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Introduction
Pancreatic adenocarcinoma (PDAC) remains one of the most 
aggressive malignancies due to the overall ineffectiveness and lack 
of durable responses with contemporary systemic therapies. This 
has led to the urgent necessity for development of novel therapeu-
tic approaches such as immunotherapy. Unfortunately, PDAC rep-
resents an immune quiescent, so-called “cold” tumor that is not 
sensitive to immune checkpoint inhibitors (1). Therefore, PDAC 
also serves as an ideal model for studying how to overcome the 
resistance to immune checkpoint inhibitor treatment (2–4).

Previously, our group showed that vaccine therapy induces 
T cell infiltration into tumors, subsequently priming the tumor 
microenvironment with these T cells. We showed that tertia-
ry lymphoid aggregates were formed in PDACs resected from 
patients who received a GM-CSF–secreting, allogeneic pancreatic 
tumor whole-cell vaccine (GVAX) 2 weeks prior to surgical resec-
tion (5). For the first time, we showed that vaccine therapy can pos-
sibly convert a cold tumor to a T cell–inflamed hot tumor. Howev-
er, this vaccine priming process is only the very first step to elicit an 

antitumor immune response. The immune checkpoint signaling 
cascade is also induced by vaccine therapy (6, 7). Therefore, we 
hypothesize that vaccine therapy may have primed PDACs for the 
treatment of previously ineffective immune checkpoint inhibitors. 
We confirmed this hypothesis in preclinical studies and are now 
testing this concept in several clinical trials (8).

The immune checkpoint signaling induced by vaccine therapy 
is more complicated than solely the PD-L1/PD-1 signaling path-
way. We found that higher indoleamine-2,3-dioxygenase (IDO1) 
expression in the tertiary lymphoid aggregates is correlated with 
poorer survival following GVAX treatment (5). IDO1 is encoded 
by the IDO1 gene and is an intracellular enzyme that is involved 
in the rate-limiting step of the catabolism of L-tryptophan, an 
important regulator of metabolism. Tryptophan starvation and 
the influx of downstream catabolites such as kynurenine suppress 
the activation of T cells and NK cells while enhancing Treg differ-
entiation and immunosuppression (9–11). Tumor cells transfected 
with IDO1 were not rejected in mice treated with a vaccine therapy 
(12). Furthermore, IDO1 deficiency resulted in decreased immune 
escape in a preclinical model of lung cancer (13). IDO1 expression 
has been found in a variety of cancers, including PDAC. Expression 
of IDO1 is upregulated by metastatic PDAC cells as a mechanism 
of immunologic evasion (14). IDO1 expression is also reported in 
regulatory dendritic cells (DCs) and is prompted by an autocrine 
interferon process controlled by CTLA-4 pathway receptors on 
regulatory T cells (Treg) (15). This expression of IDO1 subsequent-
ly converts the DCs into a more quiescent state and reduces their 
antigen presenting capacity to T cells. Moreover, IDO-expressing 
DCs are also able to drive the differentiation of T helper cells to 
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instead observing a reduction of effector T cell infiltration and 
tumor-specific cytotoxic T cell activity compared with combina-
tion without anti–PD-1/PD-L1 antibodies.

Results
Untreated PDACs express minimal IDO1, and anticancer treat-
ments induce IDO1 expression in PDACs. To understand whether 
an immune quiescent neoplasm such as PDAC expresses IDO1, 
we performed immunohistochemistry (IHC) of IDO1 on PDACs 
surgically resected from patients untreated with preoperative 
chemotherapy or radiation therapy (n = 21). We found that none 
of the PDAC specimens expressed IDO1 on the tumor epithe-
lium and that the expression of IDO1 on the nonepithelial cells 
was also scarce (Figure 1, A and B). Then, we examined whether 
cancer vaccine therapy can induce IDO1 expression in PDACs. To 
this end, we performed IHC on PDACs surgically resected from 
patients who were treated with pancreatic cancer GVAX 2 weeks 
prior to surgical resection (n = 21). As shown in Figure 1B, 28.5% 
of PDACs following GVAX treatment expressed IDO1 strongly 
on the tumor epithelium (IDO1hi). The remaining PDACs did not 
express IDO1 or only expressed IDO1 modestly. Of note, high 
expression of IDO1 in GVAX-treated PDAC was significantly 
associated with inferior patient survival according to a previously 
conducted microarray analysis (Figure 1C) (5). The tumor epithe-
lia with strong expression of IDO1 were accompanied by an abun-
dant infiltration of CD3+ cells and CD8+ lymphocytes (Figure 1D). 
By contrast, the tumor epithelia with weak or absent expression 
of IDO1 (IDO1lo) were accompanied by few observed CD3+ and 
CD8+ cells. This is consistent with the notion that IDO1 expression 
is induced by the adaptive immune response (24, 25). However, 
the infiltration of CD4+ cells appeared to be similar regardless of 
the IDO1 expression. In addition, we found that IDO1 expression 
on the tumor epithelia was induced in 4 of 20 PDACs following 
neoadjuvant chemotherapy and radiation therapy (Supplemental 
Figure 1; supplemental material available online with this article; 
https://doi.org/10.1172/JCI124077DS1). In summary, anticancer 
treatments, including vaccine therapy and chemotherapy/radia-
tion therapy, may induce IDO1 expression in PDACs, and higher 
IDO1 expression is associated with inferior overall survival (OS).

PD-L1 expression and IDO1 expression are overlapped in vac-
cine-induced lymphoid aggregates. Next, we examined IDO1 expres-
sion in the previously shown GVAX-induced tertiary lymphoid 
aggregates. There were significantly more IDO1+ cells in the 
GVAX-induced intratumoral lymphoid aggregates than those in 
the peritumoral lymphoid aggregates in either vaccinated PDACs 
or unvaccinated PDACs (Figure 1E). Essentially, in all of the vac-
cinated PDACs at least one intratumoral lymphoid aggregate with 
IDO1+ cells could be identified. Nevertheless, not all of the intra-
tumoral lymphoid aggregates contained IDO1+ cells. Interestingly, 
when we stained IDO1 on cases that had been previously analyzed 
for PD-L1 expression, we found that if the lymphoid aggregates 
expressed PD-L1 they also expressed IDO1. However, among the 
lymphoid aggregates that expressed IDO1, not all expressed PD-L1 
(Figure 1F). This result suggested that IDO1 expression and PD-L1 
expression are overlapped in GVAX-induced lymphoid aggregates.

The combination of IDO1 inhibitor and the GVAX vaccine has 
potent antitumor activity in the preclinical model of PDACs. Previ-

Tregs, further suppressing an antitumor immune response (16). In 
addition to direct inhibitory effects of IDO1 tumor expression on T 
cell activity, myeloid-derived suppressor cells (MDSCs) are anoth-
er cell subtype relevant to the IDO1 pathway (17). MDSC func-
tions, including the suppression of antitumor immune responses 
and CD8+ T cell proliferation, are thought to be regulated through 
IDO1 pathways (17–19).

