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Abstract

Background: We previously found that PD-L1 expression is increased on tumor cells following
vaccination treatments that lead to increased tumor-specific T cells that secrete IFN-y. Indoleamine
2,3-dioxygenase (IDO) is another IFNvy inducible gene that has potent immunosuppressive effects.
There have been reports of IDO expression in prostate cancer, however it is unknown whether IDO
expression might similarly increase in prostate tumors following T-cell-based immunotherapy.

Methods: Blood samples from normal male blood donors (n=12) and patients with different
stages of prostate cancer (n=89), including patients with metastatic, castration-resistant prostate
cancer treated with a DNA vaccine and/or pembrolizumab, were evaluated for IDO activity by
kynurenine and tryptophan levels. Metastatic tissue biopsies obtained pre- and post-treatment were
evaluated for IDO expression. IDO suppression of vaccine-induced T-cell function was assessed
by ELISPOT.

Results: Overall, IDO activity was increased in patients with more advanced prostate cancer.
This activity, and IDO expression as detected immunohistochemically, increased following
treatment with either a DNA vaccine encoding the prostatic acid phosphatase (PAP) tumor antigen
or PD-1 blockade with pembrolizumab. Increased IDO activity after treatment was associated with
the absence of clinical effect, as assessed by lack of PSA decline following treatment. Increased
antigen-specific T-cell response, as measured by IFNy release, to the vaccine target antigen was
detected following /n vitro stimulation of peripheral blood cells with 1-methyltryptophan.
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Conclusions: These findings suggest that IDO expression is a mechanism of immune evasion
used by prostate cancer, and that future clinical trials using T-cell based immune strategies might
best include IDO inhibition.

Précis:
IDO activity is increased in patients with advanced prostate cancer and expression is augmented
following immunotherapy in a subset of patients, suggesting IDO inhibition be used in
combination with T-cell activating therapies for prostate cancer.

Keywords
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BACKGROUND:

The growth of tumors in an immune competent host suggests that mechanisms of immune
avoidance are employed to evade immune-mediated destruction (1). Tumors can acquire or
use many different means of immune avoidance, including 1) acquisition of
immunosuppressive cell populations such as regulatory T cells, myeloid derived suppressor
cells (MDSC), and tumor-associated macrophages; 2) expression of ligands such as PD-L1
that can interfere with T cell function; 3) loss of expression of immune recognition markers
such as MHC class I; and 4) elaboration of cytokines and chemokines that can interfere with
immune cell function and recognition. Indoleamine 2,3 dioxygenase (IDO), an INFy-
inducible tryptophan metabolizing enzyme, is one such factor produced in the tumor
microenvironment and has known immunosuppressive properties (2, 3). IDO is the first and
rate-limiting catabolic enzyme in the degradation pathway of tryptophan. By cleaving the
aromatic indole ring of tryptophan, IDO initiates the production of a variety of tryptophan
degradation products, including kynurenines. Tryptophan depletion, and the production of
kynurenine and other metabolites, leads to profound immune-regulatory functions, including
inhibiting lymphocyte expansion and recruitment of regulatory T cells and myeloid-derived
suppressor cells to the tumor microenvironments (4-6). Expression of IDO has previously
been established as one potential mechanism of resistance to CTLA-4 blockade therapy,
spurring the clinical development of IDO inhibitors as potential anti-cancer therapies to
combine with T-cell checkpoint inhibitors (7). However, one clinical study assessing IDO
inhibition using epacadostat in combination with PD-1 blockade with pembrolizumab failed
to demonstrate improvement over pembrolizumab treatment alone (8).

