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Indoleamine 2,3-dioxygenase (IDO) is an immunoregulatory enzyme. Remarkably, we discovered IDO-specific T cells
that can influence adaptive immune reactions in patients with cancer. Further, a recent phase I clinical trial
demonstrated long-lasting disease stabilization without toxicity in patients with non-small-cell lung cancer (NSCLC)
who were vaccinated with an IDO-derived HLA-A2-restricted epitope.

The immune system maintains a deli-
cate balance between immunity and toler-
ance, protecting the host from pathogens
while minimizing local tissue damage.
IDO is a critical endogenous cellular fac-
tor that contributes to immune suppres-
sion. IDO activity constitutes a counter-
regulatory mechanism induced by pro-
inflammatory signals. This is also a crucial
mechanism in cancer,1 and cancer patients
exhibit IDO elevation in a subset of plas-
macytoid dendritic cells (DC) in tumor-
draining lymph nodes. IDO may also be
expressed by tumor cells and tumor stro-
mal cells, where it inhibits the effector
phase of immune responses.2

We recently reported spontaneous
CD8C and CD4C T-cell reactivity
against IDO in the tumor microenvi-
ronment and in the peripheral blood of
various cancer patients. We demon-
strated that these IDO-reactive CD8C

T cells were peptide-specific cytotoxic
effector cells that can recognize and kill
IDO-expressing cells, including tumor
cells and DC. We further found in
vitro, that the presence of these IDO-
specific T cells enhanced other T-cell
responses, both directly and indirectly.3

Thus, IDO may serve as a widely appli-
cable target for immunotherapeutic
strategies with a completely different
function and expression pattern com-
pared to previously described antigens,
and such IDO-based immunotherapy

could potentially act synergistically with
other types of immunotherapy.

To evaluate the efficiency and safety of
IDO-based vaccinations, we initiated a
phase I first-in-man clinical phase I vacci-
nation trial. The study comprised 15
HLA-A2C patients with advanced
NSCLC who were vaccinated with an
IDO-derived A2 peptide in Montanide
adjuvant (www.clinicaltrials.gov;
NCT01219348).4 The vaccine was well
tolerated with manageable side effects and
no CTCAE grade 3/4 toxicities. Local
reactions at the vaccine site occurred in
90% of patients, most likely due to Mon-
tanide5 and Imiquimod.6 The median
overall survival (OS) was >2 y, which was
markedly higher than expected for this
patient group. Of the seven patients with
stable disease (SD), six are still alive. Based
on this cohort’s expected median progres-
sion-free survival of »6–7 mo,7 we
defined clinical benefit as objective
response or SD for �8.5 mo, which was
observed in 47% of the treated patients.
One patient obtained an objective partial
response after demonstrating continuous
tumor regression on vaccine treatment for
1 y. He and one other patient remain
enrolled in the trial.

The vaccine comprised an IDO-
derived HLA-A2-restricted epitope. We
compared the vaccinated HLA-A2C

patients with the HLA-A2¡ patients in
the intent-to-treat population who were

excluded due to HLA type. Respectively,
the two groups had median OS of 25.9
mo (778 d) and 7.7 mo (237 d), demon-
strating significant longer OS in the vacci-
nated HLA-A2C group (P D 0.03). The
clinical significance of HLA phenotype in
cancer patients has been widely investi-
gated. A large study recently reported
HLA-A2 expression to be an unfavorable
prognostic factor in stage I NSCLC
patients,8 highlighting the potential
importance of the significantly longer OS
observed in vaccinated HLA-A2C patients
compared to unvaccinated HLA-A2¡

NSCLC patients. However, these observa-
tions must be confirmed in a larger clinical
trial.

All examined patients showed IDO
expression in the tumor microenviron-
ment but there was no apparent correla-
tion between IDO expression intensity
and the clinical response to vaccine treat-
ment. However, two patients with pro-
gressive disease (PD) and very short-term
survival exhibited grade 3C IDO expres-
sion, which could potentially be associated
with an unfavorable prognosis.

Immune monitoring using ELISPOT
confirmed the presence of IDO-specific T
cells in all patients, not only in the
patients that seemed to benefit clinically.
Two patients with SD showed an IDO-
specific ELISPOT response during 1 y of
treatment, suggesting sustained long-term
IDO reactivity. Notably, compared to
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those who showed no clinical response,
patients who achieved a clinical response
to the vaccine showed significantly higher
pre-treatment levels of IDO-specific T
cells. Furthermore, all treated patients
exhibited a significantly reduced Treg
population after the sixth vaccine. Kynur-
enine produced by IDO may effectively
hamper the immune response by binding
the aryl hydrocarbon receptor, which
favors local Treg formation. We previ-
ously showed that IDO-specific T-cell
activation decreased Treg frequency in
vitro.3 Based on these promising clinical
results, we recently initiated an additional
phase I trial combining IDO vaccination
with standard ipilimumab treatment for
stage IV melanoma patients (www.clinical
trial.gov NCT02077114).

We have also characterized self-reac-
tive T cells that specifically recognize
additional proteins expressed in regula-
tory immune cells, e.g., programmed
death ligand 1 (PD-L1) and Foxp3.9,10

In particular, PD-L1-specific T cells are
an interesting example of the immune
system’s ability to influence adaptive
immune reactions by directly reacting
against immune-suppressive mechanisms
that have been adopted by cancerous
cells. Targeting of antigens with an
immune regulatory function offers a
form of immunotherapy in which spe-
cific cell depletion is not limited to tar-
geting products expressed on the cell
surface. By definition, almost any suc-
cessful immune therapy strategy aims to
induce immunological activation and
inflammation. Since immune-suppres-
sive cells might antagonize the desired
effects of immunotherapeutic
approaches, the targeting of such cells –
for example, by vaccination – is obvi-
ous, easily implementable and probably
highly synergistic (Fig. 1). Thus, boost-
ing specific T cells that recognize
immune regulatory proteins, such as
IDO or PD-L1, may directly modulate

immune regulation, potentially altering
tolerance to tumor antigens.
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Figure 1. The targeting of immunosuppressive cells as well as cancer cells by vaccination. Following protein processing, antigen-derived peptides are
presented on the cell surface by HLA class I molecules, where they are recognized by CD8C T cells. Hence, antigen-specific T cells can recognize HLA-
restricted epitopes on the surface of regulatory immune cells (e.g., myeloid-derived suppressor cells and tumor-associated dendritic cells), resulting in
suppression and/or delay of local immune suppression. They can also eliminate antigen-expressing cancer cells (red arrows). The boosting of IDO or PD-
L1-specific T cells by vaccination may consequently directly modulate immune regulation and potentially altering tolerance to tumor antigens. Because
immune-suppressive cells might antagonize the desired effects, the addition of antigens like PD-L1 and IDO should be an easily implementable and
vastly synergistic method to improve the efficiency of cancer vaccines.
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