There are several small-molecule inhibitors of IDO1 in clin-
ical testing. The most tested one is epacadostat (INCB024360), 
which is currently the focus of several clinical trials encompass-
ing multiple tumor types. It is an orally available hydroxyamidine 
small-molecule inhibitor that potently and selectively inhibits 
IDO1. The phase I dose-escalation study of epacadostat included 
52 patients with multiple tumor types, including colorectal cancer 
and melanoma. There was no maximum tolerated dose identified 
and no objective responses were reported, although 15 patients 
(28%) had stable disease at 56 days. Doses of 300 mg or great-
er BID achieved greater than 90% inhibition of IDO1 through-
out the dosing period (20). Epacadostat was combined with the 
anti-CTLA4 antibody ipilimumab in patients with advanced 
melanoma in a phase I/II study. Preliminary data from this study 
(NCT01604889) showed that epacadostat combined with ipilim-
umab resulted in clinically significant ALT elevations after 30–76 
days of treatment but were reversible with steroids and treatment 
discontinuation. In 6 of 8 patients, there were tumor reductions by 
the time of first imaging. These preliminary data suggest the role 
of IDO1 inhibition in providing enhanced antitumor effects with 
anti-CTLA4 therapy (21). Subsequently, epacadostat was found 
to be safer in combination with pembrolizumab, an anti–PD-1 
antibody, in a phase I/II Echo-202/Keynote-037 clinical trial of 
multiple tumor types (NCT02178722); the combination showed 
56% response rate in 54 advanced melanomas (22). Neverthe-
less, the follow-up phase III Keynote-252/Echo-301 clinical trial 
(NCT02752074) failed to demonstrate that the combination of 
epacadostat and pembrolizumab is superior over the single-agent 
pembrolizumab as the first-line therapy of advanced melanoma 
(23). Notably, little IDO1 expression is appreciated in untreated 
PDAC, thus the use of IDO1 inhibitor as a single agent is not effec-
tive for this disease.

While INCB024360 was being tested in clinical studies, we 
independently found that, as anticipated, IDO1 expression is 
induced in the tumor epithelia of PDACs treated by GVAX and 
lymphoid aggregates induced by GVAX due to the known regu-
lation of IDO1 expression by IFN-γ and other inflammatory cyto-
kines (24, 25). Thus, we tested the hypothesis that vaccine therapy 
can prime PDACs for IDO1 inhibitor treatment by inducing expres-
sion in a preclinical model of PDACs. In this study, we showed that 
EOS200271, a selective, small-molecule inhibitor of IDO1, which 
was tested in a phase I dose-escalation study (NCT02764151) in 
patients with malignant gliomas, was able to markedly enhance 
the antitumor activity of GVAX in a preclinical model of PDAC 
through downstream regulation of CD8+ cell effector function and 
CD4+ cell polarization. We also found that the addition of anti–
PD-1/PD-L1 antibody would only modestly enhance the antitu-
mor activity of the combination of IDO1 inhibitor and GVAX and 
that combining anti–PD-1/PD-L1 antibody with IDO1 inhibitor 
and GVAX did not provide additional synergistic immune effect, 
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Panc02 PDAC cells and treatment with a small-molecule inhibi-
tor of IDO1. As shown in Figure 2A, the IDO1 inhibitor alone did 
not have antitumor activity. However, when it was combined with 
GVAX treatment together with a low intravenous dose of cyclo-
phosphamide (Cy/GVAX), it significantly improved the survival 
of tumor-bearing mice compared with Cy/GVAX alone. A single, 
low-dose Cy was administered to reduce Tregs. This result has 
further supported the concept that, to make PDACs sensitive to 

ously, we showed, in a preclinical model of PDAC, that PDACs 
are primed with PD-L1 expression and T cell infiltration by GVAX 
treatment and made sensitive to anti–PD-1 or PD-L1 therapies 
(8). Here we showed that GVAX can also prime IDO1 expression 
in PDACs, and thus we hypothesized that GVAX could similarly 
make PDACs sensitive to an IDO1 targeting therapy. We test-
ed this hypothesis in syngeneic mice with diffuse liver metasta-
ses that were established by the hemispleen injection of murine 

Figure 1. Pancreatic cancer treated with GVAX primes the tumor, upregulating IDO1 and PD-L1 pathway expression. (A) IHC staining of IDO1 expression in 
PDACs from patients treated with (n = 21) and without (n = 21) GVAX therapy. (B) Analysis of IDO1 IHC expression of total tumor area in PDACs treated with 
GVAX compared with untreated tumors, with an identified subset expressing IDO1 highly in the GVAX-treated group. (C) Gene expression of IDO1 measured 
by microarray was compared between microdissected lymphoid aggregates from 16 tumors grouped according to overall patient survival (OS > 3 years vs. < 
1.5 years). (D) IHC staining of IDO1 expression and immune cell infiltration of CD3+, CD4+, and CD8+ cells in PDACs treated with and without GVAX therapy. The 
same representative sample in A is utilized again here. (E) IHC representations and (F) graphical comparison of IDO1 and PD-L1 lymphoid aggregate expression 
by IHC following GVAX treatment (n = 16). If IDO1 expression is not upregulated, PD-L1 expression is not detectable. If PD-L1 expression is upregulated, IDO1 
expression is upregulated. In some cases, IDO1 expression is increased but PD-L1 expression remains low. *P < 0.05 by unpaired t test. Scale bars, 100 μm.
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tiplex IHC staining of multiple T cell markers to define T helper 
cells, including Th0, Th1, Th2, Th17, and Treg, in PDACs from the 
patients who received the GVAX treatment (26). This cohort of 
PDACs overlapped with the above cohort of PDACs; thus, IDO1 
had already been stained. Among them, 3 PDACs were IDO1hi. As 
shown in Figure 3, these 3 IDO1hi PDACs have significantly more 
Th2, Th17, and Tregs than IDO1lo PDACs. By contrast, Th1 and Th0 
cells were approximately the same in IDO1hi and in IDO1lo PDACs. 
Consistent with our results  IDO1hi PDACs have significantly more 
CD8+ T cells than IDO1lo PDACs. Although we cannot rule out 
the possibility that the induction of IDO1 expression is a conse-
quence of high Th2, Th17, and Tregs, the preclinical study (Figure 
3A) demonstrates that an IDO1 inhibitor can lower the number 
of Tregs. Thus, it is more likely that the phenotypic changes of T 
helper cells are a consequence of the changes of IDO1 expression. 
It remains to be determined whether IDO1 plays a direct mecha-
nistic role in the phenotypic changes of T helper cells and whether 
the phenotypic changes of T helper cells represent a change in the 
T helper cell differentiation or distribution within the tumors.

RNA sequencing was performed on dissected stroma of avail-
able slides of PDAC tumor treated with neoadjuvant GVAX pri-
or to pancreatectomy. Tumors were subgrouped by IDO1hi IHC 
expression and IDO1lo expression to further investigate those roles 
in T cell polarization (Figure 4). PDAC tumors with high IDO1 
expression were associated with significantly lower IL-2, IL-12A, 
and IL-12B gene expression, suggesting Th1 differentiation is sup-
pressed by IDO1. Therefore, this may explain why Th1 cells were 
not significantly increased in the IDO1hi human PDACs, despite an 
anticipated increase in the infiltration of Th1 cells driven by vac-
cine therapy. Conversely, IL-6 gene expression is increased in these 
IDO1hi tumors, which may further explain the differentiation skew 
toward Th17 and Tregs. IL-23 gene expression is also decreased in 
IDO1hi patients. Th17 cells are known to be a highly plastic subset 
with IL-12/IL-23 helping to push toward a more cytotoxic Th1-like 
cell that expresses IFN-γ and can lose IL-17A and IL-17F expression 

an immune checkpoint inhibitor such as an IDO1 inhibitor or anti–
PD-1/PD-L1 blockade antibodies, PDACs need to be primed with 
a T cell–inducing agent such as the Cy/GVAX vaccine. Neverthe-
less, adding anti–PD-L1 antibody on top of the combination of the 
IDO1 inhibitor and Cy/GVAX led to only a modest, not statisti-
cally significant, enhancement of survival (Figure 2B). Moreover, 
the combination of anti–PD-L1 antibody and IDO1 inhibitor did 
not result in any improved survival compared with IDO1 inhibitor 
alone (Figure 2C). Anti–PD-1 antibody showed similar results as 
anti–PD-L1 antibody (data not shown).

