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IFN-B, Induces Kynurenine Pathway Metabolism in
Human Macrophages: Potential Implications for
Multiple Sclerosis Treatment
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ABSTRACT

Interferon-B1, (IFN-f;,) has limited efficacy in the treatment of relapsing-remitting multiple sclerosis
(RRMS). The kynurenine pathway (KP) is chiefly activated by IFN-y and IFN-a, leading to the production
of a variety of neurotoxins. We sought to determine whether IFN-£; induces the KP in human monocyte-
derived macrophages, as one explanation for its limited efficacy. Serial dilutions of IFN-f;;, (at concentra-
tions comparable to those found in the sera of IFN-fB;-treated patients) were added to human macrophage
cultures. Supernatants were collected at various time points and assayed for the KP end product, quinolinic
acid (QUIN). The effect of IFN-B1, on the KP enzymes indoleamine 2,3-dioxygenase (IDO), 3-hydroxyan-
thranilate dioxygenase (3HAO), and quinolinate phosphoribosyltransferase (QPRTase) mRNA expression was
assessed by semiquantitative RT-PCR. IFN-f;, (=10 IU/ml) led to increased mRNA expression of both IDO
and QUIN production (7901 = 715 nM) after 72 h at 50 IU/ml IFN-B;;, (p < 0.0001). This study demonstrates
that IFN-B1), in pharmacologically relevant concentrations, induces KP metabolism in human macrophages
and may be a limiting factor in its efficacy in the treatment of MS. Inhibitors of the KP may be able to aug-

ment the efficacy of IFN-£ in MS.

HE KYNURENINE PATHWAY (KP) of tryptophan metabolism
(Fig. 1) is induced in a number of inflammatory neurologic
diseases, including experimental allergic encephalomyelitis{"
and is characterized by the presence of infiltrating macrophages
and activatedmicroglia >3 These cells express all KP enzymes®
leading to tryptophan degradation after induction of the first and
rate-determining enzyme, indoleamine 2,3-dioxygenase (IDO).
Cytokines, such as interferon-y (IFN-vy) and IFN-«, have been
shown to upregulateIDO expressionand initiate the KP,*-") lead-
ing to the production of a variety of neuroactive metabolites.®’
Of these, the N-methyl D aspartate (NMDR) receptor agonist and
neurotoxin quinolinic acid (QUIN) is the most important.
IFN-B also has been shown to induce the KP,*® but pub-
lished studies have not clarified which isoform of IFN-B does
this.(”” Moreover, it has not been clear if the concentrations of
IFN-B used have been similar to those found in patients with
multiple sclerosis (MS) treated with IFN-B. IFN-B is widely
used to treat relapsing-remittingMS (RRMS), where it has been
shown to decrease the frequency of attacks.!%!") However, the

benefits are modest, and there are a number of side effects as-
sociated with its use, including flu-like symptoms and possibly
depression. QUIN has been associated with similar distur-
bances!!>!3 and is neurotoxic. Consequently, QUIN may be in-
volved in these side effects, and its toxicity may dampen the
efficiency of IFN-Sp.

This present study sought to determine if IFN-8;, induces
the KP in human monocyte-derived macrophages (MdM) at
concentrations equivalent to those in the sera of patients being
treated with this agent. If so, there could be a number of con-
sequences, including tryptophan depletion leading to reduced
availability for synthesis of serotonin and protein synthesis in
general, as well as production of neuroactive KP metabolites,
such as QUIN, which could disrupt normal glutamatergic neu-
rotransmission.

Serial dilutions of IFN-8;, (kindly donated by Schering-
Plough, Sydney, Australia) were added to MdM cultures. Su-
pernatants were collected at various times and assayed for
QUIN. The effect of IFN-B;, on the KP enzymes IDO, 3-hy-
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FIG. 1.

droxyanthranilate dioxygenase (3HAO), and quinolinate phos-
phoribosyltransferase (QPRTase) mRNA expression was as-
sessed by semiquantitative RT-PCR.

