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Abstract. Cellular (Thl-type) immune response is centraly involved in the pathogenesis of various diseases.
Within the immunological cascades of Thl-type immunity, interferon y (IFN-y), among other cytokines, is criti-
caly involved. It triggers a series of immune-relevant reactions mostly directed towards forward regulation of
the antigen specific immune response. However, in chronic states of immune activation, systemically increased
IFN-y is no longer antigen specific and is associated with the development of immunodeficiency. IFN-y also
stimulates the production of neopterin, a low-mass compound, in human monocytes/macrophages. Accordingly,
neopterin concentrations in humans reflect the degree of Thl-typeimmune activation. Since |FN-y also stimulates
the release of reactive oxygen species (ROS) from immunocompetents cells, the amount of neopterin produced
also serves as an indirect estimate of oxidative stress. In parallel, IFN-y activates the degradation of tryptophan,
which appears to limit the growth of intracellular pathogens and the proliferation of cells, including T lympho-
cytes. Thus, during persisting states of immune activation, the production of IFN-y is not only associated with
forward regulation of the immune response, but also with immunosuppressive mechanisms. The increased for-
mation of neopterin and degradation of tryptophan may result in a drecreased T cell responsiveness and devel-
opment of immunodeficiency.
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The immune system has developed highly specific
strategies to encounter pathogenous challenges and to
detect “self-aberrant” macromolecules and cell struc-
tures. The specific immune response is triggered and
controlled by a panel of immunocompetent cells, in-
cluding T-helper (Th) cells, and by signalling mole-
cules such as cytokines, chemokines and other media-
tors of inflammation. Thl-type, aso caled “cellular”,
immune response involves several specific cytokines

such asinterferon y (IFN-y), interleukin 2 (IL-2), IL-12
or IL-18. The clonal selection and proliferation of Th
cells, which is preferentialy initiated by IL-2 upon
stimulation by antigen presenting cells, guarantees are-
stricted and highly specialized immune response
againgt a specific antigenic cell surface structure. Th2
cells mediate cross-reactivity, the so-called anti-inflam-
matory immune response, which is exerted by the ac-
tion of specific Th2-type cytokines such as IL-4, IL-5,
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IL-10, IL-13, IL-14 or IL-16. Beyond this, the immune
system employs severa other strategies to meet pa-
thogenous challenge, such as activation of complement,
mononuclear phagocyting cells and natural killer (NK)
cells. Activation of the so-called unspecific immune
system is characterized by unrestricted phagocytosis,
complement activation, opsonisation with immunoglo-
bulins, lysozym digestion and oxidative destruction of
“non-self” targets.

In most diseases, host immune reaction may involve
both the Th1 and the Th2 branches of the immune sys-
tem, which down-regulate each other®. This cross-regu-
lation seems to be responsible for the change of the pat-
tern of immune response during the course of diseases’.

Various approaches are applied to estimate the ex-
tent of immune activation in patients. Classically, skin
test reactivity to intradermally exposed antigens is ap-
plied in vivo, whereas in vitro the responsiveness of
T cells uon stimulation with antigens or mitogens is
tested to determine the degree of cellular responsive-
ness. Cytokine production and the proliferation rate of
T cells estimated in in vitro tests usually agree well
with in vivo skin test reactivity. Direct in vivo measure-
ment of circulating cytokines is very limited, athough
an amost unlimited number of sensitive tests is avail-
abletoday. Usually, concentrations of cytokines are low
and their biological half-life is extremely short, partly
due to high affinity interaction between cytokines and
their specific receptors. In addition, locally restricted
cytokine production does not necessarily reach the cir-
culation, thereby remaining undetectable in the periph-
eral blood. Thus, circulating cytokine levels are fre-
qguently below the detectable range. Alternatively,
cytokine mMRNA expression in circulating immunocom-
petent cells or the concentration of suluble cytokine
receptors, e.g., soluble IL-2 receptor (sIL-2R) or so-
luble tumor necrosis factor receptor (STNF-R)® %, as
well asthe amount of B,-microglobuline® or neopterint®
are measured to evaluate the degree of immune activa-
tion. Quantifying cytokine mRNA expression is spe-
cific but primarily allows detection of the status of cir-
culating cells and not insight into the local situation of
immune response. Neopterin, alow molecular mass (253
Da) compound, is particularly useful for monitoring im-
mune activation because its diffusion rate within the cir-
culation and its biologica stability are high. Neopterin is
a sengitive surrogate parameter for IFN-y production and
provides information about Thl-type immune response.
Similarly, the rate of tryptophan degradation alows one
to monitor IFN-y activity and its determination represents
a stable method for recording the Thl-type immune re-
sponse within the complex cytokine network.
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Interestingly, apparantly contradictory results are
obtained when comparing circulating cytokine levels
with skin test reactivity and T cell responsiveness. This
istrue in acquired immunodeficiency during infections,
as well as in malignant and autoimmune diseases.

