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Significance of this study

What is already known about this subject?
 ► The indoleamine 2,3 dioxygenase 
(IDO) enzyme cascade generates 
immunosuppressive kynurenines through 
the action of kynurenine 3-monooxygenase 
(KMO).

 ► Induction of IDO before engraftment 
prevents kidney transplant rejection in 
rodents.

 ► IDO induction after engraftment does not 
prevent rejection and IDO is used as a 
biomarker of rejection.

What are the new findings?
 ► IDO’s immunosuppressive properties 
are overwhelmed by cytokines from the 
allogeneic response.

 ► KMO is suppressed by rejection.
 ► Pigs are a good model for the study of IDO 
in rejection.

How might these results change the focus 
of research or clinical practice?

 ► This study addresses the clinical paradox 
of the IDO enzymatic cascade: it is a 
known immunosuppressant, but appears 
ineffective if not activated prior to 
transplant.

 ► We show that the allogeneic response leads 
to increased cytokines, including elevated 
interferon-γ, which drives IDO.

 ► We also demonstrate that KMO activity is 
suppressed by rejection, suggesting that 
the loss of immunosuppressive kynurenines 
may contribute to the loss of tolerance in 
this model.

 ► Clinically, activating IDO prior to 
engraftment may induce tolerance.

 ► The pig model is the most relevant platform 
for extrapolating this hypothesis into 
clinical transplantation.

AbSTrACT
In kidney transplantation acute allograft rejection 
is the most common cause of late allograft loss. 
Changes in indoleamine 2,3 dioxygenase (IDO) 
activity, which catabolizes the degradation of 
tryptophan to kynurenine, may predict rejection. 
However, exogenous IDO is immunosuppressive in 
rodent kidney transplantation. Thus, the increase 
in IDO activity observed in acute allograft rejection 
is insufficient to prevent rejection. To address 
this question, we assessed the regulation of IDO 
and its role in acute rejection in a porcine model 
of kidney transplant. In tissue samples from 
rejecting kidney allografts, we showed a 13-fold 
increase in IDO gene transcription and 20-fold 
increase in IDO enzyme activity when compared 
with autotransplanted kidneys. Allografts also 
demonstrated an over fourfold increase in tissue 
interferon (IFN)-γ, with marked increases in tumor 
necrosis factor (TNF)-α, TNF-β and interleukin 1β. 
Gene transcription and protein levels of kynurenine 
3-monooxygenase (KMO) were decreased. KMO 
generates the immunosuppressive kynurenine, 
3-hydroxykynurenine. The results of these studies 
demonstrate a clear association between rejection 
and increased allograft IDO expression, likely driven 
in part by IFN-γ and facilitated by other cytokines 
of the allogeneic response. Moreover, the loss of 
downstream enzymatic activity in the IDO metabolic 
pathway may suggest novel mechanisms for the 
perpetuation of rejection.

InTrOduCTIOn
In kidney transplantation acute allograft rejec-
tion is the most common cause of late allograft 
loss,1 is typically heralded by an increase in 
serum creatinine, and confirmed with renal 
biopsy. The rise in serum creatinine reflects a 
decrement in glomerular filtration from histo-
logic damage; thus, the serum creatinine may 
be a late marker for parenchymal loss in this 
pathologic process. To address this issue, Bran-
dacher et al2 3 showed that in acute kidney 
allograft rejection, changes in serum and urine 
indoleamine 2,3 dioxygenase (IDO) activity 
predated an increase in serum creatinine, 

demonstrating that IDO activity is a predictor 
of rejection; findings that are also confirmed in 
pediatric transplant recipients.4 5
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IDO is a heme-containing enzyme, is the rate-limiting step 
in the catabolism of tryptophan to kynurenine, and is asso-
ciated with immunosuppression.6 In this regard, placental 
IDO inhibits allogeneic rejection in pregnancy,7 and IDO 
activity by metastatic cancer cells protects from immune 
recognition and clearance.8 Experimentally, elevated levels 
of the human IDO transprotein prevent rejection of rodent 
cardiac, lung, islet cell, and renal transplants.9–13 Trypto-
phan depletion, combined with the production of cytotoxic 
and/or immunosuppressive kynurenines, results in T cell 
apoptosis, the generation of regulatory T cells (Tregs), and 
modulation of allogeneic responses.14–16

