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Mouse strains with null mutations in the gamma interferon gene (Ifng) or the gamma interferon receptor
gene (Ifngr) have been engineered. The use of these strains as animal models of viral and bacterial infections
has enhanced our understanding of the role of gamma interferon (IFN-y) in the host immune response.
However, direct comparisons between Ifng™'~ (GKO) and Ifngr—/~ (RGKO) mice have been problematic
because previously available strains of these mice have had different genetic backgrounds (i.e., C57BL/6 and
BALB/c for GKO mice and 129/Sv//Ev for RGKO mice). To enable direct comparison of herpes simplex virus
type 1 (HSV-1) infections in GKO and RGKO mice, we introduced the IFN-y null mutation into the 129/Sv//Ev
background. We report that, after HSV-1 inoculation, mortality was significantly greater in RGKO mice than
in GKO mice (38 versus 23%, P = 0.0001). Similarly, the mortality from vaccinia virus challenge was
significantly greater in RGKO mice than in GKO mice. With differences in genetic background excluded as a
confounding issue, these results are consistent with the existence of an alternative ligand(s) for the IFN-y

receptor that is also capable of mediating protection against viral challenge.

Gamma interferon (IFN-y) was originally referred to as
immune interferon in recognition of its antiviral activity. How-
ever, IFN-vy is currently better known for the remarkable spec-
trum of pleiotropic effects it elicits in diverse tissues and par-
ticularly for its unique immunoregulatory properties which
distinguish it from IFN-o/B, other antiviral proteins in the
interferon family. The antiviral effects of IFN-y are not as well
understood, but they appear to be especially important for
long-term control of viral infections (4, 38). IFN-y also medi-
ates protection against intracellular microbes, including certain
viruses, by activating macrophages and other mononuclear
phagocytes to produce nitrous oxide (2, 4). IFN-y and IFN-o/B
bind to distinct receptors, and no cross-reactivity has been
observed. IFN-y binds to the « chain of the high-affinity IFN-y
receptor that is ubiquitously expressed on different cell types,
and it is the only known ligand for this receptor. A low-affinity
IFN-vy receptor has been identified on human macrophages,
but its physiological significance is unknown (1, 13).

Recent studies of null-mutant mice have confirmed the im-
portance of IFN-y in the host immune responses to several
bacterial and viral pathogens, including herpes simplex virus
type 1 (HSV-1), vaccinia virus, measles virus, and Theiler’s
virus (5, 9, 16, 17, 24). Studies with these IFN-y mutant strains
have also provided evidence, albeit controversial at times, sup-
porting and refuting the involvement of IFN-y in autoimmune
diseases such as experimental allergic encephalomyelitis, ex-
perimental autoimmune myasthenia gravis, and insulin-depen-
dent diabetes mellitus (2, 15, 25, 40). Controversy has arisen
from the fact that different results have been obtained from
various studies depending on whether the null mutation is in
the IFN-y gene (Ifng) (GKO mice) (10) or in the IFN-y re-
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ceptor gene (Ifngr) (RGKO mice) (24). Previously, GKO and
RGKO mice have been available only in different genetic back-
grounds (i.e., C57BL/6 and BALB/c for GKO and 129/Sv//Ev
for RGKO).

Previously we reported a prolonged inflammatory response
in the trigeminal ganglion after ocular inoculation with HSV-1
(7). We showed the CD4" and CD8" T cells associated with
the large amounts of IFN-y which were tightly surrounding
neurons (some of which were latently infected with HSV-1 as
shown by in situ hybridization). These observations led to spec-
ulation that IFN-y might play a role during HSV-1 infection,
and we proposed the use of GKO and RGKO strains to di-
rectly test this hypothesis. However, the strain restrictions of
these mice were problematic, since it is known that different
mouse strains vary in susceptibility to HSV-1, with the
C57BL/6 strain being relatively resistant to the virus (26). To
circumvent the influence on experimental outcome of the dif-
ferent genetic backgrounds of the mutant mice, the IFN-y null
mutation was introduced into the 129/Sv//Ev background. This
enabled the direct comparison of the outcomes of HSV-1 in-
fections of GKO and RGKO mice, which differed genetically
only at the mutant locus.