Human peripheral blood mononuclear cells (PBMC) were
isolated from 100 ml blood of healthy volunteers using a stan-
dard Ficoll-Paque (Pharmacia, Uppsala, Sweden) density sep-
aration method.(' After 8 days in vitro, the serum component
of the medium was eliminated completely, and cells were
maintained in AIM-V, a serum-free medium containing no de-
tectable QUIN (Life Technologies, Gaithersburg, MD). After
11 days in vitro, 98% of the adherent cells expressed macro-
phage markers, including CD68***, CD11c**, and CD16*
(only on macrophages, not monocytes). Replicate cultures of
primary human macrophages 10 or 11 days in vitro were stim-
ulated for 24, 48, and 72 h with IFN-8;, in AIM-V at con-
centrations of 0.1, 1, 10, and 50 IU/ml. These concentrations
were chosen because they corresponded with those reported in
the sera of patients after subcutaneous injection of this agent
for treatment of RRMS.!'» IFN-y 100 IU/ml (Boehringer
Mannheim, Mannheim, Germany) was used as a positive con-
trol, and AIM-V medium alone was used as a negative control.
Additional controls included IFN-B, heat inactivated at 55°C
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(PICase) Glutaryl-CoA

\

Picolinic acid Acetyl-CoA

Simplified kynurenine pathway (KP).

for 1 h, and human albumin at the same concentration as pres-
ent in the IFN-, formulation. Each treatment was performed
in triplicate or quadruplicate using macrophages derived from
four different donors. Statistical comparisons were made with
Statview 4.5 (Abacus Concepts, Berkeley, CA) using an
ANOVA. QUIN was measured by gas chromatography elec-
tron capture negative ion mass spectrometry (!4

In a parallel set of experiments, total RNA was extracted at
24 h using a Trizol protocol (Life Technologies), and mRNA
expression of IDO, 3HAO, QPRTase, and GAPDH was as-
sessed by RT-PCR.(1®

We showed that IFN-B;, induces biosynthesis of QUIN.
QUIN concentrations were significantly higher in cultures
treated with IFN-B;, at 1 IU/ml (p < 0.05), 10 IU/ml (p <
0.0001), and 50 IU/ml (p < 0.0001) than in unstimulated con-
trols. IFN-B, 50 IU/ml was not significantly different from cul-
tures stimulated with IFN-y 100 IU/ml (Fig. 2). After 72 h,
mean concentrations of QUIN (xSE) in cultures treated with
IFN-B, were 0.1 IU/ml, 87 = 38 nM; 1 IU/ml, 303 £ 69 nM;
10 TU/ml, 4922 *= 284 nM, 50 IU/ml, 7901 = 715 nM; IFN-y
100 TU/ml, 9618 = 162 nM; unstimulated controls, 57 = 34
nM.
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FIG. 2. Representative histogram showing mean cumulative
QUIN concentrations present in tissue culture supernatants 24,
48, and 72 h after stimulation of single donor human macro-
phages (10 days in vitro) with IFN-B;, or IFN-y (n = 4).

IFN-B,p induces mRNA expression of IDO but not 3HAO
and QPRTase. No IDO mRNA expression was detected after
stimulation of macrophages with 0.1 or 1 IU/ml IFN-8;,. How-
ever, 1 IU/ml IFN-B, did lead to significant QUIN production
(303 nM). IFN-B;;, at 10 and 50 IU/ml induced concentration-
related increases in IDO mRNA expression (Fig. 3 and Table
1). IFN-vy induced both the higher level of IDO mRNA ex-
pression and QUIN synthesis. 3HAO mRNA was expressed in
the presence or absence of IFN-8;;, or IFN-y. QPRTase mRNA
was consistently expressed in very low amounts regardless of
the presence of cytokines. However, because of the low level
of QPRTase mRNA expression, accurate quantitation relative
to the reporter gene GAPDH was not possible. mRNA expres-
sion for GAPDH was positive and homogeneous in all cultures
(Fig. 3).

