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The importance of the 2'-5" oligoadenylate synthetase (OAS)/RNase L and double-stranded RNA (dsRNA)-
dependent protein kinase (PKR) pathways in host interferon induction resulting from virus infection in
response to dsRNA has been well documented. In poxvirus infections, the interactions between the vaccinia
virus (VV) genes E3L and K3L, which target RNase L and PKR, respectively, serve to prevent the induction of
the dsRNA-dependent induced interferon response in cell culture. To determine the importance of these host
genes in controlling VV infections, mouse single-gene knockouts of RNase L and PKR and double-knockout
mice were studied following intratracheal infection with VV, VVAK3L, or VVAE3L. VV caused lethal disease
in all mouse strains. The single-knockout animals were more susceptible than wild-type animals, while the
RNase L™/~ PKR ™/~ mice were the most susceptible. VVAE3L infections of wild-type mice were asymptomatic,
demonstrating that E3L plays a critical role in controlling the host immune response. RNase L™'~ mice showed
no disease, whereas 20% of the PKR™'~ mice succumbed at a dose of 10° PFU. Lethal disease was routinely
observed in RNase L™/~ PKR ™/~ mice inoculated with 10® PFU of VVAE3L, with a distinct pathology. VVAK3L
infections exhibited no differences in virulence among any of the mouse constructs, suggesting that PKR is not
the exclusive target of K3L. Surprisingly, VVAK3L did not disseminate to other tissues from the lung. Hence,
the cause of death in this model is respiratory disease. These results also suggest that an unanticipated role

of the K3L gene is to facilitate virus dissemination.

Small-animal (mouse) models to study poxvirus pathogene-
sis have been employed for decades and have provided invalu-
able insight into host-virus interactions and mechanistic insight
as to how individual viral genes influence the host response.
Infection of mice by various routes continues to be productive
for study of a number of orthopoxviruses, including vaccinia
virus (VV), ectromelia virus, cowpox virus, and rabbitpox virus
(23,24, 44, 45, 48-50, 67, 75, 77). The general purpose of these
infected mouse studies is to provide surrogate models for hu-
man smallpox virus infection and host response to evaluate
antiviral drug efficacy and the effectiveness of various smallpox
vaccines. Advantages of mouse models include their relatively
low cost, small size of the animals, and the fact that there are
many mouse mutant strains available for genes that control
responses to infection.

A number of routes for the initiation of poxvirus infections
in mice have been studied, including intranasal (i.n.), intratra-
cheal (i.t.), and intradermal (i.d.) (ear pinnae, footpad) routes
and scarification. Other routes, such as the intracranial (i.c.) or
intraperitoneal (i.p.) route, are rarely used today because they
do not effectively reproduce “natural” infection conditions.
Arguably, the most relevant routes of infection in terms of
human disease are the i.n. and i.t. routes, because smallpox is
transmitted via the respiratory route. The majority of the ex-
perimental data on respiratory infections in mice were gener-

* Corresponding author. Mailing address: Department of Molecular
Genetics and Microbiology, University of Florida College of Medicine,
Box 100266, Gainesville, FL 32610-0266. Phone: (352) 273-5230. Fax:
(352) 273-8905. E-mail: rmoyer@ufl.edu.

¥ Published ahead of print on 13 October 2010.

550

ated using the i.n. route of infection (35, 51, 60), although the
i.t. method has several notable advantages (45).

The i.n. route exhibits some animal-to-animal variation due
in part to the tendency of the animal to expel a portion of the
virus inoculum through sneezing or, alternatively, from swal-
lowing a portion of the inoculum or from unintended access to
the brain. The i.n. route is also problematic in that a significant
portion of the retained virus inoculum remains in the nasal
passages, giving a somewhat variable lung infection. It is clear,
however, that the initial i.n. infection is then followed by an
efficient spread to most organs within the animal, a character-
istic feature of many orthopoxvirus diseases.

