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Inhibition of Viral Replication by
Interferon-y—Induced Nitric Oxide Synthase

Gunasegaran Karupiah,* Qiao-wen Xie, R. Mark L. Buller,
Carl Nathan, Cornelio Duarte, John D. MacMicking*

Interferons (IFNs) induce antiviral activity in many cell types. The ability of IFN-vy to inhibit
replication of ectromelia, vaccinia, and herpes simplex-1 viruses in mouse macrophages
correlated with the cells’ production of nitric oxide (NO). Viral replication was restored in
IFN-y-treated macrophages exposed to inhibitors of NO synthase. Conversely, epithelial
cells with no detectable NO synthesis restricted viral replication when transfected with a
complementary DNA encoding inducible NO synthase or treated with organic compounds
that generate NO. In mice, an inhibitor of NO synthase converted resolving ectromelia virus
infection into fulminant mousepox. Thus, induction of NO synthase can be necessary and
sufficient for a substantial antiviral effect of IFN-y.

Several cytokines, including interferons
(IFN-a, -B, -7y, and -®) and tumor necrosis
factors (TNF-a and -B) display antiviral
activity (1). The antiviral effects of the
IFNs have been attributed in part to their
induction of (i) P1 kinase, which phospho-
rylates and inactivates eukaryotic protein
synthesis initiation factor elF-2q; (ii) 2',5'-
oligoadenylate synthetase, whose products
activate a latent endoribonuclease; (iii) in-
doleamine 2,3-dioxygenase, which depletes
cell cultures of tryptophan; (iv) Mx proteins,
which inhibit influenza and vesicular stoma-
titis viruses; and (v) the 9-27 protein, which
binds to the Rev-responsive element of hu-
man immunodeficiency virus (HIV) (I).
Nevertheless, the mechanisms of action of
IFNs remain incompletely understood.

The antimicrobial and antiproliferative
actions of cytokines such as IFN-y are un-
dergoing reassessment in light of their ability
to induce the expression of iINOS, a gene
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encoding an isoform of nitric oxide synthase
(NOS) that produces large amounts of the
radical gas, NO, from a guanidino nitrogen
of L-arginine (2, 3). Induction of iNOS
contributes to IFN-y’s antiproliferative ac-
tions (4) and to its enhancement of macro-
phage cytotoxicity toward tumor cells, bac-
teria, fungi, protozoa, and helminths (2, 3).
The inducibility of high-output NO produc-
tion among many other cell types, such as
hepatocytes, smooth and cardiac myocytes,
keratinocytes, endothelium, mesangial cells,
tumor cells, and some fibroblasts (2, 5),
prompted the hypothesis that the induction
of iNOS might also defend the host against
the one class of pathogens that can infect all
nucleated cells—viruses (2).

To test this hypothesis, we first focused
on ectromelia virus (EV). The replication
of this orthopoxvirus in C57BL/6 mice is
restricted by IFN-y (6), yet EV may inhibit
both the P1 kinase and the 2’,5'-oligoade-
nylate synthetase pathways (7). In vitro,
IFN-vy inhibits EV replication in mouse
RAW 264.7 macrophage-like cells and in
primary mouse macrophages but not in
L929 mouse fibroblasts or 293 human renal
epithelial cells (Fig. 1A). Thus, an addi-
tional, IFN-y—inducible antiviral pathway
is likely to exist and be selectively ex-
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s,

pressed. The differential antiviral effect of
IFN-y in these four cell types correlated
with their ability to produce NO, measured
as the stable oxidation product, nitrite
(NO,™) (8 (Fig. 1B).