This study confirms and extends existing results
ing that concentrations of IFN-f,, equivalent to those occur-
ring in MS patients treated with IFN-B, induce expression of
IDO, the first and rate-determining enzymatic step of the KP
and thus activate the KP in human macrophages. 3HAO and
QPRTase were constitutively expressed by macrophages re-
gardless of IFN-f,. These findings may have relevance to the
limited efficacy of IFN-f;;, in addition to its side effect profile.

Before considering the potential significance of these find-
ings, there are some issues that might mitigate their importance.
First, it is possible that KP induction in vivo secondary to IFN-
B therapy would be a transient phenomenon, although this is
unlikely. A recent study has documented elevated serum
neopterin concentrations in IFN-B-treated patients after 52
weeks of therapy (!7 Neopterin, a product of activated macro-
phages, is elevated when the KP is activated. Indeed, we and
others have shown previously that neopterin concentrations are
significantly associated with QUIN concentrations{!3-1% Sec-
ond, the concentrations of IFN-f}, used in this study may not
truly correspond to those in MS patients. This too is unlikely.

79 show-
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FIG. 3. Ethidium bromide-stainedgel showing PCR products
of macrophages 24 h after stimulation with IFN-8;, or IFN-y.

The concentrations of IFN-B\;;, leading to IDO induction were
less than the concentrations reported by Khan et al.(!>) in the
serum of patients after subcutaneous injection of this agent for
treatment of RRMS. In this study, 11 of 15 patients treated with
8 X 10° TU/ml IFN-B,, had detectable serum levels ranging
from 120 to 475 IU/ml when samples were drawn between 12
and 36 h after subcutaneous injection. Third, systemic activa-
tion of the KP might not be relevant to the brain. This too is
unlikely. Although IFN-8;, does not readily cross the blood-
brain barrier, systemic KP induction, by a poorly understood
mechanism, can activate this pathway in the central nervous
system (CNS).(0 Moreover, KP intermediates, such as kynure-
nine (Fig. 1), which are synthesized peripherally after IDO in-
duction, readily cross the blood-brain barrier!$-21) and are also

TaBLE 1. EFrrecT of IFN-B1B anDp IFN-y on IDO, 3HAO,
AND QPRTASE EXPRESSION IN MACROPHAGES AFTER 24 H?

Treatment IDO 3HAO QPRTase
IFN-B1b, 1 IU/ml 0 0.58 0.20
IFN-B1b, 10 TU/ml 0.02 0.53 0.18
IFN-B1b, 50 TU/ml 0.26 0.43 0.19
IFN-vy, 100 TU/ml 0.95 0.41 0.28
Control 0 0.76 0.31

Image analysis ratios of KP mRNA are expressed relative
to GAPDH mRNA.
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synthesized at high level by astrocytes within the brain, where
they can provide extra substrate into the KP of infiltrating mac-
rophages and microglia, leading to QUIN production.

Our results have potential clinical significance. Whetsell and
Schwarcz®? showed time-dependent damage to rat neurons by
QUIN concentrationsas low as 100 nM. We have also reported
that exposure of human neurons to QUIN concentrationsof 350
nM produces a number of neuronal changes, including seg-
mented dendritic beading and microtubular fragmentation (>3
This concentration is close to the one induced by IFN-3;, af-
ter 72 h (303 nM). Therefore, QUIN may cause neurologic and
behavioral changes by disturbing the ability of neuronal den-
drites to integrate incoming signals. Moreover, a recent study
demonstrated that QUIN can kill oligodendrocytes®*