Isolation of the IFN-y null mutation in the 129/Sv//Ev back-
ground. The AB-1 embryonic stem (ES) cell clone 97E of the
129/Sv//Ev strain, heterozygous for a mutation in Ifng (9), was
obtained from Tim Stewart (Genentech), expanded, and in-
jected into blastocysts of the C57BL/6 strain. Chimeric founder
males were mated to 129/Sv//EvTac female mice (Taconic
Farms, Inc., Germantown, N.Y.) to generate 129/Sv//Ev mice
heterozygous for the IFN-vy null mutation. Offspring resulting
from germ line transmission of the ES cell genome were iden-
tified by glucose phosphate isomerase-1 (Gpi-Is) isozyme as-
say, type A (distinct from type AB) mice (22) were selected,
and of these selected mice, those carrying the mutation were
identified by PCR. The IFN-y mutation was thereby retained
in the 129/Sv//Ev genetic background. Ifng™/~ heterozygous
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FIG. 1. (a) PCR genotyping of GKO mice. Tail DNA from offspring of
matings of heterozygous 129/Sv//Ev mice were analyzed by PCR for IFN-y and
Neo" gene sequences to identify mice homozygous for the IFN-y null mutation.
The upper band is the Neo* gene amplification product, and the lower band is the
IFN-vy gene amplification product. PCR primers for IFN-y gene are as follows:
forward, 5'-AGAAGTAAGTGGAAGGGCCCAGAAG, and reverse, 5'-AGG
GAAACTGGGAGAGGAGAAATAT, giving a 220-bp product. Primers for the
Neo" gene are as follows: forward, 5'-TCAGCGCAGGGGCGCCCGGTTCT
TT, and reverse, 5'-ATCGACAAGACCGGCTTCCATCCGA, giving a 375-bp
product. (b) RT-PCR for Ifng mRNA. cDNA preparations from ConA-stimu-
lated spleen cells isolated from 129/Sv//Ev mice (lanes 1 and 2), GKO mice (lanes
3 and 4), and RGKO mice (lanes 5 and 6) were amplified with Ifng-specific
primers. M, markers; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

mice were intercrossed to produce Ifng /~ homozygous, GKO
mutant mice which were identified by PCR analysis of DNA
extracted from their tails for IFN-y and Neo" gene sequences.
In Fig. 1a, PCR genotyping results for several offspring from
matings of heterozygous Ifng*™/~ mice are presented. GKO
mice homozygous for the IFN-y null mutation (Ifng /") are
identified by the exclusive presence of the 375-bp Neo™ band
and the absence of the 220-bp IFN-y band (Fig. 1a). The PCR
genotyping results were confirmed by probing Southern blots
of BamHI-digested tail DNA from the same mice with an Ifng
cDNA probe (not shown) (9), and from these latter mice, a
breeding colony was derived and maintained. Reverse tran-
scriptase (RT)-PCR analysis of GKO spleen cells stimulated
in vitro with concanavalin A (ConA) failed to detect IFN-y
mRNAs, whereas these transcripts were readily detected in
ConA-stimulated spleen cells from RGKO and control 129/
Sv//Ev mice, confirming the GKO null-mutant phenotype (Fig.
1b).