In macrophages, the antiviral effect of
IFN-y was substantially reversed by inclu-
sion in the cultures of N®-methyl-L-argi-
nine (L-NMA), a guanidino-N-substituted
L-arginine analog that acts as a competitive
inhibitor of iNOS (9) (Fig. 2, A to D). In
control macrophages, EV, the closely relat-
ed vaccinia virus (VV), and herpes simplex
virus type-1 (HSV-1) produced between
2.0 and 2.5 log,, progeny virus over a
24-hour period. Treatment of the macro-

phages with IFN-y severely restricted repli- -

cation of all three viruses. In the presefice
of L-NMA, IFN-y—induced inhibition of
viral replication was reversed by 73 to
100%. The ability of L-NMA to nullify the
protective effect of IFN-y was itself substan-
tially antagonized by the addition of excess
L- but not D-arginine. Stereospecificity was
further evidenced by the inability of N“-
methyl-D-arginine to reverse IFN-y—in-
duced inhibition of viral replication. In the
absence of IFN-y, L-NMA, D-NMA, L-ar-
ginine, and D-arginine did not affect viral
yields (10). Production of NO,~ by EV-
infected RAW 264.7 cells or peritoneal
macrophages was similarly inhibited by
L-NMA and restored by excess L-arginine
(Fig. 2, E and F). Two additional NOS
inhibitors, N®-nitro-L-arginine (NNA) and
N-iminoethyl-L-ornithine (NIO), also re-
versed IFN-y—induced inhibition of EV rep-
lication in RAW 264.7 .cells (10). The
effects of all three NOS inhibitors were
concentration-dependent (with EV, the
concentration giving 50% of the maximum
effect was 0.24 mM for L-NMA, 0.90 mM
for NNA, and 0.17 mM for NIO in the
presence of 0.82 mM L-arginine).

Because inhibition of iNOS blocked an-
tiviral activity, we next tested whether
NO, a product of iNOS, could confer an-
tiviral activity. The NO was furnished ei-
ther genetically or pharmacologically with

Fig. 1. Differential sensitivity of EV

to IFN-y in various cell types and Cell type
correlation with NO production. (A)

Cells were cultured for 18 hours RAW 264.7
with or without recombinant IFN-y, .
infected with EV, and assayed for ';fa"':tr%'fea'
infectious progeny virus 24 hours phages
later (283). Progeny virus is ex-

pressed as the mean *+ SEM of 203

log,, viral titer in triplicate cultures

minus log,, of infectious virus re-  L929

covered from parallel cultures 1
hour after the addition of virus to
the culture. (B) Accumulation of
NO,~ in the medium of the same

similar results (Fig. 3). First, 293 cells were
transfected with a plasmid (I1) encoding
the functional “long-form” of iNOS cDNA
cloned from RAW 264.7 cells (12). As
controls, other 293 cells were transfected
with the vector only or with catalytically
inactive “short-form” iINOS cDNA (11,
12). The short form is 22 amino acids
shorter than the long form, but otherwise
the two differ in only 11 of 1122 amino
acids (12). Both isoforms of recombinant
iNOS were expressed in 20 to 25% of 293
cells, as judged by indirect immunofluores-
cence with an antibody to iNOS (12). Even

".though most 293 cells did not express
iNOS, the presence of enzymatically active
iNOS within the cultures (the supernatants
of which accumulated 15 nmol of NO, ™ per
106 cells within 6 hours) resulted in 45 to
100% inhibition of replication of EV, VV,
and HSV-1 relative to untransfected con-
trol célls. In contrast, transfection with
enzymatically inactive iNOS or vector
alone (no NO,™ accumulated) reduced vi-
ral replication by 0 to 18% (Fig. 3, A to C).
Thus, iNOS-expressing cells appear to con-
fer an antiviral state on neighboring cells.
Similarly, the NO donor S-nitroso-N-ace-
tyl-penicillamine (SNAP) (13) reduced vi-
ral titers almost to the level of the inocu-
lum, whereas the control compound N-ace-
tyl-penicillamine had no effect (Fig. 3, D to
F). The antiviral effect of SNAP did not
reflect toxicity to the cells, in that viral
titers returned to the levels seen in control
cultures within 20 to 24 hours after SNAP
was removed (10).

These results support two conclusions.
First, activity of iNOS is both necessary and
sufficient for a substantial antiviral effect of
IFN-v in vitro. Second, although iNOS has
many potential enzymatic actions—deple-
tion of L-arginine and NADPH (reduced
form of nicotinamide adenine dinucleotide
phosphate), oxidation of tetrahydrobio-
pterin, production of hydrogen peroxide
and citrulline, and reduction of cytochrome
P-450 (2)—provision of NO alone is suffi-
cient to inhibit viral replication.

