. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining was 
performed using the ApopTag® Peroxidase in situ Apoptosis Detection Kit (EMD Millipore) according to the 
manufacturer’s instructions. The number of TUNEL-positive cells was counted in a minimum of five high power 
fields per slide (400 × magnification).

Statistical analysis. The data in the bar graphs indicate mean ± SD of fold changes in relation to control 
groups (at least three independent experiments). Statistical analyses were performed using GraphPad Prism 9 
(GraphPad Software, Inc., CA, US). The Shapiro–Wilk test was used to test normal distribution of datasets. Two-
sided Student t-test was used to compare the difference between two independent groups with a parametric data 
distribution. All of the results containing more than two conditions with a parametric data distribution were 
analyzed by analysis of variance (ANOVA) post-hoc test (with Tukey’s test to compare all pairs of conditions). 
Mann–Whitney U test was used to compare the difference between two independent groups with a nonparamet-
ric data distribution. Kruskal–Wallis test with post hoc Dunn’s test was applied for multiple comparisons among 
groups with a nonparametric data distribution. A chi-square test analysis was performed to analyze whether 
distributions of categorical variables differ from each other. Differences were considered to be statistically sig-
nificant when the p value was below 0.05.

Data availability
The data generated for this study are available upon request from the corresponding authors.

Received: 16 September 2021; Accepted: 12 April 2022

References
 1. Zhang, S. et al. Systemic Interferon-gamma increases MHC class I expression and T-cell infiltration in cold tumors: results of a 

phase 0 clinical Trial. Cancer Immunol. Res. 7(8), 1237–1243 (2019).
 2. Ivashkiv, L. B. IFNgamma: signalling, epigenetics and roles in immunity, metabolism, disease and cancer immunotherapy. Nat. 

Rev. Immunol. 18(9), 545–558 (2018).
 3. Mandai, M. et al. Dual faces of IFNgamma in cancer progression: a role of PD-L1 induction in the determination of pro- and 

antitumor immunity. Clin. Cancer Res. 22(10), 2329–2334 (2016).
 4. Shankaran, V. et al. IFNgamma and lymphocytes prevent primary tumour development and shape tumour immunogenicity. Nature 

410(6832), 1107–1111 (2001).
 5. Gao, J. et al. Loss of IFN-gamma pathway genes in tumor cells as a mechanism of resistance to anti-CTLA-4 therapy. Cell. 167(2), 

397-404 e399 (2016).
 6. Ayers, M. et al. IFN-gamma-related mRNA profile predicts clinical response to PD-1 blockade. J. Clin. Invest. 127(8), 2930–2940 

(2017).
 7. Patel, S. J. et al. Identification of essential genes for cancer immunotherapy. Nature 548(7669), 537–542 (2017).
 8. Manguso, R. T. et al. In vivo CRISPR screening identifies Ptpn2 as a cancer immunotherapy target. Nature 547(7664), 413–418 

(2017).
 9. Rooney, M. S. et al. Molecular and genetic properties of tumors associated with local immune cytolytic activity. Cell 160(1–2), 

48–61 (2015).
 10. Wang, X. et al. Suppression of type I IFN signaling in tumors mediates resistance to anti-PD-1 treatment that can be overcome by 

radiotherapy. Cancer Res. 77(4), 839–850 (2017).
 11. Zhou, F. Molecular mechanisms of IFN-gamma to up-regulate MHC class I antigen processing and presentation. Int. Rev. Immunol. 

28(3–4), 239–260 (2009).
 12. Shin, D. S. et al. Primary resistance to PD-1 blockade mediated by JAK1/2 mutations. Cancer Discov. 7(2), 188–201 (2017).
 13. Elia, A. R., Caputo, S. & Bellone, M. Immune checkpoint-mediated interactions between cancer and immune cells in prostate 

adenocarcinoma and melanoma. Front. Immunol. 9, 1786 (2018).
 14. Topalian, S. L. et al. Safety, activity, and immune correlates of anti-PD-1 antibody in cancer. N. Engl. J. Med. 366(26), 2443–2454 

(2012).
 15. Hansen, A. R. et al. Pembrolizumab for advanced prostate adenocarcinoma: findings of the KEYNOTE-028 study. Ann. Oncol. 

29(8), 1807–1813 (2018).
 16. Antonarakis, E. S. et al. Pembrolizumab for treatment-refractory metastatic castration-resistant prostate cancer: multicohort, 

open-label phase II KEYNOTE-199 study. J. Clin. Oncol. 38(5), 395–405 (2020).



9

Vol.:(0123456789)

Scientific Reports |         (2022) 12:6657  | https://doi.org/10.1038/s41598-022-10724-9

www.nature.com/scientificreports/

 17. Sweeney, C. J. et al. (eds). IMbassador250: a phase III trial comparing atezolizumab with enzalutamide vs enzalutamide alone in 
patients with metastatic castration-resistant prostate cancer (mCRPC). In: AACR annual meeting; 2020 April 27–28, 2020 and 
June 22–24, 2020; Philadelphia, PA (2020).

 18. Ma, B., Wells, A., Wei, L. & Zheng, J. Prostate cancer liver metastasis: dormancy and resistance to therapy. Semin. Cancer Biol. 71, 
2–9 (2021).

