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             HIV AND BEYOND

Microbial products, including lipopoly-
saccharide (LPS), the immunostimulatory 
endotoxin from the outer membrane of 
Gram-negative bacteria, are known to in-
duce the tryptophan oxidation (TOx) path-
way, which is the key degradation route 
for the essential amino acid l-tryptophan 
(l-Trp). Th e fi rst (and rate-limiting) step 
in the pathway—the conversion of l-Trp to 
N-formyl-kynurenine—is catalyzed by the 
indoleamine 2,3-dioxygenases IDO1 and 
IDO2, two enzymes that are synthesized 
in both immune cells and other tissues and 
are the gatekeepers of the immune response 
via the TOx pathway. In this issue of Science 
Translational Medicine, Favre and colleagues 
add to a growing body of knowledge linking 
LPS-induced endotoxemia (the presence of 
bacterial endotoxins in the blood), activa-
tion of the TOx pathway, and the chronic 
infl ammatory state of progressive HIV dis-
ease (1). Researchers currently are develop-
ing targeted therapies to alter TOx activa-
tion in a number of disease contexts, and a 
richer understanding of pathway regulatory 
mechanisms will help to guide these drug 
discovery and development eff orts. Here 
various aspects of TOx regulation are exam-
ined from the perspective of potential thera-
peutic intervention.

TOX PATHWAY PERMUTATIONS

As an essential amino acid, Trp cannot be 
synthesized in humans and must be ob-
tained through the diet. Dietary Trp feeds 
into three major metabolic pathways: (i) 
protein synthesis; (ii) synthesis of the neu-
rotransmitter serotonin; and (iii) TOx, to 

form either energy [adenosine triphosphate 
(ATP)], nicotinamide and related com-
pounds [nicotinamide adenine dinucle-
otide (NAD) and nicotinamide adenine 
dinucleotide phosphate (NADP)], or other 
side products (such as xanthurenic acid). In 
humans, oxidative catabolism of Trp can be 
initiated by one of three diff erent enzymes: 
tryptophan-2,3-dioxygenase (TDO2) in the 
liver, as well as IDO1 and IDO2, which have 
incompletely overlapping nonhepatic tissue 
distributions. Th ese three enzymes open the 
indole ring, causing the irreversible loss of 
Trp (2). Th e TOx pathway is interconnected 
with other metabolic networks (3) and is 
variously regulated in a number of tissues.

Th e liver is thought to be the only organ 
with substantial TDO2 activity, and this en-
zyme is not believed to drive the immuno-
regulatory eff ects of TOx. Instead, TDO2 is 
induced by dietary protein and corticoster-
oids, but not by cytokines such as interferon-γ 
(IFN-γ) (4). Recent work by Schmidt et al. 
demonstrated an in vitro immunoregulatory 
eff ect associated with TDO2 activity, which 
may implicate the activity of pathway me-
tabolites more than a clinically signifi cant in 
vivo eff ect, although a contribution to im-
munomodulation within the liver has not 
been excluded (5). Th e hepatic end products 
generated via activation of this pathway are 
ATP, CO2, and water.

Th e metabolic pathway initiated by the 
extrahepatic enzymes IDO1 and IDO2 is 
shown in Fig. 1. IDO1 and IDO2 are in-
ducible and less substrate-specifi c for Trp 
than TDO2. While there are many cy-
tokine inducers of IDO-mediated TOx, the 
most eff ective pathway inducer appears to 
be IFN-γ (4). Th at said, there are impor-
tant tissue-specifi c diff erences in cytokine 
induction, leading to diff erent tissue re-

sponses to the same systemic signals. For 
example, in the brain it appears that inter-
leukin-6, and not IFN-γ, drives IDO in-
duction (6). Elucidation of the diff erences 
in IDO1- versus IDO2-induced cytokine 
responses will require further study. Many 
diff erent microbial infections—bacterial, 
viral, and parasitic—have been implicated 
in IDO-induced TOx (7), and a number of 
microbial products can directly induce the 
pathway. Bacterial LPS and the HIV-Nef 
and HIV-Tat proteins are among the best-
studied but are not likely to be unique in 
this capability. 