We have chosen instead to utilize the recently described i.t.
route (45) of vaccinia virus infection, which we find gives a
much more reproducible lung infection and requires lower
doses of the virus to cause disease and fatal symptoms than i.n.
inoculation. In our earlier study (45), we also chose to use
C57BL/6 mice to evaluate both clinical and pathological dis-
ease progression, rather than the more susceptible BALB/c
strain, because of the large number of available mouse mutant
strains constructed on the C57BL/6 background. The C57BL/6
mouse has also been evaluated as a strain in which to study
ectromelia virus infections (50).

We studied i.t. infections of different C57BL/6 mouse strains
in order to evaluate the roles of the host genes encoding
double-stranded RNA-dependent protein kinase (PKR) and
RNase L in controlling poxvirus infections. The PKR and
RNase L genes were two of the first host genes implicated as
targets for viral gene products to serve as a means of control-
ling the interferon (IFN) response to poxvirus infection (2).
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The PKR and RNase L genes are both key components of
the host response to virus infection linked to the interferon
response (31, 58, 68). Activation of PKR from an inactive
monomeric molecule involves dimerization mediated by dou-
ble-stranded RNA (dsRNA), followed by autophosphorylation
(46, 47), to produce the active molecule. One key activity of
PKR is to phosphorylate and inactivate the translation factor
elF2a (57, 79). RNase L is an endoribonuclease that is acti-
vated by 2'-5" adenylic acid, which is the product of the en-
zyme 2'-5" oligoadenylate synthetase (OAS) (33, 85). OAS is
activated by double-stranded RNA initiation or highly struc-
tured RNA, in a process that results in the activation of RNase
L and ultimately in RNA degradation. Both PKR and RNase
L/2'-5" oligoadenylate system proteins and functions have been
reviewed recently (26, 34, 52, 55, 56, 64, 65, 66, 72). It is now
known that at least two virus-carried genes, the E3L and K3L
genes, protect the virus from the effects of interferon and that
their encoded proteins interact with host RNase L. and PKR
proteins (10, 11, 19, 64). Much of what is known about the
presumed mechanism of action of the K3L and E3L genes on
the host response has been inferred from studies of infected
cells in culture.

The E3L protein is a double-stranded DNA binding protein
comprised of at least two distinct functional domains (6). The
C terminus of E3L contains a dsSRNA binding domain (12, 46,
83), whereas the N-terminal region of the protein contains
sequences associated with binding to Z-DNA and PKR (30, 38,
39). Both regions are required for virulence in mice (6). The
binding of E3L to Z-DNA allows the protein to be consid-
ered a member of the larger Z-DNA binding family (39).
Furthermore, E3L has some sequence similarity to DAI
(DNA-dependent activator of IFN regulatory factors), a
protein involved in DNA pattern recognition that can trig-
ger the innate response (20, 39, 70). It is also known that
deletion of the E3L gene from the virus leads to a restricted
host range of the virus (1, 2, 13, 63) in cell culture and to
profound attenuation in mice, leading to consideration of
VVAE3L mutants as vaccine candidates (6, 78).

The K3L protein is considered a substrate mimic for eIF2a,
a natural substrate for phosphorylation by PKR. K3L interacts
with active PKR to prevent PKR from phosphorylating and
inactivating elF2a (10, 17, 18, 19, 21, 37, 62). eIF2a phosphor-
ylation is associated with interferon induction (32, 53, 68, 73).
Like the E3L gene, the K3L gene has been reported to control
host range (41). A dynamic relationship between K3L and
PKR was suggested by recent experiments in which K3L and
PKR appeared to have coevolved as an example of ongoing
competition between host and virus genes (22) and by the
observation that mutants of PKR can overcome inhibition by
K3L (54, 61). There is little available information on the effects
of virus deleted for K3L in animal models.

