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Abstract

Intrathecal production of neopterin, a pteridine produced by interferon (IFN)-y-stimulated
monocyte-derived macrophages, is associated with neurological disorders and infections. We
investigated whether IFN-a/B, IFN-y, or human immunodeficiency virus (HIV) induce neopterin
production by human astroglioma cells. IFN-a/p and IFN-vy, but not HIV, induced neopterin.
Interestingly, IFN--y, but not IFN-a/p, increased expression and activity of the tryptophan-
catabolizing enzyme indoleamine (2,3)-dioxygenase. In contrast, IFN-a/@, but not IFN-y, reduced
the uptake of three aromatic amino acids in U87MG and U138 astroglioma cells. Thus type | and
type Il IFN stimulate astrocyte-derived cells to produce neopterin and exert differential effects on
amino acid metabolism.
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Introduction

Neopterin is a metabolite of guanosine triphosphate, produced by monocytic cells stimulated
with interferon (IFN)-y [13]. Plasma neopterin is a marker of immune activation during
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viral infection and inflammation [9, 22], and correlates with tryptophan (Trp)-degradation by
the immunosuppressive enzyme indoleamine (2,3)-dioxygenase (IDO) [24]. High levels of
neopterin are observed in several disorders of the central nervous system (CNS) [11].
Furthermore, increased IDO activity in certain neurologic conditions may result in the
production of neurotoxic catabolites of the kynurenine (Kyn) pathway, such as quinolinic
acid, and depress the serotonergic function by depleting trp, the substrate required for
serotonin production [10]. Infection with the human immunodeficiency virus (HIV)-1 is
associated with increased neopterin in plasma and cerebrospinal fluid (CSF) which correlate
with the development of acquired immunodeficiency syndrome (AIDS)-associated dementia
[7, 11].

It is unclear which cells produce neopterin in the CNS. IFN-+y failed to induce neopterin
production in astrocytic, neuronal and microglial cell lines [19]. Identifying the cellular
sources of neopterin may help understanding the pathways leading to its production in the
CNS. In the present study we analyzed neopterin production by the human astroglioma cell
line UB7MG. We found that IFN-y and IFN-a/B, but not HIV, induced neopterin production,
suggesting that astrocytic cells may produce neopterin during inflammatory processes.
While IFN-y induced IDO expression and activity, IFN-a/p reduced the uptake of three
aromatic amino acids in U87MG and U138 astroglioma cells, suggesting a negative effect of
IFN-a/p on protein synthesis.

Materials and Methods.

Cell lines.

U87MG (AIDS Research and reference Reagent Program, Division of AIDS, NIAID, NIH)
and U138 (American Type Culture Collection, Manassas, VVA) cell lines were cultured in
RPMI 1640 (Invitrogen, Gaithersburg, MD) with 10% fetal bovine serum (Hyclone, Logan,
UT). Confluent cultures were stimulated with IFN-a/p (12 species of IFN- a (R&D
Systems, Minneapolis, MN), 1000 U/ml; IFN-p 10000 U/ml) or IFN-y (Peprotec, Rocky
Hill, NJ; 1 ug/ml). Concentrations of IFN-a., IFN-p and IFN-y were chosen based on
previous reports describing their effectiveness in inducing IDO activity in monocyte-derived
dendritic cells and freshly isolated human blood leukocytes [5, 6].

Incubation with aldrithiol-2-inactivated HIV.

All viruses were kindly provided by Dr. Jeffrey D. Lifson (AIDS Vaccine Program, SAIC
Frederick, Inc., NCI-Frederick, Frederick, MD). Preparation of viruses and control
microvesicles was previously described [2, 4, 8, 16]. UB7TMG, U87.CD4, U87.CD4.CCR5
and U87.CD4.CXCRA4. lines were cultured with AT-2 HIV-1yn (X4-tropic) or AT-2
HIV-1a4, (R5-tropic) at 300 ng/mL p24CA, treatment with infectious, non AT-2-treated
viruses generated comparable results.

Measurement of neopterin.

Neopterin concentrations were measured by enzyme-linked immunosorbent assay
(BRAHMS Diagnostica, Hennigsdorf-Berlin, Germany) according to manufacturer’s
instruction.
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Quantitative real time PCR.

Total RNA was extracted using the guanidium thiocyanate-phenol-chloroform method,
modified for TRIzol (Invitrogen, Carlsbad, CA). Reverse transcription and real-time PCR
were performed as previously described [5].

Measurement of kynurenine (Kyn), tryptophan (Trp), phenylalanine (Phe) and tyrosine

(Tyr).

Trp and Kyn concentrations were determined by high performance liquid chromatography
on reversed phase as previously described [23]. Phe and Tyr concentrations were monitored
using wavelength maxima of their natural fluorescence (excitation wavelength: 210nm;
emission wavelength: 302nm) [14]

Statistical analysis.