Prostate cancer is generally considered to be a poorly immunogenic cancer, devoid of large
numbers of tumor-infiltrating lymphocytes (TIL), and containing immunosuppressive
populations, including MDSC. Unlike many solid tumors, prostate cancer has been relatively
refractory to treatment with CTLA-4 or PD-1/PD-L1 targeted therapies alone. On the other
hand, IDO expression has been detected in murine TRAMP prostate tumors and was
associated with early prostate cancer progression, suggesting that IDO might be a
therapeutic target for prostate cancer (9). Likewise, IDO expression has been detected in
human prostate cancers (10) and in human prostate cancer undergoing epithelial-
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mesenchymal transition (11). However the detection of IDO activity, at least as measured by
serum kynurenine-to-tryptophan (kyn:trp) ratio, has been debated as a biomarker of prostate
cancer detection or progression (12, 13). In addition, it remains unknown whether IDO
expression is specifically used by prostate cancer as a mechanism of immune evasion.

We have previously demonstrated that PD-L1 expression increases on tumor cells following
anti-tumor vaccination, mediated by antigen-specific cells secreting IFNy (14). We have
also found that PD-L1 expression increases on circulating human prostate cancer cells
following anti-tumor vaccination targeting prostatic acid phosphatase (PAP) (15). These
findings have led us to explore the combination of PD-1 blockade with anti-tumor
vaccination in murine models and clinical trials (14, 16, 17). Because IDO expression is
similarly induced following exposure of cells to IFN-y, we questioned whether IDO
expression or activity might be induced following prostate cancer immunotherapy (18).

In this report, we used sera from patients with different stages of prostate cancer and found
that IDO activity, as assessed by serum kyn:trp ratios, increased with stage of disease. This
activity, and IDO expression in tumors, was markedly induced following treatment with an
anti-tumor vaccine and/or PD-1 blockade. IDO activity was found to suppress the function
of vaccine-induced T cells, and to be highest in patients who did not demonstrate benefit
from immunotherapy. Together, these findings suggest that IDO is a mechanism of
resistance to prostate cancer directed immunotherapy. Future clinical trials should explore
IDO inhibition with T-cell targeted therapies.

MATERIALS AND METHODS:

Patient and Sample Populations:

Sera or plasma and peripheral blood mononuclear cells (PBMC), cryopreserved at —=80°C or
in liquid nitrogen, respectively, were used for these studies. These samples were collected
from men without prostate cancer (n=12), patients with newly diagnosed prostate cancer
(n=14), patients with biochemically recurrent (rising PSA), non-metastatic prostate cancer
that were either non-castrate (n=15), or castration-resistant (n=15), and from men with
castration-resistant metastatic prostate cancer (n=16).

Tryptophan and kynurenine analysis:

Tryptophan and kynurenine concentrations were measured directly in serum samples using a
clinically validated LC/MS method. All analysis was performed by Worldwide Clinical
Trials (Morrisville, NC) by personnel blinded to the sample source.

Enzyme-Linked Immunosorbent Assay (ELISA) for Serum IFNvy:

Sera samples were evaluated for IFN-y concentration by capture ELISA using standard
methods as previously described (19). Antibodies included an anti-human IFN-y capture
antibody (BD Biosciences, San Jose, CA #554550) and biotinylated anti-human IFNy
detection antibody (BD Biosciences #551221).
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Immunohistochemistry:

Formalin-fixed paraffin-embedded (FFPE) tumor biopsies were stained for IDO, prostate-
specific membrane antigen (PSMA), or CD163 expression using standard
immunofluorescent (IF) techniques. Briefly, slides were heated at 80°C for 20 min,
deparaffinizied, and antigens retrieved using DIVA Decloaker (Biocare Medical, DV2004,
Pacheco, CA) at 99°C for 30 min. IDO was detected with primary antibody (Biocare
Medical, ACI 3210 B) diluted 1:100 in Renoir Red diluent (Biocare Medical, PD904)
followed by an AlexaFluor 488 labeled anti-mouse secondary antibody (Cell Signaling,
4408S, Danvers, MA) and subsequently mounted in ProLong Gold Antifade Reagent with
DAPI (Cell Signaling, 8961S). PSMA and CD163 were detected with primary antibodies
(12815S [1:100] and 934985 [1:500], Cell Signaling) diluted in Van Gogh Diluent (Biocare
Medical, PD902 L) labeled with anti-rabbit AlexaFluor 555 secondary (4413S [1:500], Cell
Signaling) and mounted in ProLong Gold Antifade Reagent with DAPI. For dual staining,
primary and secondary antibodies were combined and co-stained in the Van Gogh diluent.
Imaging was conducted on a Leica DMi8 and images processed in the Fiji package of
ImageJ (20). The contrast, brightness and color balance were optimized evenly across all
areas of each image and for all images.