C57BL/6 mouse strains are available which are singly de-
leted for either the PKR (PKR /) or RNase L (RNase L™/7)
gene. In addition, there is a mouse deleted for both the PKR
and RNase L genes (PKR™/~ RNase L™/7) (59, 86). The
availability of these mouse strains, together with virus mutants
in the controlling genes E3L and K3L, allows the roles of both
virus and host genes to be evaluated within the context of each
other in animal models of orthopoxvirus disease. An earlier
study showed that a vaccinia virus (VV) deleted for the E3L
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gene (VVAE3L) produced no plaques in cells from wild-type
mice and a reduced number of plaques in cells from RNase
L=/~ or PKR™’~ mice and was attenuated in PKR ™'~ RNase
L/~ mice (81). We show here that i.t. infection of animals
with VV leads to rather precise, well-defined focal lung lesions
restricted to the bronchi, involving bronchial epithelial cells,
rather than to a generalized, indiscriminate infection of the
lung. In wild-type VV infections, viremia ensues rapidly, with
dissemination throughout the animal. Despite a localized in-
fection within the lung, we also show that overall gene expres-
sion patterns of the entire infected lung are altered dramati-
cally between 3 and 4 days after infection and that the response
of the lung is global and not limited to the bronchi and bron-
chioles. We also report on the roles of both host and virus
genes within the context of disease, lung pathology, virus
growth and spread, tissue histopathology, and immunohisto-
chemistry (IHC).

MATERIALS AND METHODS

Cells and viruses. (i) Cell culture. CV-1, BHK-21, and PK15 cells were main-
tained in minimum essential medium (MEM) with Earle’s salts (Gibco, Grand
Island, NY) supplemented with 2 mM glutamine (Media Tech, Herndon, VA),
50 U/ml penicillin G (Media Tech), 50 p.g/ml streptomycin (Media Tech), 1 mM
sodium pyruvate (Media Tech), 0.1 mM nonessential amino acids (Media Tech),
and 10% (vol/vol) fetal bovine serum (FBS) (Gibco).

(i) Construction of VVgfp (VVAATIL:gfp). Wild-type vaccinia virus strain
Western Reserve (a gift from R. Condit, University of Florida) was used as a
control virus. Vaccinia virus expressing enhanced green fluorescent protein
(EGFP) under the control of the poxvirus synthetic early/late promoter was used
as the screening fluorophore. The P, EGFP coding sequence was engineered
into the ATI locus in VV, using ligation-mediated PCR. In this reaction, 3
fragments are generated: a left virus-flanking sequence, a right virus-flanking
sequence, and a middle reporter gene under the control of its own promoter. The
3 fragments then undergo restriction enzyme digestion (with enzymes from
NEB) and ligation, as in the field standard; however, rather than transforming
the fragments into a vector, PCR of the ligation mixture is performed immedi-
ately. PCR using primers located in the left and right flanks allows for specific
amplification of the desired product for future use. The left flank was amplified
using primers IDT536 (CGGAGCTCGTCTACAGTCGTTCAACTGTC) and
IDT571 (CATGGTACCAAGGAGGATCTTGATAAGGCC). The right flank
was amplified using primers IDT572 (TCTAGGCCTCGAGTCTGGACAGTT
CCCATTCG) and IDT539 (CCGGTACCGAATGCGGAAATAGTGGAG
AG). The gfp gene and the Pg;; promoter fragment were amplified from plasmid
pSC65gfpPCT by use of primers IDT30 (CCAGACATTGTTGAATTAGA
TCG) and IDT130b (GCTGGTACCGGTGGGTTTGGAATTAGTG). Each
fragment underwent digestion with the corresponding restriction enzyme follow-
ing the manufacturer’s directions (New England Biolabs). The pieces were then
ligated with T4 DNA ligase, using traditional protocols. The ligation mixture was
used as a PCR template with the outermost primers, IDT536 and IDT539. The
corresponding band was then used for transfection and subsequent screening for
recombinant viruses following standard methods. The resulting virus, VVgfp, was
grown and plaque purified on CV-1 cells.

