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Nitric oxide and the immune response

Christian Bogdan

During the past two decades, nitric oxide (NO) has
been recognized as one of the most versatile play-
ers in the immune system. It is involved in the
pathogenesis and control of infectious diseases,

tumors, autoimmune processes and chronic degen-
erative diseases. Because of its variety of reaction
partners (DNA, proteins, low—molecular weight thi-
ols, prosthetic groups, reactive oxygen intermedi-

ates), its widespread production (by three different

NO synthases (NOS) and the fact that its activity is
strongly influenced by its concentration, NO con-

tinues to surprise and perplex immunologists.

Today, there is no smple, uniform picture of the
function of NO in the immune system. Protective
and toxic effects of NO are frequently seen in par-
allel. Its striking inter- and intracellular signaling

capacity makes it extremely difficult to predict the

effect of NOS inhibitors and NO donors, which till

hampers therapeutic applications.

Although the three isoforms catalyze the same reaction, the conver-
sion of L-arginine and molecular oxygen My-hydroxy--arginine

and further to citrulline and NO, they differ with respect to their reg-
ulation, the amplitude and duration of the production of NO, and
their cellular and tissue distributidh As another level of complex-

ity, NOS activity is determined by several mechanisms, many con-
trolled by immunological stimuli (as discussed below).

Third, the activity of NO is not restricted to the site of its production.
As an uncharged gas, *NO radicals are highly diffusible. Low-molecu-
lar weight S-nitrosothiols (such &mnitrosoglutathione), S-nitrosylated
proteins, and nitrosyl-metal complexes can function as long-distance
NO vehicle$ which liberate NO either spontaneously or after cleavage
by ectoenzymes found on cells such as T and B lymphé&cytes
Furthermore Ne-hydroxy-+-arginine, which is secreted by cells and
detectable in the plasma, can be oxidized to citrulline and NO by a
number of hemoproteins (such as peroxidases and cytochrome P450) as
well as superoxide aniohd.ikewise, circulating nitrite (N©), a stable
product of the NOS reaction, can be reduced to «NO under mildly
acidic conditions and is a substrate of the peroxidase pathways of neu-
trophils and eosinophils that can lead to the formation of novel NO-
derived oxidants at distant sitésTherefore, NOS-negative immune
cells can both produce NO and become targets of NO action.

Fourth, in contrast to cytokines, the interaction of NO is not restrict-
ed to a single defined receptor; rather, it can react with other inorganic
molecules (such as oxygen, superoxide or transition metals), structures

When nitric oxide (NO) formally entered the immunology sceni DNA (pyrimidine bases), prosthetic groups (such as heme) or pro-
between 1985 and 1990, its role in the immune system was simplgs (leading to S-nitrosylation of thiol groups, nitration of tyrosine

defined: NO is a product of macrophages activated by cytokinessidues or disruption of metal-sulfide clusters such as zinc-finger
microbial compounds or both, is derived from the amino e@dyi- domains or iron—sulfide complexésfonsidering that many of the tar-
nine by the enzymatic activity of inducible nitric oxide synthaggets of NO are themselves regulatory molecules (for example, tran-
(iNOS or NOS2) and functions as a tumoricidal and antimicrobidription factors and components of various signaling casé¢ades)
moleculein vitro andin vivo. (Unless otherwise specified, the ternevident that NO frequently exerts heterogeneous and diverse phenotyp-
nitric oxide—NO without a dot for the unpaired electron—is used heceeffects.
collectively for all reactive nitrogen intermediates (RNI) that have This review summarizes studies published during the past two years
been invoked as either immediate products of the NOS reaction («fi& provide novel insights into the role of NO in the immune system.
radical, NO, NO*) or their adducts or conversion products. The lattirfocuses particularly on (i) the cellular expression and possible func-
category includes NO NGO, NO;, N,O;, N,O, S-nitrosothiols (S- tion of the different NOS isoforms in immune cells other than
NO), peroxynitrite (ONOQ and nitrosyl-metal complexes.) macrophages (ii) post-translational mechanisms of regulation of NOS
Although this basic definition is still accepted, during the past decaud#ivity (iii) results of gene-chip approaches to assess the signaling
it has been recognized that NO plays many more roles in the immcaeacity of NO (iv) the role of NO in the thymus (v) indirect antimi-
system Table 1and below) as well as in other organ systems. There arebial effects of the iINOS pathway (vi) stage- and organ-specific
a number of causes for this. First, in addition to macrophages, a lagj&vities of NO during infectious diseases, and (vii) the impact of
number of other immune-system cells produce and respond to NO.iNOS and cNOS in autoimmune processes. For discussion of earlier
Second, and contrary to previous views, all known isoforms stfidies and detailed discussion of other functions of NO in the immune
NO synthase—neuronal NOS (nNOS, or NOS1), iNOS asgstem, the reader is referred to previous revigws
endothelial NOS (eNOS, or NOS3)—operate in the immune system.
(The nNOS and eNOS isoforms are also known collectively as cdh© production in the immune system
stitutive NOS (cNOS), because unlike iINOS they usually exist @sneration of NO is a feature of genuine immune-system cells (den-
constitutively expressed proteins in the cell and are primarily reghiitic cells, NK cells, mast cells and phagocytic cells including mono-
lated by C#& fluxes and subsequent binding of calmodulifiheir cytes, macrophages, microglia, Kupffer cells, eosinophils, and neu-
expression is not restricted to neurons or endothelial cellggphils) as well as other cells involved in immune reactions (such as
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endothelial cells, epithelial cells, vascular smooth muscle cells, fiordhbechanisms of regulation of NO production