A B
CO—IFN-y B+ IFNsy

=
[r—
—

0.0 0.5 1.0 1.5 2.0 2.51.251.0 0.75 0.50.25 0.0
logyo Progeny virus titers NO,~ (nmol)

cell cultures, measured by the Griess assay (8). Results, presented as the mean + SEM of triplicate
cultures, were similar in each of two or three additional experiments with each cell type.
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Depletion of L-arginine by macrophage-
derived arginase has been proposed as an
antiviral mechanism (14), but in the present
experiments the concentration of L-arginine
fell by <15% in the medium of IFN-y-—
stimulated, virus-infected RAW 264.7 cells

B EV: Peritoneal

+ JA EV:RAW264.7 I
macrophages

o - N
1 M 2
T T T

4+ JC VV:RAW 264.7|D

3 -
2 4
1 4

- 0 |

E EV: RAW 264.7| F EV: Peritoneal
I macrophages |

0.0 D|II|EI

HSV: RAW 264.7
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-
o
1

=

NO,~ (nmol)

(=4
w
1

IFNy = +++ + + -+++ ++
NMA - =L LLD ==LLLD
Arg = ==1LD-=- ===LD-=

Fig. 2. Dependence of IFN-y—induced antiviral
activity in macrophages on their production of
NO. The RAW 264.7 cells (A, C, D, and E) or
peritoneal macrophages (B and F) were cul-
tured for 18 hours with (solid bars) or without
(open bars) IFN-y alone [25 U/ml (EV and VV)
or 5 U/ml (HSV-1)]; IFN-y together with 300 pM
L-NMA; IFN-y, L-NMA, and 2.5 mM (EV and
VV) or 1 mM (HSV-1) L-arginine; IFN-y, L-NMA,
and 2.5 mM p-arginine; or IFN-y and 300 uM
D-NMA. The cells were then infected with the
indicated viruses. Panels (A to D) show the
titers of viral progeny (23) at 24 hours. Panels
(E) and (F) show the NO,~ accumulation in the
medium at 24 hours. The L-NMA, D-NMA, L-ar-
ginine, and p-arginine were from Sigma. Re-
sults are presented as the mean + SEM of
triplicate cultures. Results were similar in each
of two or three additional experiments with each
cell type. NT, not tested.



and inhibition of viral replication was not
reversed by addition of excess L-arginine (10).

Finally, we tested the effect of an NOS
inhibitor on viral replication in vivo. Inoc-
ulation of the virulent Moscow strain of EV
into the footpad of C57BL/6 mice repro-

Table 1. Impact of NOS inhibitor on the course
of EV infection in mice. The treatment was as
follows: Female, 6-week-old C57BL/6NCR mice
were infected subcutaneously in the right hind
footpad on day zero with 4 x 10% PFU of EV.
The same footpad was injected with 20 ! of
phosphate-buffered saline (PBS) alone or PBS
containing D-NMA or L-NMA (5 mg per day)
from day 1 until day 5 after infection. Thereafter,
the same daily dosage was administered in a
100-p! volume intravenously until the mouse
succumbed to disease or was killed (day 14).

Day of Log,, virus per gram*

Treatment anal-

ysis Liver Spleen
PBS 5 66+04 58=*05
PBS + D-NMA 5 66+x01 60=x1.1
PBS + L-NMA 5 7203 74x04
PBS 14 <2.0 <2.0
PBS + D-NMA 14 <2.0 <2.0
PBS + LNMA 14 42+08 34+*04

*Viral titers (mean log,, = SEM) were determined in
homogenates of organs from five mice per group (23).
Titers were significantly higher in L-NMA-treated mice
onday 5 (P < 0.01, Student's ¢ test) and day 14 (P <
0.00001) compared to either set of controls. The limit
of sensitivity of the assay is 2.0 log,, PFU per gram.

duces a natural, self-limited infection with
a well-characterized immune response and
pathology (15). Treatment of uninfected
mice with L-NMA or D-NMA (four mice
per group) had no effect on organ histology
or survival through day 14. Of EV-infected
control mice treated with vehicle (n = 19)
or D-NMA (n = 15), 95% survived
through day 14, by which time virus had
been cleared from all organs examined (Ta-
ble 1). In contrast, treatment of 20 EV-
infected mice with L-NMA led to 30%
mortality (mean time of death was 8.3 days
after infection), increased titers of virus in
- spleen and liver in mice killed at 5 days after
infection, and persistence of virus in mice
killed at 14 days after infection (Table 1), all
hallmarks of fulminant mousepox. However,
L-NMA did not inhibit the development of
major histocompatibility complex class I-re-
stricted cytolytic T cells with specificity for
EV-infected host cells (16).