IDO as a biomarker of rejection appears paradoxical: as 
an endogenous immunosuppressant, IDO should prevent 
rejection, not serve as a marker for a biologic process it 
purportedly prevents. However, it is clear that the increase 
in IDO activity observed in acute allograft rejection is not 
completely immunosuppressive, suggesting that IDO-de-
pendent pathways of immunosuppression are insuffi-
cient to completely squelch the allogeneic response.2 The 
blunting of IDO-dependent immunosuppression could 
result from incomplete tryptophan depletion and/or inad-
equate generation of immunomodulatory kynurenines. In 
this regard, kynurenine generated by IDO is a substrate for 
at least three distinct catabolic pathways: (1) kynureninase 
(KY) to anthranilic acid; (2) kynurenine aminotransferase 
(KAT) to kynurenic acid; and (3) kynurenine 3-monooxy-
genase (KMO) to 3-hydroxykynurenine (3-HK). 3-HK and 
kynurenic acid exhibit immunosuppressive properties, with 
3-HK the more potent compound.15 17

IDO is not constitutively expressed, but is inducible.18 In 
this regard, the IDO gene promoter contains an interferon 
(IFN) sequence response-like Cis element19 20 and thus can 
be transcriptionally regulated by IFN-γ in solid organ trans-
plantation.21 IFN-γ is released by T cells after engagement of 
the T cell receptor complex in conjunction with major histo-
compatibility complex (MHC), and from natural killer  (NK) 
cells following tumor necrosis factor (TNF)-α and IL-12 stim-
ulation.21 In rejection, IFN-γ also triggers the expansion of 
cytotoxic T cells,22 opening an obvious window for IDO-inde-
pendent pathways that favor rejection.

In previous studies, we reported our experience with a 
porcine model of allogeneic kidney transplantation.23 The 
current work extends those observations and investigates the 
regulation of IDO and its role in acute rejection. In kidney 
allografts with extensive rejection, we show marked increases 
in IDO activity that parallel tissue IFN-γ and other inflam-
matory cytokine levels (TNF-α, TNF-β and IL-1β). Rejecting 
allografts also demonstrated downregulation of KY, KAT, and 
KMO. The results of these studies demonstrate a clear associa-
tion between rejection and increased allograft IDO expression, 
likely driven in part by IFN-γ and facilitated by other cytokines 
of the allogeneic response. Furthermore, the loss of down-
stream enzymatic activity in the IDO metabolic pathway may 
suggest novel mechanisms for the perpetuation of rejection in 
the early transplant period.

MATerIAlS And MeTHOdS
experimental design
Studies were performed on 30–40 kg outbred female 
Yorkshire piglets (Palmetto Research Swine, Reeves-
ville, South Carolina) as we have described.23 In brief, 

one pair of pigs was operated simultaneously, the left 
kidneys exchanged (allotransplants) or retransplanted 
(autotransplants). All transplants were ex vivo perfused 
at 4°C and orthotopically transplanted, followed by right 
nephrectomy (control tissue) and closure.23 No immuno-
suppression was used. All autotransplants and allotrans-
plants were recovered 72 hours after transplantation in a 
live organ harvest. Animals were sacrificed under general 
anesthesia and at the conclusion of the harvest. When 
indicated, swine leukocyte antigen (SLA) genotyping was 
performed, and histologic scoring according to Banff 
criteria was conducted as we described.23 Tissues from 
control right kidneys, autotransplants, and allotrans-
plants were probed for IDO and cytokine gene and 
protein expression, and IDO enzymatic activity.