Image Processing:

ELISPOT:

Whole FFPE tumor biopsies were stained with IDO/PSMA or IDO/CD163 and DAPI as
described above. Whole section mosaic images were obtained on the Leica DMi8 at 10x
(Figure S3, A-B). A threshold was then determined for the original greyscale images using
the ImageJ built-in IsoData algorithm for IDO and Huang algorithm for PSMA. The
threshold was applied, and the image converted into a binary mask. Because PSMA is a
membrane stain, for that protein the conversion was followed by the “fills holes” ImageJ
function. Once the binary images were created a selection was made using the ImageJ built-
in function (edit/selection/create selection) and the area quantified using the measure
function (process/measure) to give total tumor (At) and IDO-expressing (A) areas. To
calculate the percentage of At that overlapped with A; the selection of IDO was applied to
the mask of PSMA, filled white, and the remaining tissue area measured as described above.
The process was repeated for PSMA over IDO. To calculate the IDO* area within tumor
(AT4+1), the area of tumor without IDO (At.|) was subtracted from the total area of tumor
(A7). AT+ Was divided by At to give the percentage of total tumor area positive for IDO. A
further description and examples of this analysis are provided in Figure S3.

ELISPOT for the measurement of IFN+y release was performed as previously described (21).
For these analyses, cryopreserved PBMC were thawed, and cultured with PAP protein
antigen (Fitzgerald Industries, Acton, MA), media alone, or phytohemaglutinin (PHA).
Stimulations were also conducted in the presence of 2 mM 1-methyl-d1-tryptophan (1MT,
R&D Systems, Minneapolis, MN). After 48 hours, plates were developed and spots
enumerated using an automated ELISPOT reader (ImmunoSpot, CTL, Shaker Heights, OH).
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Statistical Analysis:

Comparison of medians was made using T-tests or Wilkoxon ranked sum tests as indicated.
Multiple comparisons across groups were made by Kruskal-Wallace test, with Dunn’s
correction for multiple comparisons. Correlations between linear variables parameter were
made using a Pearson correlation coefficient. Analyses were conducted using GraphPad
Prism software (version 5.01). For all analyses, a p value < 0.05 was considered statistically
significant.

RESULTS:

Patients with advanced prostate cancer have higher IDO activity.

Sera samples from male volunteer blood donors without prostate cancer (n=12, median age
47, range 45-62), patients with newly diagnosed prostate cancer (n=14, median age 64,
range 53-82), patients with non-metastatic, non-castrate, PSA-recurrent prostate cancer
(n=15, median age 68, range 53-74), patients with non-metastatic, castration-resistant, PSA-
recurrent prostate cancer (n=15, median age 73, range 60-89), and patients with castration-
resistant, metastatic prostate cancer (n=16, median age 70, range 54-83) were evaluated for
tryptophan and kynurenine concentrations as an assessment of IDO activity. The samples
from patients with metastatic, castration-resistant prostate cancer (MCRPC) were those
obtained at baseline from a clinical trial in which they subsequently received tumor-targeted
vaccination and PD-1 blockade (17). As shown in Figure 1A, the kynurenine-to-tryptophan
(kyn:trp) ratio was generally higher in patients with prostate cancer compared with male
volunteer blood donors, and highest in patients with more advanced stage of disease.
However, because prostate cancer is an age-associated disease, kyn:trp ratios were assessed
with respect to age as well as the corresponding serum PSA level. As shown in Figures 1B
and 1C, kyn:trp was associated with age and loosely associated with tumor volume, using
serum PSA as a general assessment of tumor volume. Similar results were found for
kynurenine concentrations directly (Figure S1).

Patients with prostate cancer treated with an anti-tumor vaccine and/or PD-1 blockade
develop increased IDO activity and expression.