Next, we attempted to understand the mechanism by which 
IDO1 inhibitor enhanced the antitumor activity of GVAX. To this 
end, we examined whether IDO1 inhibition can modulate immu-
nosuppressive mechanisms in the tumors. Mice with liver metas-
tases were treated similarly to the above experiment. However, we 
harvested the livers 2 weeks after tumor implantation, before there 
was a gross difference in tumor growth among different treatment 
groups. Tumor infiltrating immune cells were then harvested for 
flow cytometry analysis. As shown in Figure 3A, similar to our pre-
vious observation, CD4+CD25+Foxp3+ Tregs in the tumors were 
found to be still induced by the GVAX treatment in combination 
with Cy. IDO1 inhibitor was able to suppress Tregs to an intratu-
moral baseline level but was not able to lower the intratumoral 
Treg level further. We also used single-stain IHC to examine Foxp3 
expression in the PDAC specimens from patients who were treated 
with GVAX. As shown in Figure 3F, Foxp3+ cells are significantly 
higher in the above-described IDO1hi PDACs than IDO1lo PDACs. 
These results suggest that IDO1 inhibitor may potentiate the anti-
tumor activity of a vaccine therapy by removing the Treg-mediated 
immune suppressive mechanism induced in the TME to counteract 
the antitumor activity of the vaccine therapy.

IDO1 is involved in the phenotypic changes and polarization of 
intratumoral T helper cells in PDACs. The single-color IHC stain-
ing of Foxp3 may not necessarily represent Tregs, so we retrieved 
the original data from a previously published study that used mul-

Figure 2. IDO1 inhibitor in combination with irradiated whole-cell vaccine (GVAX) improves survival in a murine model of pancreatic cancer. Mice under-
went hemispleen procedure receiving 2 × 106 Panc02 PDAC cells followed by administration of 100 mg/kg Cy on day 3 and GVAX on day 4. IDO1 inhibitor 
(200 μg/kg) was administered by oral gavage twice a day starting on day 3 and continuing for 90 days. (A) Kaplan-Meier survival curves of mice treated 
with IDO1 inhibitor or Cy/GVAX alone and in combination. (B) Kaplan-Meier survival curves of mice with liver metastases formed by the Panc02 PDAC cells 
and treated with Cy/GVAX in combination with IDO1 inhibitor as well as the addition of 100 μg anti–PD-L1 antibody intraperitoneally starting on day 5 and 
continuing twice a week for 3 weeks. (C) Kaplan-Meier survival curves of tumor bearing mice treated with combinations of IDO1 inhibitor in combination 
with anti–PD-L1 antibody in the absence of GVAX. Data represent results obtained from experiments with 8–10 mice per group that were repeated at least 
twice. *P < 0.05, **P < 0.01, *** P < 0.001; NS, not significant, by log-rank test.
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polarization. However, we cannot exclude that Th2 polarization is 
also affected by IDO1 expression indirectly due to the skew away 
from Th1 polarization.

As anticipated, we demonstrated a vaccine-induced intra-
tumoral immune cell infiltration. Changes in T cell trafficking 
signals were investigated by comparing IDO1hi versus IDO1lo 
GVAX-treated PDAC tumors. While some significant change, 
such as CXCL11 expression, was observed, many T cell traffick-
ing signals, including CCL2, CCL5, CXCR3, CXCL9, and CXCL10 
(Supplemental Figure 3), were not significantly affected by IDO1 
expression (Supplemental Figure 3). Therefore, IDO1 inhibition 
may not play a major role in regulating T cell trafficking, or its role 
is secondary to its role in T cell polarization (Figure 4).

The role of IDO1 inhibition on T helper cell polarization was 
subsequently validated in the mouse model of PDAC with isolat-
ed CD4+ T cells from treated mice, by assessing gene expression 
with quantitative real-time reverse transcription polymerase chain 
reaction (RT-PCR) (Supplemental Figure 4). The results con-

while maintaining RORgt (27). Our data are consistent with litera-
ture that suggests that IL-6 and TGFb maintain a tumor-promoting 
Th17 cell subtype (28, 29). Moreover, IL-10 is significantly lower 
in the IDO1hi PDACs than IDO1lo PDACs that were pretreated with 
GVAX (Supplemental Figure 2). IFN-γ and other type I interferons 
are known to induce IL-10 expression, and may also induce IL-10 in 
the GVAX-treated PDACs, concurrently with IDO1. TGFb expres-
sion was not significantly changed between IDO1hi versus IDO1lo 
PDACs, suggesting that other factors, together with IL-6, may play 
a role in regulating Tregs (Supplemental Figure 2). IL-4 is signifi-
cantly lower in IDO1hi PDACs than in IDO1lo PDACs, whereas IL-5 
is similar between these 2 cohorts of PDACs (Supplemental Figure 
2). Therefore, it is not clear whether IDO1 expression plays a direct 
role in Th2 differentiation. The observed increase in IL-4 expres-
sion in IDO1hi PDACs could also be a result of T cell activation by 
GVAX. Therefore, based on these expression patterns, we conclude 
that IDO1 expression plays a role in regulating T helper cell polar-
ization, particularly Th1 and Th17 polarization, and possibly Treg 

Figure 3. High IDO1 expression upregulation is associated with a shift to an antitumor immune cell environment. (A) Total number of Tregs (CD4+CD25+ 

Foxp3+) quantified by flow cytometry analysis in tumor-infiltrating lymphocytes of tumor-bearing mice of the Panc02 hemispleen model and indicated 
treatments. Data represent mean ± SEM from one representative experiment of 4–5 mice per treatment group, repeated twice. Comparisons of the (B) 
percentage of Th1 (CD45+CD3+CD8–Foxp3–RORgt–Tbet+), (C) Th2 (CD45+CD3+CD8–Foxp3–RORgt–GATA3+), and (D) Th0 (CD45+CD3+CD8–Foxp3–RORgt–Tbet– 

GATA3–) subsets of cells in IDO1hi and IDO1lo human PDACs treated with GVAX. Comparison of the percentage of (E) Th17+ cells (CD45+CD3+CD8–Foxp3–

RORgt+) and (F) Tregs (CD45+CD3+CD8–Foxp3+) in lymphoid aggregates of IDO1hi and IDO1lo PDACs treated with GVAX. (G) Comparison of the cell density 
of CD8+ cells (CD45+CD3+CD8+) in IDO1hi and IDO1lo PDACs following GVAX treatment (n = 16). Expression was quantified using Image Analysis Software 
(Aperio). *P < 0.05, **P < 0.01; NS, not significant, by unpaired t test.
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firmed that CD4+ T cells from tumors treated with IDO1 inhibitor 
and GVAX have significantly increased IL-2 expression and sig-
nificantly decreased expression of IL-6 comparing to those treat-
ed by GVAX alone (Supplemental Figure 4). As IL-23 and IL-12 are 
largely expressed by DCs and other myeloid cells, their expres-
sion was not assessed in the isolated CD4+ T cells. Nevertheless, 
IL-12 receptor expressed on the CD4+ T cells was not significantly 
changed in the IDO1hi tumors, suggesting that the effect is on the 
signals that regulate the polarization of Th1 cells, not on Th1 cells 
themselves (Supplemental Figure 2). The expression of IL-17 iso-
forms was also assessed in isolated CD4+ T cells of treated mice. 
The expression of IL-17A and IL-17F was noted to be decreased or 
similar following IDO1 inhibitor treatment, whereas expression 
of IL-17B, C, and D isoforms was increased. Notably, the IFN-γ 
expressing Th1-like Th17 cells can lose the expression of IL-17A 
and IL-17F which share the same receptor (27, 30, 31) whereas the 
less well-studied subunits IL-17B, C, and D may bind to different 
receptors (32) and appear to be needed in the IL-23/IL-12–induced 
Th1-like IFN-γ+ Th17 cells, according to our results. Of note, the 
patterns of IL-17 expression did not directly mirror human data, 

as all IL-17 isoforms were consistently lower in the IDO1hi human 
PDAC tumors compared with IDO1lo human PDAC tumors (Figure 
4) (Supplemental Figure 2). It should be noted that IL-17 expres-
sion in human PDAC tumors was examined in dissected stroma, 
which includes cell types beyond CD4+ T cells that may also con-
tribute to IL-17A/F expression. When IDO1 is inhibited, intratu-
mor Tregs are significantly reduced in the mouse PDAC model 
(Figure 3A), suggesting that IDO1 likely plays a role in regulating 
Tregs. Consistent with human data (Supplemental Figure 2), IL-10 
was not significantly affected by IDO1 inhibitor treatment in the 
mouse PDAC model (Supplemental Figure 4). In addition, IL-4 
and TGFb in CD4+ T cells were not significantly affected by IDO1 
inhibitor treatment (Supplemental Figure 4). Therefore, our study 
further supports the hypothesis that IDO1 inhibition plays a role 
in regulating T helper cell polarization, particularly Th1 and Th17 
polarization, and possibly Treg polarization.