lasts, keratinocytes, chondrocytes, hepatocytes, mesangial cells Tdredexpression of INOS is regulated by cytokines and determined pri-
Schwann cellg). Either INOS or eNOS have been found imarily by thede novo synthesis and stability of INOS mRNA and pro-
macrophages, dendritic cells, and natural killer (NK) cells and in cglir®?52% In contrast, NNOS and eNOS exist in the cell as preformed
lines, clones, hybridomas and tumor cells of B or T cell orifiable  proteins whose activity is switched on by the elevation of intracellular
2). Whether primary T or B lymphocytes express any of the NOS i&e* concentrations and the binding of calmodulin in response to neu-
forms remains questionable. Some positive reports could not be cotransmitters or vasoactive substafcBgyond this basic paradigm,
firmed in other setting®2! or relied solely on the detection of NOSadditional levels of regulation exist for all three NOS isoforms that may
mMRNA by PCR (raising the possibility of false-positive results due éperate during immune responses.

contaminating cell8). Other reports did not corroborate indirect evi- Activation of the INOS gene promoter is an important mode of INOS
dence (such as the effect of NOS inhibitors, detection of nitrotyrosmegulation by cytokines, which has been analyzed most thoroughly in
or immunocytochemical staining) by directly demonstrating the preseuse macrophages and in human hepatocyte and epithelial cell lines.
ence of the NOS protein (for example, by western blotting using céltee list of participating transcription factors includes R&;-AP-1, the
from gene-targeted mice as contr&l%) signal transducer and activator of transcription (STAT)-ibterferon

Table 1. Overview of immune-syssem NO function

Category Producers of NO (examples) Phenotypic effect of NO  Examples of underlying molecular mechanisms Re  f.

Effector functions

Antimicrobial activity Macrophages, microglia, neutrop hils, Killing or reduced replication *Direct effect o f NO on the pathogen (see text) 469
eosinophils, fibroblasts, endothelial of infectious ag ents (viruses, «Indirect effects of the N O S pathway
cells, epithelial cells, astroglia bacteria, protozoa, f ungi, helminths)  ( e.g., reaction of NO with other effector
molecules, arginine depletion; see text)
Anti-tumor activity Macrophages, eosinophils Killing o r growth inhibition «Inhibition of enzymes essential for tumor SRR LY
of tumor cells growth ( e.g., enzymes of the respiratory

chain, cis-aconitase, ribonucleotide reductase
arginase, ornithine decarboxylase)
«Growth inhibition via iN O S-dependent
depletion of arginine
*Cell-cycle arrest (downregulation of cyclin D 1)
«Induction of apoptosis (by activation

of caspases and accumulation of p53)
«Sensitization of tumor cells for

TN F-induced cytotoxicity

Tissue-damaging effect Macrophages, microglia, astrogl ia, N ecrosis or fibrosis «Apoptosis of parenchymal ce lls E5TER
(immunopathology) keratinocytes, mesangial cells of th e parenchyma *Degradation of extracellular matrix

*D eposition of matrix, proliferation

of mesenchymal cells

«Influx of inflammatory cells

via chemokine regulation

Immunoregulatory functions

Anti-inflammatory— Macrophages (‘suppressor Inhibitio n of: *Apoptosis of T cells or APCs ORI,
immunosuppressive phenotype’) T cell proliferation D ownregulation of MHC class II, P A
effect B cell proliferation costimulatory molecules or cyt okines

«Antibody production *Disruption of signaling cascad es

by CD5" B cells and transcription factors

*Autoreactive T and eInhibition of DN A synthesis

B cell diversification *Downregulation of adhesion

Inhibition of leukocyte molecules or chemokines

recruitment (adhesion,
extravasation, chemotaxis)

Modulation of the Macrophages Up- and downregulation, e.g., of: Modulation of OMREHED
production and T cells eIL-1, IL-6, IL-8, IL-10, *Signaling cascades ( e.g. G-proteins, Bk,
function of cytokines, endothelial cells IL-12, 1L-18, IFN-y, TNF MAP kinases, caspases, protein phosphatases)
chemokines, and fibroblasts *TGF- [3, G-CSF M-CSFVEGF, sTranscription factors ( e.g. NF-KB, Sp1,AP-1)
growth factors *MIP-10, MIP-2, MCP-1 «Proteins regulating mRN A stability
(pro- or anti- or mRNA translation
inflammatory effects) <Latent cytokine precursor complexes
*Enzymes that process cytokine precursors

T helper cell e.g., macrophages eInduction and differentiation 1. Possibl e stimulation of IL-12- TERTED
deviation of Tyl cells mediated signaling

*Suppression of T 1 (and T ,2) 2. Suppression of IL-12 production

cell responses
*Suppression of tolerogenic
T cell responses
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OS isoforms in phagocytes, dendritic cells, NK cellsand T a nd

Cell type

Stimulus

NOSisoform ¢

Proposed function of NO

Ref.

