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Inducible nitric oxide synthase is expressed in joints of goats in the late stage of
infection with caprine arthritis encephalitis virus
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SUMMARY

We have studied the expression of the inducible form of nitric oxide synthase (iNOS) in joints of goats
infected with the caprine arthritis encephalitis virus (CAEV). Nitric oxide generated by iNOS is thought
to play an important role in the pathogenesis of various types of arthritis, especially rheumatoid arthritis
(RA) in humans. Surprisingly, iNOS immunoreactivity was found only in joints of long-term infected
goats with severe clinical arthritis, whereas—despite the presence of high nhumbers of inflammatory
cells in the synovial tissue—no INOS immunoreactivity was detected in mildly arthritic and in short-
term experimentally infected goats. Most iINOS-positive cells expressed neither MHC class Il nor
CD68, which suggests that they were fibroblast-like synoviocytesitu hybridization studies showed

that there was no correlation between iINOS immunoreactivity and detectable virus expression in the
joint. In addition, infection of macrophages in vitro—the major host cells of CA&EVivo—did not

lead to increased INOS mRNA expression. In response to stimulation, similar levels of INOS expression
were observed in infected and in uninfected macrophages. These findings suggest that the expression of
iINOS is a feature of late-stage chronic arthritis and is not involved in the development of the
inflammatory lesions. Both the lack of co-localization of iINOS protein and viral transcripts in the
joint and the finding that CAEV does not stimulate the expression of iNO&ro further suggest that

iINOS is not directly induced by the virus or the anti-viral immune response in the joint, that it may well,
however, be involved in tissue remodelling or scar formation.
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INTRODUCTION is up-regulated and thought to contribute to both immune modula-

Nitric oxide (NO) is a shortived gaseous radical which is tion and tissue damage [3]. In rheumatoid arthritis (RA) patients,

increased levels of nitrite, a breakdown product of NO, have been

generated enzymatically by nitric oxide synthase (NOS). Thre . . i . .
different isoforms of NOS are known. Two forms are constitutively%OunOI In serum and synovial _flwd_ [4,5] and INOS protein ha_s been
etected in inflamed synovial tissue [6—8]. However, it is not

expressed: the neuronal NOS (called nNOS or NOS1) and endothé-

lial NOS (eNOS or NOS3). The inducible isoform of NOS (iNOS nown whether iNOS expression is initially involved in the

or NOS2) is produced by a variety of cells upon stimulation with pathogeness of RA or whether it is just a hallmark of chronic

bacterial endotoxin or inflammatory cytokines such as tumour!nﬂammatlon' The aetiology of RA is unknown, but several

necrosis factor-alpha (TNE) and interferon-gamma (IFN) infectious agents (viral or bacterial) have been implicated in the
[1-3]. Once induced, iINOS can generate large amounts of Ndmuanon_of the dl_s_ease [9_11].'. . . -
over an extended period of time. NO is rapidly converted to Caprine arthritis encephalitis virus (CAEV) is a lentivirus

other reactive nitrogen intermediates. Peroxinitrite anion, gener\iﬁz:cz;?#rsoensicpaert[ﬁ::gmrr:g;icti“son r']r; ?::rt“sé acrilglciil Zyrzptgrr‘:is
ated by the reaction of NO with superoxide, is a strong oxidant u ’ » pneu » In young

which can damage proteins, lipids, membranes, DNA and Sub[nals, encephalitis. Caprine arthritis is characterized by mono-

cellular organelles. In autoimmune and infectious diseases, iNO§lJC|e"jlr infiltration of synovial membranes with lymphocytes,
macrophages and plasma cells. In the advanced stage of