We have previously demonstrated in mice that vaccination targeting a tumor-associated
antigen, with induction of IFN-y-secreting T cells specific for the antigen, elicits PD-L1
expression on tumor cells (14). We similarly found that PD-L1 expression increased on
circulating tumor cells following vaccination of patients with prostate cancer using either
sipuleucel-T or a DNA vaccine, both targeting the PAP prostate tumor antigen (15). Because
IDO is also an IFN+y-regulated gene, we questioned whether prostate cancer immunotherapy
similarly elicited increases in IDO expression. We have recently reported the results of a trial
in which patients with mCRPC were treated with a DNA vaccine encoding PAP alone for 12
weeks, followed by pembrolizumab over the subsequent 12 weeks, or were treated with both
agents for 12 weeks (17). Sera was assessed for kynurenine and tryptophan concentrations at
baseline and at 12 and 24 weeks, effectively permitting an analysis of changes in IDO
activity following treatment with vaccine alone, pembrolizumab alone, or the combination.
As shown in Figure 2, kyn:trp ratios generally increased pre-treatment to post-treatment over
12 weeks in patients treated with pembrolizumab alone (n=8, Figure 2A, median 0.061 to
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0.066, p=0.12), vaccine alone (n=10, Figure 2B, median 0.049 to 0.053, p=0.098), and less
with both concurrently (n=6, Figure 2C, median 0.038 to 0.044, p=0.26). Kyn:trp ratios
increased primarily in patients who did not experience a PSA decline during the 12-week
period of treatment (n=17, Figure 2E, median 0.053 to 0.061, p=0.007), compared with
those who did experience a PSA decline during the 12-week period of treatment (n=7,
Figure 2D, median 0.037 to 0.046, p=0.88). IFNy concentration was also directly evaluated
in sera samples. As shown in Figure 2F, IFNy concentration was correlated to kyn:trp ratios
determined from the same sera samples.

Biopsies were collected from individual metastatic lesions in nine patients at baseline and
after 12 weeks who had received either vaccine alone, or a combination of vaccine and
pembrolizumab. As shown in Figure 3A and 3B (and Figure S2), IDO staining within
tumors was detectable and predominantly in the extracellular matrix in close proximity to
IDO+ cells. Quantification of IDO staining within tumor regions demonstrated a significant
increase after treatment in matched biopsies obtained from 8 patients (p=0.02, Wilcoxon
signed rank test). The majority of cells staining positive were of the myeloid/macrophage
lineage (CD163+), not prostate tumor cells (PSMA+), as shown in Figure 3D. Increased
IDO staining in tumors was generally associated with higher serum kyn:trp ratios (Figure
S4, n=8, p=0.12).

IDO activity is associated with modest decrease in vaccine antigen-specific T-cell function.

The observation that increased kyn:trp ratios were associated with absence of PSA declines
suggested that increased IDO expression might be a mechanism of tumor resistance to
antigen-specific T cells elicited with vaccination. To test this, peripheral blood cells obtained
from 22 patients after treatment with vaccine and pembrolizumab were evaluated for PAP
antigen-specific IFNy release in the presence or absence of 1-methyltryptophan, an IDO
inhibitor that has been demonstrated to enhance T-cell activation /in7 vitro (22). As shown in
Figure 4, while not statistically different with this small sample size, an increase in the
detection of IFN-y-secreting PAP-specific cells could be observed in the presence of 1-
methyltryptophan.

DISCUSSION:

