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The immunosuppressive tumor microenvironment (TME) does
not allow generation and expansion of antitumor effector cells. One
of the potent immunosuppressive factors present in the TME is the
indoleamine-pyrrole 2,3-dioxygenase (IDO) enzyme, produced
mainly by cancer cells and suppressive immune cells of myeloid
origin. In fact, IDO" myeloid-derived suppressor cells (MDSC)
and dendritic cells (DC) tend to be more suppressive than their
IDO™ counterparts. Hence, therapeutic approaches that would
target the IDO" cells in the TME, while sparing the antigen-
presenting functions of IDO™ myeloid populations, are needed.
Using an IDO-specific peptide vaccine (IDO vaccine), we explored
the possibility of generating effector cells against IDO and non-
IDO tumor-derived antigens. For this, IDO-secreting (B16F10
melanoma) and non-IDO-secreting (TC-1) mouse tumor models
were employed. We showed that the IDO vaccine significantly

Introduction

Tumor cells exploit tolerogenic and immunosuppressive mechan-
isms in the tumor microenvironment (TME) to support their growth
and proliferation. Tumor immune escape and lack of response to
immunotherapy have been shown to be associated with multiple
immune-suppressive mechanisms in the TME (1, 2). Thus, it is
important to develop therapeutic approaches that reduce the
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reduced tumor growth and enhanced survival of mice in both
the tumor models, which associated with a robust induction
of IDO-specific effector cells in the TME. The IDO vaccine signif-
icantly enhanced the antitumor efficacy of non-IDO tumor antigen—
specific vaccines, leading to an increase in the number of total and
antigen-specific activated CD8" T cells (IFNy* and granzyme B*).
Treatment with the IDO vaccine significantly reduced the numbers
of IDO" MDSCs and DCs, and immunosuppressive regulatory
T cells in both tumor models, resulting in enhanced therapeutic
ratios. Together, we showed that vaccination against IDO is a
promising therapeutic option for both IDO-producing and non-
IDO-producing tumors. The IDO vaccine selectively ablates the
IDO™ compartment in the TME, leading to a significant enhance-
ment of the immune responses against other tumor antigen-specific
vaccines.

tumor-suppressive strategies, while simultaneously enhancing the
antitumor effector CD8" T cells.

Among many tumor-associated immune tolerance and suppressive
mechanisms, indoleamine-pyrrole 2,3-dioxygenase (IDO) expression
is a major contributor that functions by tryptophan catabolism in the
TME. This leads to deprivation of tryptophan required for optimum
immune cell growth and function and to the production of kynurenine,
an immune inhibitory metabolite (3-5). Thus, the interruption of the
IDO pathway can transform a tolerogenic/suppressive microenviron-
ment into a proinflammatory environment that supports optimum
T-cell responses (6). It is also known that IDO secretion results in the
recruitment of myeloid-derived suppressor cells (MDSC) and M2-like
macrophages to the TME and also enhances their suppressive func-
tion (7, 8). Furthermore, IDO may enhance the production of regu-
latory dendritic cells (DC) that, in turn, leads to immune suppression
by inhibiting T-cell proliferation, inducing regulatory T cells (Treg),
and inducing T-cell anergy (9, 10).

Importantly, besides tumors, the immune-suppressive compart-
ment of myeloid cells, including DCs and macrophages, can also be a
significant source of the IDO enzyme. Strategies to inhibit the IDO
enzyme have been developed and have not been, so far, successful in
clinical trials (11). Accordingly, other strategies to target IDO are being
needed. Previously, using in vitro coculture experiments, we have
shown that naturally occurring, IDO-specific T cells isolated from
cancer patients are able to lyse IDO" immune cells, as well as cancer
cells (12-14). Here, we took a novel approach of generating IDO-
specific CD8" T cells with a peptide antigen-based IDO vaccine. We
hypothesized that this approach leads to a two-prong immune target-
ing of the tumor: direct targeting of tumor cells expressing IDO and
targeting of IDO" immune-suppressive myeloid cells, while sparing
the physiologically needed IDO™ DCs and macrophages. Accordingly,
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this IDO vaccine would potentially also be effective against tumors that
do not express IDO and would potentially be utilized as an immune-
modulating approach to enhance other immune therapeutic strategies,
including vaccines against an array of other antigens.

Hence, in the current study, we developed an IDO peptide vaccine
strategy with the intention of generating IDO-specific CD8" T-cell
immune responses. We report that IDO vaccine significantly increases
the number, activation, and function of CD8" T cells in the TME,
which was accompanied with decreased IDO-expressing suppressive
myeloid cells and Tregs, independent of IDO expression in tumor cells.
The immune response against a non-IDO tumor-specific vaccine was
also enhanced when given in combination with IDO vaccine. This
resulted in delayed tumor progression in both IDO-expressing and
nonexpressing tumor models, B16F10 and TC-1, respectively. Hence,
peptide-based IDO vaccine is a promising strategy to enhance the
efficacy of tumor-specific vaccines in cancer therapy.

Materials and Methods

Mice and tumor cell lines

Female wild-type C57BL/6] mice (6-8 weeks old, The Jackson
Laboratory) were housed under specific pathogen-free environment
at Georgetown University Medical Center animal facility. All proce-
dures were performed in accordance with and with the approval of
Georgetown University Medical Center Institutional Animal Care and
Use Committee protocols.

