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Abstract IDO2 is a newly discovered enzyme with 43 %

similarity to classical IDO (IDO1) protein and shares the

same critical catalytic residues. IDO1 catalyzes the initial

and rate-limiting step in the degradation of tryptophan and

is a key enzyme in mediating tumor immune tolerance via

arrest of T cell proliferation. The role of IDO2 in human

T cell immunity remains controversial. Here, we demon-

strate that similar to IDO1, IDO2 also degrades tryptophan

into kynurenine and is inhibited more efficiently by Levo-

1-methyl tryptophan (L-1MT), an IDO1 competitive

inhibitor, than by dextro-methyl tryptophan (D-1MT).

Although IDO2 enzyme activity is weaker than IDO1, it is

less sensitive to 1-MT inhibition than IDO1. Moreover, our

results indicate that human CD4? and CD8? T cell pro-

liferation was inhibited by IDO2, but both L-1MT and

D-1MT could not reverse IDO2-mediated arrest of cell

proliferation, even at high concentrations. These data

indicate that IDO2 is an inhibitory mechanism in human

T cell proliferation and support efforts to develop more

effective IDO1 and IDO2 inhibitors in order to overcome

IDO-mediated immune tolerance.
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Introduction

The first step of tryptophan degradation is catalyzed by the

immunoregulatory enzyme indoleamine 2,3-dioxygenase

(IDO1), which plays a key role in immune counter-regu-

lation in a range of clinically significant syndromes such as

chronic infections, autoimmunity, cancer, and allograft

resistance to destructive host immunity [1]. IDO1 sup-

presses immune response possibly through tryptophan

depletion and via the generation of pro-apoptotic metabo-

lites [2, 3]. It has been shown that IDO1? human antigen-

presenting cells reduce tryptophan, suppress T cell

activation, and promote tolerance in the tumor microenvi-

ronment [4], and tumor draining lymph nodes [5]. Tumor

expression of IDO1 has been shown to correlate with poor

prognosis in several human malignancies including endo-

metrial [6], colon [7], and epithelial ovarian carcinomas

(EOC) [8]. In a previous study, we demonstrated that EOC

patients with higher frequencies of intraepithelial CD8?

T cells demonstrated improved survival compared with

patients with lower frequencies [9]. These observations

have prompted our interest in the use of IDO-inhibitor
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drugs to overcome IDO-mediated arrest of T cell prolif-

eration and potentially enhance the efficacy of vaccine-

induced immune responses in human ovarian cancer.

Previous studies showed that the L stereoisomer of

1-MT was a more potent inhibitor of IDO1, while D ste-

reoisomer was shown to have superior antitumor activity

and to be more effective in inhibiting IDO1-expressing

tolerogenic DCs in preclinical models [10]. Recently, we

have shown that L-1MT is more efficient than D-1MT in

inhibiting enzyme activities of IDO1 and reversing IDO-1-

mediated arrest of T cell proliferation [11]. A potential

explanation for the discrepant biochemical and antitumor

effects was provided by the discovery of the IDO2 gene

that appears to be preferentially inhibited by D-1MT [12].

Human IDO2 residing immediately downstream of the

classic IDO1 gene on 8p12 has been discovered, along with

the IDO2 ortholog in the mouse [12]. There is about 43 %

similarity between IDO2 and IDO1 in humans, and the

same level of similarity between murine IDO2 and IDO1

[13]. Critical catalytic residues between IDO1 and IDO2

are identical and functionally conserved, and IDO2 func-

tions like IDO1 biochemically in tryptophan catabolism

[14]. Expression of IDO2 has been found in human pan-

creatic cancer and cell lines [15]. However, the biological

role of IDO2 in T cell immunity remains unclear.

In order to study biological role of IDO2 in cellular

immunity, we assessed susceptibility of human lympho-

cytes to IDO2-expressing cells and examined the ability of

different isomers of 1-MT in inhibiting IDO2 enzyme

activity. Our data indicate that L-1MT is more efficient

than D-1MT in inhibiting both IDO1 and IDO2 enzyme

activities. Like IDO1, IDO2 also suppresses T cell prolif-

eration. Although human IDO2 activity can be inhibited by

D-, L-, and racemic (D/L) 1MT, none of these 1-MTs could

efficiently reverse T cell suppression mediated by IDO2.