Mouse or humanm @ e.g., IFN-y + LPS;IFN-a/f3;

Rat alveolar m @

IL-4 plus anti-CD 23

None or lung surfactant

Human promonocytic sCD23 or anti-CD 11b/c

cells (U937)

Primary mouse LC

Primary mouse
LC, LC line

Mouse BM-DC
(mature)

Mouse BM-DC
(immature)
Mouse fetal skin-
DC line

Rat thymic DC

Mouse splenic
NK cells,

NK cell line
Mouse uterine
NK cells

Rat NK cells
(blood, spleen)
Human blood
NK cells
Human blood
NK cells/lines

Mouse T cell
hybridoma
Leukemic T cells
(durkat)

Human leukemic
T cell lines @
Human leukemic
T cell lines?,
ATL cells
Human leukemic
T cell line (drkat)

Human y3T cell
clones

Human Burkitt's
lymphoma cells

Human B-CLL cells

IFN- Yy + LPS;
IFN -y + L. major
LPS IFN- y + LPS

IFN -y + LPS; coculture
with allogeneic T cells;
anti-CD 40

IFN-y + LPS
LPS, TNF or GM-CSF

N one;
self-antigens, allo-antigens

IL-2 % IL-12 or
IFN- o/ ¢

gestation
IL-2
IL-12 +/or TNF

IL-2 + anti-CD 16 or
target cell contact

anti-CD3
HIV-1 infection
None

Infection with HTLV-I

SDF1 a

IL-2, anti-T cell receptor

None

None

Macrophages

iINOS (R, PA)

eNOS (PA)
eNOS (R, PA)

Dendritic cells

No INOSmRNA
detectable
iNO S (R,PA)

iNO'S (R,PA)

iINOS (A)

iINOS (PA)

iINOS (PA)

NK cells
iNOS (R,PA)

iINOS (R, P)

iINOS (R,PA)

iINOS (R,PA)

eNOS (R,PA);no iINOS

T cells
nNOS (PA)

iINOS (R)

iINO'S (P);no iNOS (R)

iINOS (RPA)

(€)NOS (A)

eNOS (PA)

B cells
iNOS (P)

iINOS (R, PA)

Antimicrobial activity;
T cell suppression

Anti-inflammatory effect?

?

n.a

Proinflammatory effect?

T cell growth |
DC apoptosis

Microbial growth |

Apoptosis of double-
positive thymocytes?

Tyk2 kinase 1,IFN-Yy release 1t
cytotoxicity 1

Expression of perfo  rin
Cytotoxicity 1, IFN-y release 1
Cytotoxicity | ,granzyme B expression

IFN -y release |
A nti-apoptotic effect

Proapoptotic effect

Viral replic  ation
Anti-apoptoti ¢ effect; n.a.
?

Chemotactic response to SDF1 o

Anti-apopt  otic effect

Anti-apoptotic effect

Anti-apoptotic eff  ect

1,

17,116,147

158,159

160

2See text for data on primary T and B lymphocytes.

"Abbreviations:ATL, adult T cell leukemia; BM, bone mar

hemagglutinin; SDF, stromal cell-derived factor.
‘R, mRN A; P, protein;A, enzyme activity.

9In the presence of IL-18, the production of IFN -
NK cell activity after viral infections

edrkat, H9, CEM.

'MT-1, SLB-1, C5/MJ

170,171

httpz/immunol.nature.com .

row; CLL, chronic lymphocytic leukemia; D C, dendritic ¢

Yy by NK cells remained unaltered in the absence of iN
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O S"3, This might also explain why INO S

ells; LC, Langerhans cells; n.a., not applicable; PHA, ph  yto-

-~ mice developed normal
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regulatory factor-1 (IRF-1), nuclear factor interleukin-6 (NF-IL-6) anactivity is mediated by a family of cationic amino acid transporter pro-
the high-mobility group-I(Y) proteiis% Depending on the cytokine orteins (CAT1, CAT2A, CAT2B, and CAT3)g. 18). In macrophages,
microbial stimulus and the cell type, different upstream signaling pa@AT1 and CAT2A are upregulated by stimulation with LPS.
ways are involved that promote (for example, Janus kinases Jakl, M&2ophages from CAT2 mice showed a more than 90% suppression
and tyk2; Raf-1 protein kinase; mitogen-activated protein kinases p@8arginine uptake and NO production after stimulation with interferon
Erk1/2 and JNK; protein kinase C; protein phosphatases 1 and 2AjIlBN)-y plus LPS. This indicates that arginine transp@atCAT2 and
inhibit (for example, phosphoinositide-3-kinase, protein tyrosine phddOS activity form a functional (and perhaps structural)*®fdit
phatases) INOS expresst6i= NO itself exerts a biphasic effect on Extracellular arginine concentration is strongly modulated by
the transcription of INOS. Low concentrations of NO (such as occuaaginase (Fig. 1. This enzyme, which can also be released into the
the onset of macrophage stimulation by cytokines) activateBl&nd extracellular space, degrades arginine to urea and ornithine and exists
upregulate iINOS (positive feedback). High concentrations have thet least two isoforms (cytosolic, ‘hepatic’ arginase | and mitochon-
opposite effect, which may help prevent NO overprodu¥iiorBoth drial, extrahepatic arginase IlI). In macrophages and bone
nNOS and eNOS are also transcriptionally regulated by cytokines eratrow—derived dendritic cells,»Z cytokines (IL-4 with or without
other soluble mediators; these effects are generally less striking thahO; I1L-13), TGFf, LPS or dexamethasone plus cyclic AMP have
with INOS, howeves. been found to strongly increase argin&serl arginase . The upreg-