The B16F10 and CT26 cell lines were purchased from ATCC. TC-1
cells, derived by stable transfection of mouse lung epithelial cells with
human papillomavirus strain 16 (HPV16) early proteins 6 and 7 (E6
and E7) and activated H-ras oncogene, were obtained from Dr. T-C
Wu (Johns Hopkins University, Baltimore, MD; ref. 15). All tumor cell
lines were routinely authenticated and tested for Mycoplasma by
microscopic evaluation and PCR-based methods. Cells from passage
numbers 10 to 12 were grown in RPMI1640 supplemented with 10%
FBS, 2 mmol/L r-glutamine, penicillin (100 U/mL), and streptomycin
(100 pg/mL; all from Gibco) at 37°C with 5% CO, and maintained ata
confluence of 70% to 80% as described previously (16).

IDO peptide identification and MHC binding prediction

SYFPEITHI (17), Rankpep (http://imed.med.ucm.es/Tools/rank
pep.html), and CTLPred (https://bio.tools/ctlpred) databases for
MHC ligands and peptide motifs were used to identify a set of 20
H2DP-specific nonamer epitopes in the mouse-IDO1 protein (18). The
custom peptides were generated using PEPscreen peptide library
synthesis at Prolmmune Inc. The candidate peptides were assembled
with MHC Class I mouse allele H-2D® and analyzed using the
Prolmmune REVEAL MHC-peptide binding assay to determine
incorporation into MHC molecules (19). Binding to MHC molecules
was compared with a positive control peptide, a known Prolmmune-
proprietary T-cell epitope. The binding score for each MHC-peptide
complex was calculated by comparison with the binding of the positive
control. Experimental standard error (SE) was obtained by triplicate
positive control binding experiments. The SE for the positive control is
reported as an illustration of the degree of error that can be obtained in
a ProImmune REVEAL MHC-peptide Binding Assay.

Vaccine, reagents, and antibodies

The CTL epitope from human gp100,5_3;5 (KVPRNQDWL; an
altered peptide ligand vaccine for mice (100 pg/mouse; Celtek
Bioscience) for the B16F10 tumor model or HPV16 E7,9_ s,
(RAHYNIVTF) for TC-1 tumor model [9-amino acid (aa) peptide,
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100 ug/mouse] mixed with synthetic T-helper epitope PADRE (13 aa
peptide, aK-Cha-VAAWTLKAAa, where “a” is D-alanine and Cha is
L-cyclohexylalanine, 20 pg/mouse; both from Celtek Bioscience)
and QuilA adjuvant (10 pg/mouse; Brenntag) were used as the
model vaccine (subcutaneous injections, as described below), which
contains both CD8 and CD4 epitopes in all studies (20). IDO
vaccine (10-aa peptide, MTYENMDIL, 100 pg/mouse) for both
the B16F10 and TC-1 tumor model was mixed with synthetic
T-helper epitope PADRE (20 ug/mouse) and QuilA adjuvant
(10 pg/mouse).

Recombinant IL2 (catalog no. 200-02; Peprotech), anti-CD3 (cat-
alog no. 5 55273, clone 17A2), and anti-CD28 (553295, clone 37.51)
were obtained from BD Biosciences. Live/Dead Fixable Near-IR Dead
Cell staining kit was obtained from Invitrogen, Thermo Fisher Sci-
entific (catalog no. L34976). Appropriately fluorochrome-labeled anti-
mouse antibodies against CD45 (clone 30-F11), CD3 (clone 145-
2C11), CD4 (clone RM4-5), CD8 (clone 53-6.7), CD40 L (clone MR1),
IFNYy (clone XMG1.2), Foxp3 (clone MF23), CD11b (clone M170),
CD11c (clone HL3), Grl (clone RB6-8C5), Ly-6G (clone 1A8), Ly-6C
(clone AL-21), F4/80 (clone BM8), CD80 (clone 16-10A1), and CD206
(clone C068C2) were purchased from BD Biosciences, whereas gran-
zyme B (GB; clone NGZB) and B220 (catalog no. 11-0452-82, clone
RA3-6B2) were purchased from Thermo Fisher Scientific for flow
cytometric measurements as described below. For IDO estimation, two
different antibodies were used: anti-IDO1-AF647 (clone 2E2/IDO1,
BioLegend, catalog no. 654004) and anti-IDO-1-PE (clone mIDO-48,
eBioscience, catalog no. 12-9473-82). The intracellular Foxp3 staining
kit (catalog no. 560409) and intracellular cytokine staining kit were
obtained from BD Biosciences (catalog no. 51-2091KZ). gp100-APC
(catalog no. JA3570; H2Db-KVPRNQDWL) and E7-FITC (catalog no.
JA2195; H2Db-RAHYNIVTF) dextramers were from Immudex. For
detection of IDO™ CD8" T cells, biotin-labeled H2-Db-MTYENMDIL
(catalog no. SP/7337-01) targeting pentamer or a nonspecific biotin-
labeled H2Db-KAVYNFATC (catalog no. RP/6893-08) pentamer
from ProImmune Inc. was used. Streptavidin-PE (catalog no.
349023) from BD Biosciences was used to detect the IDO-specific
pentamer signal. The IDO antibody for Western blotting was obtained
from AbCam (abl106134) and PB-tubulin antibody was from Cell
Signaling Technology (9F3; catalog no. 2128).