Th e second enzyme in the TOx path-
way is arylformamidase (AFMID), which 
is responsible for converting the dioxyge-
nase product (N-formyl-kynurenine) to 
l-kynurenine (l-KYN). l-KYN is subse-
quently converted to 3-hydroxy-l-kynure-
nine (3-HKA) by kynurenine 3-monooxy-
genase (KMO), and 3-HKA is metabolized 
to 3-hydroxy-anthranilic acid (3-HAA) by 
kynureninase (KYNU). Favre et al. noted 
that the 3-HKA and 3-HAA metabolites 
have eff ects on the T helper 17 cell (TH17)–
to–regulatory T cell (Treg) ratio in vitro (1). 
It appears that 3-HAA is removed from the 
tissue microenvironment only by the ac-
tion of another dioxygenase, 3-hydroxyan-
thranilate 3,4-dioxygenase (HAAO). Th is 
means that, in order to prevent the in vivo 
accumulation of 3-HAA and its potential 
eff ects on T cell ratios, the organism is de-
pendent on the relative activity of this spe-
cifi c enzyme. Outside of the central nervous 
system (CNS), TOx pathway activation 
does not lead to the accumulation of qui-
nolinic acid (QA), suggesting that the rela-
tive activities of the aminocarboxymucon-
ate semialdehyde decarboxylase (ACMSD) 
and quinolinate phosphoribosyltransferase 
(QPRT) enzymes are suffi  cient to divert 
QA to other products. In a multistep pro-
cess initiated by QPRT, the downstream 
metabolism of QA results in the formation 
of NAD, NADP, and nicotinamide. In gen-
eral, it is presumed that the QPRT-driven 
pathway to nicotinamide and nicotinamide 
nucleotides occurs preferentially in the ex-
trahepatic TOx pathway, and the ACMSD-
driven subpathway to ATP appears to occur 
preferentially by hepatic TOx, although fur-
ther detailed studies may alter this under-
standing (4). In the CNS, QA is produced 
locally in response to either local or system-
ic infl ammatory signals and stimulates the 
N-methyl-d-aspartate (NMDA) receptor, 
a key component in learning and memory 
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(8). Overstimulation of NMDA receptors 
can cause neurotoxic eff ects that have been 
implicated in neurological diseases.

In HIV-infected patients, the amounts of 
QA measured in the brain and cerebrospi-
nal fl uid (CSF) are greatly increased com-
pared to those in controls.  In one study (8), 
a 100-fold variation in the amounts of QA 
in the CSF and brain tissue was detected 
among HIV patients, and these elevations 
did not correlate with serum QA concentra-
tions (8). Th ese data suggest that the degra-
dation of Trp via the TOx pathway is stalled 
in the CNS. Th is tissue-specifi c accumula-
tion of QA may result from a relatively low 
amount of QPRT activity compared to that 
of HAAO and other upstream enzymes 
(Fig. 1). Recent work by Connor and col-
leagues revealed that systemic stimuli such 
as LPS induce IDO and KMO activities 
in the mammalian brain but do not alter 
kynurenine aminotransferase (KAT) activ-
ity (6). A critical question is whether QPRT 
is also inducible and under what circum-
stances, because this eff ect would have the 
potential to draw down the local QA con-
centrations and interrupt the neurotoxic ef-
fects associated with high concentrations of 
this metabolite.

OVERACTIVE TOX

Th e new work by Favre et al. builds on the 
relationship between LPS and TOx fi rst 
reported in 1978 by Yoshida and Hayaishi 
(9) and the fi ndings of Brenchley and oth-
ers (in 2006) that HIV infection is marked 
by chronically elevated circulating amounts 
of LPS (10). Favre et al. place the observa-
tions of Terness and others regarding TOx 
metabolites into a new disease-specifi c con-
text (11, 12) and provide evidence that the 
intermediate TOx metabolites 3-HKA and 
3-HAA are regulators of a specifi c T lym-
phocyte subset ratio; namely, the TH17:Treg 
ratio (1). Th e loss of a normal TH17:Treg ra-
tio in the gut is associated with increased 
LPS endotoxemia and persistent induction 

Fig. 1. The TOx pathway. The extrahepatic 
human TOx pathway is shown along with IDO 
inhibitors and inducers. IDO1, indoleamine 
2,3-dioxygenase 1; IDO2, indoleamine 2,3-di-
oxygenase 2; AFMID, arylformamidase; KMO, 
kynurenine 3-monooxygenase; KAT, kynure-
nine aminotransferase; KYNU, kynureninase; 
HAAO, 3-hydroxyanthranilate 3,4-dioxygenase; 
ACMSD, aminocarboxymuconate semialde-
hyde decarboxylase; QPRT, quinolinate phos-
phoribosyltransferase. 
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of TOx overstimulation in the setting of 
HIV (13). Th ese data add to an impression 
that chronic TOx induction during HIV in-
fection is a central pathogenic process that 
results in the disruption of normal T lym-
phocyte function and is driven by a com-
bination of endogenous cytokines (particu-
larly IFN-γ), viral products (the HIV-Tat 
and HIV-Nef proteins), and bacterial prod-
ucts (including LPS) (Fig. 2). 

Th e detrimental eff ects of TOx induction 
in progressive HIV disease contrast with 
the demonstrable benefi t of TOx activation 
in the normal placenta and the presumed 
value of TOx in limiting microbial access 
to Trp in some nonviral infections (14). In 
HIV infection, the mediators of TOx patho-
genicity appear to be the altered concentra-
tions of the pathway products, in particular 
Trp, 3-HKA, 3-HAA, and QA. 