Breeding pairs of mice homozygous for the null mutation in
Ifngr (129/Sv//Ev, RGKO) were obtained from Michel Aguet
(Institute of Molecular Biology, University of Zurich) (23).
RGKO and GKO mice were bred under specific-pathogen-free
conditions in a vivarium at the City of Hope National Medical
Center. 129/Sv//EvTac control mice (referred to herein as 129/
Sv//Ev mice) were purchased from Taconic Farms, Inc. Exper-
iments were conducted in strict compliance with the Guidelines
on the Care and Use of Laboratory Animals in facilities accred-
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FIG. 2. Survival of vaccinia virus-infected 129/Sv//Ev, GKO, and RGKO
mice. Deeply anesthetized, 6- to 8-week-old male mice were inoculated intrave-
nously with 107 PFU of vaccinia virus. There were 12 mice in each group, except
that the GKO group had 9 mice. Mice were monitored daily over a 20-day
period, and mice with symptoms of life-threatening disease were euthanatized.

ited by the American Association for Accreditation of Labo-
ratory Animal Care. All experiments with mice were approved
by the Institutional Research and Animal Care Committee,
and ocular experimental procedures were conducted according
to the Association for Research in Vision and Ophthalmology
resolution on the use and care of laboratory animals.

Mortality of vaccinia virus-infected GKO, RGKO, and con-
trol mice. Prior studies with normal mice and mice unrespon-
sive to IFN-y due to a null mutation in Ifng or Ifngr have
established that interferon is crucial for survival after inocula-
tion with poxviruses such as vaccinia virus (31). To confirm the
susceptibility of GKO mice with the 129/Sv//Ev background to
vaccinia virus and to directly compare the response of the
GKO and RGKO strains, mutant and control male mice were
challenged with vaccinia virus by tail vein inoculation. The
results presented in Fig. 2 confirm that the control 129/Sv//Ev
mice were completely resistant to vaccinia virus infection as
expected (9, 31, 39). Compared to the mortality rates of control
mice, the mortality rates in vaccinia virus-infected GKO mice
were high (56%) (P = 0.002) and even higher (92%) in RGKO
mice (P = 0.0001). The difference in mortality rates between
RGKO and GKO mice was significant (P = 0.03) and corre-
sponded to a 3.3-fold increase in the relative risk of death for
RGKO mice inoculated with HSV-1 compared to similarly
inoculated GKO mice (95% confidence limit).

Mortality of HSV-1 Infected GKO, RGKO, and control
mice. To determine the role of IFN-y during the acute stage of
HSV-1 infection, deeply anesthetized, 6- to 8-week-old male
GKO, RGKO, and 129/Sv//Ev mice were inoculated with
HSV-1 F strain (American Type Culture Collection, Rockville,
Md.) by gently massaging a 4-pl drop containing 10° to 107
PFU of virus into the scarified cornea of the right eye (7). Mice
were monitored twice daily for signs of morbidity and devel-
opment of encephalitis, and mice with symptoms indicative of
imminent death due to encephalitis were euthanatized. Clini-
cal signs of HSV-1 infection, including corneal clouding (an
early sign of herpes stromal keratitis), eyelid disease, ruffled
coat, and signs of encephalitis, such as circling behavior and
impaired coordination and movement, were first seen in the
IFN-y mutant mice and were generally more severe and pro-
longed in the IFN-y mutant mice than in the 129/Sv//Ev mice.
The most noticeable sign of HSV-1 infection in these mice
(and particularly in the RGKO strain) was periocular skin
disease characterized, in its most severe stage, by the complete
loss of facial hair around the inoculated eye and extending
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FIG. 3. Survival of HSV-1-infected 129/Sv//Ev, GKO, and RGKO mice.
Male, 6- to 8-week-old mice were inoculated in the right eye by ocular scarifi-
cation with doses of HSV-1 ranging from 10° to 107 PFU. Mice were monitored
daily over a 20-day period for signs of encephalitis, and mice with pronounced
symptoms indicative of imminent death were euthanatized. As no statistically
significant difference was found between groups given inocula of 10°, 10°, or 107
PFU, the data from these three groups were pooled and analyzed together.

down the snout and up to, and including, the forehead and
often accompanied by bleeding and skin lacerations. Whereas
most of the GKO and control mice recovered, most of the
RGKO mice showed progressive deterioration.