Enhanced degradation of iNOS protein is one of several mechanisiaion of arginase prior to the induction of iINOS by IiHlus tumor
by which transforming growth fact@ (TGF{3) suppresses the pro-necrosis factor (TNF) or LPS prevents the NO production by substrate
duction of NO in macrophages, and was the first known instancedepletiori*-%3 This is independent of a possible inhibition of INOS gene
post-translational regulation of IN@SBoth iINOS and nNOS are con-transcription, protein expression or both by IL-4 and IE2¥3When
trolled by protein degradation involving the proteasome patfivain  both enzymes are coinduced (for example, by LPS), NO production is
macrophages, adding the proteasome inhibitor lactacystin after indonpaired much less or not at“a#f, because thk,, value of arginase (I
tion of the INOS gene by lipopolysaccharide (LPS) drastically increas-ll) for arginine is approximately 3,000-fold higher than khevalue
es the amount of steady-state iNOS protein when &dded of INOS*S.

All three NOS isoforms are active only as homodimers. Their dimerMacrophages and vascular smooth muscle cells can regenerate argi-
ization requires binding of calmodulin (which in the case of iINOS8ne from citrulline and thereby utilize citrulline for the production of
occurs at Ca concentrations found in resting cells) and incorporatiddO (Fig. 18). Argininosuccinate synthetase, the rate-limiting enzyme
of heme and possibly Zn(ref. 3). For nNOS and iNOS, the dimers aref the citrulline—NO cycle, is inducible by LPS (with or without IFN-
further stabilized by binding of tetrahydrobiopterin (BHne of the y) in vitro andin vivo in the same cells as IN&S? An identical path-
cofactors of all NOS, and of the substrat@rgining, whose availabil- way also exists in endothelial cells, in which eNOS, the arginine-regen-
ity is regulated by cytokines (see below). Several proteins block #rating enzymes, and the arginine transporter CAT-1 are thought to
dimerization and activity of NOS isoforms, including the ubiquitousholocalize in the caveol&e
expressed protein inhibitor of nNOS (PIN), the macrophage produc€ytokines such as IFM-TNF, IL-1, IL-4 and TGH3 induce or sup-
NAP110 (which has 70% amino acid homology to a tumor cell protgiress guanosine triphosphate cyclohydrolase I, the key enzyme, of BH
that inhibits iINOS) and the central nervous system (CNS) proteynthesisKig. 18). This constitutes another level of post-translational
kalirin (which also inhibits INOS and might protect the nervous tissN©S regulation, because B essential for NOS cataly3%
during inflammatory processésy. All NOS isoforms can be phosphorylated within éélisAlthough

The eNOS isoform, which is localized as a membrane-anchored pihe- role of phosphorylation under physiological conditions remains
tein in the Golgi apparatus and in plasmalemmal vesicles (caveolag)rafiear for NNOS and INOS, serine phosphorylation of eNOS by the
endothelial and other cells, interacts with several proteins that regubdtekinase is a prerequisite for activity
its activity through positive or negative allosteric effects (for example,
heat-shock protein 90 and dynamin-2) or modulation of electron traRegulators of NO production by INOS
port (caveolin 2% In one study, a peptide mimicking the caveolin-The iNOS isoform is positively or negatively regulated by cell-cell con-
scaffolding domain to which eNOS binds suppressed a carrageeteat- (via adhesion and costimulatory molecules), cytokines, immune
induced inflammation in mice as effectively as steroids; this underliregsnplexes, microbial and viral products (proteins, lipids, polysaccha-
the importance of eNOS for inflammatory responses and of caveolirigdks), polyamines, non—ferritin-bound iron, oxygen tension, environ-
for the negative control of eN®'S mental pH and various antibiotié§® Although IFNyand LPS are the

