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To assess whether nifric oxide synthase 2 (NOS2) fulfills the criteria of an innate resistance locus against an
acute viral infection, we inoculated genetically deficient NOS2—/— mice with virulent ectromelia virus (EV),
the causative agent of mousepox. NOS2—/— mice proved highly susceptible to EV yet showed no diminution in
other well-characterized anti-EV immune responses, i.e., gamma interferon secretion and NK cell and EV-
specific cytotoxic T lymphocyte activities. Thus, the NOS2 locus can be considered a critical monogenic deter-
minant of EV resistance that contributes to host survival.

Cytokine-inducible nitric oxide synthase 2 (NOS2) belongs to
a multigene family of heme-containing flavoenzymes catalyzing
the 5-electron oxidation of L-arginine to L-citrulline plus the
cytotoxic radical gas nitric oxide (NO) (13). Rapid transcrip-
tional expression of NOS2 in most nucleated cell types to-
gether with its sustained, high-output production of NO en-
dows this enzyme with broad antimicrobial properties (13).
The idea that NOS2 may subserve an important host protective
function against viruses has recently been appreciated (8, 13,
19). Evidence was first obtained in experiments using ectrome-
lia virus (EV), vaccinia virus (VV), and herpes simplex virus
type 1 in permissive human and mouse cell lines rendered
resistant by transfection with the NOS2 gene (11) or by phar-
macologic provision of NO (3, 11). Since these initial observa-
tions were made, several other RNA and DNA viruses have
been proven sensitive to the virustatic action of NO in vitro:
Epstein-Barr virus, coxsackievirus type B3 (CVB3), Friend mu-
rine leukemia virus, vesicular stomatitis virus, mouse hepatitis
virus, rhinovirus, Japanese encephalitis virus, and poliovirus
(references 8, 13, and 19 and references therein). Some, how-
ever, like Sindbis and tick-borne encephalitis viruses, appear to
be unaffected by NO, while others, such as human immunode-
ficiency virus type 1, may even benefit from cellular NO pro-
duction (8, 13, 19).

Similarly disparate results have emerged in studies of the
intact mammalian host (8, 13, 19). The differences in disease
outcome could be explained in part by experimental design,
where the results with nonspecific NOS inhibitors may also
reflect the indirect antiviral contributions of NOS1 and/or
NOS3 (1, 12). In an effort to distinguish the antiviral effects of
NOS?2 from those of other gene family members and establish
its necessity or redundancy, we used NOS2-null (NOS2—/-)
mice (14). Such mice express NOSI and NOS3 genes normally
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(14). EV-induced mousepox was chosen as the infectious
model for several reasons: (i) it is strictly subject to control by
gamma interferon (IFN-v) (10), with EV replicating in many
of the same cells capable of expressing NOS2 after activation
by this and other cytokines (e.g., fibroblasts, epithelial cells,
and keratinocytes within the exanthematous lesions of the skin
and resident macrophages and hepatocytes within infected vis-
cera [11]); (ii) it was the first model in which IFN-y-induced
NOS2 was attributed a protective role against viruses (11); and
(iii) it represents a natural host-virus relationship (10). These
features appeared to make it well suited for evaluation of the
contributions of the NOS2 gene toward virus eradication.
Adult (8- to 12-week-old) male and female NOS2—/— mice
(H-2"; 129/SvEv X C57BL/6J F,) (14) and their wild-type lit-
termates (NOS2+/+) were bred at the SPF Unit, John Curtin
School of Medical Research, Australian National University.
They were infected intravenously (i.v.) with virulent EV (Mos-
cow strain) that had been propagated in BS-C-1 cells and
purified on sucrose density gradients as outlined elsewhere
(10). In some cases, both mutant and control mice were treated
daily with 5 mg of the NOS inhibitor N“-methyl-L-arginine
(L-NMA; Sigma) or its inactive D-enantiomer (D-NMA) in 200
wl of phosphate-buffered saline administered intraperitoneally,
a regimen previously shown to be efficacious (11). At selected
times postinfection (p.i.), aseptically removed organs were ho-
mogenized in phosphate-buffered saline and serial dilutions
were assayed for PFU on BS-C-1 cell monolayers (10). On days
0, 3, and 6 p.i., plasma NO;~ and splenocyte NO,~ levels were
also determined via nitrate reductase-linked and -nonlinked
diazotization assays (14, 15). The assay sensitivity was 4 pM for
both NO;~ and NO, . At the same times, standard >'chromi-
um-release assays were enlisted for the activity measurements
of splenic NK cells and cytotoxic T lymphocytes (CTL) (7, 9).
YAC-1 cells were used to measure NK cell killing, while EV-
infected and uninfected MC57G cells served as targets for the
measurement of EV-specific, class I major histocompatibility
complex (MHC)-restricted CTL activity. IFN-y levels in
plasma samples from infected mice and in supernatants from
2.5 X 10° EV-infected mouse splenocytes coincubated for 48 h
with 5 X 10° EV-infected, mitomycin-treated (50 ug/ml)
MCS57G cells were measured by a sandwich enzyme-linked
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immunosorbent assay (10). Recombinant murine IFN-y (Gen-
zyme) served as the standard, with an assay detection limit of
3 U/ml. Concanavalin A (ConA) was added to positive control
cultures at 4 pg/ml (Sigma, St. Louis, Mo.). For flow cytometry,
the following fluorochrome-conjugated monoclonal antibodies
(MADbs) were used for single-color analysis of 10° splenocytes:
for T cells, biotinylated rat anti-CD3 (clone 145-2C11), anti-
CD4 (clone GK1.5), and anti-CD8 (clone 53.6.7); for B cells,
phycoerythrin-conjugated anti-CD45R/B220 (clone RA3-6B2)
(Pharmingen, San Diego, Calif.); for macrophages, anti-F4/80
(clone F4/80). Biotinylated primary MAbs were detected with
streptavidin-fluorescein isothiocyanate conjugate (Amersham
International, Amersham, United Kingdom). After erythro-
cytes and dead cells were gated out, =2 X 10* events were
collected via a FACScan flow cytometer by using LYSIS II
software (Becton Dickinson, San Jose, Calif.).