The survival data for GKO, RGKO, and 129/Sv//Ev mice
inoculated with HSV-1 are presented in Fig. 3. Mortality rates
were calculated based on the total number of deaths occurring
after inoculation with HSV-1. Figure 3 summarizes mortality
data accrued from multiple experiments involving HSV-1 in-
fection of large numbers of mice (150 129/Sv//Ev, 244 GKO,
and 380 RGKO) used in the course of studying the role of
IFN-vy during acute and latent infection, and therefore, the
statistical significance of the data is very high. Univariate Cox
regression (8) was performed to identify the risk factors that
increased rates of mouse mortality. Possible risk factors eval-
uated included gender, mouse strain, and inoculum dose. All
significance testing was performed at the 0.05 level (two sided).

Two significant findings emerged from the studies that com-
pared HSV-1 infection in GKO and RGKO mice to infection
in 129/Sv//Ev mice. The first is that disruption of Ifng did not
affect rates of mortality in HSV-1-infected mice compared to
the mortality rates in control 129/Sv//Ev mice (Fig. 3). The
mortality rate was 23% in both groups. The second, and most
interesting, finding in our study was that mice with a disrupted
Ifngr gene had a twofold increase in risk of death (at the 95%
confidence limit) after HSV-1 inoculation compared to GKO
and 129/Sv//Ev mice (Fig. 3). The overall mortality rate was
38% in RGKO mice, compared to 23% in GKO mice (P =
0.0001) and 23% in the 129/Sv//Ev mice (P = 0.0003). The
difference in susceptibility of RGKO and GKO mice to HSV-1
essentially confirms the results obtained after vaccinia virus
challenge (Fig. 2) and suggests that the difference in viral
susceptibility of RGKO and GKO mice might be more general.
These results show that IFN-v fails to confer protection against
mortality induced by HSV-1 infection, while, in contrast, the
presence of the IFN-y receptor (as in GKO mice) was associ-
ated with a significant protective effect.

Time course of HSV-1 infection in RGKO and GKO mice.
The increased mortality of RGKO compared to GKO and
129/Sv//Ev mice suggested the possibility of enhanced replica-
tion and/or persistence of HSV-1 in the RGKO mice. We have
previously reported a statistically significant higher mean titer
in the trigeminal ganglia and brain stem cells of RGKO than in
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FIG. 4. Time course of HSV-1 infection in 129/Sv//Ev, GKO, and RGKO
mice. The right eyes of 6- to 8-week-old male mice were inoculated with 10° PFU
of HSV-1 by ocular scarification. Three mice from each group were sacrificed
daily from day 2 through day 7, and HSV-1 titers in brain stem cells were
determined. The whole-tissue HSV-1 titers were plotted against day postinocu-
lation for 129/Sv//Ev (strain T), GKO (strain G), and RGKO (strain R) mice.
There was no statistically significant difference in HSV-1 titers in the brain stem
cells for the three groups of mice.

129/Sv//Ev mice 3 to 4 days after HSV-1 inoculation; however,
the difference in titer was slight (<0.5 log) (7). More recently,
we determined the daily viral titers in trigeminal ganglia and
brain stem cells from days 2 to 7 after HSV-1 inoculation. The
results showed that, contrary to expectation, there was no
significant difference in either the kinetics of HSV-1 replica-
tion or clearance in the trigeminal ganglia of RGKO, GKO,
and 129/Sv//Ev mice (6). More relevant to the mortality results
presented here, Fig. 4 shows a time course of daily brain stem
HSV-1 titers in the RGKO, GKO, and 129/Sv//Ev mice. For
statistical comparison of HSV-1 titers, the total plaque counts
for the three mouse groups were fitted to an overdispersed
Poisson model. Statistical analysis of HSV-1 titers in the eye
indicated a significantly greater likelihood of HSV-1 persis-
tence in the eyes of GKO and RGKO mice than in 129/Sv//Ev
mice (not shown), similar to the study of Bouley et al., which
showed persistence of HSV-1 in the tear film of GKO, but not
control, mice (5). Persistence of HSV-1 in the eyes of IFN-y
mutant mice shows that IFN-y-dependent mechanisms are cru-
cial for clearance of HSV-1 from the eye, as was previously
shown for skin infections (21, 35). However, we found no
significant difference in brain stem viral titers over the course
of the infection (Fig. 4). All the mice surviving inoculation with
HSV-1 were confirmed as being latently infected.