In addition, intracellular redistribution of eNOS can affect NO prgrototypic (and still the best-studied) examples, novel regulators con-
duction. Two products of activated phagocytes, oxidized and hypochioue to be discovered. IL-12 (with IL-18) induces iNOS in various
rite-modified low-density lipoproteins, diminish the expression and/populations of macrophages, through a mechanism mediated by
function of eNOS. These were recently shown to impede the prodagtocrine production of IFN¢. Among viral and microbial products,
tion of NO in endothelial cells by reducing eNOS in the plasma methe HTLV-l transactivator Tax, the 19-kD lipoprotein of
brané’. Impairment of endothelial-cell NO synthesis and of NO-depelycobacterium tuberculosis (acting via Toll-like receptor (TLR)-2),
dent vasodilation are thought to be key factors contributing to the detled flagellin of Gram-negative bacteria (acting TLR-5), the effector
opment of atherosclerosis. protein SopE2 ofalmonella typhimurium, bacterial DNA and CpG-

Another factor that determines NOS activity is the availability of itontaining oligodesoxynucleotides (activig TLR-9) and DNA from
substrate, arginine. High-output production of NO (for example, bgrious protozoan parasites have all been shown to stimulate NO pro-
macrophages) depends on extracellularginine even when an ade-duction by macrophag®€s® Regulation of INOS mediated by cell-cell
quate level of intracellular arginine is preggénwhich argues for the contact has recently been seen in apoptotic lymphdtytéstake of
existence of separate arginine pools. In most cell types, uptake cdpoptotic (but not necrotic) lymphocytes by macrophages involving the
arginine occurs via the pH- and Nadependent system*,ywhose vitronectin receptor and CD36 downregulates the expression of INOS
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and, at the same time, shifts arginine metabolism towards the argitiage infection and apoptosis) were subject to regulation by iNOS that
pathway. This leads to ornithine and putrescine production andew to at least a twofold change in expression Tevel the larger
enhanced replication of an intracellular protozomgpanosoma cruzi. study, RNA was prepared from mouse macrophages (iNOS

These effects result from the induction of endogenous FGF- iINOS™) that were cultured with or without IFijfor 48 hours fol-
lowed (or not) by infection withM. tuberculosis. Using a statistical
N O signaling approach based on reproducibility, INOS was found to significantly

The flashing of fireflies on warm summer nights is one of the latest affict the response of 874 genes to NsNA. tuberculosis or both.

most impressive examples discovered of the many signaling functiGimilar to the first study, most of these genes were not directly related

of NO in natur&. In the immune system, the use of NO donors atal immunity and inflammatioh Nevertheless, these studies illustrate

NOS inhibitors and the analysis of NO#&ice have provided evidencethe considerable influence of INOS on gene-expression patterns and

that NO governs a broad spectrum of processes. These include thetdifefore phenotype.

ferentiation, proliferation and apoptosis of immune cells, the produc-

tion of cytokines and other soluble mediators, the expression of dd€, leukocyte adhesion and chemotaxis

timulatory and adhesion molecules, and the synthesis and depositidt®@finhibits the adhesion of platelets and leukocytes to endothelium.

extracellular matrix componefité'”’2 Many molecular targets for NO In studies of endothelial-cell monolayers usingitro vascular per-

have been identified whose contribution to a specific phenotyfpsion systems or flow chambers, both endogenously produced NO

remains to be defineddble 1). and NO donors significantly impede the rolling, firm adherence
Most studies of NO have involved exogenous NO sources (and aaloid/or transmigration of leukocytes (monocytes and granulo&ytes)

trarily chosen NO concentrations) and NOS inhibitors with possifilee underlying mechanisms are poorly understood, and no studies

side effects, and have been carried out in a wide range of cell typesteave yet been published of the effect of NO on T and B lymphocyte

cell-free systems. It has therefore been impossible to estimate theadiesion. NO downregulates the endothelial expression of members

extent to which NO exerts positive or negative signaling

effects. This problem has recently been tackled by tv g

groups that used high-density oligonucleotide arrays cc

taining 6,500 or 10,703 probe sets (based on cDNAs

expressed sequence tags) to study changes in the ¢

expression of approximately one-seventh and one-fourth

the mouse genome, respectively The smaller study ana-

lyzed the mRNA of hepatocytes from iNO$nice that had

been transfecteih vitro with recombinant adenovirus or a

control vector for 24 hours. The authors found that apprc

L-Arg

+ IL-4, IL-10,
IL-13, TGF-B
LPS

AL Arginase

. . . . Ornithine
imately 200 genes (including genes related to inflamm —-— A Arginino- y ~

. o . 110, 1FN-op swanaie  [OBE | [JOAT |
Figure 1. NO pathways and antimicrobial activity. (a) Regulation MIF, LPS v
and function of inducible nitric oxide synthase, arg inase and related —  TGF-B,IL-4, Putrescine v
pathways in mouse macrophages. The activity of INOS is regulated by :'ﬁg: :';,\}1“[3 AS v Proline
cytokines and microbial products (such as LPS),whic  h affect the uptake LPS ggg:m;gieﬂe

of L-argnine ( L-Arg) by cationic amino acid transporters (CAT), the syn- Antimicrobial activity
thesis of cofactors (such as BH ., by GTP cyclohydrolase | (GTP-CH 1)), Tumoricidal activity iNOS | Proinflammatory
the expression of INOS mRN A and protein, the enzymat ic recycling of Signaling and immunoregulation oytokines .

. . . . . . Cytotoxicity/tissue destruction

citruline to argnine and the depletion of argnin e by argnase.