Correspondence: Dr E. Peterhans, Institute of Veterinary Virology,tN€ disease, necrosis and fibrosis of synovial tissue as well as
University of Bern, Laggass-Str. 122, CH-3012 Bern, Switzerland. mineralization and erosion of articular surfaces occur [12—15]. In
E-mail: peterhans@ivv.unibe.ch view of the histopathological similarity, caprine arthritis serves as
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a naturally occurring model for human RA. We have studied theRiboprobes for slot blot analysis ard situ hybridization

expression of iINOS in the synovium of goats which had beenCAEV CO gag (nt 512—-1858) was cloned in pBluescript (Strata-

infected with CAEV for different lengths of time. We have asked gene, La Jolla, CA). Caprine glyceraldehyde-3-phosphate dehy-

whether iINOS is detectable in the early stages of arthritis andirogenase (GAPDH) cloned in pSPT19 (Boehringer, Mannheim,

therefore conceivably involved in the pathogenesis of arthritis andsermany) was a gift of Dr G. Quat (Marseille, France). Bovine

whether CAEV directly stimulates the expression of iINOS in its iINOS cDNA cloned in pSPT19 was a gift of Dr H. Adler [21].

major host cell, the macrophage. Anti-sense probes and sense control probes were transcribed
in vitro from the T3, T7 or SP6 promoters in the presence of
digoxigenin-UTP (Boehringer).

MATERIALS AND METHODS

Animals and tissue samples

Goats were experimentally infected with the molecular clone
CAEV CO [16]. Fifty percent tissue culture infectious dose
(TCIDsg) (5% 10% of CAEV CO was injected both intracarpally

and intravenously [17,18]. Six, 12, 33 days or 1 year post-infection . ) . )
the animals were euthanized by an overdose of pentobarbita |, streptomycin 10g/ml, L-glutamine 2w, 2-mercaptoethanol

Synovial membranes were fixed overnight in 4% paraformalde- Opum, HEPES (N-2-hydroxyethylpiperazine-N'-2ethanesulfonic

. . ' acid; 10 m) and 2% heat-inactivated goat serum (Sigma). Macro-
hyde in PBS pH 7-4, dehydrated and embedded in paraffin. Thre hages were infected with CAEV CO at a multiplicity of infection

gloats gzléc gzd f:elg expc(jerlr;]wentegly |nfecte(|1- Wlthl thfhb.lt(.)log'Cal(moi) of 0-01 or 0-0001. Two hours after infection, the cells were
clone wdied G[ t' ] Tn IT O.er tsz(ejverihc 'g:évar ris ¥Vererinsed and fresh medium containing 4% goat serum was added.
aiso studied. ©o0ats naturally iniected with ¢ came from Similarly, mock-infection was performed with UV-inactivated
infected flocks in Switzerland. They were either serologically . P I imulated eith ith 100 na/ml
CAEV™" as demonstrated by an ELISA [19] and by Western blot " o> stock. e ce’s were stlr.nu.ate e.'t er wit ngim
lipopolysaccharide (LPS;Escherichia coli serotype 055:B;

s R e e el e OTa) o cells clapylcoces aureonan | (SAC:
in affected joints byin situ hybridization. Two seronegative goats SPapsorbm, diluted l:lOOQ; Ca!b|oghem, La Jolla, CA) or a combi-
from a CAEV-free herd served as con.trols nation of Zng/ml he_at—kllledLls_tena m_onocytogene&n_d 100U/
) ml recombinant bovine IFN- (Ciba Geigy, Basel, Switzerland).