The data are relevant to understanding IDO2 biological

functions as well as in selecting IDO inhibitors for clinical

trials.

Materials and methods

Normal donors and cell lines

Blood samples were obtained from normal healthy volun-

teers. All specimens were collected under an approved

protocol from the Institutional Review Board (IRB) at

Roswell Park Cancer Institute (RPCI), Buffalo, NY.

Human embryonic kidney cell line 293 and IDO1 (INDO)-

transfected 293 cell line (293IDO1) were the gifts from Dr.

Benoı̂t J. Van den Eynde [3] and cultured in RPMI 1640

media supplemented with 10 % fetal bovine serum, 2 mM

L-glutamine (Gibco/Invitrogen, Carlsbad, CA), 100 U/ml

penicillin/streptomycin (Gibco/Invitrogen), and 0.05 mM

nonessential amino acids (Gibco/Invitrogen) as complete

medium (CM). Human and mouse IDO2 (INDOL1)-trans-

fected 293 cells were provided by Dr. Richard Metz [12]

and maintained in CM supplemented with 5 ng/ml blas-

ticidin and 100 lg/ml Zeocin and treated with doxycycline

(Dox) to induce transgene expression per Invitrogen’s

procedure. All cells were cultured in regular RPMI 1640

media.

Measurement of kynurenine production

Kynurenine (Kyn) production in cells was analyzed

essentially as described [16]. Briefly, 200 ll of the test

sample was mixed in a 96-well plate with 100 ll 30 %

TCA. After centrifuging, supernatants (100 ll) were

transferred to a new dish, mixed with 100 ll Ehrlich’s

reagent (2 % p-dimethylaminobenzaldehyde w/v in glacial

acetic acid), and incubated 10 min at room temperature.

Absorbance at 490 nm was determined on a plate reader

and the data collected and analyzed using Excel software

(Microsoft). Samples were analyzed in triplicate.

Assessment of cellular proliferation and suppression

CD4? and CD8? cell proliferation was measured by CFSE

dilution after appropriate gating. Magnetic bead separation

technology (Invitrogen Dynal AS, Oslo, Norway) was used

to isolate CD8? and CD4? T cell subsets. Subsequently,

1 9 107/ml cells separated from the aforementioned

protocol were independently labeled with 5 lM CFSE

(Invitrogen) according to the manufacturer’s instructions.

And 5 9 104 cells were separately co-cultured with

1 9 104 of 293, 293IDO1, or 293IDO2 cells and activated

with plate-bound anti-CD3 (UCHT1 clone, 5 lg/ml) and

soluble anti-CD28 (clone 28.1, 1 lg/ml, both from BD

Biosciences) mAbs in 96-well U-bottom plates (Nalgene

Nunc, Rochester, NY). The ability of IDO2 to suppress the

growth of responder T cells was assessed by FACS after

co-culturing for 3–6 days. In some experiments, T cells

were stimulated with 9 lg/ml PHA (HA15, Murex Diag-

nostics, Dartford, UK). Activated T cells cultured alone

without any 293 cells were used as positive control. Non-

activated T cells were used as negative control.

Antibodies and fluorescence-activated cell sorting

analysis

Anti-CD3-APC H7, anti-CD4-APC, and anti-CD8-PE-Cy7

were purchased from Becton–Dickinson Pharmingen.

LIVE/DEAD Fixable Dead Cell Stain Kits were purchased

from Invitrogen. Surface staining was performed for

15–20 min at 4 �C in fluorescence-activated cell sorting
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(FACS) tubes containing total cells harvested from afore-

mentioned co-cultures resuspended in 100 ll staining

buffer [PBS with 1 % FCS and 0.05 % NaN3 (Sigma)].

LIVE/DEAD samples were stained according to manu-

facturer’s instructions. Stained samples were acquired on

an LSR II flow cytometer (BD Biosciences, Franklin

Lakes, NJ) using FACSDiVa software, and listmode data

were analyzed with WinList (Verity Software House,

Topsham, MN). Dead cells were removed from analyses by

gating on events that were considered negative for the

LIVE/DEAD dye. With each sample, an isotype-matched

negative control was used to determine the positive and

negative cell populations.