These findings establish another mecha-
nism through which IFN-y can exert an
antiviral effect. Induction of iNOS is likely
to play a role in the antiviral action of other
cytokines besides IFN-y, as IFN-a and -8
and TNF-a and -B can synergize with other
‘stimuli to induce iNOS expression (8).
These results do not discount the participa-
tion of previously defined antiviral mecha-
nisms of IFN-y, nor can all unexplained
antiviral effects of cytokines be ascribed to

Fig. 3. Inhibition of viral rep- 37 7
lication in 293 cells provid-
ed with NO by transfection
with iNOS cDNA or by addi-
tion of an organic NO donor.
(A through C) The iNOS
cDNA was introduced by
calcium phosphate—assist-
ed transfection of cells in
culture dishes 100 mm in
diameter with 20 ng of pi-
NOSL8 (77) encoding the
enzymatically active “long
form” of iINOS (solid bars),
carried in the pcDNA | vec-
tor (Invitrogen, San Diego,
California) (12). As controls,
other cultures were trans-
fected with the pcDNA | 2 4
vector alone (empty bars)
or with vector containing
the- enzymatically inactive
“short form” piNOSS2 (71,
12) (striped bars). After 24 0 -
hours, cells were distributed

in 24-well plates at a density

of 3 x 10 (transfection 1) or

log,q Progeny virus titers

ion 1

Transfection 2 3
D Ev

3 <
§ i F Hsv

1.0 5.0

Multiplicity of infection
(PFU per cell)

N,

1.0 50 0 50 100 150 200 250
NO donor (uM)

5 x 10° (transfection 2) cells per well, allowed to adhere for 6.5 hours, and inoculated at the
indicated multiplicities of infection. Viral replication was measured 24 hours later (23). Results are
means + SEM of triplicate cultures from each of two independent transfections. (D through F) The
293 cells were infected with virus and incubated with 2.5 mM L-cysteine, together with the indicated
concentrations of SNAP (73) (open circles) or N-acetyl-penicillamine (Sigma) (filled circles). These
compounds were replenished every 4 hours until viral titers were determined (at 24 hours). Results
(given as the mean + SEM of triplicate cultures) were similar in two additional experiments.
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the action of iNOS. For example, IFN-a
and -B inhibited EV replication in primary
mouse macrophages nearly as well as IFN-y,
and this inhibition was not accompanied by
NO,™ production nor was it reversed by
L-NMA (10).

The antiviral action described here may
explain the paradox of iNOS being widely
inducible although autotoxic (2). Advan-
tages of NO as an antiviral agent may
include (i) its ability to pass readily into
neighboring cells, like some viruses but
unlike antibody and complement; (ii) its
action independent of immune recognition
of the infected cell, in contrast to that of
antiviral lymphocytes; and (iii) the likely
multiplicity of its viral and virally exploited
cellular targets, which may limit the capac-
ity of viruses to develop resistance (2).

The reactivity of NO and of its higher
oxides and nitrosothiol products (2, 17)
makes it probable that a variety of molecu-
lar targets are involved in its antiviral ac-
tion. Inhibition of ribonucleotide reductase
(18) and deamination of viral DNA (19)
may be important mechanisms. Interfer-
ence of NO with viral infectivity seems less
likely, as treatment of EV, VV, and HSV-1
virions with 1 mM SNAP had no discern-
ible effect (16). The ability of NO to
activate the transcription factor NF-«B
(20) opens up two further possibilities: first,
that NO could exert antiviral effects by
inducing proteins, not just by inactivating
them; and second, that NO could enhance
the replication of certain viruses, like HIV,
that thrive when NF-kB is activated (21).
Finally, the mutagenic potential of NO
(19) suggests that, even while inhibiting
viruses, NO may further their evolution.