Four hours after the addition of the stimulating agents, total RNA
Immunohistochemistry was isolated from the cells with Trizol (o BRL, Grand Island,
Dewaxed paraffin sections were incubated for 30 min with 10 mgMNY).
ml humany immunoglobulin (Berna, Schweizerisches Serum- und
Impfinstitut, Bern, Switzerland) in PBS. A rabbit anti-mouse iNOS RNA slot blot analysis
serum (06-295; Upstate Biotechnology, Lake Placid, NY) orTotal RNA isolated from macrophages was blotted on positively
control rabbit serum was diluted 1:200 in PBS containing charged nylon membranes (Boehringer) with a slot blot apparatus
0-1mg/ml saponin and added to the sections for 60 min. AfteSchleicher & Schuell, Keene, NH). The blots were hybridized
washing with Tris buffer (0-2& NaCl, 20 m Tris, pH 7-5, 0-13%  with digoxigenin-labelled riboprobes according to standard
Tween 20), the sections were incubated for 45 min with a biotiny-procedures. CDP-Star (Tropix, Bethesda, MD) was used as the
lated goat anti-rabbit IgG antibody (Jackson ImmunoResearchchemiluminescent substrate. Chemiluminescent signals were
West Grove, PA) in Tris buffer. After washing in Tris buffer, the scanned with a Molecular Imager (BioRad, Hercules, CA) and
sections were incubated with avidin—biotin—peroxidase complewalues were normalized to GAPDH.
(Vector Labs, Burlingame, CA) for 45min followed by another
wash in Tris buffer and addition of the substrate diaminobenzidindn situ hybridization
tetrahydrochloride (DAB; Sigma, St Louis, MO) in Tris buffer, Paraffin-embedded tissue samples were dewaxed and hybridized
0-01% HO.,. All incubation steps were performed at room tem- with digoxigenin-labelled riboprobes specific for CAEV gag RNA
perature. After colour development the slides were washed in Trigis described previously [17,23,24].
buffer for 30 min. For MHC class Il staining, VPM54 antibody
(Dutia, 1990; kindly donated by B. Blacklaws, Cambridge, UK) RESULTS
was applied overnight af€ in Tris buffer. As secondary antibody,
a biotinylated goat anti-mouse IgM and IgG (Jackson) was addeiNOS is detected only in goats with severe clinical arthritis
for 60 min followed by avidin—biotin—alkaline phosphatase com- Histological analysis of synovial membrane tissues from goats
plex (Vector) (30 min). Fast Red was used as a substrate (2 mg/miaturally or experimentally infected with CAEV showed varying
Fast Red TR salt; Chroma-Gesellschaft, Kongen, Germany), 1 mglegrees of synovial lining cell hyperplasia and infiltration with
ml naphtol ASMX-phosphate (Sigma), in 10eniris pH 8-0).  lymphocytes, macrophages and plasma cells [17,18]. Tissue sections
Staining of CD68 (mouse anti-human CD68, M0718; Dako Diag-from different stages of arthritis were tested for immunoreactivity
nostics AG, Zug, Switzerland) was performed similarly but with for INOS using a polyclonal serum raised against murine iNOS.
prior treatment of the tissue with 0-2% trypsin (Difco Labs, Detroit, Positive cells were detected only in tissue samples from goats with
MlI), 14 mm CaCh, 50 mv Tris, pH 7-5 at 37C for 15min on a  long-term severe clinical arthritis. In contrast, no iNOS protein was
shaker. After colour development, the tissue was counterstainefibund in mildly arthritic goats or animals experimentally infected
with Mayer's haematoxylin and mounted in glycerol-gelatine for 1year or less, whereas large numbers of inflammatory cells
(Sigma). were also present in the latter two groups of animals (Table 1).

Cell cultures

Mature macrophages were obtained from peripheral blood mono-
nuclear cells (PBMC) as described previously [22]. PBMC were
cultured in Teflon bags for 8 days and then seeded in tissue culture
flasks in RPMI 1614 medium supplemented with penicillin 100 U/
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Table 1. Detection of inducible nitric oxide synthase (iNOS) and viral transcripts in caprine arthritis encephalitis virus (CAEV)-
infected goats

Goat no. Duration of Route of Clinical Histology§ iINOS Viral
infection infection statust (carpal joints) protein Rfl@ag
1501 Control Uninfected No arthritis 0 - -
6837 Control Uninfected No arthritis 0 — -
1053 6 days Experimental* No arthritis 1-2 — +
38 6 days Experimental* No arthritis 2 - +
25 12 days Experimental* No arthritis 3 — +
17 12 days Experimental* No arthritis 3-4 - +
33 33 days Experimental* Mild arthritis 3-4 — +
15 33 days Experimental* Mild arthritis 4 — —
9 1 year Experimental* No arthritis 3-4 — -
8 1 year Experimental* No arthritis 3-4 — —
1676 > 2 years Natural No arthritis 2 — —
53 > 2 years Natural Mild arthritis 4 — —
957 > 2 years Natural Arthritis 4 —I+ —
862 > 2 years Natural Arthritis 4 + -
1007 > 2 years Natural Arthritis 4 + +
ZW1917 > 2 years Natural Arthritis 5 + +
ZW728 > 2 years Natural Arthritis 5 + +
T2283 > 2 years Natural Arthritis 5 + +
T25 > 2 years Natural Arthritis 5 + +
697 > 2 years Natural Arthritis 5 + +

*Experimentally infected with CAEV CO.

fClinical status was assessed by the measurement of the carpal/metacarpal (C/MC) circumference ratio of carpal joints. An
arbitrary threshold for clinical arthritis was set at C/MC1-80. Goats with mild arthritis had C/MC ratios of 1-71-1-79.