Results

All experiments were performed 5 times. Differences were assessed using a two-tailed
paired Student’s £test. £A<0.05 was considered statistically significant.

IFN-a/p and IFN-y, but not HIV, induced neopterin production in U7MG cells.

We cultured U87MG cells in presence or absence of recombinant IFN-a/p and IFN-y and
measured neopterin in culture supernatants during 48 hours of culture. Neopterin production
was significantly increased by both IFN-a/p and IFN-vy after 24 and 48 hours compared to
untreated cells (Fig. 1A).

Because high CSF neopterin correlates with the development of AlDS-associated dementia
in HIV-infected patients [7], we tested whether exposure of astroglioma cells to reverse-
transcription deficient (AT-2) HIV affected neopterin production. We used HIV N (X4-
tropic) or HIV a4, (R5-tropic) to treat U87MG cells transfected or not with the HIV receptor
CD4, and U87MG transfected with CD4 and one of the HIV coreceptors CXCR4 or CCR5.
HIV exposure did not increase neopterin production in any cell lines (data not shown).

IFN-y, but not IFN-a/B, induced IDO in astrocyte-derived cells.

We tested the effect of IFN-a/ and IFN-y on IDO expression and activity in U87MG and
found that IFN--y, but not IFN-a/f, induced IDO (Fig. 1B). The amount of Kyn, the
bioproduct IDO-mediated Trp-catabolism, was also significantly increased after 12, 24 and
48 hours in supernatants of IFN-y-treated cells compared to both control- and IFN-a/p-
treated cells, which were indistinguishable from baseline (0Oh) (Fig. 1C). We obtained similar
results for Kyn production using the U138 cell line, which has reduced proliferative rate
compared to U87MG and is not tumorigenic in immunosuppressed mice (Fig. 3A).

IFN-a/p reduced the consumption of three aromatic amino acids.

We measured Trp levels in supernatants of the astrocyte-derived cultures. Trp concentration
was reduced by 38+7% in control U87MG cultures after 48 hours (Fig. 2A), compared to
baseline levels (Oh). IFN-y reduced Trp in the supernatants compared to control (Fig. 2A),
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consistent with IFN-y-induced IDO. Surprisingly, Trp concentration in the supernatant of
IFN-a/p-treated cells was increased compared to control cultures (Fig 2A), suggesting that
IFN-a/p may interfere with the uptake or usage of Trp by astrocytes.

To verify whether other amino acids could be affected, we measured the concentration of the
essential aromatic amino acid Phe and its derivative Tyr in the culture supernatants. Phe and
Tyr concentrations were significantly reduced in control U87MG cultures after 48 hours
(Fig. 2B and 2C), compared to baseline levels (Oh). However, we detected significantly
higher levels of Phe and Tyr in the supernatant of IFN-a/p-treated U87MG cells compared
to control after 48 hours (Fig. 2A and 2B), suggesting that the uptake or usage of Phe and
Tyr may be inhibited by IFN-a./B. Similar reduced consumption of Trp, Phe and Tyr was
observed for IFN-a./B-treated compared to untreated U138 cells (Fig. 3B, 3C and 3D).
Considered together, these observations suggest that the uptake or usage of aromatic amino
acids may be inhibited by IFN-a/B, consistent with their antiproliferative activity.

Discussion

Alterations of neopterin levels are detected in CSF of patients with neurologic disorders
[11]. In particular, increased neopterin is associated with inflammatory processes and/or
infections. Neopterin production correlates with 1DO activity, which catabolizes Trp into
bioproducts of the Kyn pathway, some of which have neurotoxic activity [20]. Thus,
neopterin levels may be predictive of events leading to neuronal damage, such as production
of Trp-derived neurotoxin. It is still debated which cells produce neopterin in the CNS. In
the present study we show that astrocyte-derived cells, particularly the human astroglioma
cell line US7MG, produces neopterin upon IFN-a/B or IFN-y stimulation, but only IFN-y
induced IDO expression and activity. These observations suggest that immunologic
conditions can occur in which neopterin production is detached from, and thus may not
correlate with, the rate of Trp catabolism. The apparent contrast of these findings with the
previously reported lack of neopterin production by U87MG cells [19], might be explained
by the higher concentration of cytokine used in this study (1pg/ml vs 5ng/ml). Furthermore,
we found that IFN-a./p reduced the consumption of three aromatic amino acids, suggestive
of inhibition of amino acid uptake or increased protein degradation.