 19. Ciner, A. T., Jones, K., Muschel, R. J. & Brodt, P. The unique immune microenvironment of liver metastases: challenges and 
opportunities. Semin. Cancer Biol. 71, 143–156 (2020).

 20. Korentzelos, D., Clark, A. M. & Wells, A. A perspective on therapeutic pan-resistance in metastatic cancer. Int. J. Mol. Sci. 21(19), 
7304 (2020).

 21. Chao, Y., Wu, Q., Shepard, C. & Wells, A. Hepatocyte induced re-expression of E-cadherin in breast and prostate cancer cells 
increases chemoresistance. Clin. Exp. Metastasis 29(1), 39–50 (2012).

 22. Chao, Y. et al. Partial mesenchymal to epithelial reverting transition in breast and prostate cancer metastases. Cancer Microenviron. 
5(1), 19–28 (2012).

 23. Wells, A., Yates, C. & Shepard, C. R. E-cadherin as an indicator of mesenchymal to epithelial reverting transitions during the 
metastatic seeding of disseminated carcinomas. Clin. Exp. Metastasis 25(6), 621–628 (2008).

 24. Ma, B. & Wells, A. The mitogen-activated protein (MAP) kinases p38 and extracellular signal-regulated kinase (ERK) are involved 
in hepatocyte-mediated phenotypic switching in prostate cancer cells. J. Biol. Chem. 289(16), 11153–11161 (2014).

 25. Ma, B. et al. Liver protects metastatic prostate cancer from induced death by activating E-cadherin signaling. Hepatology 64(5), 
1725–1742 (2016).

 26. Smyth, D., Leung, G., Fernando, M. & McKay, D. M. Reduced surface expression of epithelial E-cadherin evoked by interferon-
gamma is Fyn kinase-dependent. PLoS One 7(6), e38441 (2012).

 27. Lo, U. G. et al. IFNgamma-induced IFIT5 promotes epithelial-to-mesenchymal transition in prostate cancer via miRNA process-
ing. Cancer Res. 79(6), 1098–1112 (2019).

 28. Sun, Y. et al. N-cadherin inhibitor creates a microenvironment that protect TILs from immune checkpoints and Treg cells. J. 
Immunother. Cancer. 9(3), e002138 (2021).

 29. Martini, M. et al. IFN-gamma-mediated upmodulation of MHC class I expression activates tumor-specific immune response in 
a mouse model of prostate cancer. Vaccine 28(20), 3548–3557 (2010).

 30. Dunn, G. P., Sheehan, K. C., Old, L. J. & Schreiber, R. D. IFN unresponsiveness in LNCaP cells due to the lack of JAK1 gene expres-
sion. Cancer Res. 65(8), 3447–3453 (2005).

 31. Nagai, Y. et al. Disabling of the erbB pathway followed by IFN-γ modifies phenotype and enhances genotoxic eradication of breast 
tumors. Cell Rep. 12(12), 2049–2059 (2015).

 32. Seifert, H. A. et al. The spleen contributes to stroke induced neurodegeneration through interferon gamma signaling. Metab. Brain 
Dis. 27(2), 131–141 (2012).

 33. Dersh, D., Holly, J. & Yewdell, J. W. A few good peptides: MHC class I-based cancer immunosurveillance and immunoevasion. 
Nat. Rev. Immunol. 21(2), 116–128 (2021).

 34. Fankhauser, C. D. et al. Comprehensive immunohistochemical analysis of PD-L1 shows scarce expression in castration-resistant 
prostate cancer. Oncotarget 9(12), 10284–10293 (2018).

 35. Lee, H. H. et al. Removal of N-linked glycosylation enhances PD-L1 detection and predicts anti-PD-1/PD-L1 therapeutic efficacy. 
Cancer Cell. 36(2), 168-178 e164 (2019).

Acknowledgements
The authors thank members of the Wells and Clark laboratories for their informed suggestions and commentaries.

Author contributions
D.K., A.M.C., and A.W. conceived the study, and contributed to the scientific hypotheses, experimental design, 
methodology, and data interpretation. D.K. and A.M.C. performed experimental work. D.K. wrote the manu-
script. A.M.C. and A.W. reviewed and edited the manuscript.

Funding
Support for this research was provided by the VA Merit Award Basic Laboratory Sciences Research Program. 
The funders had no input over any aspects of this work.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 10724-9.

Correspondence and requests for materials should be addressed to A.M.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.1038/s41598-022-10724-9
https://doi.org/10.1038/s41598-022-10724-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Interferon-γ increases sensitivity to chemotherapy and provides immunotherapy targets in models of metastatic castration-resistant prostate cancer
	Results
	IFNγ induces upregulation of MHC-I and PD-L1 and downregulation of E-cadherin in mCRPC cells. 
	IFNγ potentiates response to chemotherapy in mCRPC in vitro. 
	IFNγ decreases E-cadherin expression and potentiates response to chemotherapy in mCRPC in vivo. 
	Effects of IFNγ on MHC-I levels in mCRPC in vivo. 

	Discussion
	Methods
	Cell lines. 
	Immunofluorescence. 
	Immunoblot. 
	Flow cytometry. 
	Chemoresistance assay. 
	Mouse model of liver metastasis. 
	Immunohistochemistry. 
	Apoptosis assay. 
	Statistical analysis. 

	References
	Acknowledgements