Statistical analysis

Comparison between paired or unpaired groups was per-

formed using the appropriate Student’s t test. A p value

\0.05 was defined as statistically significant.

Results

IDO2 has enzyme activity that degrades tryptophan

and generates kynurenine

Human and mouse IDO2 genes under the control of Dox-

activated promoters were transfected into human embryonic

kidney cells (293 cells), respectively [12]. These cells

express IDO2 in the presence of Dox and grow in a similar

manner as parental 293 cells in the absence of Dox. The

expression levels of IDO1 and IDO2 proteins are similar as

detected by Western blot [12]. To study tryptophan (Trp)

metabolism mediated by IDO2 enzyme, these cells were

cultured in complete medium supplemented with various

amount of Trp and 20 ng/ml of Dox. On day 5, the super-

natant was collected, and concentrations of Kyn were

measured by Ehrlich reagent. As shown in Fig. 1a, the

concentrations of Kyn increased from both IDO2 cells

treated with Dox as Trp concentrations increased, indicating

that both human and mouse IDO2 were able to generate

Kyn by degrading Trp. There was more Kyn produced by

Dox-treated cells than by cells without Dox. Furthermore,

the amount of Kyn in supernatants derived from mouse

IDO2 cells treated with Dox was greater than those from

human IDO2, indicating that mouse IDO2 (MuIDO2) has a

stronger enzyme activity than human IDO2, considering

that these cells express same amount of IDO2 protein in our

system. Next, we cultured MuIDO2 cells treated with Dox

and HuIDO1 cells for 5 days supplemented with various

amount of Trp. Kyn concentration analysis from cultured

supernatants revealed that HuIDO1 cells produced more

amount of Kyn than MuIDO2 cells. These data indicated

that human IDO1 derived from a human IDO1-transfected

293 cells has the strongest enzyme activity when compared

with both human and mouse IDO2 (Fig. 1b).

L-1MT is more efficient in suppressing IDO2 activity

Next, we wanted to determine whether IDO2 can be sup-

pressed by IDO inhibitors and if this is the case, which

isomer is more efficient in inhibiting IDO2 enzyme activ-

ity. 293IDO2 cells were cultured in the absence or presence

of 20 ng/ml of Dox with or without different isomers of

1 mM 1-MT. On day 5, supernatant from each culture was

harvested, and Kyn concentrations were measured.

293IDO2 cells produced very little Kyn when they were

cultured without Dox treatment, which was independent of

the presence of different 1-MTs, indicating that 1-MTs

alone had no effect on 293IDO2 cells. Consistent with

Fig. 1, 293IDO2 cells produced higher amounts of Kyn

when treated with Dox (p = 0.0005 compared with no Dox

treatment) (Fig. 2a). Surprisingly, contrary to previous

report [12], IDO2 activity was not inhibited by D-1MT

(p = 0.65). On the contrary, L-1MT but not D-1MT par-

tially suppressed IDO2 activity (p = 0.03). To further

Fig. 1 Human and mouse IDO2 degrades Trp into Kyn. a Human

and mouse IDO2 gene–transfected 293 cells were cultured in

complete media supplemented with various amount of Trp and

20 ng/ml of Dox for 5 days, and concentrations of Kyn derived from

each culture supernatant were measured. b IDO1 enzyme activity is

stronger than IDO2. Concentrations of Kyn were compared between

MuIDO2 cells and HuIDO1-transfected 293 cells from supernatant on

day 5. Kyn production from 293 parental cells and 293IDO2 cells

without Dox was also presented. Tests were repeated at least three

times with similar results
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investigate IDO2 sensitivity to D- or L-1MT, serial-diluted

amounts of D-1MT and L-1MT were incubated with

293IDO2 cells treated with Dox (Fig. 2b). 293IDO2 cells

cultured with serial-diluted D-1MT and L-1MT without

Dox treatment serving as negative controls generated

negligible amounts of Kyn. After Dox treatment, notice-

able amounts of Kyn were produced from these 293IDO2

cells in the absence of 1-MTs. However, IDO2 activity

began to decrease when cells were treated with as low as

250 lM of L-1MT and continued to decrease as concen-

tration of L-1MT increased. On the other hand, Kyn

concentration decreased very slowly when cells were cul-

tured in the presence of various amounts of D-1MT. We

confirmed these observations by studying kinetics of Kyn

production. IDO2 cells were cultured with different 1-MTs,

supernatants were collected at different time points, and

concentrations of Kyn were measured (Fig. 2c). IDO2 cells

without Dox treatment served as negative control. Kyn

production from Dox-treated IDO2 cells appeared by day 3

and continued to increase with time. It was clearly shown

that at each of the time points, L-1MT was more efficient

than D-1MT in inhibiting IDO2 activity. Collectively, our

data indicated that IDO2 activity was inhibited more effi-

ciently by L-1MT than by D-1MT.