Quantitative rT-PCr
Quantitative PCR primers of 90–120 bp amplicon for 
IFN-α1, IFN-α2, IFN-β, and IFN-γ; interleukin (IL) 1β; 
TNF-α and TNF-β; and the enzymes KY, KAT, and KMO 
were designed with Primer3 software (https://www. broa-
dinstitute. org). Total RNA was isolated with TRIzol reagent 
(Invitrogen), first-strand cDNA was synthesized using 
Superscript III First-Strand Synthesis System for RT-PCR 
(Invitrogen), and PCR reactions performed with SsoAd-
vanced Universal SYBR Green Kit (Bio-Rad Laboratories, 
Hercules, California) on a CFX Connect real-time PCR 
detect system (Bio-Rad Laboratories). β-actin mRNA was 
used for normalization.

IdO enzyme activity assay
One hundred microliters of tissue homogenate were mixed 
with equal volume of substrate solution (100 mM phos-
phate buffered saline (PBS), pH 6.5, 50 µM methylene, 
50 mM ascorbate, 0.4 mM L-Tryptophan and 20 µg cata-
lase-fresh added), and 100 µL of the mixture was taken and 
mixed with 10 µL of 60% perchloric acid and saved on ice 
as the time 0 control; the remaining solution was incubated 
at 37°C on a plate shaker at 550 rpm for 2 hours, mixed 
well with 10 µL of 60% perchloric acid and the supernatant 
collected after spinning at 2000 g, and filtered with a Milli-
pore MSRLN0410 filter plate before using high-pressure 
liquid chromatography (HPLC) for kynurenine assays.

reverse-phase HPlC for tryptophan and kynurenine 
levels in serum, urine and tissue homogenates
Fifty microliters of serum, urine and tissue homogenate 
were mixed with an equal volume of PBS (pH 7.4), kept 
at room temperature for 2 min, followed by an addition of 
10 µL of 60% perchloric acid, and vortexed. After incu-
bation on ice, samples were centrifuged at 4°C for 10 min 
and the supernatant collected and filtered with a Millipore 
MSRLN0410 filter plate before using HPLC for kynurenine 
assays with the following conditions: C18 4.6×5 column 
with a 1.2 mL/min flow rate in buffer A (2.5% acetonitrile 
in 15 mM NaAc, pH 4.0)/buffer B (100% acetonitrile), 
with detectors at 360 nm for kynurenine, and 285 nm exci-
tation/365 nm emission for tryptophan. Creatinine concen-
tration in urine was determined using The Creatinine 
Companion Kit (Exocell, Philadelphia, Pennsylvania).
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Figure 1 Renal histology, serum creatinine, and warm ischemia times from transplanted porcine kidneys. (A–C) Representative rejecting 
kidneys showing Banff IB (A), IIA (B), and IIB (C) rejection grades. (D) Autotransplant (Auto) with resolving acute tubular necrosis. (E) 
Control tissue from normal right kidney (white bar=200 μm). (F) Serum creatinine from autotransplants and allotransplants preoperatively 
and at sacrifice after 72 hours. There was a significant increase in serum creatinine at sacrifice in allotransplant (Allo) (*p<0.05 (to convert 
mg/dL to SI multiply by 88.42)). (G) Comparison of warm ischemia times between Auto and Allo. There was no difference (horizontal 
bars=mean for each group).

Immunohistochemistry
Immunohistochemistry for the detection of IDO using mouse 
monoclonal antihuman IDO (CalBioreagents, San Mateo, 
California) in 1:600 dilution in 1:600 dilution was conducted 
as we have described previously in detail.23 In brief, 5 μm para-
formaldehyde (4%)-fixed sections were deparaffinized and 
epitope retrieval achieved using Dako Target Retrieval Solu-
tion (Dako), blocked for non-specific staining and endogenous 
biotin, and incubated with affinity-purified primary antibody. 
Sections were incubated with biotinylated secondary anti-
body followed by an avidin-biotinylated horseradish peroxi-
dase complex (Vector Laboratories, Burlingame, California), 
developed, counterstained with hematoxylin, and mounted 
for viewing.