Polyamines (putrescine, spermidin, spermin), products of the

argnase—-ODC pathway, act as immunosuppressants and can further

downregulate the production of NO. A high argnase a  ctivity in the b

absence of INOS can also be associated with tissue fibrosis resulting
from the increased synthesis of proline  via the arginase—O AT pathway , © Nitroxosomes
which is required for collagen synthesis (for examp le, by fibroblasts) ©.

AL, argninosuccinate lyase; AS, argninosuccinate syn  thetase; MIF e CytosoliciNOS
macrophage migration inhibitory factor; O D C, ornithin e decarboxylase;
OAT, ornithine aminotransferase.  (b) Mechanisms of antimicrobial activ-

L—Arg

—\ Arginase

ity of the L-arginine—iN O S pathway . The antimicrobial activity of INO S, NADPH °

which is found both in the cytosol as well as an en  dosomal compart- oxidase LoHa —— A

ment (nitroxosomes) of macrophages 2, can result from ( A) NO radicals °© © s © Urea + Ornithine

or S-nitrosothiols (SNO) or from peroxynitrite (ONO  O-) formed by o) (E)

the reaction of \NO with O ,™ generated by the NADPH oxidase of the ° ° ° oDC

host cell ( B) or produced within the microbe itself ( C). On the other Citrulline

hand, iN O S-dependent killing of parasites by macroph ~ ages can also be a O, (B) o O Putrescine Agmatine NO

consequence of the depletion of arginine (  D—G). For certain strains of ® A r'd

Leishmania it was shown that L-hydroxyargnine (LOHA) can inhibit the © ONOO- Polyamines l
i ivity i i - Microbe

argnase activity in the macrophage and/or paraste and thereby pro © ° Parasite replication 1 Apoptosis |

mote parasite kiling (D). Arginine is required for the synthess of
polyamines and DN A in Leishmania and African trypanosomes by the
ornithine decarboxylase (ODC) pathway ( E) and in T.cruzi via the arg- Phagosome
nine decarboxylase (ADC) pathway ( F);in T. cruzi, which has its own
congtitutive NO S it is also used for the synthesis of NO, which acts as
an inhibitor of apoptosis and an additional parasit e survival factor ( G).

iNOS expression

~ ¥

Parasite survival 1

Activated macrophage Parasite
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of different adhesion molecule families, such as vascular cell adtiserse spectrum of activities. In the case of vector-borne parasitic dis-
sion molecule-1 (VCAM-1), intercellular adhesion molecule-&ases, NO can be produced within the vector (protecting it against the
(ICAM-1), E-selectin (CD62E) and P-selectin (CD62P), but thgarasite), as occurs Plasmodium-carrying Anopheles mosquitoe$.
extent of modulation was quite variaBlé In addition, NO can After reversible binding to salivary proteins (nitrophorins), NO facili-
inhibit the expression and/or function of integrins on neutrophilstes the vector’s blood meal by dilating the blood vessels and antago-
such as CD11a/CD18 (LFA-2J*% In the vasculature of naive mice hizing the hemostatic response of the mammaliar?*h@stk or sand-
leukocyte rolling and adherence are mainly controlled by NO derividdsaliva might enhance the initial survival of the transmitted pathogen,
from eNOS and nNOS. During inflammatory responses, leukocg®it has been shown to inhibit the production of NO and the killing of
recruitment and adhesion are also regulated by fRfOS Borrelia and Leishmania by host phagocyt&s”. In the infected host

NO influences leukocyte chemotactic response by several medrganisms, functions of NO described to date include antiviral, antimi-
nisms. It can modulate the production of chemokines (such as IP€t6bial, immunostimulatory (proinflammatory), immunosuppressive
monocyte chemoattractant protein-1 and macrophage inflammat@mti-inflammatory), cytotoxic (tissue-damaging) and cytoprotective
protein-l and -2)7738182 jnhibit the activity of chemokines (such agtissue-preserving) effects. The analysis of iINGSice unequivocally
IL-8) through peroxynitrite-dependent tyrosine nitrati@nd function demonstrates that most of these effects are mediated by iINOS-derived
as an intracellular messenger in chemokine signaling patfiways  NO%.179%9% |n different cases—depending on the species, strain, infec-

