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Herpes simplex virus type 1 (HSV-1) can produce disseminated, systemic infection in neonates and patients
with AIDS or other immunocompromising diseases, resulting in significant morbidity and mortality in spite of
antiviral therapy. Components of host immunity that normally limit HSV-1 to localized epithelial and neuronal
infection remain incompletely defined. We used in vivo bioluminescence imaging to determine effects of type I
and II interferons (IFNs) on replication and tropism of HSV-1 infection in mice with genetic deficiency of type
L, type II, or both type I and II IFN receptors. Following footpad or ocular infection of mice lacking type I IFN
receptors, HSV-1 spread to parenchymal organs, including lung, liver, spleen, and regional lymph nodes, but
mice survived. Deletion of type I and II IFN receptors produced quantitatively greatest and most widespread
dissemination of virus to visceral organs and the nervous system, and these mice invariably died after ocular
or footpad infection. Type II receptor knockout and wild-type mice had comparable viral replication and
localization, with no systemic spread of HSV-1 or lethality. Therefore, while isolated deficiency of type II IFN
receptors did not affect pathogenesis, loss of these receptors in combination with genetic deletion of type I
receptors had a profound effect on susceptibility to HSV-1. These data demonstrate different effects of type I
and II IFNs in limiting systemic dissemination of HSV-1 and further validate the use of bioluminescence

imaging for studies of viral pathogenesis.

Herpes simplex virus type 1 (HSV-1) is a neurotropic human
pathogen that typically initiates lytic infection at a local epi-
thelial site, enters peripheral nerve terminals, and then is
transported to sensory nerve ganglia. HSV-1 spread into the
central nervous system can cause potentially fatal encephalitis,
or virus may establish lifelong latent infection in ganglia. Al-
though HSV-1 most commonly is limited to localized infection,
virus also may disseminate widely to organs including lung,
liver, and adrenals, particularly in neonates and patients with
AIDS or other immunocompromising diseases (19, 30). Mul-
tiorgan infection with HSV-1 produces significant morbidity
and mortality in spite of antiviral therapy (19). However, host
immune responses that prevent systemic infection with HSV-1
remain incompletely defined.

Interferons (IFNs) are the major components of innate im-
munity to viral infection because they induce an antiviral state
in infected cells and regulate the adaptive immune response to
viruses (37). Type I IFNs, which predominantly include the 22
known isotypes of IFN-a and the single isotype of IFN-B, are
secreted by most cells in response to viral infection (35), while
production of type II IFN (IFN-v) is restricted to activated T
cells, natural killer (NK) cells, natural killer T cells, and den-
dritic cells (14, 15, 28). Each type of interferon binds to a
distinct heterodimeric receptor, consisting of IFN-a receptor
1 (IFNAR1) and IFNAR2c for type I and IFN-y receptor 1
(IFNGR1) and IFNGR?2 for type II IFN. Receptors for type I
and II IFNs are expressed on all nucleated cells (37). Binding

* Corresponding author. Mailing address: Molecular Imaging Cen-
ter, Mallinckrodt Institute of Radiology, Washington University
School of Medicine, Box 8225, 4525 Scott Ave., Room 3324, St. Louis,
MO 63110. Phone: (314) 362-9359. Fax (314) 362-0152. E-mail:
lukerg@mir.wustl.edu.

of IFN to its cognate receptor initiates a signaling cascade that
modifies the transcriptional and translational environment in
cells, thereby conferring resistance to viral infection.

Previous studies in mice have documented the critical func-
tion of type I IFNs in host immunity to HSV-1. Depletion of
type I IFNs with neutralizing antibodies produces marked in-
creases in ocular virus titers following corneal infection (38),
and replication of HSV-1 is significantly greater in the corneas
and trigeminal ganglia of mice that lack type I IFN receptors
(21). Similarly, treatment of mouse eyes with IFN-B reduces
ocular titers of HSV-1 during acute infection and modestly
inhibits establishment of viral latency in trigeminal ganglia
(33). Conversely, the role of type II IFN in immunity to HSV-1
is more controversial. Depletion of type II IFN with neutral-
izing antibodies reduces clearance of virus (36), and HSV-1
infection has increased mortality in mice that lack type II IFN
receptors (3). However, data from our laboratory and others
have demonstrated that deficiency of type II IFN receptors has
minimal effects on viral replication in eyes and trigeminal gan-
glia (2, 21). Synergistic inhibition of HSV-1 by type I and II
IFNs also has been documented in mouse eyes treated with
IFN-B and IFN-y prior to viral infection (33). Importantly,
these previous studies have not shown a role for IFNs in al-
tering viral tropism or preventing systemic dissemination of
virus.