Western blotting
Western blotting was performed as described in a previous 
report.24 Briefly, tissues were lysed inradioimmunoprecip-
itation lysis buffer (RIPA) buffer with protease and phos-
phatase inhibitors (Roche Diagnostic Systems, Indianapolis, 
Indiana). Equal quantities of proteins determined by bicin-
choninic assay (Pierce Biotechnology, Rockford, Illinois) 
were separated on sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE) gels under reducing condi-
tions and transferred to plyvinylidene difluoride (PVD) 
membranes. Membranes were blocked with 5% non-fat 
milk and incubated with antiporcine IFN-γ antibody (R&D 
System, Minneapolis, Minnesota) or anti-KMO antibody 
(vendor), followed by horseradish peroxidase (HRP)-conju-
gated secondary antibody. Signals were detected with Pierce 
ECL (ThermoFisher Scientific), and quantitated with Image 

J from the National Institutes of Health and normalized 
with β-actin (Sigma-Aldrich).

elISA for cytokines
Cytokines in serum, and kidney tissue lysate in PBS, were 
assayed according to vendor protocols—IFN-γ: Quanti-
kine ELISA Porcine IFN-γ (R&D Systems); IL-1β: IL-1β 
Pig ELISA Kit (Abcam); IFN-α: RayBio Porcine IFN-α 
ELISA Kit (RayBiotech, Norcross, Georgia); and IFN-β: 
Porcine Fibroblast IFN-β1 ELISA Kit (BlueGene Biotech, 
Shanghai, China).

Statistical analysis
All statistical analyses were performed using SAS V.9.4 and 
data are expressed as mean±SEM. Due to the correlated 
nature of some of the cytokine measures, statistical signifi-
cance was assessed using an alpha level of 0.01. Descriptive 
statistics within each group were determined. Associations 
between cytokine expressions within group were deter-
mined using analysis of covariance. To examine differ-
ences in cytokines between transplant groups (autograft, 
allograft), two-sample t-tests were used. IDO and cytokine 
expression data from control kidneys are also presented for 
reference purposes.

reSulTS
Histologic parameters and clinical characteristics of 
rejection in a porcine model of kidney transplant
Using orthotopic autotransplantation and allotrans-
plantation, we defined grades of rejection and clin-
ical responses from 16 pigs (6 autotransplants (Auto) 
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Figure 2 IDO gene, protein, and enzyme expression from transplanted pigs. IDO gene transcription (A) and enzyme activity (B) from 
transplanted kidneys were significantly increased in allotransplants (Allo) versus autotransplants (Auto) (*p<0.01). (C,D) Serum and urine 
IDO activities as measured by kynurenine (Kyn) to tryptophan (Trp) ratio. There were no differences between the Auto and Allo groups. 
(E,F) Representative immunohistochemical sections from normal kidney and autotransplanted kidney, respectively. There is minimal IDO 
protein staining (orange color). (G) Acutely rejecting allotransplant (Banff IIB) showing increased tubular cell and luminal IDO staining 
and a control section stained with secondary antibody only (inset) that was negative for IDO (white bar=200 μm). IDO, indoleamine 2,3 
dioxygenase.

and 10 allotransplants (Allo)). Normal tissue from 11 
right nephrectomy specimens from this cohort was also 
obtained. To confirm haplotype mismatching in rejecting 
Allos, tissue typing was performed and demonstrated SLA 
mismatches ranging from 2 to 4. All mismatched Allos 
demonstrated acute cellular rejection, with Banff scores of 
IA, IB, IIB, or IIIA. In two pairs of allotransplants, 3 of 4 
kidneys showed 4 of 4 complete SLA matches, and resulted 
in graft acceptance without rejection (data not shown). 
Figure 1 indicates renal histology from five representative 
animals, and includes three rejecting kidneys with Banff 
level IB (figure 1A), IIA (figure 1B) and IIB (figure 1C) 
grades of rejection, a representative autotransplant with 
recovering tubular necrosis (figure 1D), and a right kidney 
control showing normal histology. Clinically, Allos had a 
significant elevation in serum creatinine at sacrifice when 
compared with Autos (figure 1F). Warm ischemia time 
did not differ between autotransplant and allotransplant 
groups, and averaged 24 min (figure 1G).