Both IDO1 and IDO2 are suppressed more efficiently

by L-1MT than by D-1MT

Recently, we have reported that IDO1 is inhibited more

efficiently by L-1MT than by D-1MT [11]. It is important

to compare efficiencies of different 1-MTs on different

IDO enzymes. 293IDO1 cells and 293IDO2 cells treated

with Dox were cultured with various amounts of different

1-MTs for 5 days. Analysis of Kyn concentrations revealed

superior enzyme activity of IDO1 to IDO2 (Fig. 3a).

Consistent with our previous report [11], L-1MT was more

efficient than D-1MT in suppressing IDO1 activity. Since

IDO2 enzyme activity was much weaker than IDO1, we

plotted percentage inhibition of Kyn production after

treatment with 1-MTs. As shown in Fig. 3b, inhibitions of

Kyn production were in the following order: 293IDO1

with L-1MT [ 293IDO2 with L-1MT [ 293IDO2 with

D-1MT [ 293IDO1 with D-1MT. The data indicated that

L-1MT is more efficient than D-1MT in inhibiting both

IDO1 and IDO2 activities. Although IDO2 is more effi-

ciently inhibited by L-1MT than D-1MT, there is only

about 30 % highest inhibition in IDO2 at high concentra-

tions of L-1MT, while IDO1 was inhibited by about 50 %

by the same amount of L-1MT, suggesting that 1-MT is not

very efficient in inhibiting IDO2 enzyme activity.

IDO2 inhibits proliferation of CD4? and CD8? T cells

In order to determine the effect of IDO2 expression on

T cell proliferation, CD4? and CD8? T cells were purified

from normal donor PBMC by magnetic beads; 5 9 104

CFSE labeled CD4? or CD8? T cells were co-cultured

with 1 9 104 of 293IDO2 cells treated or not with 20 ng/ml

Dox. Plate-bound anti-CD3 and soluble CD28 were used to

stimulate T cells. After 4 days, T cell proliferation was

measured by CFSE dilution after gating by FACS. As shown

in Fig. 4a, a few CD4? T cells proliferated without anti-

CD3/CD28 stimulation. However, anti-CD3/CD28 stimula-

tion resulted in CD4? T cell proliferation when cultured

Fig. 2 L-1MT is more efficient than D-1MT in inhibiting IDO2

activity. a Kyn concentrations derived from supernatant of mouse

IDO2 cells cultured with different 1 mM of 1-MTs were measured.

b Mouse IDO2 cells were cultured with various amounts of different

1-MTs for 4 days. c Mouse IDO2 cells were cultured in 1 mM of

different 1-MTs for different days. IDO2 cells without Dox treatment

were used as negative control. Tests were repeated at least three times

with similar results
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with or without 293 cells in the presence or absence of Dox,

suggesting that co-culturing with 293 cells or treatment with

Dox does not affect T cell proliferation. In contrast, less

amounts of T cells divided when co-cultured with 293IDO2

cells treated with Dox. T cell growth was also inhibited by

293IDO1 cells. Unlike the IDO2 experiments, IDO1-medi-

ated T cell suppression was independent of Dox treatment.

The data indicate that in our in vitro system, human CD4?

(Fig. 4a) and CD8? (Fig. 4b) T cell proliferation was

inhibited by IDO2-expressing cells. We could not reverse T

cell suppression mediated by IDO2 by either L- or D-1MT

by co-culturing T cells with IDO2-expressing cells in the

presence of different 1-MTs (Fig. 4b). In contrast, consistent

with our previous report [11], T cell suppression by IDO1

activity can be reversed by L-1MT but not by D-1MT

(Fig. 4b). Analysis of Kyn production from these superna-

tants revealed that IDO2 was induced from 293IDO2 cells

after Dox treatment (Fig. 4c), which further confirmed our

T cell proliferation assay results. In these supernatants, we

also found that L- and DL-1MTs were more efficient in

inhibiting IDO2 activity than D-1MT. IDO1 was inhibited

by L- and DL-1MT in the presence or absence of Dox. The

higher efficiency of L-1MT in inhibiting IDO1 activity is

consistent with the results indicating that L- but not D-1MT

can reverse IDO1-mediated T cell suppression.