Tumor implantation, immunization, and tumor volume
measurement

For therapeutic experiments, 1 x 10° BL6F10 or 7 x 10* TC-1 cells
per mouse were subcutaneously implanted into the flanks of C57BL/6]
mice on day 0. On day 10 when tumors measured 5 to 6 mm in
diameter, mice were randomly assigned to four groups according to the
schedule shown in figures, and treated with a tumor-specific vaccine
(gp100,5_33 0r HPV16 E7,49_57), IDO vaccine, or a combination of both
(once a week, subcutaneously, total three doses). One group was left
untreated and served as the control. Every 3 to 4 days, tumors were
measured by a digital Vernier caliper, and the tumor volume was
calculated using the formula: V= L x W?/2, where Vis tumor volume,
L is the length of tumor (longer diameter), and W is the width of the
tumor (shorter diameter). Mice were observed for tumor growth
and survival. Mice were euthanized once tumors reached a volume
of 1.5 cm?, tumors were ulcerated, or when mice became moribund.

For immune response studies, mice were treated following the same
schedule as for the therapy experiment, except only two doses of
weekly vaccines were administered. Three days after the second
vaccination, mice from appropriate groups were euthanized to harvest
tumors (TC-1 and B16). The tumors were diced into small pieces of
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about 2 to 3 mm and were further processed using GentleMACS
dissociator (catalog no. 130-093-235, Miltenyi Biotec) and the solid
tumor homogenization protocol using tumor dissociation kit, mouse
(catalog no. 103-096-730, Miltenyi Biotec), as suggested by the man-
ufacturer (Miltenyi Biotec). Each experiment was repeated at least
twice.

Flow cytometric analysis of tumor-infiltrating lymphocytes

One million cells isolated from tumor tissues were stained using the
Live/Dead Fixable Near-IR Dead Cell staining kit (Invitrogen, Thermo
Fisher Scientific), followed by cell fixation and permeabilization
according to the manufacturer’s (BD Pharmingen) protocol. For
surface markers, cells were stained with appropriate antibodies in
FACS buffer [1% FBS/BSA, 0.09% sodium azide, and 5 mmol/L EDTA
(Sigma-Aldrich)] for 30 minutes at 4°C in the dark and washed twice in
FACS buffer before acquisition. For IFNy and IDO staining, BD
Cytofix/Cytoperm (catalog no. 51-2090KZ) and BD Perm/Wash
(catalog no. 51-2091KZ) buffer set were used as per manufacturer’s
instructions (BD Pharmingen). Data acquisition was performed on
FACSCalibur or LSRII (BD Biosciences). Total numbers or frequency
of CD3*, CD8*, CD8'E7*, E7"GB", CD40L*, IFNy*, CD4%,
CD4*Foxp3*, CD11b*F4/80", CDl11c*, CD11b*Gr1*, CD80",
CD206", B220", and IDO™ cells were analyzed within the CD45"
hematopoietic cell population and represented on respective popula-
tions. For checking the expression of IDO, TC-1 and B16F10 cancer
cell lines were stained with IDO antibody as described above. Results
were analyzed with FlowJo (TreeStar) software.

Western blot analysis

TC-1 and CT26 tumor cells were either treated with IFNy
(100 ng/mL, catalog no. 315-05, Peprotech) for 48 hours or remained
untreated. Cells were harvested and treated with cell lysis buffer
cocktail (RIPA buffer, 1% phosphatase inhibitor, and 1% protease
inhibitor; Thermo Fisher Scientific) to prepare cell lysates. Protein
concentration in each lysate was quantified by Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific). A total of 40 pg protein was
loaded onto Novex 4%-20% Tris-Glycin Mini Gels (Thermo Fisher
Scientific), followed by transfer onto nitrocellulose membranes. Mem-
branes were blocked with 3% BSA (Sigma-Aldrich) in Tris buffer
(VWR Chemicals) for 2 hours at room temperature, followed by
overnight probing of the proteins with antibodies directed against
mouse IDO1 (1:500, AbCam, ab106134) and B-tubulin (1:2,000, Cell
Signaling Technology, catalog no. 2128; 9F3 used as an internal
control) in the blocking buffer at 4°C. The blots were washed in TBST
[Tris buffer + Tween-20 (0.1%, Promega)] three times, each 10
minutes at room temperature on the shaker. Blots were incubated
with anti-rabbit horseradish peroxidase-labeled secondary antibody
(1:2,000, catalog no. 7074, Cell Signaling Technology) for 2 to 3 hours
at room temperature. After washing the membrane for three times
(each 10 minutes on the shaker at room temperature), blots were
developed with Pierce enhanced chemiluminescence Western blotting
substrate (Thermo Fisher Scientific) using iBright Imaging System
(Thermo Fisher Scientific).