IdO expression and enzyme activity in 
allotransplantation
Rejection results from a self-amplifying cellular and cyto-
kine cascade culminating in the destruction of foreign tissue. 
In this regard, pretransplant transformation of rodent 
allografts to express the IDO transgene and protein led to 
enhanced IDO activity of the allograft.25 By transplanting 
IDO-enriched organs that antedate the above immune 
responses, rejection can be prevented.12 25 In contrast, Bran-
dacher et al2 showed that increased IDO activity following 
transplantation of conventional (ie, untransformed) 
allografts was associated with rejection. These data suggest 
that the rejection cascades cited above both trigger IDO 
and overwhelm the immunomodulatory properties of the 
enzyme, and thus culminate in rejection, despite increased 
IDO. To further define IDO expression and activity in this 
setting, we investigated tissue and systemic IDO expression 
from conventional rejecting allografts. Figure 2 compares 
allograft IDO expression between Autos and Allos. Allos 
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Figure 3 Interferon (IFN) gene and protein expression from transplanted pig kidneys. (A) IFN-γ gene expression was significantly 
elevated in allotransplants (Allo) versus autotransplants (Auto) (*p<0.0035). (B) Western immunoblot showing an increase in IFN-γ protein. 
(C–E) IFN-α1, IFN-α2, and IFN-β gene expression. Each cytokine was significantly decreased in Allo versus Auto (*p<0.05). (F,G) Kidney 
IFN-α and IFN-β protein levels. Both IFN-α and IFN-β were significantly decreased in Allo versus Auto (*p<0.05).

showed a ~13 fold increase in IDO gene transcription and 
an approximate 20-fold increase in IDO enzyme activity 
when compared with Autos (figure 2A,B). Moreover, 
increased expression of the IDO protein from Allos when 
compared with Autos was evident by immunohistochem-
istry (representative tissues in figure 2E–G). Serum IDO 
activity, as assessed by the ratio of kynurenine to trypto-
phan, was non-significantly increased in Autos over Allos 
(figure 2C), and urinary IDO activity, as measured by 
urinary kynurenine levels, was non-significantly increased 
in Allos when compared with Autos (figure 2D).

IFn-γ, IFn-α, and IFn-β expression, and IdO expression in 
kidney transplants
The IDO gene promoter contains an IFN responsive 
element, and IFN-γ drives IDO expression.19–21 On this 
basis, IFN-γ, IFN-α, and IFN-β expression from Autos and 
Allos was investigated. Figure 3A,B demonstrates an over 
fourfold increase in kidney IFN-γ at the transcriptional 
level, with a corresponding increase in protein expres-
sion in Allos, when compared with Autos. In contrast, 
tissue IFN-α and IFN-β mRNA were downregulated, and 
protein expression by ELISA significantly decreased in Allos 
(figure 3C–G).

Cytokine activation in rejection and IdO expression
Rejection is associated with activation of antigen presenting 
cells, which stimulate CD4+ lymphocytes, promoting the 
release of inflammatory cytokines that include IL-1β, TNF-α 
and IFN-γ, all of which further activate antigen presenting 
cells and amplify T cell responses.26 TNF-α stimulates 
IDO independent of IFN-γ.26 In this regard, kidney from 
Allos showed significant increases in the transcription and 
translation of the IL-β gene when compared with Autos 
(figure 4A,B). Transcription of the TNF-α and TNF-β genes 
was also significantly upregulated in Allos (figure 4C,D). 
Analysis of covariance (ANOCOVA) analysis, controlling for 
transplant type, was used to assess for associations between 
cytokine and IDO gene transcription (figure 5). IDO gene 
expression correlated positively with TNF-α, and TNF-β 
mRNA, and negatively with IFN-β (figure 5A–C), but showed 
no relationship in association with IFN-α1 (figure 5D).