We have recently shown that bioluminescence imaging of
living mice can be used to monitor infection with an HSV-1
reporter virus (KOS/dlux/oriL) that expresses firefly luciferase
(23). Differences in emitted light correlate with relative differ-
ences in virus titer, enabling noninvasive detection of viral
replication and distribution over the course of infection. In the
current study, we used bioluminescence imaging to investigate
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changes in HSV-1 replication and tropism in mice genetically
deficient in receptors for type I IFNs (IFN «/8 R™/7), type 11
(IFN y R™/7), or both type I and II interferons (IFN o/B/y
R™/7). Following footpad or ocular infection of IFN «/B/y
R/~ mice, HSV-1 disseminated into numerous parenchymal
organs, invariably resulting in lethality. Systemic spread of
KOS/dlux/oriL was qualitatively less extensive and quantita-
tively lower in IFN o/ R™/~ mice, while IFN y R™/~ and
wild-type mice had only transient, limited extension of virus
beyond the local site of infection. Importantly, IFN /8 R™/,
IFN v R™/~ and wild-type mice all survived infection. These
data demonstrated different effects of type I and II IFNs in
limiting systemic dissemination of HSV-1 and showed that
bioluminescence imaging can detect infection in unanticipated
sites.

MATERIALS AND METHODS

Recombinant viruses. KOS/Dlux/oriL was constructed by homologous recom-
bination into a site between UL49 and UL50 with a cassette encoding the UL30
promoter to regulate firefly luciferase as described previously (39). Virus stocks
were propagated on Vero cells (32).

Mouse strains. All mice were in a pure 129 Ev/Sv background (referred to as
wild type). Immunocompetent wild-type mice and mice deficient in type I IFN
receptors (IFN o/ R™/7), type II IFN receptors (IFN y R™/7), and both type I
and II IFN receptors (IFN o/B/y R™/7) were provided by Skip Virgin (Wash-
ington University School of Medicine) (26). For selected experiments, wild-type
mice and IFN y R™/~ mice were purchased from Taconic (Germantown, N.Y.)
and the Jackson Laboratory (Bar Harbor, Maine), respectively.

Animal procedures. Animal handling procedures were approved by the
Washington University School of Medicine Animal Studies Committee. Fe-
male mice 6 to 8 weeks old were anesthetized with ketamine and xylazine, and
50 ul of medium containing 2 X 10° or 2 X 10° PFU of KOS/Dlux/oriL was
injected into footpads. Ocular infection with 2 X 10° PFU of KOS/Dlux/oriL.
in each eye was performed after corneal scarification as described previously
(32). Before bioluminescence imaging on days 1 and 5 of experiments, the
head, abdomen, and back of each animal were shaved to decrease attenuation
and scattering of transmitted light by hair. For assays of acute infection,
selected mice were euthanized for harvest of the following organs and tissues:
liver, spleen, lung, kidney, brain, popliteal lymph nodes, blood, and a segment
of spinal cord at the thoracolumbar junction. The serum fraction of blood was
isolated with Samplette tubes (Sherwood Medical, St. Louis, Mo.). Organs
were placed in 1 ml (spine, lymph nodes, blood, and serum), 3 ml (spleen,
lung, kidney, and brain), or 5 ml (liver) of medium for homogenization with
1-mm beads (spine, lymph nodes) or 3-mm beads (all other organs) and
sonication. Viral titers were determined on Vero cells and expressed as PFU
per milliliter per gram of tissue weight.

Bioluminescence imaging. Imaging of firefly luciferase in mice was performed
on a charge-coupled device camera (Xenogen Corp., Alameda, Calif.) as de-
scribed previously (23). Briefly, 150 ug of p-luciferin (Xenogen Corp., Alameda,
Calif.) was administered to mice by intraperitoneal injection. Mice were anes-
thetized with metofane or isoflurane, and imaging began 10 min after adminis-
tration of p-luciferin. Anesthesia was maintained during imaging by nose cone
delivery of anesthetic. Images were acquired for 1 to 120 s, depending on the
amounts of light emitted from various sites of infection.

Quantification of bioluminescence imaging data. Relative intensities of trans-
mitted light from in vivo bioluminescence were represented as a pseudocolor
image ranging from violet (least intense) to red (most intense). Corresponding
gray-scale photographs and color luciferase images were superimposed with
LivingImage (Xenogen) and Igor (Wavemetrics, Lake Oswego, Oreg.) image
analysis software. Data for photon flux from manually defined regions of interest
were calculated as described previously (23). Area-under-the-curve (AUC) anal-
yses of photon flux over the course of infection were performed with Kaleida-
graph (Synergy Software, Reading, Pa.). Data are reported as mean values *
standard error of the mean for the number of animals indicated in the figure
legends. Pairs were compared with Student’s ¢ test, and P values of =0.05 were
considered significant.
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RESULTS

Footpad infection with HSV-1 is lethal in IFN o/p/y R~/
mice. To determine if signaling through IFN receptors affected
tropism and spread of HSV-1, we injected footpads of wild-
type, IFN o/ R/~ and IFN o/B/y R™/~ mice with 2 X 10°
PFU of a recombinant strain KOS virus (KOS/dlux/oriL). The
recombinant virus expresses firefly luciferase from the UL30
promoter, with a cassette inserted between UL49 and UL50
(39). Progression of acute infection over 10 days was moni-
tored with bioluminescence imaging, using distribution and
relative intensity of transmitted light to determine sites of
infection and relative amounts of replicating reporter virus
(23).