Heightened susceptibility of NOS2—/— mice to EV infec-
tion. At 10* or 10° PFU of EV, all NOS2—/— mice succumbed
between days 5 and 10 p.i. (mean = standard error of the
mean, 8.1 £ 0.2 or 7.2 * 0.7 days, respectively), while wild-type
controls survived throughout the 21-day period of observation
(Fig. 1a;n = 16 to 17 per group at each dose). Only at the high-
est inoculum tested (10° PFU) did the NOS2+/+ group be-
come vulnerable, dying at around the same time as their NOS2-
deficient counterparts (6.0 = 0.3 and 6.2 = 0.4 days, respec-
tively). Markedly increased viral burdens were found within
target organs such as the spleen, liver, and lungs of mutant
mice just prior to death, similar to those of NOS2+/+ mice
treated daily with the NOS inhibitor L-NMA (Fig. 1b). The
latter treatment also led to early mortality at an i.v. dose of 10*
PFU (7.4 = 0.5 days, n = 5) (data not shown). In contrast,
wild-type controls given the biologically inactive D-NMA effec-
tively restricted virus replication, as illustrated by the 2,511-
fold reduction in liver viral titers, 100-fold reduction in spleen
viral titers, and 20-fold reduction in lung viral titers between
days 3 and 6 p.i. (Fig. 1b).

C57BL/6 and 129/Sv parental inbred strains (obtained from
the SPF Unit, John Curtin School of Medical Research) dis-
played identical survival patterns as those of otherwise-resis-
tant NOS2+/+ (129/SvEv X C57BL/6J F,) hosts over a 10* to
10° dose range (n = 8 per group at each dose), except at 10°
PFU of EV, at which dose 50% of the C57BL/6 mice died (Fig.
la and data not shown). All three groups were rendered sus-
ceptible at the highest dose (10° PFU), with a mean time to
death of 6.0 £ 0.9 and 6.6 = 0.7 days for B6 and 129 strains,
respectively, versus 6.0 = 0.3 days seen earlier for NOS2+/+
129/SvEv X C57BL/6J F, mice (Fig. 1a). Further, the admin-
istration of anti-murine IFN-y or anti-murine CD8 T-cell-de-
pleting MAbs led to all three groups becoming susceptible, as
previously established for the C57BL/6 strain (references 9 and
10 and data not shown). Hence, it appears unlikely that con-
taminating genes derived from either background account for
the susceptibility of hybrid NOS2—/— hosts.