In this report, we found that kyn:trp ratios were increased in patients with advanced prostate
cancer. Because prostate cancer is a disease associated with more advanced age, we
evaluated kyn:trp ratios with respect to age. Kyn:trp ratios were highly associated with
patient age, and less associated with overall tumor burden, at least as measured by serum
PSA. However, increased IDO activity did not appear to be independent of prostate cancer,
because kyn:trp ratios were markedly induced, and to higher levels, following only 12 weeks
of immunotherapy treatment with either a tumor vaccine or pembrolizumab, an effect
independent of patient age or tumor volume. Our findings are consistent with previous
reports demonstrating increased IDO gene expression in human prostate tumors relative to
benign prostate tissue (10). Studies in TRAMP mice similarly showed expression of IDO in
prostate tumors, and found that genetic crosses leading to the disruption of IDO activity
delayed the development of prostate tumors (9). Together, these results, with our
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immunohistochemistry findings, suggest that IDO is expressed in the prostate tumor
microenvironment, and that expression may be associated with disease progression, but that
the expression may be most influenced by the presence of a T-cell immune response to the
tumor. Of note, different cell types, including myeloid cells, can express IDO. Our studies
suggest that the majority of the IDO expression within prostate tumors comes from CD163+
cells, notably cells of myeloid lineage including myeloid-derived suppressor cells (MDSC)
and M2 macrophages. Notwithstanding, it is conceivable that IDO is produced by other
cells, including tumor cells, and is taken up by these phagocytic cells.

IDO expression by human cells is known to be induced by IFNvy (18). In a recent report by
Banzola and colleagues, the investigators evaluated prostate tumor cell lines and primary
prostate cancer cells. They observed that IDO gene expression was higher in prostate cancer
cells compared to benign tissues, associated with the expression of IFN-y and its receptors,
and inducible in prostate cancer cell lines following IFN-y stimulation. Moreover, higher
expression was associated with higher risk of biochemical recurrence following primary
treatment (12). Our results demonstrate that immunotherapy treatment of prostate cancer, by
either anti-tumor vaccine or PD-1 blockade, can increase IDO expression and activity. These
effects are likely mediated by IFN+y released by lymphocytes activated by these treatments,
consistent with our findings that serum IFN-y concentrations were highly associated with
IDO activity, although this could not be definitively assessed. These findings are also
consistent with our previous studies demonstrating that PD-L 1, another protein induced
following IFN-y exposure, is similarly expressed at higher levels following therapeutic anti-
tumor vaccination in both murine models and in patients following treatment with this same
PAP DNA vaccine (14, 15).

The finding that IDO expression is specifically increased following treatments that activate
tumor-specific CD8+ T cells, notably by either vaccination or PD-1 blockade, suggests that
it is a mechanism of immune evasion used by prostate cancer. This is further suggested by
our finding that IDO expression was most induced in patients who did not experience
evidence of anti-tumor response, as measured by any PSA decline, with immunotherapy
treatment, whereas IDO activity was stable or decreased in patients with evidence of PSA
decline. Curiously, some patients treated with combination therapy, previously demonstrated
to elicit CD8+ T cell infiltration into tumors, did not have detectable increases in serum IDO
activity. We suspect this was due to decreased tumor volume that was observed in these
individuals treated with the combination (17). However, it is also possible that this was due
to patient-specific pretreatment difference in their ability to mount IDO expression or due to
differences in tumor volume or myeloid cell infiltrates, either of which could affect IDO
activity and tumor response. Finally, we demonstrated that the tumor-specific T cells elicited
with antigen-specific vaccination had decreased activity associated with IDO, as measured
by antigen-specific IFN-y secretion by T cells, as this could be reversed in the presence of 1-
methyltryptophan. These findings suggest that T-cell directed immunotherapy might be
improved in the presence of IDO inhibition, or treatments aimed at reducing myeloid cells
that may be producing IDO. Other preclinical studies have demonstrated that IDO activity is
a mechanism of resistance to T-cell checkpoint blockade (7, 23). However, a recent clinical
trial in patients with melanoma did not show any benefit to using an IDO inhibitor with
PD-1 blockade (24). The use of these agents with anti-tumor vaccination, an approach that
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can lead to increased number of T cells secreting IFNvy, however, should be explored. Of
note, one phase Il trial has evaluated 1-methyltryptophan (indoximod) following treatment
with the prostate cancer vaccine sipuleucel-T, however final results from that trial are
pending (25). Future studies will explore this approach directly in animal models and other
human clinical vaccine trials.