§Evaluation of haematoxylin—eosin (H—E)-stained tissue sections of synovial membranes from carpal joints was performed
independently by two examiners=0no inflammation; = some inflammatory cell aggregates, synovial lining layer hyperplasia; 2
dispersed mononuclear infiltrates in villi, few perivascular infiltrates; ifiltrates in villi, subintima and around vessels; few small
lymphoid-like follicles; 4= as 3; with lymphoid-like follicles, large plasma cell aggregates; iitense mononuclear infiltration of
intima and subintima, numerous plasma cells, necrosis/fibrosis.

qVviral RNA in synovial membranes of carpal joints was detected by insitu hybridization of gag RNA.

No iINOS" cells were detected in synovial membranes of CD68 and resembled fibroblasts [7]. Two other studies, however,
seronegative control goats (not shown). Incubation of tissue secsuggested that other cell types such as macrophages and chondro-
tions of arthritic goats with control rabbit serum did not result in cytes also produced iNOS in RA [6,8].
positive staining (Fig. 1c).

iINOS immunoreactivity and expression of viral RNA do not locally
Most iNOS' cells do not express MHC class Il or CD68 correlate
iINOS immunoreactivity was not evenly distributed throughout theTo test whether NOS immunoreactivity correlates with the expres-
inflammatory lesions but confined to distinct areas. Most iNOS sion of viral transcripts in the joint, subjacent tissue sections of
cells were located in clusters in the subintimal layer, often insynovial tissue were stained with the iINOS antibody or hybridized
fibrotic areas which contained only few inflammatory cells (Fig. with a digoxigenin-labelled probe specific for CAE}gRNA. In
1a). Occasional positive cells were also found in the synovial liningcontrast to iINOS protein, which was found only in joints of long-
layer as well as in vascular smooth muscle cells of a minority ofterm infected goats, viral transcripts were detected both at early
synovial vessels. Perivascular infiltrates consisting predominantlyime-points following experimental infection (6—33 days post-
of T and B lymphocytes as well as macrophages were practicallynfection) as well as in goats with severe clinical arthritis. No
devoid of INOS cells. viral transcripts were found in animals with mild arthritis (Table 1).

To characterize further the cells which produce iNOS, doubleMoreover, in tissues of arthritic goats, where both iINOS and viral
staining of tissue sections was performed. Following iNOS stain-transcripts were detected, the areas with iN@8lls and the areas
ing, the sections were incubated with either an anti-MHC class llwith virus-expressing cells did not overlap (not shown). It thus
antibody or an anti-CD68 antibody. Over 95% of iNOSells appears that the expression of INOS does not directly depend on
expressed neither MHC class Il antigen nor the tissue macrophageetectable virus replication in the joint but is rather a feature of
specific marker CD68, which suggests that, in caprine arthritis, théate-stage chronic arthritis.
majority of INOS-expressing cells are not inflammatory cells but
fibroblast-like synoviocytes (Fig. la,b). Similar findings were CAEV does not induce iNOS in macrophage cell cultures
reported in a study of synovial tissue obtained from RA patients Macrophages are the major host cells of CABWivo [25—28]. To
where most iINOS cells in the joint were found to be negative for test whether CAEV is able to directly increase iNOS expression in
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b Fig. 2. Expression of inducible nitric oxide synthase (iNOS) mRNA in
. macrophages stimulated with lipopolysaccharide (LPS). Macrophages were
mock-infected or infected with CAEV CO at a multiplicity of infection
(moi) of 0-01 or 0-001. Seven days post-infection, the cells were stimulated
b ! with LPS (100 ng/ml) for 4 h and total RNA was isolated. RNA slot blots
' were hybridized with probes specific for bovine INOS or caprine glycer-
x aldehyde-3-phosphate dehydrogenase (GAPDH) and scanned values for
-~ v iINOS were normalized to GAPDH. Results from three experiments are
shown. In order to compare the different experiments- @), results are
expressed as percentages of the value of the mock-infected cells. Standard
deviations are represented by error bars.