Specificity of the NOS2 defect: other anti-EV responses are
intact and noncompensatory in mutant mice. Aside from NOS2
(reference 11 and data from the preceding section), at least
two additional components of host immunity are thought nec-
essary to eliminate EV: IFN-y (10) and class I MHC-restricted
CD8" CTL (9). Others belonging to either the innate (NK1.1
cells) or acquired (class II MHC-restricted CD4" helper T
lymphocytes) branches of the immune response also partici-
pate, although to a lesser extent (9). Partial protection is sim-
ilarly conferred by tumor necrosis factor acting predominantly
via TNF receptor 2 (22), a process that with IFN-y may help
signal NOS2 expression (13). Indeed, the NOS2 pathway could
be detected within the plasma of wild-type hosts as early as day
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FIG. 1. Absence of NOS2 confers susceptibility to primary EV infection. (a)
Mortality in female NOS2+/+ or NOS2—/— mice inoculated i.v. with EV and
monitored for 21 days (n = 17 per group at each dose, except for 10° PFU, in
which case 16 NOS2+/+ mice were used). Data represent three independent
experiments. (b) Viral titers in liver, lung, and spleen of b-NMA- or L-NMA-
treated NOS2+/+ and NOS2—/— mice given 10* PFU of EV i.v., determined at
day 3 (n = 4 per group) and 6 (n = 9 per group) p.i. Data represent three
experiments and are expressed as the mean log, virus titer per gram of tissue =
standard error of the mean *, significantly different from value for p-NMA-
treated group at P < 0.01 (unpaired ¢ test).

3 p.i. following i.v. inoculation with 10* PFU (Fig. 2a). This was
accompanied by a ~50-fold elevation in circulating IFN-y (Fig.
3c) and robust NK cell activity (Fig. 3a). Plasma NO; ™ levels
further increased by day 6 p.i., coincident with the decline in
viral titers, at which time NOS2 activity was readily evident in
explanted splenocytes either without (control, ConA-treated,
uninfected stimulators) or with further antigen-specific stimu-
lation (Fig. 2b). This differed from results for both mutant
animals and wild-type mice given L-NMA (Fig. 2); the former
failed to exhibit inducible NO,~ or NO; ™ levels, in agreement
with earlier studies of infectious disease (14, 15), while NOS2
inhibition in L-NMA-treated mice ranged between 51 and 76%
in plasma and 85 and 93% in splenocytes during the same
period (Fig. 2). However, as in b-NMA-treated NOS2+/+
animals, NK cell activities together with systemic and splenic
IFN-vy release were heightened in these two groups (Fig. 3a
and c).
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FIG. 2. EV-induced expression of the immunologically responsive NOS2
pathway. (a) Plasma NO; ™ levels in -NMA- or L-NMA-treated NOS2+/+ mice
and NOS2—/— mice during i.v. infection with 10* PFU of EV. Symbols represent
individual samples assayed in triplicate; horizontal bars represent group means.
(b) Explanted splenocyte supernatant NO,™ levels (mean * standard error of
the mean) in the same mice left untreated (control) or incubated with uninfected
splenocytes, EV-infected stimulators, or ConA for 48 h. Data represent two
independent experiments. NT, not tested.

Generation of splenic EV-specific CTL activity was unal-
tered in the absence of NOS2 at day 6 p.i. (Fig. 3b), the time
at which peak cytolytic effector function is normally observed
(9). The proportions of CD8* T cells, macrophages, and other
lymphoid populations found within the infected spleen at this
time also did not differ between genotypes (Table 1). IFN-y
secretion was, however, increased in NOS2-null hosts by 2.2- to
2.8-fold in plasma and 1.5- to 6.2-fold in splenocyte cultures
relative to those of NOS2+/+ controls (Fig. 3c and d), perhaps
as a consequence of the increased viral load in these animals
(Fig. 1b).

Based on our results, NOS2 could be added to a list of
resistance loci considered important for recovery from EV
infection and disease: H-2D” (termed rmp-3, resistance to
mousepox, on chromosome 17) (17, 18), the C5 genes (rmp-2,
on chromosome 2), and Rmp-1 (23), recently localized to a
region on chromosome 6 encoding the NK cell receptor
NKR-P1 alloantigens (2). Two of these loci, rmp-1 and rmp-3,
appear functionally unaltered by NOS2 deficiency, as shown by
the ability of mutant mice to mount robust NK cell and EV-
specific CTL responses. In the case of rmp-1, which acts before
an acquired response can be detected (17), its protective effects
may largely be mediated by two distinct mechanisms: (i) direct
NK cell cytolysis (18) of infected targets (e.g., hepatocytes)
(23); and (ii) indirectly, via elicitation of NOS2 through NK
cell secretion of IFN-y.