Luciferase activity was detected in the feet of all mouse
genotypes on the first day postinfection, while no biolumines-
cence was identified in mock-infected mice (data not shown).
In a limited number of animals from each group, dorsal images
showed low levels of bioluminescence in the upper abdomen
on day 1 postinfection. Abdominal bioluminescence likely was
caused by injection of virus into small venous or lymphatic
vessels during footpad infection, resulting in delivery of KOS/
dlux/oriLL to the liver (see below) (Fig. 1A). This idea was
tested later in the current study with a mucosal (ocular) site of
infection.

In a few wild-type mice, bioluminescence in the upper ab-
domen was seen transiently only on the first day postinfection.
HSV-1 infection otherwise remained localized to the feet of
wild-type mice on days 2 to 10 postinfection. Dorsal biolumi-
nescence images showed small amounts of KOS/dlux/oriL in
the upper abdomen of IFN o/ R™/~ animals through approx-
imately 6 days postinfection, although virus predominantly lo-
calized to feet of these mice. We could not detect luciferase
activity in wild-type or IFN o/ R ™/~ mice by day 10, consistent
with clearance of virus and establishment of latency. However,
bioluminescence increased and spread rapidly in IFN o/B/y
R/~ mice, reaching the brain by 3 days postinfection. Unlike
wild-type and IFN o/ R/~ animals, IFN o/B/y R/~ mice all
died within 4 days after footpad injection of KOS/dlux/oriL.

We have demonstrated previously that relative differences in
virus titer at defined anatomic sites correlate with changes in
bioluminescence measured by region-of-interest analysis (23).
Region-of-interest data also enable small amounts of biolumi-
nescence to be detected above background levels, even when
light emission is below the threshold used for pseudocolor
display. Therefore, we quantified KOS/dlux/oriL by region-of-
interest analysis of light emitted from the feet, back, and heads
of mice.

In all three regions, photon flux was greatest in IFN «/B/y
R/~ animals, demonstrating that the absence of both type I
and II IFN signaling increased replication of HSV-1 (Fig. 1B to
D). Bioluminescence in the feet of IFN o/B/y R~/ mice was
significantly greater than in the feet of IFN o/ R™/~ animals
on days 2 and 3 postinfection (P < 0.05) and wild-type mice on
days 2 to 4 (P < 0.01). Differences between amounts of KOS/
dlux/oriL in the feet of IFN o/ R™/~ and wild-type animals
were significant on days 2 to 6 (P < 0.01), before viral repli-
cation decreased rapidly in both genotypes. In the back and
head regions of IFN o/B/y R~/ mice, photon flux increased
markedly in a time-dependent fashion, reaching levels that
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Days post-infection

IFN o/B/y R™

FIG. 1. Imaging replication and progression of HSV1 infection in wild-type (WT) SV129, IFN o/B/y R7/~, and IFN o/ R™/™ mice (n = 5, 10,
and 10, respectively) infected in the bilateral footpad with 2 X 10° KOS/dlux/oriL. Bioluminescence imaging was performed for 10 days
postinfection with imaging times of 1 to 120 s, based on amounts of luciferase activity (A). Representative images from each mouse genotype are
presented, with a uniform minimum threshold value for photon flux, but maximum values vary according to peak levels of bioluminescence for each
genotype of animal. The white arrow shows light emission from the head of the IFN o/B/y R™/~ mouse on day 3 postinfection. Photon flux was
quantified from region-of-interest analysis of the feet (B), back (C), and head (D). Photon flux values of 10? in this experiment are background
levels for the imaging system. Data are plotted as mean values * standard error of the mean in these and subsequent figures. For many data points,
error bars are smaller than the symbol. The AUC for bioluminescence from the feet (E), back (F), and head (G) was calculated over 4 days
postinfection, corresponding to the survival time of IFN «/B/y R/~ mice.



VoL. 77, 2003

W

photon fiux
(photonslseclcmzlsr)

Feet

—— o/ R
¥ o/piyR"
- WT

T T T v T— 1+ T

1. 2 3 4 5 6 7 8 9 10
days post-infection
™ Back
2
<
55
E 3
c Q
Q O
5@
58
[} 2 5 ~—o
s g
8 910
days post-infection
D o
Head

108
107
1064

105
104 }:’
1034
v
9 10

photon flux
(photonslseclcmzlsr)

1O7y|vr|.
1.2 3 4 5

days post-infection

BIOLUMINESCENCE IMAGING OF DISSEMINATED HSV-1

11085

E 1o

10%

Feet

1074

AUC

106

105

AUC

106

Head
1 08-

107

AUC

10%4

105

1044

FIG. 1—Continued.

were 2 to 4 logs greater than in the other genotypes of mice
(P < 0.001). Compared with wild-type mice, bioluminescence
measured from the backs and heads of IFN o/8 R™/~ mice was
higher on days 3 to 10 (P < 0.005) and 3 to 5 (P < 0.01)
postinfection, respectively. In wild-type animals, photon flux
from the head regions of interest was essentially at background
levels throughout the course of infection.