Statistical analysis

All statistical parameters (average values, SEM, significant differ-
ences between groups) were calculated using GraphPad Prism or Excel
as appropriate. Statistical significance between groups was determined
by Student ¢ test or one-way ANOVA with Tukey multiple comparison
post hoc test, and P < 0.05 was considered as statistically significant.
Survival in various groups was compared using GraphPad Prism using
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log-rank (Mantel-Cox) test. SK plots were generated by internally
developed software (https:/skylineplotter.shinyapps.io/SkyLinePlotter/).
Contrary to the survival plots generated using GraphPad Prism, the SK
plot gives dynamic simultaneous presentation of tumor volumes and
mouse survival at a specific timepoint.

Results

Identification of IDO-MHC binding epitopes

Some tumor cells express IDO enzyme as an immune-
suppressive factor within the TME (21). Therefore, IDO protein
may potentially function as a unique tumor-associated antigen.
Hence, vaccination using an IDO-specific epitope may provide a
viable immune therapeutic strategy. To test this hypothesis, we
determined the predictable REVEAL binding score of 20 H2D"-
specific nonamer-IDO candidate peptides (Prolmmune) and found
binding scores ranging from 0.8 (for the least binding peptide) to
77.8 (for the best binding peptide; Table 1). Three of 20 peptides
had binding scores > 35% (Table 1; also shown as graphical
representation). However, only one peptide (MTYENMDIL) had
a score that was > 45% of the positive control, an internal standard
set to depict high probability of specific binding. Hence, this IDO
peptide was chosen for further experiments.

IDO vaccine induces potent IDO-specific antitumor immune
responses

To determine the direct antitumor effect of IDO vaccine, we tested
the vaccine in an IDO-expressing tumor model, B16F10, a tumor that
expressed high IDO, as measured by flow cytometry (Supplementary
Fig. SIA-S1C). TC-1 cells, on the other hand, did not express IDO
and showed minimal induction when treated with IFNy compared
with CT26 cells (positive control; Supplementary Fig. S1). Mice
carrying B16F10 tumors were treated with either IDO vaccine or in

Table 1. IDO-specific peptide candidates and their respective
MHCI:Peptide binding scores.

H-2Db
REVEAL score
atOh

Graphical representation of

Peptide I.D. REVEAL score

1. DPDTFFHVL 4.3

2. YADCVLANW| 0.9
3. ESAPPVREF 3.2
4. SPAEFLQEM 12.6
5. DKGFFLVSL 3.7
6. MTYENMDIL 77.8
7. FLQEMREYM 39.3
8. YSPWVLVAR| 1.3
9. REYMPPAHR 3.3

10. ALHDIATSL 3.1
1. ILSYADCVL 3.4
12. MPPAHRNFL| 7.4
13. DAYSPWVLV| 1.7
14. DLKALEKAL | 0.8
15. GQSSIFQSL 4.7
16. AIPTVSSAV 1.3
17. VLIENGQLR 3.4
18. FFHVLRIYL 1.9
19. TGGTNPMTFE
20. PAHRNFLFF| 186

Positive control 10b +23
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Figure 1.

IDO vaccine enhances immune-mediated antitumor effects of tumor antigen-specific vaccination and prolongs survival in the B16F10 tumor model. Gating strategy
and IDO pentamer specificity in Supplementary Fig. S2. A, Schematic of the treatment schedule in the tumor model. On day 10 of tumor growth, B16F10 tumor-bearing
mice were given IDO vaccine (IDO Vax) with the gp100,s_33 peptide vaccine, along with PADRE (20 ug/mouse) and QuilA (10 ug/mouse) subcutaneously, every
7 days for a total of three doses. Tumor growth and survival were measured. B, Average tumor volume in mice following treatment (* vs. untreated; green * vs. IDO
Vax; red * vs. gpl100). C, Percent survival of mice depicted by the Kaplan-Meier plot. D, SK plot showing tumor volume and survival for each mouse at different days.
Data are shown as an average of two independent experiments (n = 10-18 per group). Error bars indicate the SEM. For tumor growth, statistical analysis
was performed by unpaired, one-tailed Student ¢ test. Survival in various groups was compared using log-rank (Mantel-Cox) tests. *, P < 0.05; and **, P< 0.01.
E-K, C57BL/6J mice (n = 5-8 per group) were treated as in A, except 3 days after second vaccination, mice were sacrificed, and tumors were harvested for
immune response study. The frequency of BI6F10 tumor-infiltrating cells was determined. Total (E), IFNy* and GB™ (F), CD40L™ (G), Penta-IDO™ (H),
IFNy*penta-IDO™ (1), Dextra-gp100™ (J), IFNy*dextra-gp100* (K) CD8" T cells were measured by flow cytometry. Data are shown from one representative
experiment of two independent experiments. Error bars indicate the SEM. Statistical analysis was performed by unpaired, one-tailed Student ¢ test. NS:

nonsignificant; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

combination with a B16 tumor-specific vaccine (gp100) as a positive
control. We found that treatment of B16F10 tumor-bearing mice with
IDO vaccine (Fig. 1A) led to a significant reduction in tumor growth (P
<0.05) and enhancement of mouse survival P < 0.01) compared with
untreated mice (Fig. 1B-D). The antitumor effects achieved after IDO
vaccine were comparable with that of the gpl100 peptide treatment
(Fig. 1B-D). Furthermore, we found that combining IDO vaccine and
gp100 peptide led to a significant enhancement of antitumor efficacy
over either of the peptides administered alone because these mice
continued to have significant reduction in the tumor volume, and 33%
of them survived at day 33 (Fig. 1B-D). These results demonstrate that
IDO vaccine induces effective antitumor responses in IDO-expressing
tumors and can boost responses to a known tumor antigen-specific
vaccine.