These results suggest that it would be important to inhibit 
IDO1 in the setting of vaccine therapy; otherwise, the TME would 
skew toward Th2 and Tregs in those IDO1hi PDACs. Ironically, 
the IDO1hi PDACs were also infiltrated with higher numbers of 

Figure 4. RNA sequencing of dissected stroma of human PDAC tissue. Stroma of representative FFPE tumor sections from patients treated with GVAX 
were microdissected by a pathologist. RNA was purified and amplified, and RNA sequencing was performed. Read count was normalized to the total prior 
to analysis. IDO1hi and IDO1lo expression was determined by IHC as in Figure 3 for comparative analysis. Expression of IL-6, IL-12A, IL-12B, IL-2, IL-23, IL-17A, 
IL-17B, IL-17C, and IL-17F was assessed, respectively, as indicated (A–I) (n = 14). *P < 0.05, **P < 0.01; NS, not significant, by unpaired t test.
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CD8+ T cells and, as shown previously in Figure 3G, individuals 
with PDACs with higher numbers of CD8+ T cells are most likely 
to benefit from the vaccine therapy. This further underlines the 
potential critical importance of IDO1 inhibition in patients who 
may be treated with a vaccine therapy.

The combination of Cy/GVAX and IDO1 inhibitor enhanced 
intratumoral effector T cell infiltration and function, but adding anti–
PD-L1 antibody to the combination of Cy/GVAX and IDO1 inhibitor 
decreased effector T cell infiltration and function. Our results suggest 
that the primary mechanistic role of IDO1 may alter the T cell pop-
ulations within the tumor. As the human data analysis suggested 
that IDO1hi PDACs were also infiltrated with higher numbers of 
CD8+ T cells following vaccine therapy, one concern would be 
whether IDO1 inhibitor would lower the number of CD8+ T cells. 
As shown in Figure 5, A and B, the percentage of CD4+ or CD8+ 
cells in CD3 cells were not significantly changed among all treat-
ment groups. Nevertheless, the absolute numbers of CD4+ and 

CD8+ T cells in the tumors increased significantly (Figure 5, C and 
D) in the group treated with Cy/GVAX or the combination of Cy/
GVAX and IDO1 inhibitor compared with the groups left untreat-
ed or treated with IDO1 inhibitor alone. There is no significant dif-
ference between Cy/GVAX and the combination of Cy/GVAX and 
IDO1 inhibitor, suggesting that IDO1 inhibitor does not inhibit 
CD8+ T cells. However, the addition of anti–PD-L1 antibody to the 
combination of Cy/GVAX and IDO1 inhibitor significantly lowered 
tumor-infiltrating CD4+ and CD8+ T cells to a level similar to that in 
the untreated tumors (Figure 5, C and D). Intratumoral T cells that 
expressed activation markers such as OX40 and CD137 were also 
significantly (Figure 5, E–H) increased in the Cy/GVAX-treated  
group and further increased with a trend in the group treated with 
the combination of Cy/GVAX and IDO1 inhibitor. Although add-
ing anti–PD-L1 antibody to Cy/GVAX was able to maintain the lev-
els of OX40+ or CD137+ T cells at a level similar to that in the mice 
treated by Cy/GVAX alone, adding anti–PD-L1 antibody to the 

Figure 5. IDO1 inhibitor in combination with GVAX increases effector T cell infiltration without added benefit from additional anti–PD-L1 antibody. Percent-
ages of (A) CD4+ cells and (B) CD8+ cells out of the CD3+ population as quantified by flow cytometry analysis in tumor-infiltrating lymphocytes isolated from 
Panc02 hemispleen mice following treatment. Total number of (C) CD3+CD4+ cells, (D) CD3+CD8+ cells, (E and F) CD137+ CD3+ cells, and (G and H) OX40+CD3+ cells 
as quantified by flow cytometry analysis from the same set of Panc02 hemispleen mice following treatment. Data represent mean ± SEM from one represen-
tative experiment of 4–5 mice per treatment group, repeated twice. *P < 0.05, **P < 0.01, ***P < 0.001; NS, not significant, by 1-way ANOVA.
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from mice that were treated with the combination of Cy/GVAX and 
IDO1 inhibitor compared with those that were treated by Cy/GVAX 
alone (Figure 6A and Supplemental Figure 5D). This result suggests 
that the tumor-specific effector T cell function is enhanced by Cy/
GVAX and further enhanced by adding the IDO1 inhibitor to Cy/
GVAX. It should be noted that the combination of Cy/GVAX and 
IDO1 inhibitor led to a trend toward stronger antitumor effector 
T cell function than the combination of Cy/GVAX and anti–PD-1 
antibody. However, adding anti–PD-L1 antibody to the combina-
tion of Cy/GVAX and IDO1 inhibitor enhanced this effector T cell 
function in the peripheral lymphocytes (Figure 6B), but did not fur-
ther enhance this effector T cell function in the tumors; instead, a 
trend toward decreased intratumoral effector T cell function was 
observed. Similarly, adding anti–PD-1 antibody to the combination 
of Cy/GVAX and IDO1 inhibitor had a similar effect as adding anti–
PD-L1 antibody. These results provide a mechanistic explanation 
of why the combination of IDO1 inhibitor and anti–PD-L1 antibody 
does not yield an additional antitumor effect on top of IDO1 inhib-
itor or anti–PD-L1/PD-1 antibody, respectively.

IDO1 inhibitor does not modulate intratumoral myeloid-derived 
suppressor cells quantitatively, but qualitatively. IDO1 inhibitor is 
also thought to be a modulator of MDSCs. Therefore, we com-
pared the intratumoral myeloid cell infiltrations between IDO1hi  
and IDO1lo human PDACs, but did not notice any significant 
difference in all types of myeloid lineage cells that were defined 
in the previous study (Supplemental Figure 6). Nevertheless, 
MDSCs are still not well defined in human tissues. Therefore, we 
analyzed MDSCs, as defined by the cell surface expression pat-
terns of CD11b, Ly6C, Ly6G, and F4/80, in the tumors from mice 
treated as described earlier. As shown in Figure 7A, the total num-
ber of myeloid cells in mice was significantly induced by the Cy/
GVAX treatment, whereas IDO1 inhibitor alone does not change 
the myeloid cell populations. Adding IDO1 inhibitor to the Cy/
GVAX treatment, however, lowered the total number of intratu-
moral myeloid cells significantly, but did not change the intratu-
moral percentage of myeloid cells among all the cells in the liver 
metastases (Figure 7B). Statistically nonsignificant trends were 
noted in repeated experiments with variability likely related to the 
difference in tumor size of corresponding treatment groups (Sup-