Kynurenine degradative enzyme gene expression
IDO is the rate-limiting step in the degradation of tryp-
tophan into kynurenine.6 Kynurenine is further degraded 
by at least three major enzymes into potentially immuno-
suppressive metabolites, including the product of KMO, 
3-HK.15 17 Loss of immunosuppressive kynurenines 
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Figure 4 Cytokine expression from control, auto and allotransplanted pig kidneys. (A,B) IL-1β gene and protein expression from 
the kidney tissue. There was a significant increase in allotransplant (Allo) versus autotransplant (Auto) (*p<0.05). (C–E) TNF-α and TNF-β 
gene expression. TNF-α and TNF-β were significantly increased in Allo versus Auto (*p<0.02). IL, interleukin; TNF, tumor necrosis factor.

Figure 5 Association between IDO and cytokine gene transcriptions from Auto (open circles) and Allo (crosses) transplanted groups. 
(A–D)  IDO gene expression correlated positively with  TNF-α and TNF-β mRNA, and negatively with IFN-β (figure 5A–C), and showed no 
relationship in association with IFN-α1 (figure 5D). IDO, indoleamine 2,3 dioxygenase;  IFN, interferon; IL, interleukin; TNF, tumor necrosis 
factor.

could promote rejection despite elevated IDO levels. 
To investigate this question we compared KY, KAT, and 
KMO mRNA levels from Autos and Allos. There was 
no difference between Autos and Allos for KY and KAT 

(figure 6A,B), but KMO gene transcription was signifi-
cantly decreased in Allos (figure 6C). Similarly, KMO 
protein expression was decreased in Allos when compared 
with Autos (figure 6D).
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Figure 6 Kynurenine degradative enzyme expression from pig kidneys. (A) Kynureninase (KY). (B) Kynurenine aminotransferase (KAT). 
(C) Kynurenine 3-monooxygenase (KMO). There was no difference between autotransplant (Auto) and allotransplant (Allo) for KY and KAT; 
however for KMO, Allo was significantly depressed (*p=0.0216). (D) KMO protein expression from 14 representative animals (4 controls 
(C), 5 Autos, and 5 Allos). Each bar represents the group mean of the KMO to β-actin ratio from the indicated western immunoblot (inset). 
KMO expression was significantly decreased in Allo when compared with Auto (*p<0.05).

dISCuSSIOn
These studies demonstrate that the allogeneic response 
induces significant increases in allograft IDO gene, protein, 
and enzyme activity in mismatched pig kidney transplants. 
IFN-γ and TNF-α tracked with the observed increase in IDO 
expression as did other cytokines known to facilitate acute 
rejection.27 28 Finally, suppression of KMO, with presumed 
loss of 3-HK,15 may offer an additional, IDO-dependent 
pathway for promoting rejection. Taken together, this work 
indicates that the rejecting allograft is a source of significant 
IDO generation occurring in association with an inflamma-
tory cytokine surge and suppression of KMO. These data offer 
possible explanations for the inability of elevated allograft 
IDO activity to inhibit rejection.

In the present work, our outbred pig model was used 
to induce kidney transplant rejection.23 All allografts 
were SLA-mismatched and showed clinical and histologic 
evidence of rejection within 72 hours. There was no differ-
ence in warm ischemia time between autotransplanted and 
allotransplanted animals, effectively excluding ischemia as 
an explanation for any observed differences between the 
two groups.

The current studies demonstrated striking increases in 
kidney allograft IDO expression 3 days post-transplant, 
with increases in gene expression, protein levels, and IDO 
enzyme activity. These data are consistent with untreated 
mismatched murine cardiac transplants, where graft IDO 
mRNA was increased 100-fold by postoperative day 6.21 In 

addition, histologic expression of tubular cell IDO in our 
pig allotransplants was substantially increased, similar to 
what others have reported.2 29

Our data did not demonstrate significant increases 
in serum or urine IDO activity from pigs with rejecting 
allografts, and contrasts with data showing elevated levels 
in patients with rejection.2 The explanation for this obser-
vation likely stems from clinical differences in the two 
populations. In this regard, all serum and urine samples 
from the pigs were obtained under general anesthesia, and 
unlike patients the animals were not receiving immuno-
suppression. It is unknown how immunosuppressive medi-
cation or anesthetics may influence IDO blood or urine 
activity. The smaller sample size of the pig study group, as 
well as the short time course between the transplant and 
sampling (72 hours), may have also influenced these data. 
For example, the urinary kynurenine levels were numeri-
cally elevated in the allotransplant group, but the difference 
did not reach significance.