IDO vaccine significantly enhances gp100-specific immune
responses

To test the immune mechanisms by which IDO vaccine led to its
therapeutic efficacy when given either as a single agent or in combi-
nation with another tumor-specific gp100 vaccine, we evaluated the
immune profile in the TME. For this, B16F10 tumor-bearing mice were
treated as mentioned above, and tumors were harvested 3 days after the
second vaccination for evaluation of immune infiltrates by flow
cytometry (Supplementary Fig. S2). We found that IDO vaccine
significantly increased the number of total CD8" T cells within the
TME (Fig. 1E), as well as their functionality and activation as
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measured by IFNy and granzyme B production and CD40 L expression
(Fig. 1F and G). Furthermore, IDO vaccine increased the number of
IDO antigen-specific CD8" T cells measured with a pentamer against
IDO (Penta-IDOTCD8™ T cells; Fig. 1H). To ascertain the identity of
these IDO-specific CD8" T cells, a nonspecific biotin-labeled penta-
mer was used as an internal control (Supplementary Fig. S2B). These
IDO-specific CD8" T cells showed robust activity (IFNy*Penta-
IDO"CD8" T cells; Fig. 1I). We also found that when combined
with the gp100 vaccine, IDO vaccine led to a significant enhancement
of gpl00-specific immune response as measured with a dextramer
against gp100 (Dextra-gp100*CD8"; Fig. 1J). This also led to the
enhancement of the functional activity of gp100-specific CD8™ T cells
(IFNy " Dextra-gp100"CD8" T cells; Fig. 1K). On the other hand, as
expected, the gp100 vaccine did not enhance immune responses of
IDO vaccine (Fig. 1H and I). These data demonstrate that the
generation of IDO-specific immune responses promotes development
of immune responses against other tumor antigens.

IDO vaccine enhances antitumor immune responses in non-
IDO-expressing TC-1 tumors

On the basis of data thus far and to test the mechanism by which
IDO vaccine can enhance immune responses against a nonrelevant
antigen (gpl00; Fig. 1), we hypothesized that anti-IDO immune
responses exert an additional bystander immune effect within the
TME. To test this hypothesis, we treated mice carrying TC-1 tumors
that did not express IDO protein (Supplementary Fig. S1; ref. 22) with
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IDO vaccine and monitored tumor responses (Fig. 2A). We found that
despite the lack of IDO protein expression in TC-1 tumors, treatment
with IDO vaccine led to a significant reduction in tumor growth and an
increase in mouse survival (Fig. 2B-D). This clearly indicated that
IDO vaccine could generate antitumor immune responses that were
independent of IDO expression by tumor cells via bystander immune
modulation. In line with the B16 model, in TC-1 tumors, the anti-
tumor activity of IDO and tumor-specific E7 vaccines were compa-
rable (Fig. 2B-D). We also found that IDO vaccine significantly
enhanced the antitumor activity of the TC-1-specific E7 vaccine when
given in combination (Fig. 2B-D).

To understand the mechanism by which IDO vaccine improved the
therapeutic outcome in animals carrying tumors that did not express
IDO, we evaluated immune responses in the TME (Supplementary
Fig. $3). Consistent with the findings in BI6F10 tumors, IDO vaccine
significantly increased the number of total and IDO-specific CD§* T
cells in the TME and also increased their activation and functionality
(Fig. 2E-H). Also consistent with the observation with the gp100
peptide, treatment with IDO vaccine significantly increased the num-
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ber of E7-induced activated antigen-specific CD8" T cells in the TME
(IFNy " Dextra-E7"CD8*; Fig. 2I). This further indicated that IDO
vaccine exerted an immune-modulatory effect that enhanced specific
antitumor immune responses beyond antigen-specific effects. Taken
together, these data demonstrate that IDO vaccine exerts its IDO-
specific CD8" T cells effect through two separate mechanisms: (i)
directly targeting tumors expressing IDO and (ii) the generation of an
immune-modulatory effect that enhances tumor antigen-specific
CD8" T-cell responses independent of tumor cell IDO expression.

IDO vaccine reduces IDO-expressing myeloid populations in the
TME

Next, we aimed to determine the underlying immune mechanism by
which IDO vaccine enhanced antitumor immune responses indepen-
dent of tumor cell IDO expression and its ability to enhance immune
responses against other antigens. Myeloid cells are known to express
IDO (23), and IDO-expressing myeloid cells are reported to be more
suppressive compared with their non-IDO counterparts (24). Hence,
we evaluated the effect of the IDO vaccine on immune-regulatory
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Figure 2.