combination of Cy/GVAX and IDO1 inhibitor significantly low-
ered OX40+ or CD137+ T cells (Figure 5, E–H). It should be noted 
that intratumoral OX40+ CD4+ T cells in the tumors treated with 
the combination of Cy/GVAX and IDO1 inhibitor were significant-
ly higher than those treated with the combination of Cy/GVAX and 
anti–PD-L1 antibody. In order to investigate the mechanism of this 
decrease in T cell infiltration, flow cytometry analysis of TILs was 
performed and revealed that tumors treated with combination 
GVAX, IDO1 inhibitor, and anti–PD-L1 antibody had a statistically 
significant increase in the Annexin V+, apoptotic CD3+CD8+ cells 
as compared with other treatment groups (Supplemental Figure 
5). RNA was extracted from CD8+ T cells isolated from treated 
tumors to assess changes in T cell trafficking chemokine receptors 
such as CXCR3 by RT-PCR. A modest trend without statistical 
significance was noted with a decrease in Cxcr3 gene expression 
in mice receiving the combination of Cy/GVAX, IDO1 inhibitor, 
and anti–PD-L1 antibody compared with mice receiving the com-
bination of Cy/GVAX and IDO1 inhibitor or Cy/GVAX alone. The 
effect of IDO1 inhibition on cytokines/cytokine receptors cannot 
be ruled out; however, it does not appear to play a major role in 
regulating the CD8+ T cell trafficking (Supplemental Figure 5). 
CD8+ IFN-γ expression was increased with the addition of IDO1 
inhibitor to Cy/GVAX compared with Cy/GVAX alone (Supple-
mental Figure 5). Eomes gene expression was decreased in isolated 
CD8+ cells in mice receiving the combination of Cy/GVAX, IDO1 
inhibitor, and anti–PD-L1 antibody compared with the combina-
tion of Cy/GVAX and IDO1 inhibitor or Cy/GVAX alone. Taken 
together, these results suggest that although there are fewer infil-
trating CD8+ cells in the tumors treated by the combination of Cy/
GVAX, IDO1 inhibitor, and anti–PD-L1 antibody, these CD8+ cells 
may be less exhausted (Supplemental Figure 5) than CD8+ cells in 
tumors treated another way.

Consistent with prior studies, we showed that CD8+ T cells 
isolated from tumor-infiltrating immune cells of tumor-bearing 
mice that were treated with Cy/GVAX demonstrated effector cell 
function as reflected by IFN-γ expression in response to the stim-
ulation of irradiated Panc02 tumor cells. However, a significantly 
enhanced tumor-specific effector T cell function was demonstrat-
ed in CD8+ T cells isolated from tumor infiltrating immune cells 

Figure 6. IDO1 inhibitor in combination with GVAX 
increases IFN-γ expression compared with single- 
agent therapies. CD8+ T cells were isolated from 
purified (A) livers and (B) spleen on day 14 following 
hemispleen injection of 2 × 106 Panc02 tumor cells. 
Mice were treated with IDO1 inhibitor, Cy, GVAX, 
and anti–PD-1 antibody as listed. IgG and metho-
cel controls were used. Irradiated Panc02 tumor 
cells were used as antigenic targets for isolated 
CD8+ cells for ELISA analysis. Each experimental 
group consisted of 5 mice pooled and analyzed in 
triplicate. Data represent mean ± SEM from one 
representative experiment that was repeated. *P < 
0.05, **P < 0.01, ***P < 0.001; NS, not significant, 
by 1-way ANOVA.
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overall myeloid cell population (Figure 7, G and H). Notably how-
ever, IDO1 inhibitor did not change the percentage of G-MDSCs 
and M-MDSCs among myeloid cells (Figure 7). We further exam-
ined the number of PD-L1+ macrophages or monocytes in the liv-
er metastases. As shown in Figure 7I, PD-L1+ macrophages were 
induced by Cy/GVAX treatment, but were significantly decreased 
by IDO1 inhibitor, suggesting that IDO1 inhibitor is able to play the 
role of anti–PD-1/PD-L1 antibodies by suppressing the PD-L1 sig-
naling in macrophages. Because PD-L1+ MDSCs or PD-L1+ mono-
cytes were exceptionally uncommon in all treatment groups, we 
were not able to adequately assess the effects of IDO1 inhibitor on 
these myeloid cell subsets (Supplemental Figure 8). These results 

plemental Figure 7). The decrease in the number of total myeloid 
cells in mice treated with the combination of Cy/GVAX and IDO1 
inhibitor is thus likely due to the decrease in the overall cell num-
ber of the liver metastases and thus an antitumor treatment effect. 
Within the total myeloid cell population, IDO1 consistently low-
ered the number of monocytes and macrophages, but did not low-
er the percentage of macrophages among all the cells in the liv-
er metastases (Figure 7, C–F). This is consistent with our human 
data. The percentages of granulocytic MDSCs (G-MDSCs) and 
monocytic MDSCs (M-MDSCs) among the myeloid cells were also 
increased by the Cy/GVAX treatment, suggesting that the increase 
of MDSCs is not merely the consequence of the increase of the 

Figure 7. IDO1 inhibitor in combination with GVAX lowered the total number of macrophages and monocytes compared with GVAX treatment alone, 
although it did not change the percentage of myeloid-derived suppressor cells. Mice underwent hemispleen procedure receiving 2 × 106 Panc02 PDAC 
cells followed by administration of 100 mg/kg Cy on day 3 and GVAX on day 4. IDO1 inhibitor (200 μg/kg) was administered by oral gavage twice a day 
starting on day 3. Mice were sacrificed at day 13 for flow cytometry analysis. (A) Total numbers and (B) percentage of myeloid cells (CD3–CD11b+) on flow 
cytometry analysis within the total tumor-infiltrating lymphocytes (TILs) of Panc02 hemispleen mice following treatment. (C) Total number and (D) per-
centage of inflammatory monocytes (CD3–CD11b+Ly6ChiLy6G–F480+) of total TILs. (E) Total number and (F) percentages of macrophages (CD3–CD11b+ 

Ly6CloLy6G-F4/80+) of total TILs. Percentages of (G) M-MDSCs (CD3–CD11b+Ly6ChiLy6G–) and (H) G-MDSCs (CD3–CD11b+Ly6CloLy6G+) on flow cytometry analy-
sis among the total myeloid CD3–Cd11b+ population. (I) Total number of PD-L1+ monocytes of the TILs by flow cytometry analysis after hemispleen injection 
of Panc02 cells and indicated therapy. Data represent mean ± SEM from one representative experiment of 4–5 mice per treatment group, repeated twice. 
*P < 0.05, **P < 0.01; NS, not significant, by 1-way ANOVA.
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factors. These results are consistent with the T cell suppression 
assay. In this assay, we found that MDSCs from the tumors of mice 
treated with Cy/GVAX alone were able to suppress CD8+ T cell pro-
liferation. However, MDSCs from the tumors of mice treated with 
the combination of Cy/GVAX and IDO1 inhibitor showed signifi-
cantly less suppressive activity on T cell proliferation (Figure 8D). 
By contrast, although MDSCs from the tumors of mice treated with 
the combination of Cy/GVAX, IDO1 inhibitor, and anti–PD-1 anti-
body showed significantly less suppressive activity compared with 
those from the tumors of mice treated with the combination of Cy/
GVAX, a trend showed MDSCs had more suppressive activity com-
pared with those from the tumors of mice treated with the combi-
nation of Cy/GVAX and IDO1 inhibitor. Moreover, MDSCs from 
the tumors of mice treated with the combination of Cy/GVAX and 
anti–PD-1 antibody had essentially the same suppressive activity 
as those from the tumors of mice treated with the Cy/GVAX alone. 
These results may offer an explanation for why the combination of 
IDO1 inhibitor and anti–PD-1 antibody does not yield an additional 
antitumor effect on top of IDO1 inhibitor.

Discussion
We believe that this study was the first of its kind to test the effica-
cy of the combination of a vaccine therapy and an IDO1 inhibitor 
in a murine tumor model. The results supported the development 
of combination immunotherapy with both cancer vaccine and 
IDO1 inhibitor. The mechanism of action appears to be similar 
to our observation regarding the combination of cancer vaccine 
and anti–PD-1 antibodies, suggesting that vaccine therapy primes 
the tumor microenvironment of PDACs for both IDO1 inhibitor 
and anti–PD-1 antibody therapy. IDO1 expression appears to be 
induced by effector T cell infiltration and inflammatory cytokines 

suggest that IDO1 inhibitor may decrease the total number of 
myeloid cells induced by Cy/GVAX. However, despite chang-
es in inflammatory monocytes and tumor-associated macro-
phages, IDO1 inhibitor does not substantially modulate intratu-
moral MDSCs quantitatively.