IDO1 suppresses T cell proliferation through Trp star-

vation and Kyn production. In order to determine whether

this is also related to IDO2-mediated T cell suppression, we

co-cultured CD4 T cells with 293IDO2 cells supplemented

with various amount of Trp in complete media. As shown

in Fig. 4d, CD4 T cell proliferation was not suppressed

upon co-culture with 293, 293 Dox, 293IDO2, when

compared to CD4 T cells cultured without any 293 cells.

However, T cell growth was slightly inhibited when co-

cultured with 293IDO2 cells treated with Dox (IDO2 Dox).

This suppression was not reversed by increasing the

amounts of Trp in culture. On the contrary, although CD4

T cell proliferation was suppressed by IDO1 cells, the

suppression can be reversed as supplemented by Trp.

Discussion

We have previously reported that L-1MT is more efficient

than D-1MT in inhibiting IDO1 enzyme activity [11].

Here, we demonstrate that IDO2, a protein sharing similar

critical catalytic residues as IDO1, also produced Kyn by

degrading Trp and was also inhibited more efficiently by

L-1MT than by D-1MT. This observation is consistent with

recent studies [17, 18] but is contrary to a previous report,

in which IDO2 was found to be suppressed by D-1MT

while L-1MT was inefficient [12]. While D- and L-1MTs

were tested from 0 to 100 lmol/l in the previous report, we

tested a wider range (0–1,000 lmol/l) in the current study.

Since IDO2 is less sensitive to both 1-MTs than IDO1,

higher concentrations of 1-MTs are likely needed to show

inhibition of Kyn production. Indeed, we could only

observe suppression of Kyn production by L-1MT in

293IDO2 cultures at [125 lmol/l concentration. In addi-

tion, we found that IDO2 was more efficiently suppressed

by L-1MT than by D-1MT at different time points.

In previous studies, while the L stereoisomer of 1-MT

was a more potent inhibitor of IDO1, the D stereoisomer

was shown to have superior antitumor activity and to be

more effective in inhibiting IDO1-expressing tolerogenic

DCs in preclinical models [10]. The discrepant biochemical

and antitumor effects were attributed to the IDO2 gene that

appears to be preferentially inhibited by D-1MT [12]. Our

data demonstrate that both IDO1 and IDO2 are more effi-

ciently inhibited by L-1MT than by D-1MT, indicating that

the superior antitumor effects of D-1MT in preclinical

models may not be applicable to humans.

Fig. 3 Both IDO1 and IDO2 were suppressed more efficiently by

L-1MT than by D-1MT. Kyn concentrations (a) and %inhibition of

Kyn by 1-MT which was calculated as percentage of Kyn difference

after 1-MT treatment divided by Kyn without 1-MT treatment with no

background subtraction. b Derived from 293IDO1 and mouse

293IDO2 cells treated with Dox were shown. Tests were repeated

at least three times with similar results. The reading from media alone

was used as negative control (-)

Cancer Immunol Immunother (2012) 61:2013–2020 2017

123



Studies on IDO2 indicated that IDO2-expressing cells

such as tumor cells and DCs also express IDO1 [19, 20].

Therefore, we studied the function of IDO2 in IDO2-

transfected eukaryotic cells to exclude IDO1 interference.

In addition, IDO2’s enzyme activity is very low in con-

stitutively or in IFN-c-induced IDO2-expressing cells,

making functional study of IDO2 in physiological condi-

tions almost impossible [12, 14]. Analysis of classic IDO1

and novel IDO2 proteins expressed as transgenes in bac-

teria or eukaryotic cells suggested that IDO2 has only

3–5 % of the enzymatic activity of IDO1 [12, 14, 21], and

biochemical study also found that the K(m) of human

IDO2 for L-tryptophan is much higher than that of IDO1

[22]. In the present study, we demonstrated IDO2-depen-

dent Trp degradation and Kyn production using an in vitro

system. This model allowed us to obtain reproducible

results by culturing IDO2-expressing cells with different

isomers of 1-MT. Although our artificial culture model

does not elucidate which cell types in the physiologic

system are the biologically relevant sites of expression for

IDO2, it provides an accessible model for studying the

efficiencies of IDO2 inhibitors.