To further analyze the effects of IFN on HSV-1 infection, we
analyzed photon flux data by area-under-the-curve (AUC)
analysis at each site (Fig. 1E to G). Over the 4-day period that
IFN o/B/y R/~ mice survived, the AUC for these animals was
significantly higher than for IFN /B R™/~ and wild-type in the
feet (P < 0.01), back (P < 0.005), and head (P < 0.001).
Absence of type I IFN receptors increased the amounts of
virus in all regions relative to wild-type mice during the first 4
days postinfection (P < 0.01) and the full 10-day course of
imaging (data not shown). Overall, these results showed that
type I IFNs limit replication and spread of HSV-1, but both
type I and II IFNs were essential to prevent lethal infection.

Deficiency of type II IFN receptors has no effect on viral
replication or spread from footpads. In the absence of type I
IFN receptors, our data demonstrated an essential function for
type II IFN in clearance of disseminated HSV-1 infection.
Therefore, we determined if isolated deficiency of type II IFN
receptors affected the progression or spread of infection. We
infected the footpads of wild-type and IFN y R™/~ mice with

KOS/dlux/oriL and monitored viral replication by biolumines-
cence imaging. As determined by region-of-interest analysis
and AUC calculations, viral replication in footpads over 10
days was slightly higher in wild-type than in IFN y R/~ mice
(Fig. 2A and data not shown). Transient spread of virus beyond
the feet was detected in a few mice of each genotype on day 1
postinfection, although the AUC of photon flux quantified
from the backs of these mice did not differ significantly (Fig.
2B). None of these animals had persistent dissemination of
HSV-1 or died from infection. Overall, these data established
that isolated deficiency of type II IFN receptors did not permit
systemic spread of HSV-1 following footpad infection.

Localization of luciferase activity in wild-type and IFN re-
ceptor-deficient mice. HSV-1 typically produces localized epi-
thelial infection with retrograde transport of virus to innervat-
ing sensory neurons. The distribution of bioluminescence in
IFN o/B/y R™/~ mice following footpad infection did not con-
form solely to a pattern consistent with neurotropic spread of
virus to the spinal cord and brain. Because bioluminescence
images are two-dimensional, light detected from the upper
abdomen on dorsal images potentially could arise from more
than one superimposed or adjacent organ or tissue, with rela-
tively greater light emission from sites closer to the charge-
coupled device camera. This limitation on spatial localization
of luciferase activity may be overcome by imaging animals from
more than one projection.
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FIG. 2. AUC analysis of photon flux in the feet (A) and back (B) of
wild-type (WT) (n = 5) and IFN y R™/~ (n = 10) mice imaged for 10
days after bilateral footpad injection of 2 X 10° KOS/dlux/oriL.

To more precisely localize KOS/dlux/oriL in IFN o/B/y R/~
mice, we imaged animals in dorsal, ventral, and left lateral
positions 2 and 3 days after footpad infection (Fig. 3A to C and
data not shown). By analyzing different imaging projections,
exploiting the fact that light emission is attenuated approxi-
mately 10-fold per cm of tissue (7), and comparing sites of
luciferase activity with known mouse anatomy, we detected
virus in expected positions of the liver, spleen, kidneys, spine,
brain, and draining popliteal lymph nodes. Therefore, imaging
data showed that IFN o/B/y R~/ mice had widespread viral
infection in multiple organs and suggested that the luciferase
activity seen in the upper abdomen of the other genotypes of
mice could arise from sites besides the spine, such as the liver.

To better identify sites of infection in IFN o/B/y R/~ mice,
we performed a limited dissection of a luciferin-injected ani-
mal immediately after sacrifice and used bioluminescence im-
aging to detect luciferase activity in excised organs and tissues
(Fig. 3D and Fig. 3E). Bioluminescence was present in the
spine, brain, spleen, and liver, confirming data obtained in
intact animals. Luciferase activity was also detected in lungs
and multiple sites in the thorax and abdomen, possibly arising
from infected lymph nodes. Infection in these tissues was not
prospectively identified on images from intact animals, likely
because high levels of bioluminescence in adjacent liver and
spleen overlapped light emission from lung and lymph nodes.
We detected only very low levels of light emission from iso-
lated kidneys (data not shown), probably due to delays in
imaging this organ relative to decay of the bioluminescence
signal.

To correlate imaging data with virus titers in mice with
disseminated infection, we harvested selected organs and tis-
sues 2 days after footpad infection in IFN o/B/y R™/~ mice,
corresponding to the first day that KOS/dlux/oriL could be
detected outside of the feet by imaging. We also quantified
virus titers by plaque assay 3 days postinfection in wild-type,
IFN o/B/y R/7,IFN /B R™/~, and IFN v R/~ animals. On
day 2, the highest titers of HSV1 in IFN o/B/y R™/~ mice were
detected in the spleen, while smaller amounts of virus were
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present in the liver and spine (Fig. 4). Significant titers were
also observed in the popliteal lymph nodes, blood, and serum
of these mice on day 2 postinfection (data not shown). Three
days postinfection, virus titers in IFN «/B/y R™/~ mice in-
creased in the spleen, liver, and spine. Virus was also detected
in the lungs, kidneys, and brain.