Neopterin Release
during Celular Immune Activation

Neopterin (D-erythro-1', 2, 3 -trihydroxypropyl-pte-
rin) is produced and released in large quantities by
human monocytic cells upon induction by IFN-y*°. The
key enzyme in the biosynthesis of neopterin is guano-
sine triphosphate (GTP) cyclohydrolase |, converting
GTP to 7,8-dihydroneopterin triphosphate. 7,8-Dihy-
droneopterin triphosphate is the precursor in the syn-
thesis of various biologic pteridine derivatives includ-
ing 5,6,7,8-tetrahydrobiopterin, a cofactor for certain
monooxygenases and the nitric oxide synthases. Human
and primate monocytes/macrophages are unique in as
much as the they almost exclusively produce neopterin
and 7,8-dihydroneopterin at the expense of biopterin
derivatives. Recent findings point to arole of neopterin
as part of the oxidative armature of stimulated mono-
cytes/macrophages® 4 36 47,

In vitro experiments on the myelomonocytic cell
line THP-1 showed that IFN-y is the most potent in-
ducer of neopterin production. TNF-a was found to
enhance the effect of IFN-y in a synergistic manner®.
Similarly, in peripheral blood mononuclear cells, IL-2
or IL-12 enhanced neopterin production via stimulation
of Th cell subpopulations, whereas Th2-type cytokines
such as IL-4, IL-5 or IL-10 suppressed the formation
of neopterin®.

Since GTP cyclohydrolase | is mainly stimulated by
IFN-y, high neopterin concentrations can be found in
human body fluids during cellular immune response.
Neopterin is excreted via the kidneys and urine neop-
terin concentrations correlate well with serum levels®®.
Measurement of neopterin provides useful information
regarding the extent of celular immune activation. In
a variety of diseases, neopterin concentrations were
determined and found to be related to concentrations of
other markers of immune activation such as STNF-R
and sIL2-R as well as to IFN-y production (Table 1)>
6. 11,21, 3738 'Hjgh correlations are found throughout and
the data suggest neopterin to be an element of the |FN-
-yITNF-a system.

Laboratory diagnostic applications of neopterin
measurement include the surveillance of allograft reci-
pients for early detection of immunological complica-
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Table 1. Exemplary list of diseases in which close associations (+) were found between increased concentrations of neopterin, soluble
TNF-receptors (STNF-Rs) and interferon y (IFN-y) as well as tryptophan degradation via activation of indoleamine 2,3-dioxygenase (IDO)

Disease Neopterin IDO STNF-R IFN-y
Infections
e.g. HIV, Lyme neuroborreliosis, brucellosis + + +
Autoimmune diseases
e.g. systemic lupus erythematosus, rheumatoid arthritis,
Wegener’'s granulomatosis + + not done
Malignant disorders
e.g. hematological neoplasias, gynecologica tumors + + +

tions such as rejection episodes or infections?, the easy
assessment of disease activity in autoimmune disorders
and infectious diseases'® ¥, and the additional screen-
ing of blood donations for otherwise undetected infec-
tions®. In several maignant diseases® 3 * and HIV
infection” 4, neopterin was proved to be an inde-
pendent prognostic parameter for disease progression
and survival.

Célular Immune Activation
and the Degradation of Tryptophan

A wide variety of cells expresses the enzyme indo-
leamine 2,3-dioxygenase (IDO), which is induced by
IFN-y and converts tryptophan to N-formylkynu-
renine®, subsequently deformylated to kynurenine. Le-
vels of tryptophan and kynurenine in serum can be de-
termined by high performance liquid chromatography
after deproteinization®. The kynurenine to tryptophan
guotient provides a good method for estimating activa-
tion of IDO and, thus, IFN-y production?, This associ-
ation is substantiated by severa studies dealing with
infectious, malignant and autoimmune diseases, reveal -
ing a strong correlation between the kynurenine to tryp-
tophan quotient and neopterin concentrations as well as
the concentrations of soluble cytokine receptors (Table
1)!6. Therefore, the degradation rate of tryptophan, like
the determination of neopterin, can serve as an indirect
monitor for endogenously released |FN-y.