At face value, the equivalent titers are surprising, since cell
culture studies have demonstrated inhibition of HSV-1 by
IFN-y (11, 14). However, the results from our time course
study are in agreement with an earlier study of GKO mice from
another group which showed no difference in mean HSV-1
titers in nervous system tissue at set times after HSV-1 inocu-
lation (19). Indeed, other studies using an IFN-y-transgenic
model showed that IFN-y protected against HSV-1-induced
mortality without significantly affecting HSV-1 titers in the
nervous system of transgenic, compared to nontransgenic, mice
(18). Similarly, in studies with murine gamma herpesvirus 68,
there was no difference in viral load or rate of virus clearance
in the lungs of infected RGKO mice compared to 129/Sv//Ev
mice (12). In contrast to the apparent dispensability of IFN-y
in the control of murine gamma herpesvirus 68 in the lung,
severe structural damage and elevated latency loads were seen
in the spleens of RGKO, but not 129/Sv//Ev, mice.

Contrasting its role in acute infection, we have recently dem-
onstrated a role for IFN-y in the control of reactivated HSV-1
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whereby it contributes to the maintenance of biological latency
(i.e., the absence of infectious HSV-1 in ganglionic homoge-
nates or HSV-1 antigens in ganglionic sections) (6). Because
infectious HSV-1 has never been found in mice not subjected
to hyperthermia to induce reactivation, we suggested that
IFN-y does not maintain molecular latency (i.e., it does not
block the reactivation process itself). Considered together, the
results of our studies assessing the role of IFN-y during acute
and latent infection are consistent with the postulated role of
IFN-vy in the long-term control of viral infections (38).

Possible explanations for the phenotypic difference between
RGKO and GKO mice. We do not think that minor differences
in genetic background can explain the higher mortality rates of
RGKO compared to GKO mice (3, 20). This is because the
GKO strain used in this study was derived from the same
129/Sv//Ev background as was the RGKO strain. Although the
129/Sv//Ev strain used to derive the GKO strain was Gpils/
Gpils©, we selected Gpils?/Gpils® animals for propagation be-
cause RGKO mice, also derived with AB-1 ES cells, are
Gpils®/Gpils® (unpublished observation). For the GKO strain,
the Gpils® allele originated from the AB-1 ES cell clone that
carried the targeted mutation of Ifng (24). We typed two in-
dependent AB-1 ES clones, including the clone used here, and
found that they were both Gpils?/Gpils® and not Gpils‘/
Gpils©, as previously reported for AB-1 ES cells (34). Based on
this analysis, we believe the GKO and RGKO strains to be
isogenic except for the mutant locus and to differ from the
control 129/Sv//Ev strain at Gpils. Such minor differences in
histocompatibility loci between the IFN-y knockout strains
(GKO and RGKO mice) and 129/Sv//Ev would not be ex-
pected to influence the results reported here. However, prior
studies of HSV-1 infection in GKO mice of different genetic
backgrounds have produced dramatically different results.
Thus, Geiger et al. (19) reported no mortality in C57BL/6
control or C57BL/6 GKO mice inoculated with HSV-1 strain
F, while, in contrast, Bouley et al. (5) reported that BALB/c
GKO mice died after inoculation with a dose of HSV-1 which
was sublethal when routinely used to induce herpes stromal
keratitis in control BALB/c mice. Aside from differences in the
genetic background of GKO strain studied, differences in
HSV-1 strain, route of inoculation, age, and gender of the mice
used could all contribute to the discrepant mortality rates of
the different GKO strains (3, 34). For example, we found that
gender strongly influenced the outcome of HSV-1 infection in
both IFN-y mutant and control mice, with males being more
susceptible than females (20a).