A requirement for NOS2 in the maturation of NK cell cy-
totoxicity and innate IFN-y release has been recently posited
in studies of Leishmania major infection in mutant mice (4);
however, the effect was apparent only within the first 24 h.
Thereafter, IFN-y release reached or slightly exceeded that of
NOS2+/+ controls at later time points (4). We too, found that
NOS2—/— mice had heightened IFN-y levels by day 3 in
plasma and day 6 in spleen as EV infection continued to
progress unabated. Moreover, the inability to control EV rep-
lication did not appear to be due to defects in lymphocyte or
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FIG. 3. Other anti-EV immune components are intact in NOS2—/— mice. (a
and b) Splenic NK cell activity (day 3 p.i.) (a) and EV-specific CTL activity (day
6 p.i.) (b) in D-NMA- or L-NMA-treated NOS2+/+ mice and NOS2—/— mice
infected i.v. with 10* PFU of EV. Shown are group means (n = 4 for each of two
independent experiments); standard errors of the means (SEMs) fall within the
symbols. Splenocytes from uninfected mice served as controls. E:T ratio, effec-
tor/target cell ratio. (c) Plasma IFN-vy levels in the same mice as those described
for panels a and b. Individual samples were assayed in triplicate; horizontal bars
denote group means. (d) Explanted splenocyte supernatant IFN-y levels
(mean = SEM) under the same conditions as those described in the legend to
Fig. 2b. NT, not tested. *, significantly different from value for p-NMA-treated
group at P < 0.01 (unpaired ¢ test).

monocyte accumulation within infected areas as shown by flu-
orescence-activated cell sorter analyses of spleen (Table 1). On
the contrary, more precise measurements of leukocyte recruit-
ment by using intravital microscopy have shown that the ab-
sence of NOS2 may, if anything, enhance this immigration (5).

TABLE 1. Composition of EV-infected spleen cells from
NOS2+/+ and NOS2—/— mice at day 6 p.i.

% Composition by FACS analysis (mean = SD)

Genotype
(no. of mice) + + 4 CD45R/ 4
CD3 CD4 CD8 B220* F4/80
NOS2+/+ (8) 383 x25 234=x11 135*x05 53.6*31 81=x05

NOS2—/— (8) 40.0*=21 23.0%=08 133*=05 525*=34 72%03

“ FACS, fluorescence-activated cell sorter.
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For each of the immunologic parameters tested, as well as
overall susceptibility, the responses of wild-type mice given
L-NMA quite closely resembled those of mice in which NOS2
was genetically ablated. This contrasts with reports on the
related orthopoxvirus, VV, in which results of genetic manip-
ulation differed from those of phamacologic inhibition. In
those studies, transfection of the NOS2 gene restricted VV
replication in vitro (11, 20) and attenuated replication of NOS2
encoding recombinant VV in vivo (20). Yet administration of
L-NMA failed to render B6, CBA/H, or nude mice more sus-
ceptible (20, 21). In the latter mouse strains, other IFN-y-
dependent pathways may have compensated for the loss of
NO, as suggested by experiments in which healthy NOS2-
deficient animals infected with VV become vulnerable once
they are treated with anti-IFN-y antibodies (11a). No such
compensation is observed for EV, however, against which
NOS?2 appears to be a critical, nonredundant effector mecha-
nism. A recent study of CVB3 infection in NOS2-deficient
mice also showed increased viral burdens and severe myocar-
ditis (24), suggesting that the NOS2 locus is important for
controlling CVB3 replication as well. However, the heightened
virus susceptibility in NOS2—/— mice is not universal, pulmo-
nary clearance of influenza A (A/PR/8/34) virus is in fact more
effective in mutant than in wild-type animals (6). This indicates
a spectrum of antimicrobial activity for NOS2, one which mir-
rors that now starting to emerge for other pathogens examined
in a host selectively and completely deficient for this enzyme
(13, 16).

This work was supported by the National Centre for HIV Research
(G.K. and J.-H.C.) and National Institutes of Health grants HL51967
and AI34543 (C.F.N.).
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