Note added in proof: After this paper was
submitted, Croen reported that NO inhib-
its the replication of HSV-1 virus in cells
treated with IFN-y and bacterial lipopoly-
saccharide (22).
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Helper T Cells Without CD4: Control of
Leishmaniasis in CD4-Deficient Mice

Richard M. Locksley,* Steven L. Reiner, Farah Hatam,
Dan R. Littman, Nigel Killeen

Expression of either the CD4 or CD8 glycoproteins discriminates two functionally distinct
lineages of T lymphocytes. A null mutation in the gene encoding CD4 impairs the devel-
opment of the helper cell lineage that is normally defined by CD4 expression. Infection of
CD4-null mice with Leishmania has revealed a population of functional helper T cells that
develops despite the absence of CD4. These CD8~ ofT cell receptor* T cells are major
histocompatibility complex class ll-restricted and produce interferon-y when challenged
with parasite antigens. These results indicate that T lymphocyte lineage commitment and
peripheral function need not depend on the function of CDA4.

The critical role of T cells in the control of
murine Leishmania major infection is under-
scored by the failure of the immune system
of T cell-deficient nude or severe combined
immunodeficient (SCID) mice to control
fatal dissemination of the parasite (I1). Sus-
tained depletion of CD4* cells by mono-
clonal antibodies (mAbs) results in an in-
ability to control disease (2), although tran-
sient depletion at the time of infection

1448

allows the outgrowth of protective type 1
helper T cells (Tl cells) in otherwise
susceptible BALB/c mice (3). This require-
ment for CD4* cells may be related to the
localization of the organism in a late endo-
somal compartment in macrophages into
which major histocompatibility complex
(MHC) class II molecules co-localize (4).
Mice with a targeted disruption of the CD4
gene have impaired development of the
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CD4 lineage and decreased helper T cell
activity (5, 6). We examined the capacity
of such mice to control an L. major infec-
tion in order to investigate the require-
ments for CD4* T cells in the control of
this intramacrophage parasite.

Mice homozygous (—/—) and heterozy-
gous (+/—) for the CD4 gene disruption on
the (C57BL/6 x 129) F, (H-2%) back-
ground were generated and screened (6).
The parental and hybrid wild-type mice on
this genetic background are resistant to
infection with L. mgjor and develop a small
lesion at the site of inoculation that heals in
6 weeks. After receiving an inoculation of
stationary-phase promastigotes in the hind
footpads, both heterozygote and homozy-
gote mice developed local swelling that
peaked during the-third to fourth week of
infection and resolved thereafter (Fig. 1).
Only 1 of 29 CD4™/~ mice showed any
delay in this pattern of resolution; that
mouse had a footpad lesion of 5.1 mm after
9 weeks but was otherwise well. We cul-
tured serial dilutions of footpad and splenic
tissues to confirm that parasite replication
had been controlled. Eleven infected
CD4~/~ mice had no recoverable promas-
tigotes; only the animal with a persistent
footpad lesion had recoverable parasites
(from the footpad cultures only).

Resolution of L. major infection can be
abrogated if the neutralizing antibody to
interferon-y (IFN-y) is administered at the
time of infection (7). When we adminis-
tered intraperitoneally a single dose of neu-
tralizing mAb to IFN-y at the same time we
inoculated mice with the parasite, healing
was blocked in both control and CD4~/~
mice. The lesions progressed (Fig. 1) and
organisms were recovered from both foot-
pads and spleen in all treated animals.

We assayed mice for delayed type hyper-
sensitivity (DTH), a reaction attributed to
CD4* Tyl cells in normal mice (8), by
injecting L. major antigens into one footpad
8 weeks after infection, by which time the
local lesion had completely resolved. Saline
was injected into the other footpad. At 48
hours, infected but not ‘uninfected mice
developed swelling typical for DTH only in
the antigen-injected footpad- (footpad
thickness measured with a metric caliper
was 2.18 = 0.22 and 2.06 + 0.18 mm for
saline and 3.48 + 0.24 and 3.28 = 0.21 for
50 pg of L. major antigen in CD4~/~ and
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