Analysis of IFN o/B R/~ mice confirmed that these animals
also had disseminated HSV-1 infection, although virus titers
were significantly lower (P < 0.001) and detectable only in the
liver, spleen, and kidney. Virus could not be detected in any of
these organs in wild-type or IFN y R/~ animals. Overall, the
results for virus titers confirmed the qualitative and quantita-
tive bioluminescence imaging data that showed widespread
infection in IFN o/B/y R/~ mice, less extensive dissemination
in IFN /B R™/~ animals, and only localized infection in wild-
type and IFN y R/~ mice.

Reduced input titer of KOS/dlux/oriL also produces dissem-
inated lethal infection in IFN o/B/y R™/~ mice. To determine
if IFN o/B/y R™/~ mice would be susceptible to a reduced viral
inoculum, we injected the footpads of these animals with 2 X
10° or 2 X 10° PFU of KOS/dlux/oriL. We initially imaged
mice at 7.5 h postinfection and then performed biolumines-
cence imaging twice daily for days 1 to 3 postinfection to
improve temporal monitoring of viral replication and spread.
Imaging data for the feet, back, and head showed higher pho-
ton flux at each time point for mice injected with the higher
titer, although differences in bioluminescence in the feet were
modest (Fig. 5A to C). Spread of infection beyond the feet was
delayed in mice that received 2 X 10° PFU, but amounts of
virus continued to increase in both groups of IFN «/p/y R/~
mice. Infection was invariably lethal on day 3 or 4 postinfection
for animals injected with 2 X 10° or 2 X 10° PFU, respectively.
Independent of the starting amount of virus, all mice devel-
oped disseminated infection to the same anatomic sites in
parenchymal organs, lymph nodes, and the nervous system.
These data demonstrated that a 10-fold reduction in viral in-
oculum still produced disseminated, lethal infection in mice
lacking type I and II IFN receptors.

Corneal infection of IFN receptor-deficient mice. We con-
sidered that footpad injection potentially could introduce virus
directly into small lymphatic or blood vessels, thereby promot-
ing systemic spread of HSV-1. To determine if HSV-1 dissem-
inated from a mucosal surface, we used the corneal model of
infection and assayed the infection by bioluminescence imag-
ing for 8 days (Fig. 6A). In wild-type mice, virus was initially
detected only in the eyes, followed by spread to expected
positions of trigeminal ganglia and overlying periocular tissues.
Imaging data reproduced the known progression of acute
HSV-1 infection from the cornea to the trigeminal ganglia,
with subsequent zosteriform return to periocular skin (23, 40).
Bioluminescence from KOS/dlux/oriL was essentially unde-
tectable by day 8 postinfection, which is consistent with the
expected time course for latency in wild-type animals. Similar
to our results for footpad injections, ocular infection of IFN vy
R/~ mice with KOS/dlux/oriL. produced a time course and
localization of virus that was comparable to these in wild-type
animals. Importantly, neither wild-type nor IFN y R™/“mice
showed systemic dissemination of virus or died from acute
infection.

IFN o/ R/~ animals also had the expected progression of
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FIG. 3. Localization of bioluminescence activity in parenchymal organs of a representative IFN o/B/y R/~ mouse 3 days after bilateral footpad
infection with 2 X 10°® KOS/dlux/oriL. Bioluminescence imaging was performed for 1 min each in dorsal (A), left lateral (B), and ventral (C)
projections. Immediately after imaging, limited dissection was performed to isolate organs for ex vivo bioluminescence imaging. Gray-scale (D) and
1-min bioluminescent (E) images were obtained for the spine and brain, lungs, liver, spleen, and body cavity (images 1 to 5, respectively). Labeled
organs and tissues in panels A to C were verified by ex vivo luciferase activity and/or plaque assay for virus. LN, lymph node.

acute infection in the eyes and periocular tissues. However,
KOS/dlux/oriLL was detected in the ventral aspect of the neck
on day 2 postinfection in both IFN «/8 R™/~ and IFN o//y
R/~ mice, and virus was clearly evident within abdominal
organs by day 3. While comparable sites were infected in both
genotypes of mice, overall distribution of virus within the ab-
domen was more extensive in IFN o/B/y R~/ than IFN «/p
R/~ mice. In IFN o/ R/~ animals, bioluminescence was
cleared from the abdomen by day 5 postinfection, which was
earlier than observed in the head and neck. All IFN o/ R/~
mice survived ocular infection with KOS/dlux/oriL.. By com-

parison, none of the IFN «/B/y R™/~ mice lived more than 4
days postinfection.