IDO vaccine enhances immune-mediated antitumor effects of tumor antigen-specific vaccination and prolongs survival in the TC-1tumor model. Gating strategy and
IDO pentamer specificity in Supplementary Fig. S3. A, Schematic of the treatment schedule in the tumor model. On day 10 of tumor growth, TC-1tumor-bearing mice
were given IDO vaccine with HPV17 E7 4957 peptide vaccine, along with PADRE (20 pg/mouse) and QuilA (10 ng/mouse) subcutaneously, every 7 days for a total of
three doses. Tumor growth and survival were measured. B, Average tumor volume in mice following treatment (* vs. untreated; green * vs. IDO Vax; red * vs. E7-Vax).
C, Percent survival of mice depicted by the Kaplan-Meier plot. D, SK plot showing the tumor volume and survival for each mouse at different days. Data are shown as
an average of two independent experiments (n = 10-12 per group). Error bars indicate SEM. For tumor growth, statistical analysis was performed by unpaired, one-
tailed Student ¢ test. Survival in various groups was compared using log-rank (Mantel-Cox) tests. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
E-1, C57BL/6J mice (n = 5-7 per group) were treated as in A, except 3 days after second vaccination, mice were sacrificed, and tumors were harvested for immune
response study. The frequency of TC-1tumor-infiltrating cells was determined. Total (E), IFNy™ and GB™ (F), CD40L* (G), IFNy"penta-IDO* (H), IFNy"dextra-E7* (1)
CD8™ T cells were measured by flow cytometry. Data are shown from one representative experiment of two independent experiments. Error bars indicate the SEM.
Statistical analysis was performed by unpaired, one-tailed Student ¢ test. NS, nonsignificant; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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IDO vaccine reduces IDO-expressing suppressive myeloid cell populations in the TME. B16F10-bearing or TC-1-bearing mice were treated as in Fig. 1A and Fig. 2A,
respectively, except 3 days after second vaccination, mice were sacrificed, and tumors were harvested for immune response evaluation. The frequency of BI6F10
tumor-infiltrating IDO MDSCs (A), IDO* macrophages (B), and IDO"DCs (C) were examined by flow cytometry. Data are shown from one representative experiment
(n = 4-6 per group) of two independent experiments. The frequency of TC-1 tumor-infiltrating IDO* MDSCs (D), IDO™ macrophages (E), IDOTDC (F) were also
examined by flow cytometry. Data are shown as an average of two independent experiments (n = 10-15 per group). Error bars indicate the SEM. Statistical analysis
was performed by unpaired, one-tailed Student t test. NS, nonsignificant; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

myeloid cells that expressed IDO. We found that IDO vaccine sig-
nificantly reduced the frequency of IDO-expressing suppressive mye-
loid cells in the TME, including MDSCs (IDO"CD45"CD3"
CD11b*Ly6G/C™; Fig. 3A and D), macrophages (IDO*CD45"CD3™~
CD11b"CD11c F4/80";Fig. 3B and E),and DCs (IDO " CD45"CD3~
CD11b"CD11c*F4/807; Fig. 3C and F) in both the IDO-expressing
B16F10 and non-IDO-expressing TC-1 tumor models. These results
demonstrate that IDO vaccine significantly increases the number and
activity of CD8" T cells, potentially by reducing the frequency of
immunosuppressive myeloid cells, leading to enhanced immune-
mediated antitumor effects.

IDO vaccine enriches antitumor myeloid populations in the TME

IDO is a suppressive enzyme and can skew immune cells toward a
suppressive phenotype. Because we found that IDO vaccination
resulted in a significant decrease in the numbers of IDO* DCs
(Fig. 3C and F), we asked whether IDO vaccination could also skew
DCs, the most potent antigen-presenting cells (APC), from a protu-
morigenic phenotype (CD11b*CD11c*F4/807B220™) to an antitu-
morigenic phenotype (CD11b"CD11c"F4/80 B220~; Supplementa-
ry Fig. S4). We, therefore, first checked the numbers of IDOB220™
and IDOVB220~ DCs after various treatments in B16F10 (Fig. 4A-C)
and TC-1 (Fig. 4D-F) tumor-bearing mice. We found that the tumor-
specific vaccine significantly increased the number of IDO*B220*
DCs in both tumor models (Fig. 4A and D). However, administration
of IDO vaccine, along with the tumor-specific vaccine, prevented the
induction of these protumorigenic cells. On the other hand, the
number of IDO"B220~ DCs remained unchanged in treated mice in
both the tumor models (Fig. 4A and D). Furthermore, we found that
the frequency of B220" DCs was significantly reduced with IDO
vaccine treatment alone or in combination with the tumor-specific
vaccine in both B16F10 and TC-1 tumor models (Fig. 4B and E).
This was accompanied by further enrichment of antitumor B220™ DCs
in the TME in both the tumors (Fig. 4C and F). Thus, these results
clearly demonstrate that IDO-peptide vaccination removes IDO-
expressing DCs from the TME and skews DCs toward antitumor
phenotype.
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We further investigated the effects of the generation of IDO-specific
CD8" T cell responses on the protumor and antitumor macrophages
in the TME after IDO vaccine treatment alone or in combination with
tumor-specific vaccines. We found that the number of protumor M2
macrophages (CD45"CD3~CD11b"CD11c™F4/80 " CD80'°CD206")
decreased significantly (Supplementary Fig. S5A and S5C), whereas the
frequency of antitumor M1 macrophages (CD45"CD3 CD11b*
CD11c F4/80"CD80"CD206' Supplementary Fig. S5B and S5D)
significantly increased in B16F10 and TC-1 tumors. Together, these
results suggest that IDO-specific vaccine enriches antitumor myeloid
populations in the TME.