We then assessed the function of intratumoral MDSCs in sup-
pressing the proliferation of CD8+ T cells. To study the effects of 
IDO1 expression in MDSCs, RNA sequencing of human PDAC 
tissue was utilized to assess the expression of genes that mediate 
MDSC suppressive activity, thereby confirming that these factors 
are downregulated in IDO1lo expressing subset and indirectly sug-
gesting the effect of IDO1 inhibition on MDSC could be mediat-
ed by the same mechanism. In the GVAX-treated human PDAC 
tumors, there was a correlation between stromal IDO1 expression 
and factors such as ARG1 and NOS2, which are associated with the 
suppressive function of MDSCs (Figure 8, A and B). Nevertheless, 
it remains to be tested whether the stromal expression of ARG1 
and NOS2 is attributed to myeloid cells.

Mouse PDAC tumors treated with IDO1 inhibitor were utilized 
to further investigate the effects of IDO1 inhibition on MDSC func-
tion. Cy/GVAX treatment itself had the effect of substantially low-
ering nitrate production compared with untreated controls (data 
not shown), thus this study focused on assessing arginase activity of 
MDSCs isolated from treated mice by colorimetric arginase assay. 
Mouse PDACs treated with IDO1 inhibitor were found to have sig-
nificantly decreased MDSC arginase activity compared with those 
left untreated or those treated with Cy/GVAX alone (Figure 8C). 
Therefore, although the total number of intratumoral MDSCs was 
not reduced, likely secondary to an effect of the vaccine treatment, 
the T cell suppression function of MDSCs was diminished by IDO1 
inhibitor, likely through reducing the production of the suppressive 

Figure 8. T cell suppression function of MDSCs was 
diminished by IDO1 inhibitor through reducing production 
of the MDSC suppressive factors. Stroma of representative 
FFPE tumor sections from patients treated with GVAX were 
microdissected by a pathologist. RNA was purified and 
amplified, and RNA sequencing was performed. Read count 
was normalized to the total prior to analysis. IDO1hi and  
IDO1lo expression was determined by normalized stromal 
IDO1 expression for comparative analysis of (A) ARG1 
and (B) NOS2 gene expression (n = 19). Mice underwent 
hemispleen procedure receiving 2 × 106 Panc02 PDAC cells 
followed by administration of 100 mg/kg Cy on day 3 and 
GVAX on day 4. IDO1 inhibitor (200 μg/kg) was administered 
by oral gavage twice a day starting on day 3 and continu-
ing for 13 days. Anti–PD-1 antibody (100 μg) or IgG control 
(100 μg) was given intraperitoneally starting on day 5 and 
continuing twice a week. At day 13, mice were sacrificed and 
MDSCs were isolated and used for (C) colorimetric arginase 
assay or (D) T cell suppression assay via coculture exper-
iment in which MDSCs were cocultured for 48 hours with 
wild-type CD8+ cells stained with CFSE. Flow cytometry dif-
fusion analysis was performed to assess suppressive ability 
of treated MDSCs. The percentage of CD8+ T cells that 
divided at least once were calculated based on fluorescence 
diffusion. Data represent mean ± SEM of one representa-
tive experiment of 5 mice per treatment group pooled and 
analyzed in triplicate, repeated once. *P < 0.05, **P < 0.01, 
by unpaired t test and 1-way ANOVA.
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This is consistent with the results of the phase III clinical trial of 
IDO1 inhibitor and pembrolizumab in melanoma (21). The results 
of this preclinical study suggested that the mechanisms of action 
of IDO1 inhibitor are centered on T cells, thus potentially only 
T cell–inflamed melanoma would have responded to the IDO1 
inhibitor treatment. This subgroup of melanomas is also sensi-
tive to immune checkpoint inhibitors. This may explain why the 
combination of IDO1 inhibitor and anti–PD-1 antibody does not 
demonstrate an improved survival in melanoma. Although PDACs 
are immunologically cold tumors, vaccine therapy can convert 
them into T cell inflamed hot tumors as shown previously (5). 
Although IDO1 inhibition or PD-1 blockade is synergized with vac-
cine treatment for PDAC, the combination of both inhibitor agents 
with vaccine treatment may have impaired vaccine-induced ear-
ly T cell activation. Similarly, a previous publication showed that 
concomitant treatment with anti–PD-1 antagonist at the time of 
initiation of anti-OX40 agonist treatment with vaccine resulted in 
apoptosis of CD8+ T cells (33). Thus, our findings also suggest that 
initial PD-1 signaling may be required for the effect of the com-
bination treatment of vaccine and IDO1 inhibitor during early T 
cell activation and proliferation and that PD-1 pathway blockade 
in the setting of the combination of vaccine and IDO1 inhibitor 
may lead to apoptosis of CD8+ T cells. Thus, this preclinical study 
of T cell–inflamed PDACs may serve as an analog to the situation 
in melanoma, providing an explanation to the potential redun-
dant nature and lack of synergy of combination anti–PD-1/PD-L1 
antibody and IDO1 inhibitor. Further dissection of the underlying 
mechanisms is warranted in future studies.

We did consistently observe that adding anti–PD-1 or anti–
PD-L1 antibody to Cy/GVAX and IDO1 inhibitor slightly improved 
survival in the murine model of PDACs. This may be explained 
by the effect of IDO1 inhibitor on Tregs and MDSCs. This effect 
did not yield a significant improvement in survival, likely due to 
the negative impact on the effector T cells when combining anti–
PD-1/PD-L1 antibody with IDO1 inhibitor in the presence of vac-
cine therapy. It is possible that this negative impact of combining 
anti–PD-1/PD-L1 antibody with IDO1 inhibitor on the effector T 
cells counteracts the effect of IDO1 inhibitor on Tregs and MDSCs. 
The underlying mechanism remains to be further explored.

Our study supports the combination of IDO1 inhibitor and vac-
cine therapy for PDAC treatment. However, our results are limited 
by the differences between the mouse model of PDAC and human 
pancreatic cancer. Therefore, further testing in clinical trials of 
PDACs is warranted. Nevertheless, the hemispleen liver metasta-
sis model is superior to traditional subcutaneous tumor models, as 
the tumor microenvironment in the liver metastasis model more 
closely resembles that of the human PDACs. Our study does not 
support the combination of IDO1 inhibitor and anti–PD-1/PD-L1 
antibodies for PDAC in the presence of vaccine therapy. Although 
combining anti–PD-1/PD-L1 antibody with IDO1 inhibitor in the 
presence of vaccine therapy would not result in a synergic effect 
or a significant additive effect, PDACs that are primed by other 
mechanisms (e.g., a non–T cell–inflamed mechanism) may still 
benefit from the combination treatment with IDO1 inhibitor and 
anti–PD-1/PD-L1 antibody. Therefore, it will be interesting to test 
whether other treatment modalities such as chemotherapy, radia-
tion therapy, or other immune modulating agents can prime PDACs 

as a result of vaccine therapy. The induction of IDO1 expression 
further influences the type of T helper cells that dominate the 
tumor microenvironment. More specifically, Th0 cells were not 
affected by IDO1 expression, but the tumor microenvironment in 
IDO1hi PDACs is skewed toward Th2, Th17, and Treg cells.

Our study also supports the hypothesis that IDO1 inhibition 
plays a role in regulating T helper cell polarization, particular-
ly Th1 and Th17 polarization, and possibly Treg polarization. 
Although vaccine alone had only a moderate antitumor effect for 
PDACs, when combined with the IDO1 inhibitor treatment, vac-
cine demonstrated a significantly improved antitumor efficacy.