Since tryptophan is the least available amino acid in
the organism, IFN-y-induced tryptophan deprivation
has an antiproliferative effect'®. For example, intracel-
[ular growth of Toxoplasma gondii and Chlamydia psit-
taci was inhibited by IFN-y, which was reversed by
tryptophan supplementation? 3. Similarly, |FN-y-medi-
ated tryptophan depletion might be involved in the
growth inhibition of highly proliferating tissue, such as
malignant cells** 52, but also activated immunocompe-
tent cells, such as T cells®. This effect may be limited

to the site of inflammation, but the systemic decrease
of tryptophan could aso be of general importance in
suppressing T cell response. Accordingly, in a murine
model, tryptophan catabolism was found to be essential
for the survival of the conceptus to maintain immune
suppression®™. Earlier findings of decreased tryptophan
concentrations together with increased neopterin con-
centrations in pregnant women* would support the
concept of tryptophan degradation to suppress T cell
responsiveness as a pre-requisite for a successful ges-
tation.

Besides the microbicidal and cytocidal effect of
tryptophan deprivation, low circulating tryptophan le-
vels may aso affect biosynthesis of the neurotransmit-
ter 5-hydroxytryptamine (serotonin)®. Serotonin is bio-
synthetically derived from tryptophan in a reaction
catalyzed in the first step by tryptophan hydroxylase.
Thus, in patients with chronic immune activation such
as infectious, autoimmune or malignant diseases, low
tryptophan concentrationsincrease the susceptibility for
neuropsychiatric disorders'®. Accordingly, tryptophan
depletion was found in the blood of patients with neur-
odegenerative diseases, e.g., Alzheimer’s disease®.

IFN-y and Oxidative Burst

Apart from its immunomodulatory role, IFN-y is
a potent primer for the release of ROS from mono-
cytes/macrophages and from neutrophiles®®. Hence, the
oxidative potential of the cells is closely linked to the
activation status of the cell-mediated immune system.
A close correlation exists between IFN-y activity in
macrophages, the release of ROS and the excretion of
neopterin®®. Neopterin can thus be regarded as an indi-
rect estimate for the amount of ROS produced during
the oxidative burst. When the natural antioxidative ca-
pacity of thetissueistoo low to overcomethe increased
production of ROS, oxidative stress occurs, leading to
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the destruction of important cell structures such as
membranes, proteins or purines'’. Beyond this, ROS
are able to trigger specific elements of the intracellular
signal transduction pathway. Oxidative stressis closely
linked to the induction of apoptosis, e.g., by mediation
of p53, the activity of which may be enhanced by oxi-
dants®. Thus, the increased production of IFN-y via
enhancement of oxidative stress may also result in
T cell apoptosis and immunodeficiency. Such a scena-
rio will be especially relevant for clinical situations of
chronic immune system activation such as in HIV in-
fection® 3. A reduced functiona response of T cell
populations will result in immunodeficiency.

IFN-y and Immunodeficiency

During acute cellular immune reaction, IFN-y acts
as a positive regulator via modulation of antigen pres-
entation and lymphocyte differentiation and prolifera-
tion (Fig. 1). Thereby, aong the first wave of cellular
immune activation, IFN-y increases T cell activity and
hence supports the forward regulation of the Thl-type
immune response. However, acute and even more
chronic cell-mediated immune activation is alSo associ-
ated with the development of immunodeficiency (Fig.
2). Invivo, thistype of immunodeficiency is determined
by reduced skin-test reactivity in patients and by a re-
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duced proliferative and functional response of T cells
in vitro. These observations suggested a functional
deficiency of T cells to produce cytokines in patients
with immunodeficiency. This hypothesis agreed well
with early in vivo studies where circulating IFN-y was
undetectable in immunodeficient patients”’. However,
this was due to the insufficient sensitivity of the IFN-y
measurement. Later it became obvious that increased
circulating |FN-y is associated with a refractory state of
T cells upon secondary stimulation in vitro and in
vivo'®. Indeed, immunodeficiency appears to result
from a chronic stimulation of cells which leads to ex-
haustion.