tion dose and pathogen entry route—iNOS was indispensable or helped

NO and the thymus to control the infection, had no discernible effect, or worsened the dis-
Because of its capacity to induce apoptasidO might play a role as ease Table 3).
effector molecule in the selection and development of T cells in the thyln certain infectious diseases (such as malaria, trypanosomiasis and
mus. In mouse, rat or human thymocytes, iINOS protein is &8entpneumococcal meningitis) constitutive NOS (especially eNOS) may
By contrast, epithelial and dendritic cells in the corticomedullary jureiso have an effect, as suggestedirbyitro andin vivo expression
tion and medulla of the thymus constitutively express iNOS, whichaisalyses and by phenotypic differences between wild-type mice treat-
further upregulated after contact with self antigens or alloantigensedrwith nonselective NOS inhibitors (inhibiting all NOS isoforms) and
with thymocytes activated by T cell-receptor (TCR) stimuldtidh of INOS’- mice after infectiof?-2%3
TCR-activated double-positive thymocytes are highly sensitive to thélhe antimicrobial activity of NO was originally thought to result
killing by NO (in particular by peroxynitrite), whereas single-positiviom mutation of DNA; inhibition of DNA repair and synthesis;
thymocytes remain viable upon exposure tN®OThese data suggestinhibitor of protein synthesis; alteration of proteins by S-nitrosylation,
that NO released by iINOS-positive thymic stromal cells is one of tABP-ribosylation or tyrosine nitration; or inactivation of enzymes by
factors mediating deletion of double-positive thymocytes. The functidisruption of Fe-S clusters, zinc fingers or heme groups or by peroxi-

of eNOS expression in thymocytes is still unkn&wn dation of membrane lipi#®°. This conception is still likely to reflect
the major proportion of NO’s action against infectious agetits (b,
NO and tumor growth A). One microbicidal molecule might be peroxynitrite (ONDG

The inhibition of tumor cell growth and/or induction of tumor celleaction product of s\NO and,OPeroxynitrite’s tyrosine nitrating effi-
death by activated macrophages was the first function of NO in tiency and production by macrophages have been a matter of debate
immune system to be discovetel number of mechanisms have beebecause of temporal differences in the activation of NADPH oxidase
described whereby macrophage-derived NO can cause cytostasis oftlkélenzyme that generates)@nd iINOS4%5(Fig. 1b, B). This seems
tumor cellsin vitro (seeTable 1). Tumor cell death can also result fronto have been resolved by two recent studies showing that OGO
iINOS induction within the tumor cells in response to NFBiRd TNF potent antibacterial effector molecule and might be formed within the
released by cytotoxic lymphocytedn vivo, CD4 T cell-dependent microbes by the reaction of host-derived NO with pathogen-derived O
production of NO and superoxide by phagocytes (macrophages @id. 1b, G5 The importance of ONOQs underscored by the fact
eosinophils) is necessary for systemic anti-tumor immunity. Deletiontbét bacteria such a4. tuberculosis and S typhimurium are equipped
the iINOS gene and tumor-mediated suppression of macrophage iM@B peroxiredoxins that detoxify ONO@o nitrite'®’.
expression correlate with reduced tumor rejeétf@nProduction of  In addition to these direct actions of NO, the antimicrobial activity of
NO by certain melanoma or sarcoma cells mediated by transfectiothefiNOS pathway might also be mediated by indirect effects. Several
the INOS gene or upregulation of endogenous iINOS prevents tuinéectious pathogens (including. cruz, African trypanosomes,
metastasis and induces regression of established tiumavs. On the Giardia lamblia and Schistosoma mansoni) are dependent on exoge-
other hand, INOS is frequently expressed constitutively in tumor ceflsus arginine, which they require for the synthesis of polyamines and
It then promotes tumor growth, neovascularization and invasivenessél proliferation. Therefore, local arginine depletion by induction of
induction of p53 mutations and upregulation of vascular endotheldOS (or arginase) in macrophages or other host cells can lead to
growth factor (reviewed #). Furthermore, exposure of tumor cells tgrowth inhibition or death of the parasifés® (Fig. 1b, E-G. As
NO leads to an upregulation of the large, catalytic subunit of the DNsiother possible mechanism of iINOS-dependent control, it was recent-
dependent protein kinase (DNA-PKcs), which is required for the reggisuggested thai>-hydroxy.-arginine, an intermediate of theargi-
of double-stranded DNA breaks. The increase in DNA-PKcs protesise—iINOS—-NO pathway, contributes to the killing of intracellular
the cells not only against the toxic effects of NO but also against DNAishmania in an NO-independent fashion by blocking arginase activi-
damaging agents currently used for tumor therapy (such as x-ray rgdivithin the parasite and/or the macrophi&d€ig. 1b, D). This obser-
ation, cisplatin and adriamyci)All these results must be taken intovation contrasts with findings in African trypanosomes demonstrating
account when considering NO-based strategies for tumor treatmenthat arginase inhibition leading to increased arginine availability
enhances NO-dependent parasite killing by macropkages
NO and infectious disease An indirect antimicrobial function of the iNOS pathway is also
In infectious disease, NO comes into play at all stages and witthaught to result from the NO-dependent induction of i*{the NO-
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or ONOO-dependent upregulation of;Cand HO, release by neu- rodent models, iINOS undoubtedly is also expressed in a broad spectrum
trophils#15 and the conversion of nitrite into NC and *NQ by of inflammatory diseases in hum&is The iINOS protein has been
myeloperoxidase of neutrophil$-urther INOS-dependent host-protecdetected in alveolar macrophages from patients with pulmonary tuber-
tive effects during infectious diseases include the inhibition of tissudosis, in the cerebral cortex of AIDS patients with severe dementia, in
fibrosig® and the termination of the immune response by apoptosigefipheral blood mononuclear cells of patients with hepatitis C and
activated CD4T cells*®. It remains to be determined whether, durinmalaria, and in the skin of patients with tuberculoid leprosy or localized
the resolution of infections, INOS also participates in the regeneratioitianeous leishmaniaSi¥” In patients with leprogs$f or cutaneous
of parenchymal tissu&§ for example by protecting host cells fromeishmaniasis (M. Qadoumi and C. Bogdan, submitted for publication),
apoptosi¥® and coordinating the synthesis of extracellular mdtrix  reduced tissue expression of INOS correlates with more severe disease.
In several disease models, the antimicrobial and host-protectivpatients withPlasmodium falciparum infection, death from cerebral
functions of INOS/NO are restricted to certain organs and/or stagemafaria correlates with low iINOS expression in the peripheral Bfééd
the infection. Examples are infections of the liver withdonovani, and high iINOS expression in the br&if2
infections of the liver and spleen with typhimurium, and aerosol-
induced infections of the lungs wiM. tuberculosis—in each of which NO and transplantation
iINOS is critical during the late but not the early phase of infeétittdi  Several functions of NOS have been seen during the inflammatory
infections withToxoplasma gondii, where iINOS enhances (intestine) oreactions that follow allotransplantation. In animal models of cardiac
inhibits (CNS) the severity of the dise&sand infections witil. cruzz  and aortic transplantation, high iINOS expression has been associated
(Tulahuen strain), in which iNOS is required for control of the parasitegh the development of transplant arteriosclerosis. On the other hand,
during the acute but not the latent phase of infe&fioBxperiments continuous release of NO (derived from iINOS or eNOS) can prevent
with TNF-mice?*or CD4 T cell-depleted mice, which succumb to intimal hyperplasia and protect against the formation of thrombi on the
visceral leishmaniasis or tuberculosis despite the expression of t@gtiothelial surfacé. In rats that have received a renal allograft, inhi-
levels of INOS, clearly demonstrate that additional factors other thation of iINOS reduces tubulointerstitial injury and improves graft
iINOS are essential for containing certain pathogens. function and survival, indicating that iINOS-derived NO contributes to
In some infections the expression of INOS is clearly associated vifite acute rejection of the orgénAnother facet of iINOS is seen in
a more severe or even fatal disease outcome. Possible underlying nieofe marrow—transplanted mice with graft-versus-host reactions
anisms include NO-mediated cytotoxicity and tissue damage, inhibit{@VHR) directed against major or minor histocompatibility antigens;
of T cell proliferation and/or induction of T cell apoptosis, generatitine GVHR leads to severe immunosuppression (affecting B and T lym-
of viral excape mutants, and direct positive effects on viral or microhidocytes) caused by iINOS-positive macroph&ges
growthmzmze‘lsg
Although most of the results discussed above have been obtaindd @, inflammation and autoimmunity