The mechanisms of action of the combination of IDO1 inhib-
itor and vaccine appear to be as follows. First, IDO1 inhibitor tar-
gets IDO1-expressing tumor cells, resulting in a downstream effect 
on the regulation of CD8+ and CD4+ cells. Specifically, IDO1 plays 
a role in T helper cell polarization, particularly in the Th1 and 
Th17 cells, and possibly in Tregs. Second, IDO1 inhibitor lowers 
both vaccine-induced intratumoral Tregs and PD-L1–expressing 
tumor-associated macrophages, although the number of MDSCs 
does not appear to be affected. The T cell suppression function 
of MDSCs was diminished by IDO1 inhibitor through reducing 
production of the MDSC suppressive factors. IDO1 inhibitor fur-
ther enhanced vaccine-induced effector T cell infiltration and 
tumor-specific cytotoxic T cell activity. The infiltration of activat-
ed T cells was also enhanced by the IDO1 inhibitor. Despite this 
synergistic effect on vaccine therapy, IDO1 inhibitor itself lacked 
these abilities, explaining why the single agent IDO1 inhibitor did 
not have antitumor efficacy in PDACs. The combination of vaccine 
and IDO1 inhibitor appeared to have a stronger effect in driving 
the intratumoral effector T cell infiltration than the combination 
of vaccine and anti–PD-L1 antibody. More strikingly, addition of 
anti–PD-L1 antibody to the combination of IDO1 inhibitor and vac-
cine substantially lowered the number of intratumoral effector T 
cells and activated T cells to a level almost equivalent to untreated 
tumors. Nevertheless, in most of our experiments, we found that 
the combination of vaccine and anti–PD-1/PD-L1 antibody has a 
similar antitumor efficacy as the combination of vaccine and IDO1 
inhibitor. However, the combination of vaccine and IDO1 inhib-
itor may very likely be more effective in treating human PDACs, 
which is more heterogeneous than the mouse models of PDACs. A 
stronger immune response induced by IDO1 inhibitor may result in 
higher or more durable tumor responses in human PDACs.

In the presence of vaccine therapy, IDO1 inhibitor did not 
appear to have major activity in modulating myeloid cells or 
MDSCs quantitatively. Despite this, we found that in tumors treat-
ed with the combination of vaccine and IDO1 inhibitor, MDSCs 
became markedly less suppressive in regard to arginase activity 
and inhibiting T cell proliferation. These results suggest that while 
the major target of IDO1 inhibitor is likely the IDO1-expressing 
tumor cells with downstream effects on regulation of CD8+ and 
CD4+ T cells, the stromal cells, including the myeloid subtype, 
may also be targeted. IDO1 inhibitor may modulate the MDSC’s 
T cell suppression function or may affect the interaction between 
MDSCs and T cells.

One of the most important findings in this study is that there 
is no synergy in antitumor efficacy between IDO1 inhibitor and 
anti–PD-1/PD-L1 antibody in combination with vaccine therapy. 
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(IACUC) guidelines. The hemispleen preclinical pancreatic cancer 
model was performed as previously described utilizing the Panc02 
cell line (8, 38). In brief, on day 0 the spleen was eviscerated from the 
mouse, hemisected, and injected with 2 × 106 Panc02 tumor cells. The 
injected hemispleen segment was subsequently removed.

IDO1 inhibitor compound was dissolved into Methocel vehi-
cle via 15-minute sonication and given to the tumor-bearing mice by 
oral gavage twice a day at 200 mg/kg starting on day 3. As previously 
described, cyclophosphamide (Cy) (100 mg/kg; Bristol-Myers Squibb) 
was administered intraperitoneally (i.p.) on day 3 prior to vaccine ther-
apy administration (8). Whole-tumor-cell autologous GVAX immu-
notherapy was prepared utilizing the cultured Panc02- and GM-CSF–
expressing B78H1 cells (8, 39). Cells were harvested, washed in PBS, 
combined at an equal concentration of 2 × 107/ml, and irradiated at 50 
Gy. GVAX was administered subcutaneously in 3 limbs (100 μl each) on 
days 4, 7, 14, and 21. Anti–PD-1 or anti–PD-L1 antibody (5 mg/kg; RMP1-
14; 10F.9G2, BioXcell) or IgG (5 mg/kg; 2A3, BioXcell) were adminis-
tered i.p. starting on day 3 and continuing twice weekly for a total of 8 
doses. Mice were monitored daily for survival analyses and euthanized 
humanely by CO2 inhalation if the following survival endpoints were 
met, as determined by IACUC third party management: hunched pos-
ture, lethargy, dehydration, significant ascites, and rough hair coat.

Immune analysis of spleen and liver metastasis-infiltrating lympho-
cytes. Spleen and liver metastasis-infiltrating lymphocytes were ana-
lyzed on day 13 following Panc02 tumor inoculation and abbreviated 
treatment course (Cy, day 3; GVAX, days 4 and 7; IgG, anti–PD-1, or 
anti–PD-L1 antibody, days 3, 6, and 10; IDO1 inhibitor twice a day 
starting on day 3). Each liver was mechanically processed sequentially 
through 40-μm and 100-μm nylon filters and brought to a volume of 
25 ml CTL medium. Each spleen was mechanically processed through 
two 100-μm nylon filters and brought to a volume of 15 ml CTL medi-
um. All suspensions were centrifuged at 500 g for 5 minutes. Liver 
and spleen cell pellets were suspended in 4 ml ACK lysis (Quality Bio-
logical) for 2 minutes and subsequently spun at 1500 rpm for 5 min-
utes. Liver cell pellets were then suspended in 6 ml 80% Percoll (GE 
Healthcare Life Sciences), overlaid with 6 ml 40% Percoll, and cen-
trifuged at room temperature for 25 minutes at 3200 rpm without the 
brake. The lymphocyte layer was then removed by an 18-gauge needle 
and suspended in 10 ml CTL media.

Cell staining and flow cytometry. Following the isolation of tumor infil-
trating lymphocytes from murine livers, cells were stained with the Live 
Dead Aqua Dead Cell Kit (Invitrogen). The lymphocytes were washed 
and subsequently blocked with mouse Fc antibody (BD Pharmingen) 
for 10 minutes on ice followed by incubation or staining with cell surface 
antibodies: CD3-APC (Biolegend), CD4-APC H7 (Biolegend), CD8-PE 
Cy7 (Biolegend), CD25-BV421 (Biolegend), PD-1–FITC (Biolegend), 
PD-L1–PE (eBioscience), OX40-PE (Biolegend), CD137-APC (eBiosci-
ence), CD45-APC Cy7 (BD Pharmingen), CD11b-PE TR (Life Technol-
ogies), Ly6C-PerCP Cy5.5 (eBioscience), Ly6G-V450 (BD Horizon), and 
F4/80-PE Cy7 (eBioscience) for a 30-minute incubation on ice.

Intracellular antimouse forkhead box P3 (FoxP3) staining was then 
performed following cell surface cell marker incubation. Lymphocytes 
were suspended in cold Fix/Perm buffer (eBioscience) and incubated 
for 30 minutes at 4°C. The cells were then washed with Perm Buffer 
(eBioscience). FoxP3-PE (eBioscience) antibody was added and incu-
bated on ice for 30 minutes. Cells were washed with Fix/Perm buffer 
and assayed on a Gallios flow cytometer (Beckman Coulter).

for the combination treatment with IDO1 inhibitor and anti–PD-1/
PD-L1 antibody in the presence or absence of vaccine therapy.

Methods
Immunohistochemistry. Tumor tissues for human correlative IHC 
staining were obtained from specimens collected after GVAX vac-
cine exposure in patients who underwent surgery concurrently at 
our institution under the Johns Hopkins Medical Institution (JHMI) 
Institutional Review Board (IRB) approved protocol (NA_00074221) 
(5). Additional human PDAC specimens treated with neoadjuvant 
chemotherapy and radiation were also collected under the JHMI IRB- 
approved protocol (NA_00001584). Formalin-fixed paraffin-embed-
ded (FFPE) tissue blocks were obtained from our pathology archive. 
All FFPE sections of pancreatic tumor specimens were sectioned at 5 
μm. IHC staining was performed using Dako Catalyzed Signal Ampli-
fication system as previously described (34). Antigen retrieval and IHC 
staining were performed manually for IDO1 utilizing mouse monoclo-
nal anti-hIDO (4.16H1). Slides were deparaffinized and hydrated in 
preparation for heat-induced antigen retrieval. Incubation with the 
primary antibody using optimal conditions was followed by immunos-
taining development and subsequent H&E counterstain. Slides were 
then rinsed and mounted with glass coverslips.