As detailed above, neopterin production preferen-
tially depends on T cell response which is associated
with IFN-y release. But, high neopterin concentrations
are predominantly found to be associated with T cell
anergy. For example, in patients with malignant disor-
ders, higher neopterin concentrations are predictive for
poor survival® 32 3 The same is true in patients with
HIV infections in which the highest neopterin concen-
trations are found in later stages of infection, inversely
correlating with CD4" cell counts, being a predictor of
more rapid disease progression” 4, All together, the
data imply that, due to exhaustion by chronic exposure
to immunologica stimuli, T cells attain stages of an-
ergy in which they are unable to respond to antigens'*.
This conclusion is further supported by findings from
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Fig. 1. Interferon y (IFN-y) is a pivotd cytokine for a series of proinflammatory effects contributing to successful immunosurveillance.
IFN-y also stimulates neopterin production and activatesindol eamine 2,3-dioxygenase (IDO), which may support host defense by increasing
cytotoxic effects and inhibiting growth. In parallel, neopterin production and tryptophan degradation may contribute to down-force immune

response to enable normal immune system equilibrium
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Fig. 2. Schematic course of the Th1-type and Th2-typeimmune responses and production of cytokines during actute and chronic infections.
In acute infections the Th1 immune response is down-regulated by Th2-type cytokines entering a state of equilibrium. The chronic phase
of immune stimulation follows the acute response when the stimulating agent (infectious pathogen) cannot be deleted. Both the Thl- and
the Th2-type immune responses remain continously active during the chronic type of immune activation, because the Th2-type immune
response is actively down-regulating the Thl-type reaction, but the resistent pathogen continues to stimulate Th-1 type immunity in parallel

patients with, e.g., systemic lupus erythematosus® or
HIV infection?, whose reduced functional T cell re-
sponse returned to normal values after cells were cul-
tured in vitro for afew days. Thus, chronic stimulation
of immunocompetent cells rather than inhibition could
be the underlying cause of immunodeficiency. It seems
at first glance controversial that low T cell responsive-

ness goes along with high IFN-y levels, and, e.g., CD8*
T cells might be a relevant source for IFN-y in chronic
states of immune activation. In any case, IFN-y from
either source would contribute to a shift towards the
Thl-type immune response.

Increased production of 1FN-y and increased neop-
terin concentrations themselves may act down-regula-
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tory on effector functions via enhancement of oxidative
stress’ (Fig. 1). ROS are known to interfere with apop-
totic pathways, and activation of the TNF-Rs can be
involved in the induction of programmed cell death®.
Stimulation of the TNF-Rs can result in a rapid rise of
ROS, and both TNF expression and the release of ROS
are mediated by IFNs. Along this line, in various cell
lines TNF-a-mediated apoptosis can be inhibited by
reductants or free radical scavengers. Actualy, the
correlation between concentrations of serum STNF-R
and neopterin was demonstrated to be considerably
strong in awide variety of diseases, such as HIV infec-
tion, malignant and autoimmune diseases’. Apoptosis
due to enhanced oxidative stress could contribute to
destruction of lymphoid cells, thereupon leading to im-
munodeficiency and anergy. Up-regulation of surface
expression and shedding of TNF receptors and in-
creased neopterin might represent markers not only for
immune activation, but also for the extent of developing
immunodeficiency, since neopterin appears as a conse-
guence of IFN-y activity irrespective of the functional
state of T cell subpopulations. There are several indi-
cations that acquired immunodeficiency in conditions
of chronic immune activation is associated with in-
creased endogenous formation of 1FN-y whereas IL-2
is diminished® . The increased production of neop-
terin and the enhanced degradation of tryptophan also
provesthat IFN-y is biologically activein inducing bio-
chemical changesin target cells.

Conclusion

Activation of the cellular immune system is con-
nected with the development of immunodeficiency.
IFN-y appears as a pivotal mediator, first activating the
local antigen-specific immune response and, secondly,
suppressing non-specific systemic immune effector
functions, contributing to the fine regulation of the im-
mune response, which is directed to reach an equili-
brium. Tryptophan degradation and neopterin produc-
tion are consequences of IFN-y activity which may
directly contribute to the development of immunodefi-
ciency. It may be speculated that this mechanism serves
as a feedback regulation to constrain immune response
and to prevent overwhelming inflammation.
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