IDO vaccine results in significant increase in therapeutic ratio
within the TME

In line with the enhanced antitumor activity of IDO vaccine with
and without tumor-specific antigens, we found a significant increase in
the number of CD4" T cells in the TME of both B16F10 and TC-1
tumors (Fig. 5A and F). Foxp3"CD4" Tregs are an important element
of the immunosuppressive lymphoid repertoire, which are known to
be enhanced in the presence of the IDO enzyme (23). Moreover, IDO-
expressing DCs are shown to increase the numbers and activation of
Tregs in the TME (25). Because we found a significant decrease in the
numbers of IDO"B220" DCs, next we asked whether this treatment
strategy also affected Tregs in the TME. We found that, indeed, the
treatment with IDO vaccine, but not gp100- or E7-specific vaccines
leads to reduction in the ratio of Tregs within CD4™ T cells in the TME
(Fig. 5B and G). Furthermore, the combination of gp100- or E7-
specific vaccines with IDO vaccine did not further influence the
frequency of Tregs (Fig. 5B and G).

On the basis of the data above, we found that IDO vaccine in
combination with tumor-specific vaccines significantly increased the
therapeutic ratios CD8"/Tregs, Penta-IDO" CD8"/Tregs, Dextra-
gpl00* CD8%/Tregs, and Dextra-E7"CD8"/Tregs compared with
control groups in the two tumor models (Fig. 5C-E, H-J). Together,
these data demonstrate that the enhanced antitumor efficacy caused by
IDO vaccine is facilitated by the significant increase in therapeutic
immune cell ratios. These results also show that combination of IDO
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and tumor antigen-specific vaccines has the potential to expand the
immunologic response to tumor vaccines.

Discussion

One of the major reasons for the failure of immunotherapy,
including cancer vaccines, is the presence of a highly immuno-
suppressive TME (26). Despite the fact that cancer vaccines have been
shown to generate high frequencies of effective tumor-specific T cells,
no major clinical benefit has been observed so far, and, hence, despite
the many cancer vaccines under development, only one therapeutic
cancer vaccine has been approved for human use in the past
20 years (27, 28). Thus, therapeutic strategies to downregulate the
suppressive activity of the TME are necessary to enhance the outcome
of immunotherapy, including therapeutic vaccines.

IDO is a known immune-suppressive enzyme secreted by some
tumor cells and by suppressive myeloid cells, including APCs and
MDSCs (29). It has been reported that myeloid cells expressing IDO
have higher immunosuppressive activity (29). IDO-expressing cells
enhance the accumulation of the tryptophan catabolite, kynurenine,
which has been shown to mediate immunosuppression (30). IDO-
mediated depletion of tryptophan, an essential growth factor, prevents
activation of immune cells in the TME (30). A concerted effect of
nutrient depletion and enhancement of myeloid and lymphoid immu-
nosuppressive populations in the TME leads to establishment of an
anti-inflammatory cytokine profile. Thus, inhibiting the IDO pathway
can support the generation of a proinflammatory environment that
also allows for immune-mediated antitumor responses (6). However,
strategies to inhibit the IDO enzyme using specific inhibitors have not
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been successful in the clinic (11). Interestingly, in a small phase I trial,
IDO-specific vaccination was found to induce durable responses in
some patients, but the mechanisms underlying this effect were not
explored (31, 32). Recently, results from a phase I/II trial in patients
with metastatic melanoma show a very high objective response rate
(80%) and a median progression-free survival of 26 months following
treatment with an immunomodulatory IDO/PD-L1-targeting vaccine
in combination with nivolumab (33). Under in vitro conditions, it has
been shown that IDO-specific CD8™" T cells isolated from patients with
cancer are able to eliminate IDO* immune cells and cancer
cells (12-14), raising the possibility that immunologic induction of
these cells by appropriate IDO-specific vaccination can be a viable
strategy to induce antitumor immune responses. In fact, in the above
mentioned trial in patients with metastatic melanoma, we found that
vaccine-reactive T cells have significant activity against cancer cells
and immune cells that expressed IDO and PD-L1 (33).

Our results show that IDO-specific vaccination is a novel approach,
the effects of which are not only limited to IDO-expressing tumors but
also extend to non-IDO-expressing tumors, whereby anti-IDO effec-
tor cells induced by IDO vaccine potentially kill the IDO ™" host myeloid
cell populations, leading to their reduced numbers. Besides killing of
the IDO™ cells, downregulation of IDO production in these cells could
be another mechanism for their reduced numbers. In fact, it has been
shown that soluble CD28 interaction with B7 (CD80/86) on DCs
induces expression of IL6, which prevents IFNy-mediated upregula-
tion of IDO (34). We found an enrichment of CD80" DCs with
activated CD8" T cells after IDO vaccine treatment, suggesting that
indeed this could be one of the mechanisms of IDO vaccine-mediated
reduction in the IDO™ host myeloid cells. IDO vaccine strategy also
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Figure 5.