The present studies demonstrated elevated cytokine 
levels in rejecting allografts, including IFN-γ, IL-1β, and 
TNF-α and TNF-β. IFN-γ is the primary cytokine triggering 
IDO,21 is synthesized by lymphocytes and macrophages,30 31 
and is stimulated by TNF-α.21 IL-1β, TNF-α and TNF-β 
are integral to inflammatory allogeneic responses,22 28 32 and 
along with IFN-γ were strongly associated with IDO gene 
transcription (figure 5). Not surprisingly, the expression of 
IFN-α and IFN-β was decreased in rejecting allografts. Both 
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cytokines are produced mainly as a reaction to infection, 
immunologically are antiproliferative, and may clinically be 
used to treat viral infections.27

The current studies present the clinical conundrum of 
acute rejection with elevated allograft IDO activity. We 
have theorized that the immunosuppressive properties of 
enhanced IDO activity in the rejecting allograft are miti-
gated by both IDO-independent and/or IDO-dependent 
processes. In this regard, the predominant IDO-indepen-
dent factor is represented by the overwhelming cytokine 
surge of the allogeneic response that includes TNF-α.21 
A possible IDO-dependent process is the suppression 
of KMO and the potential loss of 3-HK. 3-HK has been 
shown to strongly suppress T cell responses in rodents,15 
suggesting any decline in KMO catabolism of kynurenine 
during rejection may blunt the immunosuppressive effects 
of IDO. It is unknown how rejection may suppress KMO, 
but the enzyme may be sensitive, at least in part, to isch-
emia, since autotransplants also exhibited depression of the 
enzyme. In addition, figure 6 suggests a disconnect between 
KMO gene expression and KMO protein levels. We would 
speculate this is related, at least in part, to mRNA stability 
(with degradation) combined with a longer protein half-
life. Alternatively, differential expression between the gene 
and the protein may be affected by as yet undefined factor 
or factors associated with allogeneic responses. Finally, 
KMO suppression during rejection might be expected to 
increase serum kynurenine levels as a result of decreased 
degradation (figure 2). It is unclear why the loss of KMO 
activity did not raise kynurenine concentrations; however, 
we would speculate that the ongoing metabolic activity of 
KY and KAT may be contributing to ongoing degradation 
of kynurenine.

IDO remains an attractive, protolerant enzyme for miti-
gating the immune response in solid organ transplantation. 
IDO exerts its immunosuppressive effects through trypto-
phan depletion and kynurenine generation.33 Exhaustion 
of local tryptophan stores increases stress-response protein 
kinase GCN2, and in the presence of kynurenine promotes 
induction of Foxp3+ Tregs.33 34 Further, kynurenine pathway 
products bind and activate the aryl hydrocarbon receptor on 
T cells,33 35 and promote immunosuppression by increasing 
the expression of Tregs.33 The protolerant effects of IDO 
are manifest in pregnancy, where high levels of placental 
IDO protect the allogeneic fetus from maternal attack7; 
cancer, in which elevated IDO levels promote local immu-
nosuppression in the tumor environment33; and in rodent 
models of heart, lung, and kidney transplantation treated 
with the IDO transprotein.9–12 Harnessing the immunosup-
pressive properties of IDO in kidney transplantation may 
offer a novel approach to either induction protocols or 
long-term tolerance.

In summary, using a porcine model of kidney allograft 
rejection, we have shown that the allogeneic response trig-
gers an inflammatory cytokine surge in association with 
marked increases in allograft IDO expression. The work 
also revealed the possible role of KMO, a downstream 
enzyme in the IDO cascade, for facilitating the protol-
erant properties of IDO. This experimental platform may 
be harnessed to further define IDO biology in allogeneic 
kidney transplantation, as well as test novel therapeutic 
options.
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