Th e growing interest in targeted thera-
pies to alter TOx activation in cancer man-
agement (15) needs to be extended to HIV 
infection, as well as reproduction, organ 
transplantation, neurodegenerative diseas-
es, and autoimmune syndromes, in which 
TOx pathway activation has also been im-
plicated in aspects of disease pathogenesis 
(16–20).

TOX THERAPEUTIC TACTICS

Th ere is accumulating evidence that small 
molecules that participate in the TOx 
pathway are capable of acting as immune 
regulators outside of their direct role in 
amino acid catabolism. Further study of the 
tissue-specifi c bioavailability of 3-HKA and 
3-HAA is needed to confi rm their in vivo 
signifi cance in pathogenic immunoregu-
latory signaling; however, what emerges 
through the work to date is a model for 
chronic activation of IDO-associated TOx, 
leading to T lymphocyte dysregulation in 
HIV infection (Fig. 2). Given the number 
of diseases in which TOx activation appears 
to be linked to pathogenesis, it is likely that 
multiple clinical trials will emerge to test 
agents that might therapeutically manipu-
late this pathway. Oral Trp loading is one 
approach to avoid in going forward, except 
perhaps in a carefully controlled research 
setting, because it has been associated with 
both an increase in circulating TOx path-
way intermediates (21) and the still poorly 
understood phenomenon of eosinophilia-
myalgia syndrome (22).

As with any metabolic pathway, the phar-
macological regulation of extrahepatic TOx 
can be approached in several ways. Th e ap-

proach that is currently being tried is inhibi-
tion of the fi rst and rate-limiting step in the 
TOx pathway, namely IDO activity (both 
IDO1 and IDO2). Th is is being pursued with 
the competitive inhibitor 1-methyl-d-tryp-
tophan (d-1MT), and there are currently at 
least four d-1MT trials (phase 1 and 2) in 
the clinical oncology domain (23). d-1MT 
was also used in a study of SIV–infected 
macaques, an animal model of HIV, with 
some benefi t (24). A number of other IDO 
inhibitory molecules have been studied, but 
they have not yet progressed to clinical tri-
als (25). Th ere also is interest in the use of 
Trp catabolite mimetics, such as 3,4-DAA 
[N-(3,4-dimethyoxycinnamoyl) anthranilic 

acid], which is orally active and may repre-
sent a lead compound for inhibiting autore-
active TH1 cells in autoimmune diseases (20). 
Furthermore, it may be desirable in some 
therapeutic settings to diff erentially regulate 
IDO1 and IDO2 (26). Because a functional 
IDO2 gene product is not expressed in as 
many as 25 to 30% of certain human popula-
tions (27), the consequences of this natural 
experiment need to be better understood, 
so that they may guide our evolving under-
standing of how to successfully use pharma-
cological agents to inhibit this pathway.

Other conceptual therapeutic approach-
es that target TOx include (i) diverting 
the pathway from toxic intermediates or 

Fig. 2. TOx activation cycle in HIV. Data from Favre et al. and other sources (4, 10, 11, 13, 27) are 
summarized in this model of chronic IDO activity in HIV infection, leading to LPS endotoxinemia 
(abnormally high LPS concentrations in blood) and T lymphocyte dysregulation. The activation 
cycle in progressive HIV infection is initiated in dendritic cells (DC) and other tissues via upregu-
lated IDO activity induced by IFN-γ and HIV antigens. This in turn lowers available Trp and increases 
3-HAA and 3-HKA, which is expected to result in lower T

H
17 cell concentrations in the bowel wall. 

The decrease in T
H
17 cells and local IL-17 concentrations in the bowel wall diminishes the body’s 

ability to prevent the translocation of LPS from the Gram-negative bacteria, which enters the cir-
culation and contributes to further IDO-associated TOx. Other aff ects of decreased Trp include T 
cell–cycle arrest and apoptosis, and an increase in the concentration of niacin.
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end products by inducing benign meta-
bolic side-product formation, (ii) inducing 
downstream pathway activity to drive end-
product formation and avoid the accumula-
tion of toxic intermediates, and (iii) feedback 
inhibition of the pathway via increased end-
product concentrations. On the basis of data 
that suggested that HIV-infected patients 
display a metabolic drive toward increased 
available nicotinamide (28), we initiated a 
very small clinical trial of oral nicotinamide 
in part to provide potential feedback inhi-
bition of the TOx pathway (29). We found 
that oral nico tinamide administration re-
sulted in increased circulating Trp in HIV-
infected patients, but followup is needed 
to determine the clinical implications of 
this result (4, 29). Nicotinamide and other 
endogenous TOx-related compounds may 
ultimately prove to be useful adjuncts to 
therapy or lead compounds for the devel-
opment of new pharmacological agents to 
treat HIV and other diseases associated with 
TOx-induced pathogenesis.
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