Lob et al. studied human IDO2 expression and function

in DCs [19] and tumor cells [23]. They found that these

cells expressed both IDO1 and IDO2 detected by RT-PCR.

After blocking IDO1 expression by siRNA, Kyn produc-

tion was dramatically decreased, which indicated that

almost all the IDO activity from these cells derived from

IDO1 but not from IDO2. These studies demonstrated that

human IDO2 has little or no functional activity and may

not be critical for human tumor immunity. However, in

these same studies, there was noticeable amount of Kyn

produced even after IDO1 siRNA treatment. Although

siRNA blocking is usually not 100 % efficient, this raises

the possibility that IDO2 enzyme activity was contributing

to Kyn production. Indeed, a recent report described

expression of IDO2 in human pancreatic cancer and cell

lines [15]. Although this report did not address the impact

Fig. 4 IDO2-suppressed CD4?

and CD8? T cells proliferation.

Isolated CD4? (a) or CD8?

(b)T cells stimulated with anti-

CD3/CD28 were co-cultured

with MuIDO2 293 cells in the

absence or presence of Dox for

4 days, and T cells cultured

alone activated (?) or not (-)

were used as controls. T cell

proliferation (a, b) and Kyn

production (c) were studied.

d CD4 cells stimulated by PHA

were co-cultured with different

293 cells supplemented with

various amounts of Trp for

4 days, and T cell proliferation

was determined by CFSE

dilution. T cells cultured alone

with or without PHA were

served as positive (?) or

negative (-) controls,

respectively. Experiments were

repeated three times with

similar results
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of IDO2 expression on cancer patients’ survival, it is clear

from these studies and our data that human IDO2 has

functional activity and may play a role in human tumor

immunity. IDO2 might be a useful target for anticancer

immunotherapeutic strategies, which has been demon-

strated by the existence of IDO2-specific cytotoxic T cells

in both normal and cancer patients [24].

IDO1 plays an essential inhibitory role in the immune

system by suppressing T cell function. Here, we also

demonstrate that IDO2 suppresses proliferation of human

CD4? and CD8? T cells, which was concomitant with

tryptophan degradation and kynurenine generation. We did

not detect any IDO2-mediated T cell death (data not

shown), suggesting that IDO2 suppresses human T cell

proliferation by mechanism(s) other than apoptotic cell

death. Although we observed that L-1MT inhibits IDO2

activity more efficiently than D-1MT, both L- and D-1MT

could not reverse IDO2-mediated T cell suppression. Since

the level of Kyn from functional 293IDO2 cells in the

presence of high concentrations of L-1MT was still higher

than nonfunctional 293IDO2 cells, we propose that a

threshold of kyunerine suppression is required for reversing

IDO2-mediated arrest of T cell proliferation, and neither

L- nor D-1MT could reach this threshold. On the other

hand, L-1MT is efficient in inhibiting IDO1 enzyme

activity as demonstrated by almost complete inhibition of

Kyn generation, and this effect was accompanied by

reversal of IDO1-mediated arrest of T cell proliferation.

Taken together with our previous study [11], L-1MT is able

to reverse IDO1-mediated T cell suppression, whereas it is

unable to reverse IDO2-mediated arrest of T cell prolifer-

ation, even at high concentrations.

Since IDO1 activity suppresses T cell proliferation by

depletion of Trp and generation of Kyn derivatives, we

went on to study the effect of additional amount of Trp on

IDO2-mediated T cell suppression. Unlike IDO1, IDO2

suppression on T cell growth could not be reversed by

increasing Trp concentration. Therefore, although IDO2

degrades Trp into Kyn which is inhibited by L-1MT,

IDO2-mediated T cell suppression could not be reversed by

either L-1MT or extra Trp. This suggests that the mecha-

nism of IDO2-mediated T cell suppression differs from

IDO1-mediated T cell suppression and warrants further

investigation.
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