To quantify relative amounts of virus at the site of infection,
we measured total photon flux in the head by region-of-interest
analysis (Fig. 6B). On the initial 4 days postinfection, rank
order of head bioluminescence was IFN «/B/y R™~ > IFN o/f
R/~ > IFN y R/~ = wild-type mice. Photon flux from IFN
o/B/y R/~ and IFN /B R/~ animals was significantly greater
than that from IFN y R/~ and wild-type mice on each day
analyzed (P < 0.001). Peak bioluminescence occurred on days
5 to 6 for wild-type, IFN o/8 R™/7, and IFN v R™/~ mice,
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FIG. 4. Plaque assays of virus titers in selected organs and tissues of
IFN o/B/y R™/~ and IFN o/ R/~ mice harvested 2 or 3 days after
footpad infection with 2 X 10° KOS/dlux/oriL. Data are presented as
mean values =+ standard error of the mean. The dashed line shows the
limit of detection (30 PFU/ml/g of tissue) for spleen, lung, kidney, and
brain. The solid line denotes the limit of detection (10 PFU/ml/g of
tissue) for the spine. The sensitivity for detection of virus in the liver
was 500 PFU/ml/g of tissue. There were four IFN o/B/y R™/~ mice on
day 3, and two mice each for IFN o/B/y R™/~ on day 2 and for IFN «/p
R/~ on day 3 postinfection.

consistent with the expected time course of zosteriform spread
of virus to periocular tissues. Photon flux subsequently de-
clined in the three genotypes of mice that survived acute in-
fection. By AUC analysis, IFN o/B/y R™/~ and IFN o/ R™/~
mice had comparable amounts of head bioluminescence, and
values for both genotypes were significantly greater than for
IFN vy R/~ and wild-type mice (P < 0.001) (Fig. 6C). By
comparison, the AUC for IFN v R~/ mice did not differ from
that for wild-type mice.

Region-of-interest analysis confirmed that abdominal biolu-
minescence was not detectable above background levels until
day 3 postinfection in IFN «/B/y R™~ or IFN o/ R™/~ mice
(Fig. 6D). Photon flux peaked at day 4 in IFN «/B/y R™/~
animals, after which time these mice died from HSV-1 infec-
tion. Peak levels of abdominal bioluminescence in IFN o/B/y
R/~ animals were nearly 2 logs greater than the highest
amounts observed in the heads of infected mice, demonstrat-
ing extensive dissemination of virus beyond the local site of
ocular infection. Abdominal photon flux in IFN «/B/y R~/
mice was significantly greater than in IFN o/ R™/~ on days 3
and 4 postinfection (P < 0.01 and 0.001, respectively). In IFN
a/B R™/~ mice, bioluminescence from abdominal sites re-
mained constant on days 3 and 4 and then decreased to back-
ground levels by day 6. No detectable light emission above
background could be detected outside the heads of IFN v
R/~ or wild-type mice at any time during infection. By
AUC analysis, abdominal photon flux in IFN o/B/y R™/~
mice was significantly greater than in all other genotypes
(P < 0.001), and bioluminescence in IFN «/B R™/~ animals
was higher than in IFN y R™/~ or wild-type mice (P < 0.001)
(Fig. 6E).

To better define anatomic sites infected with KOS/dlux/oriL,
we imaged mice from dorsal, ventral, and both lateral posi-
tions. Based on sites in which virus was detected following
footpad infection and correlation with mouse anatomy, we
determined probable organs and tissues in IFN o/B/y R™/~
mice that were infected with virus 4 days after ocular inocula-
tion (Fig. 6F). Within the abdomen, bioluminescence was de-
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tected in expected positions of the liver, spleen, and kidneys,
while light in the head and neck corresponded with eyes, peri-
ocular tissues, and submandibular and cervical lymph nodes.
Temporal progression of infection as determined by imaging
suggested the following route for systemic dissemination of
KOS/dlux/oriL: eyes — submandibular and cervical lymph
nodes — systemic circulation in blood and lymphatic vessels —
parenchymal organs. Overall, these qualitative and quantita-
tive bioluminescence data confirmed the results with footpad
infection, showing that type I IFN receptors were necessary to
prevent systemic dissemination of HSV-1. In the context of
type I IFN receptor deficiency, type II receptors limited viral
replication and prevented lethality, although isolated deletion
of type II IFN receptors had no significant phenotype in acute
HSV-1 infection.
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FIG. 5. Photon flux determined by region-of-interest analysis of the
foot (A), back (B), and head (C) regions of IFN o/B/y R™/~ mice
infected in the bilateral footpads with 2 X 10° (low, L) or 2 X 10° (high,
H) KOS/dlux/oriL. Bioluminescence imaging was performed over the
full course of infection in each group of mice, with lethality occurring
on day 3 (high) or 4 (low) postinfection.
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DISCUSSION

HSV-1 and other alphaherpesviruses typically produce lo-
calized infections in which virus replicates primarily in epithe-
lial cells, spreads into innervating sensory neurons, and estab-
lishes latency in sensory nerve ganglia. While the importance
of host interferons and viral regulators of the interferon re-
sponse to infection have been well characterized (18, 20), de-
fects in adaptive cellular immunity have been associated more
closely with severe herpes simplex virus infection and dissem-
inated disease in humans (16, 42, 43). Hence, the roles of
interferons and other components of the innate immune re-
sponse in preventing systemic infection with HSV-1 have not
been defined.