(iii) Construction of VVAE3L (VVAE3L:gfp). The E3L:gfp fragment (gfp
fragment flanked by E3L sequences) was generated in a PCR-mediated ligation
reaction as previously described. In this reaction, 3 fragments are generated: a
left virus-flanking sequence, a right virus-flanking sequence, and a middle re-
porter gene under the control of its own promoter. The 3 fragments then
undergo restriction enzyme digestion (with enzymes from NEB) and ligation, like
the field standard; however, rather than transforming the fragments into a vector,
PCR of the ligation mixture is performed immediately. PCR using primers
located in the left and right flanks allows for specific amplification of the desired
product for future use. The E3L::gfp PCR fragment was amplified using primers
IDT345 (GAGAATTCCACAAACATCAATGGCGGTAAC) and IDT5% (AG
CTCCTTCGATTCC). The right flank was amplified using primers IDT344 (G
AGAATTCCTTGGTTCATACATGAAATGATC) and IDT595 (CTCGTTTA
GATTTTCC).

The gfp gene and the Py, promoter fragment used were the same as those
mentioned previously. Primers IDT599 (GAGGTTCGTCAGCGGC) and
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IDT598 (GTGATAATTTATGTGTGAGGC) were then used for template am-
plification.

The deletion of E3L was confirmed by a PCR using the following primers:
IDT529 (ATAGCCTTGTCCTCGTGCAG), IDT530 (CGCAATCGATACAT
GAAAACA), 1IDT344 (GAGAATTCCTTGGTTCATACATGAAATGATC),
and IDT272 (GAGTTATAGTTGTATTCCAGCT).

VVAE3L::gfp was generated by infection/transfection and subsequent plaque
purification on BHK-21 cells, using standard methods. BHK-21 cells were the
only cell line tested that would allow for the growth of VVAE3L:gfp, and
therefore they were the cells chosen for screening.

VVAE3L::gfp was rescued by infection/transfection with the wild-type E3L
gene fragment amplified with primers IDT344 and IDT345. The resulting viruses
were plaque purified on PK15 cells. Due to the host range exhibited by
VVAE3L::gfp, only viruses that have been rescued successfully will form plaques
on PK15 cells. The resulting virus, RVVE3L+, was tested in cell culture and
mice and was found to exhibit the wild-type phenotype.

(iv) Construction of VVAK3L (VVAK3L::gfp). Cloning of the K3L:gfp frag-
ment was performed using ligation-mediated PCR as previously described. The
K3L::gfp left flank was amplified using primers IDT639 (CTTTTGTATAATCA
ACTCTAA) and IDT531 (ATGCAGGCAATAGCGACATA), and the right
flank was amplified using primers IDT638 (CCTTCTCGTATACTCTGCCC)
and IDT532 (AGATGCTCCACATGTAT). The previously described gfp frag-
ment was the fluorophore used. Primers IDT531 and IDT532 were used for PCR
generation of the K3L::gfp PCR fragment. The K3L locus from bp 45 to 199 was
deleted, with gfp replacing this region.

The deletion of K3L was confirmed by PCR, using primers IDT531, IDT532,
IDT419 (AGGCATCCCATTAGACATACCGGATCTACG), and IDT272 (A
GCTGGAATACAACTATAACTC).

VVAK3L:gfp was rescued by infection/transfection with the wild-type K3L
gene fragment amplified with IDT531 and IDT532. The resulting viruses were
plaque purified on CV-1 cells. The resulting virus, RVVK3L+, was tested in cell
culture and mice and found to exhibit the wild-type phenotype.

(v) Virus growth. VV, VVgfp, VVAK3L:gfp, RVVE3L+, and RVVK3L+
were grown and titrated on CV-1 cells by standard methods. VVAE3::gfp was
grown and titrated on BHK-21 cells. All viruses for animal infections were pad
purified over 36% sucrose by standard methods and resuspended in phosphate-
buffered saline (PBS) (15, 16).