Table 3. Role of INOS in infectious diseases (based on result s obtained with INOS + mice) (modified from ref.16) 2.

Role ofINO'S Viruses Bacteria Protozoa
Dispensable for Mouse hepatitis virus 72 Borrelia burgdorferi 7 Eimeria vermiformis '7°
pathogen control Lymphocytic choriomeningitis Chlamydia trachomatis (vaginal infection) Plasmodium berghei
virus (liver, spleen, CN'S) ™ H elicobacter pylori Plasmodium chabaudi  *°?
Sendai virus % Legionella pneumophila *™* Trypanosoma brucei rhodesiense  (LouTatl) *7"

M ycobacterium leprae *7*

Pseudomonas aeruginosa
Shigella flexneri
Streptococcus pneumoniae

174

103

Essential for Coxsackie virus B3 (myocarditis) M ycobacterium tuberculosis  (i.v. infection) Leishmania donovani
pathogen control Coxsackie virus B3 (pancreatitis) '"® Salmonella typhimurium 2! Leishmania major
Coxsackie virus B4 Trypanosoma cruzi (Tulahuen strain)
Murine cytomegalovirus
(intermediate dose) '™ T. cruzi (Y strain) *™®

Ectromelia virus

Contributory to Hepatitis B virus % Chlamydia pneumoniae Cryptosporidium parvum 1%
pathogen control Lymphocytic choriomeningitis C. trachomatis (spleen, lung) Entamoeba histolytica #*
virus (liver) *&° Human granulocytic ehrlichiosis agent % Toxoplasma gondii (CNS)
Murine cytomegalovirus Listeria monocytogenes  (liver, spleen)
(high dose) '™ L. monocytogenes (CN S)*#2

M. tuberculosis (aerosol infection) 122
M ycoplasma pulmonis
Staphylococcus aureus

D etrimental Influenza virus M. avium T. gondii (intestine)
to the host S. pneumoniae 3 Trypanosoma brucei (GUTat)*®
T. cruzi (Brazil strain) ¢

20 wing to space limitations, original references are given only for recent studies that were not discuss ed in a previous review *°.
iN O Siis regarded as essential if any of the followi  ng applies:iNO 'S =~ mice die, control mice survive; non-healing disease i n iNO S, healing of the disease iniINOS ** mice;
uncontrolled pathogen replication in INOS -, pathogen control inINOS *'* mice.
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