The current study showed that the absence of type I IFN
receptors permitted dissemination of HSV-1 to parenchymal
organs and lymph nodes, in addition to the expected progres-
sion of infection from epithelia to neurons, following localized
ocular or footpad infection. Although systemic infection with
HSV-1 is frequently associated with mortality (19), IFN «/B
R/~ animals ultimately cleared acute infection and survived.
Deficiency of both type I and II IFN receptors produced qual-
itatively more extensive and quantitatively greater dissemina-
tion of virus, and infection was always fatal in these mice. By
comparison, isolated deficiency of type II IFN receptors did
not significantly affect the progression of HSV-1 infection rel-
ative to wild-type mice. These data are consistent with previous
work showing that type II IFN and type II IFN receptors do
not affect the mortality of female 129 Ev/Sv mice infected with
HSV-1 (17). Therefore, a function for type II IFN in acute
infection was apparent only when combined with deficiency of
type I IFN receptors.

Consistent with our results, synergistic effects of type I and II
IFNs in protecting mice from ocular infection with HSV-1 have
been reported previously (33). However, the prior study also
showed that type II IFN alone conferred resistance to HSV-1.
In the previous work, eyes were treated with IFN(s) before
viral infection. Therefore, the data for type II IFN-mediated
resistance may be based upon either supraphysiologic levels of
this cytokine or potential effects that are independent of the
type II IFN receptor (12). Nevertheless, our data agree with
their conclusions that complementary effects of both types of
IFN (41) are needed for host immunity to acute HSV-1 infec-
tion.

The importance of type I IFNs in the immune response to
herpesvirus was emphasized by a recent study of two infants
with homozygous deficiency of Statl (11), a component of
transcription complexes that mediate signaling through type I
and II IFN receptors (37). One patient died of systemic infec-
tion and recurrent encephalitis from herpes simplex virus in-
fection, while the other patient died from an undefined viral-
type illness. In both cases, signaling through type I and II IFN
receptors was disrupted. By comparison, patients with isolated
mutations in type II IFN receptors (4) or a heterozygous Statl
mutation that only affects type II IFN signaling (10) are sus-
ceptible to mycobacterial but not viral infections. These obser-
vations in human patients demonstrate the clinical relevance of
our mouse model system and are consistent with our data for
the roles of type I and II IFNs in an effective host immune
response to HSV-1.
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The mechanism(s) through which absence of type I IFN
receptors permits systemic dissemination of HSV-1 is currently
unknown. Although virus was detected in the blood and serum
of IFN «/B/y R~/ mice, the presence of luciferase activity in
the lymph nodes and organs indicates that we are detecting
viral replication in cells and not free viral particles. Luciferase
requires ATP to produce bioluminescence from luciferin (45),
so this reaction does not occur in extracellular virus (8). How-
ever, these results did not define the specific cell types that are
infected at various sites. Type I IFNs could prevent infection of
visceral organs by limiting the inherent permissivity to HSV-1.
Alternatively, IFNs could limit trafficking of virus to sites that
normally are fully permissive to HSV-1 replication, thereby
eliminating systemic infection. Further studies are needed to
identify cell types infected in IFN o/B/y R/~ and IFN o/B/y
R~/ mice and distinguish between these non-mutually exclu-
sive functions of IFNs.

In mice lacking type I IFN receptors, our data indicated that
HSV-1 spread from local epithelial infection to regional lymph
nodes and then to parenchymal organs, suggesting that dissem-
ination was at least partially dependent on the lymphatic sys-
tem. Spread of virus could be mediated by dendritic cells, the
first antigen-presenting cells to encounter HSV-1 during epi-
thelial or mucosal infection (31). After antigenic stimulation,
dendritic cells mature and enter lymph nodes via afferent lym-
phatic vessels. Dendritic cells normally are permissive for in-
fection but not replication of HSV-1 (34), and virus does not
appear to replicate within draining lymph nodes (6). However,
the absence of type I IFN receptors potentially could permit
viral replication within dendritic cells and facilitate dissemina-
tion from lymph nodes to parenchymal organs.

Signaling through type II IFN receptors links innate immu-
nity to the adaptive immune response to viral infection. Among
the biological responses mediated by type II IFN are induction
of chemokines, including CXCL9, CXCL10, and CXCLI11
(24). These chemokines bind to the CXCR3 receptor that is
expressed on activated T cells, NK cells, and plasmacytoid and
myeloid dendritic cells, thereby regulating migration and ad-
hesion of immune effector cells (1, 5, 22). Mice genetically
deficient in CXCL10 have impaired production and recruit-
ment of effector T cells to sites infected with mouse hepatitis
virus, resulting in impaired clearance of virus (9). Although
there are redundant pathways for induction of these chemo-
kines (13), loss of type II IFN signaling could affect trafficking
of cytotoxic T lymphocytes in response to HSV-1 infection.
Abnormal recruitment of T cells potentially may contribute to
the phenotypic differences that we observed between IFN
a/B/y R/~ and IFN o/ R™/~ mice. To investigate this hy-
pothesis, we plan to use bioluminescence imaging to monitor
spatial and temporal localization of T cells in living mice in-
fected with HSV-1. This general imaging strategy has been
used previously to study migration of T cells to tumors or sites
of bacterial infection in mouse models (reviewed in reference
25).