Neopterin production is often associated with chronic viral infections [22, 24]. Viruses such
as HIV activate innate and adaptive immunity, respectively associated with the production of
IFN-a/p and IFN-y, which may induce neopterin production by astrocytes and account for
the high levels of neopterin detected in the CSF of HIV-infected patients. However, the fact
that direct exposure to HIV did not affect neopterin production suggests that HIV-mediated
activation of non-astrocytic cells is required to indirectly induce neopterin production in the
CNS. The cellular sources of IFN-a/p and IFN-y during HIV infection are likely to be
plasmacytoid dendritic cells (pDC) and T lymphocytes, respectively. Indeed, HIV directly
activates pDC to produce type | IFN and express IDO [3, 5, 12], and plasma levels of type Il
IFN are known to be increased and correlate with neopterin in HIV-infected patients [18].
Whether these cytokines are produced in lymphoid tissues and diffuse through the blood-
brain barrier, or whether pDC and T cells infiltrate the CNS to produce type I and type Il
IFN locally is still to be determined. It is noteworthy that the induction of neopterin by both
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IFN-a/p or <di>IFN-yis</di> a characteristic that astrocyte-derived cells share with
monocyte-derived dendritic cells, which also showed different responsiveness to IFN-y and
IFN-a/p with respect to IDO activity [25].

The differential effect of IFN-a/f or IFN-y on IDO activity and amino acid metabolism may
reflect the functions of these mediators in immune responses. Thus, IFN-a/B mediates
innate anti-viral responses, during which a reduction of metabolic activity by astrocytes may
limit the production of viral particles by infected cells. Conversely, in the setting of T cell
responses, IFN-y-induced IDO may on one side limit the replication of pathogens by
depleting Trp, and on the other, exert an immunosuppressive function, inhibiting dangerous
T cell responses, similar to that described for a murine model of multiple sclerosis [17].
These observations are consistent with the finding that herpes simplex virus replication is
inhibited by both IFN-y and IFN-a/p in astroglioma cells, but only the IFN-y-mediated
anti-viral effect is IDO dependent [1]. A direct role for IDO in antiviral immunity at the
CNS level was also recently suggested for HIV-induced encephalitis [21]. The findings
reported by Suh and colleagues differ from our observations in that they found that both
IFN-B and IFN-y induced IDO expression in primary human astrocyte cultures and that IDO
expression induced by TLR3 stimulation was mediated by IFN-p [21]. Nevertheless, a
negative effect of IDO-mediated Trp depletion on HIV replication was demonstrated [21]. It
should be noted that, in the setting of HIV-induced encephalitis, IDO may on one side limit
viral replication as reported by Suh et al [21], but on the other suppress efficient anti-HIV
immune responses, thus preventing complete clearance of the virus, as demonstrated in a
murine model [15].

The results reported herein describe, in an artificial in vitro system, how under certain
conditions the production of neopterin may not correlate with the activation of immune-
suppressive mechanisms, such as that mediated by IDO, which could contribute to the
neuronal damage through the production of neurotoxic catabolites. The present work raises
the possibility that astrocytic cells may be a source of neopterin under conditions in which
IFN-a/p or IFN-y production are increased. However, further investigation is required to
clarify the relevance of these findings in vivo, and their importance in the pathogenesis of
neurologic disorders. The different effects of pro-inflammatory and anti-viral immune
mediators on astrocyte-derived cells metabolism may function to maintain the immunologic
homeostasis of the CNS, but could turn into neuropathogenic mechanisms under conditions
of chronic stimulation.
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Figure 1. Neopterin production, IDO expression and activity in IFN-treated U87TMG.
U87MG human astroglioma cells were cultured to confluence and incubated for 48 hours in

the absence (circles) or presence of rIFN-a/p (squares) or rIFN-y (triangles); supernatants

and cell aliquots were collected after 0, 3, 6, 12, 24 and 48 hours. A) Concentration of
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neopterin in supernatants was measured by ELISA. B) Cellular IDO mRNA expression was
measured by real time PCR. C) Concentration of Kyn, the bioproduct of IDO-mediated Trp
catabolism, was measured by HPLC in supernatants. *P<0.05 compared to control-treated

cells.
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Figure 2. Concentrations of Trp, Phe and Tyr in supernatants of IFN-treated US7MG.
U87MG human astroglioma cells were cultured to confluence and incubated for 48 hours in

the absence or presence of rIFN-a/p or rIFN-y; supernatants were collected before (open
bars, Oh) and after 48 hours (solid bars) of culture. Concentration of Trp (A), Phe (B) and
Tyr (C) in supernatants was measured by HPLC.
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Figure 3. Concentrations of Kyn, Trp, Phe and Tyr in supernatants of IFN-treated U138.
U138 human astroglioma cells were cultured to confluence and incubated for 48 hours in the

absence or presence of rIFN-a/B or rIFN-v; supernatants were collected after 48 hours
(solid bars) of culture. Concentration of Kyn (A), Trp (B), Phe (C) and Tyr (D) in
supernatants was measured by HPLC.
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