CONCLUSIONS:

In this report we found that IDO activity is increased in patients with more advanced
prostate cancer and this activity is augmented following prostate tumor-directed
immunotherapy. This was detected both systemically, by evaluating kynurenine and
tryptophan concentrations in the peripheral blood, and also evaluating for IDO expression in
prostate tumor biopsies. The observations that expression was increased primarily in patients
who did not have evidence of anti-tumor effect, and that IDO inhibition increased the
effector function of vaccine-induced T cells, suggests that it is a specific mechanism of
immune resistance in prostate cancer. Together, these findings suggest that IDO inhibition
should be explored in combination with T-cell activating immunotherapies targeting prostate
cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Kynurenine:tryptophan ratios are higher in patientswith advanced prostate cancer.
Sera or plasma samples were evaluated for kynurenine and tryptophan concentrations from

normal male volunteer blood donors (n=12), patients with newly diagnosed prostate cancer
pre-treatment (n=14), patients with non-castrate, PSA-recurrent non-metastatic (MO0)
prostate cancer (n=15), castration-resistant, MO prostate cancer (n=15), and castration-
resistant, metastatic prostate cancer (n=16). Shown are the ratios of kynurenine-to-
tryptophan for each group (panel A), and overall with respect to subject age (panel B) or
serum PSA for individuals with prostate cancer (panel C). Open circles in panel B are
normal male blood donors. For panel A, * = p< 0.05 (Kruskal-Wallis test with Dunn’s
correction for multiple comparisons). Tests of correlation with age and PSA (panels B and
C) were made by Spearman test.
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Figure 2: Patientswith prostate cancer treated with an anti-tumor vaccine and/or PD-1 blockade
develop increased I DO activity.

Kyn:trp ratios were evaluated in patients prior to treatment and after 12 weeks treatment
with, pembrolizumab alone (n=8, panel A), pTVG-HP DNA vaccine alone (n=10, panel B),
or both agents together (n=6, panel C). Kyn:trp ratios were evaluated in subsets of patients
who experienced any PSA decline over the same 12-week period of treatment (n=8, panel
D), and those who did not have any PSA decline over the same 12-week period of treatment
(n=16, panel E). Comparisons were made with a paired student t test. Kyn:trp ratios were
evaluated with respect to serum IFN-y concentration (panel F). Test of correlation was made
by Spearman test.
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Figure 3: Patientswith prostate cancer treated with PD-1 blockade and/or an anti-tumor vaccine
develop increased | DO expression in prostate tumor microenvironment.

Metastatic tissue biopsies obtained pre-treatment and at 12 weeks were obtained from 8
patients and evaluated by immunofluorescence for DAPI, IDO, and PSMA expression. Panel
A: Shown are entire sections from one individual at baseline (pre) and week 12 (post)
demonstrating variable expression in different tumor sections (10x magnification, scale bars
=1000pm). Further examples are shown in Figure S2. Panel B: Higher magnification (40x,
scale bars = 200um top four images, scale bar = 50um bottom four images) to demonstrate
individual and composite staining with immunofluorescent staining for PSMA (red)/IDO
(green)/DAPI (blue). Panel C: Quantification of IDO staining within PSMA+ tumor regions
for all samples. Panel D: Immunofluorescent staining of a representative post-treatment
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tumor sample for PSMA (red)/IDO (green)/DAPI (blue, left) and CD163 (red)/IDO (green)/
DAPI (blue, right) (20x magnification, scale bar = 100 um) Statistical comparison was made
using a paired Wilcoxon signed rank test.
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Figure 4: DO activity is associated with decreased vaccine antigen-specific T-cell function.
Peripheral blood mononuclear cells (PBMC) were obtained from patients treated with

vaccine with or without pembrolizumab (after 12 weeks of treatment). PBMC were cultured
in the presence of an overlapping peptide library derived from the PAP vaccine antigen
(PAP), media alone, or phytohemaglutinin (PHA) as a positive control. Cells were also
cultured with antigen in the presence of 1-MT. IFNy-secreting T cells were detected by
ELISPOT. Shown are representative ELISPOTS from two subjects (panel A), and
cumulative data from 22 subjects evaluated (panel B). Statistical comparisons were made

with a two-sided paired t test.
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