this cell type, blood-derived macrophages were infedteditro

. with CAEV at a moi of 0-01 or 0-0001. Seven days post-infection,
the expression of INOS transcripts was analysed by RNA slot blot
analysis. Without the addition of stimulating agents, very low
amounts of INOS mRNA were detected in infected and mock-
infected macrophages. No difference in iINOS expression was
noted between infected and mock-infected cells, although the
intensities of the chemiluminescent signals were too low to be
scanned and quantified (not shown). Following stimulation with
LPS (100 ng/ml), INOS mRNA was enhanced both in infected and
in mock-infected cells. However, in infected as opposed to mock-
infected cultures the stimulated expression of INOS was reduced.
This was especially the case when the cells were infected with a
higher multiplicity of infection (moi=0-01) (Fig. 2). Similar
results were obtained when the cells were stimulated with fixed
. / SAC or heat-killedL. monocytogeneand IFN<. Again, CAEV

Fig. 1. Detection of inducible nitric oxide synthase (iNOS), MHC class Il
and CD68 in the joint of an arthritic goat by immunohistochemistry. Serial
synovial membrane tissue sections from a goat with clinical arthritis
(no. 1007) were incubated with antibodies specific for INOS, MHC class
Il and CD68. (a) Immunoreactivity for INOS (brown) was detected in a
fibrotic area adjacent to a mononuclear infiltrate strongly expressing MHC
class Il (red). (b) iINOS staining (brown) and CD68 staining (red) were
detected in different non-overlapping cell populations in the inflamed joint.
(c) No specific staining was obtained with a control rabbit serum.
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infection led to a reduction of the levels of stimulated INOS mRNA experimental infection of the joint, however, viral transcripts are
(not shown). Thesén vitro findings are in accordance with the readily detected bin situ hybridization during the first weeks post-
results obtained from the studies of tissue sections, where nimfection. The lack of INOS immunoreactivity in joints of short-
correlation was found between detectable expression of virus anttrm experimentally infected goats as well as the different location
the presence of INOS immunoreactivity in the joint (Table 1).  of INOS protein and viral transcripts in chronically infected goats
argue against the hypothesis that iINOS is directly induced by
CAEV or the anti-viral immune response. The hypothesis that
iINOS is needed for the establishment of chronic inflammation is
In this study, we have compared the expression of INOS in earlynot supported either. Additionaih vitro studies corroborated
stage infection with CAE virus with that in animals infected thesein vivo findings. Infection of cultured macrophages with
chronically. The analysis of the early stage was done using alCAEV neither increased iINOS mRNA expression nor led to
experimental model of infection in which we previously analysedenhanced iNOS transcription following stimulation. In contrast,
the kinetics of inflammation, the cell types involved and the HIV—which is related to CAEV—has been shown to increase
expression of cytokines and viral RNA. The type of inflammation INOS mRNA expression and NO generation in monocyte
that develops within 33 days of infection is similar to that of the cultures and to prime for increased NO production upon
chronic form of infection, except that the degenerative changestimulation [41].
typically seen in severely arthritic goats are missing [17,18]. In conclusion, our findings suggest that virus-induced arthritis
Although we observed tissue hyperplasia and abundant inflammasan develop in the absence of pronounced iINOS up-regulation and
tory cells in the synovium of early stage and mildly arthritic goats, that the expression of INOS is a feature of the late stage of chronic
iINOS was detected only in severely arthritic goats that had beemflammation rather than a result of local virus replication or an
infected for> 2 years. However, we are aware of the limitations of anti-viral immune response.
iINOS detection by immunohistochemistry, which suggests that
minor amounts of nitric oxide may be produced even in situations
where iINOS may be too low to be detected. The presence of INOS ACKNOWLEDGMENTS
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