The phenotypes produced by HSV-1 infection in mouse
models are affected by the strain of virus and mouse as well as
the gender and age of the animals (17, 27, 29, 44). Our previ-
ous studies have shown that replication of the reporter virus
and wild-type strain KOS are essentially identical in cultured
Vero cells and outbred CD-1 mice (39, 40). Therefore, it is
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FIG. 6. Tracking viral replication and localization in wild-type (WT), IFN «/B/y R™/~, IFN o/ R™/~, and IFN y R™/~ mice following ocular
infection with 2 X 10° PFU KOS/dlux/oriL (n = 5 for each genotype). Bioluminescence imaging was performed daily for 8 days postinfection, and
a representative mouse from each genotype is shown (A). Images are presented with a standardized minimum threshold for bioluminescence, but
peak values for light emission varied based on relative amounts of viral replication and luciferase activity. Photon flux was quantified by
region-of-interest analysis (B, E) and AUC (C, D, and F) of the head (B to D) and abdomen (E to F), respectively. The AUC for head
bioluminescence was calculated over 4 and 8 days postinfection, corresponding to the duration of survival for IFN o/B/y R/~ animals and the total
length of the experiment, respectively. The AUC for abdominal photon flux was calculated only for the first 4 days postinfection. (G) Images from
dorsal, ventral, and both lateral projections of an IFN «/B/y R™/~ mouse 4 days postinfection localized viral infection to multiple organs and tissues,

as labeled. SM, submandibular lymph node.
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unlikely that differences in viral replication and dissemination
among wild-type and various IFN receptor-deficient mice are
due to attenuation of strain KOS. Because strain KOS did not
kill wild-type animals, our model system reproduces the typical
nonlethal outcome of infection in humans. In addition, detec-
tion of genes and signaling pathways that affect susceptibility to
HSV-1 is facilitated by using a nonlethal strain, compared with
studying more virulent HSV-1 strains that kill a large percent-
age of wild-type animals. While a more virulent strain probably
would produce greater lethality in all genotypes, extensive
spread of virus outside the nervous system would not neces-
sarily also occur if infection progressed more rapidly. Further
investigation will be needed to establish how IFN receptors
affect the dissemination and lethality of virus in mice infected
with more virulent strains of HSV-1 and determine if factors
such as gender and age alter the systemic spread of virus in this
model.

Compared with traditional assays of virus-host pathogen-
esis that require sacrifice of animals and tissue harvesting at
multiple time points, the current study confirmed numerous
strengths of bioluminescence imaging for investigating viral
disease in mouse models. By enabling repetitive imaging,
spatial and temporal progression of viral infection could be
monitored in the same animals over time, limiting the num-
ber of animals needed to obtain robust data sets. Relative
differences in the amounts of virus were quantified nonin-
vasively by photon flux, so differences in viral replication at
a given site could be determined in the context of defined
host immune deficiencies. Bioluminescence imaging also al-
lowed the entire intact mouse to be monitored for viral
replication, greatly reducing the possibility that important
sites of viral replication were missed because appropriate
tissues were not sampled.

However, this study also showed potential limitations of
bioluminescence imaging for studies of pathogenesis. Cur-
rently, bioluminescence imaging collects two-dimensional im-
ages, so emitted light may be the summation of luciferase
activity in more than one organ or tissue. This limitation was
minimized by imaging animals in several different positions,
although bioluminescence in lungs and probable intra-abdom-
inal lymph nodes was still masked by large amounts of lucif-
erase activity in the adjacent liver and spleen. In addition,
bioluminescence imaging does not allow absolute quantifica-
tion of luciferase activity because emitted light is attenuated
depending on factors such as the depth of the signal from the
animal surface and the pigmentation of skin or organs. Nev-
ertheless, our data and a recent study with a recombinant
luciferase-expressing Sindbis virus (8) establish biolumines-
cence imaging as an important technique for in vivo investiga-
tions of virus-host pathogenesis.

In conclusion, these data showed that deficiency of type I
IFN receptors permitted HSV-1 to progress from localized
infection to disseminated disease affecting multiple parenchy-
mal organs. Furthermore, in the absence of type I IFN recep-
tors, deletion of type II IFN receptors resulted in death of
animals infected with HSV-1, although isolated deficiency of
type II IFN receptors did not significantly affect replication or
localization of virus relative to that in wild-type animals. Mice
with a genetic deficiency of IFN receptors provide a model
system for systemic HSV-1 infection, enabling further investi-
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gations o f components of the immune response that usually
limit HSV-1 to localized epithelial infection with spread to
innervating sensory neurons. The results also demonstrated
the utility of bioluminescence imaging for monitoring the spa-
tial and temporal progression of viral infection and detecting
unanticipated sites of disease, enabling effects of host immu-
nity on viral replication and tropism to be determined in living
mice.
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