The interpretation that we favor for these results is that
some novel ligand induced by viral infection elicits a protective
response against HSV-1 and vaccinia virus infections in GKO
mice by virtue of its interaction with the IFN-y receptor which
is functional in GKO, but not in RGKO, mice (9, 24). Al-
though not formally excluded, the notion that the mere pres-
ence of the receptor, independent of ligand binding, can some-
how protect against viral challenge is much less attractive,
because it is difficult to envisage how such a mechanism could
affect virus infection. We considered potential developmental
effects of the Ifng™/~ and Ifngr /" mutations but could not
conceive an explanation that could account for our results
without the presence of an alternative ligand for the receptor.
As an explanation for our results, we also considered the pos-
sibility that IFN-y signaling through the low-affinity IFN-y
receptor (1, 13) somehow enhances susceptibility to viral in-
fections in RGKO mice. But, even if this mechanism exists, it
would not explain the relative resistance to viral infection that
we observed in GKO mice. We even considered the possibility
that a prior, inapparent, bacterial or viral infection in our
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IFN-y mutant colonies could, through effects on the host im-
mune response, have altered the outcome of a subsequent
virus infection, as was recently shown for selected virus pairs
(33). Since both colonies of mice were housed together, it is
likely that both would have been infected with the unknown
agent (if such an infection had occurred), and hence, it is
difficult to explain the relative resistance of GKO mice com-
pared to RGKO mice on this basis. Finally, our hypothesis is
consistent with the conclusions drawn in other systems where
similar phenotypic discrepancies between ligand and receptor
null mutants have been found. Invariably, the proposed, and in
some instances verified, explanation for the discrepancy has
been that the receptor was indeed being utilized by another,
closely related but previously unrecognized, ligand(s) (10, 28,
29).

A candidate for the novel ligand in the GKO mice is the
neuronal IFN-y immunoreactive molecule (N-IFN-y), which
has recently been purified from rat trigeminal ganglia by using
two monoclonal antibodies (DB1 and DB16) that recognize
distinct epitopes in rat IFN-y (30). Although distinct from
authentic IFN-y, N-IFN-vy shares many of its biological prop-
erties, including induction of major histocompatibility complex
class I and II antigens on macrophages and cultured skeletal
muscle cells, direct antiviral activity, and growth-stimulatory
activity for Trypanosoma brucei. The proposed existence of
N-IFN-v is controversial, though, because no other reports
confirming the isolation of this protein have been made. How-
ever, a recent independent study, combining whole-cell patch-
clamp electrophysiology with single-cell RT-PCR and confocal
laser immunocytochemistry, has demonstrated the expression
of IFN-y in cultured, fetal-rat, dorsal root ganglion neurons
(27). Because the same DBI antibody was used for immuno-
staining, this neuron-expressed IFN-y may be identical to N-
IFN-v (30). The putative N-IFN-vy is an attractive candidate as
the novel ligand for the IFN-vy receptor, since it is thought to
be expressed in sensory ganglionic neurons, the primary site of
HSV-1 replication and latency (32, 36). After ocular inocula-
tion, HSV-1 spreads by retrograde axonal transport to sensory
ganglionic and central nervous system neurons, where com-
pensatory upregulation of inducible N-IFN-y expression may
occur, conferring resistance to infection to GKO mice. The
validity of this hypothesis can be tested once the putative
N-IFN-vy gene is isolated, as detailed characterization and elu-
cidation of the pattern of expression of the protein will then be
possible. Derivation of the IFN-y null mutation in the same
129/Sv//Ev background as the IFN-y receptor null mutation
should prove useful for examining the diverse biological roles
of IFN-v. In particular, these strains can be used to determine
the mechanisms underlying the differences in susceptibilities to
autoimmune diseases and infections previously reported for
IFN-vy null mutant mice (15, 25, 37, 41).

We thank Michel Aguet for supplying the RGKO mouse strain and
Tim Stewart for supplying the ES cell clone carrying the null mutation
for Ifng.
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