Our results are in accord with the existing literature and ex-
tend such data.7-*) A number of studies have compared the ef-
fects of IFN-B and IFN-vy on tryptophan degradation by mono-
cytes. However, their relevance to IFN-S as used in MS has been
obscured by the lack of information as to which subtype, la or
18, was used” or by the use of monocytes that may not have
matured sufficiently to mimic tissue macrophages, making stud-
ies difficult to compare. Peripheral blood monocytes in vitro are
known to differentiate over time into culture-derived macro-
phages, which share many of the same attributes as resident tis-
sue macrophages?>-29 Although some of these characteristics
are present after 1-2 days in vitro, others, including changes in
enzyme and functional activity, cytokine production, and
changes in membrane markers, occur between 5 and 10 days in
vitro.?5-21) Qur study used macrophages at 1011 days in vitro,
when differentiationis complete (CD16"). Werner-Felmayer et
al.®?® reported that human MdM cultures stimulated (3 days af-
ter they reached confluence) for 48 h with 1000 IU/ml IFN-8
catabolized approximately 50% less of tryptophan than after
stimulation with 100 IU/ml IFN-v. Jansen and Reinhard,” us-
ing human MdM cultures after 7 days in vitro, showed that [IFN-
vy was the most potent stimulus for QUIN synthesis rather than
IFN-B, and IFN-a was more often least potent. Murray et al.>?
studied IFN and the relationship between tryptophan degrada-
tion and the antimicrobial activity of macrophages after 5 days
in vitro. They reported that 500 IU IFN-B or IFN-vy readily de-
pleted the culture medium of tryptophan secondary to IDO ac-
tivation.? It has also been reported that concentrations of IFN-
B ranging from 20 to 200 IU induced expression of IDO in
macrophages between 10 and 14 days in vitro.3?

We also report here that the QUIN-degrading enzyme,
QPRTase, is constitutively expressed at very low levels by mac-
rophages® QPRTase activity has been observed in cortical and
subcortical regions of the human brain,3" and the enzyme is lo-
calized to both glial cells and neurons*3?) These observations,
together with QUIN accumulations in these experiments and
CNS accumulations of QUIN in inflammatory brain disease,®
suggest that the activity of QPRTase may be easily saturated,
thereby leaving neurotoxic concentrations of QUIN unchecked.

Clinical trials of IFN-B;, in MS demonstrate a decrease in the
frequency of RRMS attacks and a small delay in development of
disability. However, the mechanism of the beneficial effects of
this agent in MS are uncertain. IFN-B has a variety of proin-
flammatory and anti-inflammatory effects on different immuno-
logic cells, which are implicated in MS pathogenesis. It has been
suggested that the complexity and, at times, contradictory effects
of IFN-B on T lymphocytes, endothelial cells, and microglia may
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explain the modest clinical effects of this agent®® KP induction
by IFN-B;, introduces another factor into this scenario. Yet an-
other variable is suggested by our previous report that macro-
phages from different donors produce vastly differing amounts of
QUIN in response to the same stimulus.®* Jansen et Reinhard?
subsequently demonstrated an intersubject variability for QUIN
production after exposure to the IFN. In some subjects, [IFN-«
was more potent than IFN-3, and conversely.

Our present results demonstrate that macrophages stimulated
with IFN-S1, at concentrations equivalentto those in the serum
of MS patients treated with this agent produced significantly
higher levels of QUIN than did unstimulated macrophages. The
QUIN accumulation and KP activation occurred secondary to
induction of IDO. Individual donor differences in distribution
and elimination of IFN-B,,(!3 and individual variations in sus-
ceptibility to KP induction”-3*) may identify patients who
would be poor responders or those at risk for adverse effects.
MS patients who demonstrate a proinflammatory response to
IFN-B,, may be less likely to benefit from this therapy” In
these patients, concomitant blockade of the KP pathway with
one of the KP inhibitors that are under development®>) may of-
fer a way to reduce the severity of some side effects of IFN-
B1v, and may improve the neurologic efficacy of this agent.
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