All slides were deidentified and scanned, and whole-slide imag-
es were individually analyzed using Image Analysis Software (Aperio 
Technologies). Tumor areas to be analyzed were circled by a pathologist 
on the H&E-stained slides in order to include the largest area of contin-
uous neoplastic tissue while excluding normal pancreatic and intestinal 
tissue. The Positive Pixel Count algorithm was used to quantify IDO1 
expression. A value above 350,000 pixels/tumor mm2 was determined 
to be IDO1hi. Six total samples were identified as IDO1hi (Figure 1B). Of 
these 6, only 3 had tissue available for comprehensive IHC experiments. 
The Cell Surface Count and Nuclear Count algorithms were used to 
quantify the number of cells positive for immune cell surface or nuclear 
markers, respectively. Cell density was defined by the ratio of the posi-
tive pixels (excluding the number of weak positive pixels) divided by the 
total specified tumor area. Automatic quantification results were ano-
nymized and validated first by manual quantification.

Cell lines and media. Panc02 is a highly tumorigenic transplantable 
PDAC cell line derived from C57BL/6 mice (35). Cells were authenti-
cated by DNA and gene expression profiling and cultured as previously 
described (35, 36). These cells were kept in DMEM media (Life Tech-
nologies), 10% fetal bovine serum (Atlas Biologicals), 1% l-glutamine 
(Life Technologies), and 0.5% penicillin/streptomycin (Life Technolo-
gies) at 37°C in 10% CO2. B78H1-GM cells are an MHC class I–negative 
variant of the B16 melanoma cell line capable of secreting GM-CSF 
(37). B78H1 cells were maintained in RPMI media (Life Technologies), 
10% fetal bovine serum (Atlas Biologicals), 1% penicillin/streptomy-
cin (Life Technologies) and 0.5% l-glutamine (Life Technologies) at 
37°C in 5% CO2. Immune analyses were performed using CTL-T cell 
culture medium consisting of RPMI (Life Technologies), 10% fetal 
bovine serum (Atlas Biologicals), 1% l-glutamine (Life Technologies), 
1% penicillin/streptomycin (Life Technologies), 1% HEPES (Life Tech-
nologies), 1% nonessential amino acids (Life Technologies), and 0.1% 
2000 times β-mercaptoethanol (Life Technologies).

Mice and in vivo experiments. Female C57BL/6 mice were pur-
chased from Harlan Laboratories at 7–9 weeks of age and maintained 
according to the Institutional Animal Care and Use Committee 
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Total Nucleic Acid Isolation Kit for FFPE (Ambion) and amplified by 
the WT-Ovation FFPE System (NuGEN Technologies) as per the man-
ufacturers’ protocols. Whole-exome RNA sequencing of dissected pan-
creatic specimen stroma of the same human cohort of GVAX-treated 
PDAC patients used for IHC was performed at MEDgenome. The data 
discussed in this publication have been deposited in the MINSEQE- 
compliant public NCBI’s Gene Expression Omnibus (40) and are 
accessible through GEO Series accession number GSE125506.

Statistics. All statistical analyses and graphing were performed 
using GraphPad Prism software (GraphPad Software). Kaplan-Meier 
curves and log-rank tests were used to estimate median survival and 
analyze survival outcomes between subgroups. For comparison of cell 
number, percentage, and cytokine expression, the mean values were 
evaluated using Student’s or Welch’s t test. One-way ANOVA was uti-
lized for multiple comparisons of means. A P value of less than 0.05 
was considered statistically significant.

Study approval. All studies and maintenance of mice were con-
ducted in accordance with the approval of the Institutional Animal 
Care and Use Committee (IACUC) guidelines. Tumor tissues for 
human correlative IHC staining were obtained from specimens col-
lected after GVAX vaccine exposure in patients who underwent sur-
gery concurrently at our institution under the JHMI IRB–approved 
protocol NA_00074221 (5). Additional human PDAC specimens treat-
ed with neoadjuvant chemotherapy and radiation were also collect-
ed under the JHMI IRB–approved protocol NA_00001584. Written 
informed consent was obtained from participants.
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For determination of apoptosis in vivo, CD8+ T cells from tumors 
and spleens of treated mice were processed into single-cell suspen-
sions as explained above and cells were stained for cell surface mark-
ers including CD3, CD8 and fixable live/dead staining. Cells were then 
washed twice in FACS buffer and once in 1× Annexin V Binding Buffer 
(eBiosciences). For determination of apoptosis cells were incubated 
for 10 to 15 minutes in 100 μl Annexin V binding buffer containing 5 μl 
FITC-conjugated Annexin V at room temperature and protected from 
light before assayed on a flow cytometer.

Immune cell isolation and RT-PCR. Isolated liver tumor–infiltrat-
ing lymphocytes were enriched for CD8+ cells using CD8– isolation kit 
(Life Technologies) according to protocols provided by the manufac-
turer. Total mouse MDSCs were isolated by magnetic separation from 
liver tumor–infiltrating lymphocytes by 2-step purification using the 
MDSC isolation kit (Miltenyi Biotec) per the manufacturer’s protocol.

TRIzol Reagent (Thermo Fisher Scientific) was used to extract 
total RNA from tumor-infiltrating lymphocyte cell pellets. The RNA 
was then converted to cDNA using the Superscript III First Strand Syn-
thesis Supermix Kit (Thermo Fisher Scientific). Quantitative RT-PCR 
was performed on the StepOnePlus Real Time PCR System (Thermo 
Fisher Scientific) and analyzed by the StepOne software V2.1. The 
expression of was measured by SYBR Green–based qPCR. All gene 
expression was normalized to the expression of β-actin. All PCR reac-
tions were performed in triplicate.

Mouse IFN-γ enzyme-linked immunosorbent assays. CD8+ T cells 
were isolated from tumor-bearing mice liver and spleen and cocul-
tured with autologous Panc02 tumor cells irradiated with 50 Gy at a 
ratio of 5:1 (2 × 105 CD8+ T cells: 4 × 104 irradiated Panc02 tumor cells). 
The coculture was incubated for 18 hours in AIMV medium (Thermo 
Fisher Scientific) at 37°C. Mouse IFN-γ enzyme-linked immunosor-
bent assay (ELISA) Ready-Set-Go (eBioscience) was then conducted 
with the supernatant per manufacturer’s protocol.

MDSC functional assays. Liver metastases-infiltrating lymphocytes 
were isolated from tumor-bearing mice and purified by magnetic sep-
aration to obtain MDSCs from each treatment group. MDSCs were 
resuspended in CTL media. CD8+ cells were isolated from wild-type 
C57BL/6 mouse splenocytes and stained with the CFSE Cell Prolifer-
ation Kit (CellTrace, Thermo Fisher Scientific) per the manufacturer’s 
protocol. Cells were plated in U-bottom 96-well plates at a 2:1 ratio  
(2 × 105 CFSE stained CD8: 1 × 105 MDSCs) and incubated at 37°C for 
48 hours with CD3/CD28 Mouse T-Activator beads (Thermo Fisher Sci-
entific). Cells were then assayed on a Gallios flow cytometer (Beckman 
Coulter). Mouse Colorimetric Arginase Assay Kit (abcam) was conduct-
ed with isolated mouse MDSCs per the manufacturer’s protocol.

RNA sequencing and microarray analysis of human PDAC tissue. 
Approximately twenty 5-mm sections of FFPE tissue from each subject 
were anonymized and stained with H&E immediately before the stro-
ma were microdissected by a pathologist using a dissecting microscope 
as previously described (5). RNA was purified using the RecoverAll 
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