IDO vaccine reduces frequency of Tregs and enhances therapeutic ratio in the TME
vaccination, mice were sacrificed, and tumors were harvested for immune respon
CD8*1/Tregs (C), Dextra-gp100™ CD8*/Tregs (D), and Penta-IDO*CD8"/Tregs (E)
(F), FoxP3"CD4™ (G), CD8"/Tregs (H), Dextra-E7" CD8™/Tregs (1), and Penta-ID
average of two independent experiments (n = 8-13 per group). Error bars indicate
NS, nonsignificant; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

resulted in enrichment of antitumor IDO™ myeloid cells in the TME.
IDO is known to stabilize suppressive Tregs (3). Accordingly, treat-
ment with IDO vaccine also resulted in a diminished Treg population
within CD4™" T cells in the TME. On the basis of the above, collectively,
this leads to downregulation of immunosuppressive populations and
an increase in the proinflammatory immune cell populations, an
indicator of good prognosis in cancer (35, 36).

Here, we made the observation that the generation of specific CD8*
T-cell responses against IDO provided a bystander immune-
modulatory effect that enhanced immune responses against other
tumor-specific antigens, such as gp100 in B16F10 and E7 in TC-1
tumors. Furthermore, the antitumor immune responses induced by
IDO vaccine were observed independent of IDO expression by tumor
cells, suggesting that IDO-specific CD8" T cells could be effective
against tumors regardless of the IDO expression status. Indeed, we
found that IDO vaccine significantly reduced the number of IDO-
expressing myeloid cells, including DCs, MDSCs, and macrophages,
which are immunosuppressive in nature (29). The suppressive effects
of MDSC:s on innate and adaptive immune responses block immune
surveillance and decrease the immune functions of effector cells,
preventing the elimination of cancer cells (37). Importantly, earlier
correlation between IDO expression and MDSC infiltration has been
seen in human melanoma (38). Inhibition of IDO results in reduction
of MDSCs and reversal of immune suppression (38). Our findings
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. C57BL/6J mice were treated as in Fig. 1A and Fig. 2A, except 3 days after second
se study. The frequency of BI6F10 tumor-infiltrating CD4 " (A), FoxP3"CD4™" (B),
was determined by flow cytometry. The frequency of TC-1tumor-infiltrating CD4 ™
0*CD8"/Tregs (J) were also measured by flow cytometry. Data are shown as an
the SEM. Statistical analysis was performed by unpaired, one-tailed Student ¢ test.

showed that IDO-expressing MDSCs were successfully decreased by
the generation of IDO-specific CD8" T cells in the TME.

IDO* DCs have been shown to be suppressive and can induce Tregs
in the TME (25). Recently, it was reported that IDO-expressing DCs
can skew T-cell immune responses toward T-cell tolerance (39).
Furthermore, IDO* DCs help dormant tumor cells evade CD8"
T cells (40). In line with these observations, we demonstrate that IDO
vaccine reduced the number of IDO* DCs in the TME and was
accompanied by reduced Treg numbers. This is consistent with earlier
in vitro observations where it was found that activated IDO-specific
CD8™ T cells decrease the frequency of Tregs and increase the levels of
pro-inflammatory cytokines in peripheral blood mononuclear cells
(13). In addition, it is known that tolerogenic B220" DCs can activate
resting Tregs, which suppress target immune cells in a PD-L1-depen-
dent manner (40). Here, we found a decrease in tolerogenic B220"
DCs, with a concomitant increase in immune-activating B220" DCs in
the TME after IDO vaccine therapy. Finally, it has been reported that
IDO contributes to macrophage polarization through conversion of an
antitumor MI to a protumor M2 macrophages phenotype (8). We
found that this macrophage polarization was reversed after treatment
with IDO vaccine. Moreover, IDO-expressing macrophages suppress
adaptive immunity by inhibiting inflammatory T-cell proliferation.
We also found that IDO vaccine leads to a significant reduction in the
number of IDO" macrophages. Thus, this treatment strategy would
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skew the intratumoral environment, making it more conducive for
generation of antitumor macrophages. Furthermore, these observa-
tions also highlight the fact that the IDO vaccination strategy primarily
induces cell-mediated immune responses, although contribution of
humoral immunity and associated antibody-dependent cellular cyto-
toxicity after IDO vaccine treatment cannot be ruled out and needs
further investigation. Accordingly, to further elucidate the cellular
mechanisms of this novel vaccination strategy, we are currently
evaluating the cytotoxic/killing function of vaccine-induced CD8"
T cells ex vivo. In addition, to confirm that reduction in immuno-
suppressive cells is mediated by CD8" and CD4™" T cells, in vivo T-cell
depletion experiments are ongoing. We are also assessing the TME for
the infiltration of CD8" T cells and frequency of IDO" MDSCs and
macrophages following various treatments.

In conclusion, IDO vaccine enhances antigen-specific CD8™ T cells
that can eliminate IDO-expressing tumor cells, APCs, and MDSCs,
potentiating the effector arm of the immune system to induce
robust antitumor immune responses. Importantly, IDO vaccine could
also enhance responses against a tumor antigen-specific vaccine
and showed significant antitumor activity even against non-IDO-
expressing tumors. These preclinical findings together with the clinical
data (31, 32) suggest that IDO vaccine has a significant promise for
cancer immunotherapy.
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