Animals and animal methodology. (i) Mouse breeding. C57BL/6, PKR /™,
RNase L™/~, and PKR~/~ RNase L™/~ double-knockout mice were provided by
Robert Silverman of the Cleveland Clinic and were maintained by sibling mating
and genotyped using methods published by Williams et al. and Silverman et al.
(82, 87).

(ii) Intratracheal infection of mice. Infections were performed as previously
described (45). Briefly, mice were subjected to general anesthesia (isoflurane)
prior to inoculation. All mice maintained a surgical plane of anesthesia during
the procedure. A 3-mm ventromedial incision was made adjacent to the trachea
for subcutaneous insertion of a microchip to monitor body temperature and
animal identification number (BioMedic Data Systems, Seaford, DE). Thirty
microliters of virus diluted in PBS was injected into the trachea. The incision was
closed using surgical glue (Nexaband; Abbott Animal Health, Chicago, IL).

(iii) Monitoring of animals. Each mouse was microchipped at the time of
infection to transmit its body temperature and identification number to a DAS-
5007 reader (BioMedic Data Systems, Seaford, DE). Weight, temperature, and
physical observations of the mice (grooming habits, facial swelling, secretions,
removal of hair, and respiratory distress) were recorded daily. Criteria for eu-
thanizing the mice included open-mouth breathing, severity of dyspnea, hypo-
thermia (body temperature of =30°C), and weight loss of >30% of initial body
weight (69). All animal procedures were carried out according to the University
of Florida IACUC guidelines.

(iv) Tissue processing. Sections of the lung, liver, spleen, gonad, and brain
were flash frozen until processed. The tissues were homogenized in 2-ml screw-
top tubes (Sarstedt) with ~1.0 ml sterile 24-grit silicon carbide (Electro Abra-
sives, Buffalo, NY) and 1 ml growth medium without serum (MEM; Invitrogen),
using a Mini-Beadbeater 8 instrument (Biospec, Bartlesville, OK) for 1.5 min on
the homogenization setting. Virus titers in the supernatant were evaluated by
plaque purification on CV-1 cells, using standard procedures (15, 16).

Tissue sections for histopathology were fixed in 10% buffered formalin (Fisher
Scientific) for 12 to 18 h at room temperature and then paraffin embedded.

Four-micrometer-thick sections of tissue were stained with hematoxylin and
eosin (H&E) by standard protocols at the Molecular Pathology Core at the
University of Florida. Immunohistochemistry was performed on 4-um paraffin-
embedded sections for detection of GFP (Abcam) (25), STAT-1 (Abcam) (4),
and Ki67 (Abcam) (80). STAT-1 and Ki67 ITHC required antigen retrieval with
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citra solution (10 mM citric acid, 0.05% Tween 20, pH 6.0), using standard
protocols. Mach 2 goat anti-rabbit-horseradish peroxidase (HRP) polymer (Bio-
care Medical, Concord, CA) was the secondary antibody used for all immuno-
histochemical staining. Cardassian DAB chromogen (Biocare Medical) was then
used according to the manufacturer’s protocol to generate the final brown color
observed in positive samples, and the nuclei were counterstained with hematox-
ylin (Vector) following the manufacturer’s recommendations.

Microarrays. Entire lungs without the bronchi were flash frozen in liquid
nitrogen and maintained at —80°C until used for RNA isolation. Lung tissue was
homogenized with Trizol (Invitrogen) and 24-grit silicon carbide (Electro Abra-
sives, Buffalo, NY) in a Mini-Beadbeater 8 apparatus. RNA isolation was per-
formed with Trizol (Invitrogen) following the manufacturer’s protocol. The re-
sulting RNA pellets were then placed through a Micro-to-Midi total RNA
purification system (Invitrogen) for the removal of any residual cellular DNA
according to the manufacturer’s protocol.

Two micrograms of total purified RNA was used for the generation of cRNAs
for use as probes for the Affymetrix microarrays. First-strand cDNA synthesis
was performed using a T7-(dT),, primer and Superscript II reverse transcriptase
(RT) (Invitrogen). Second-strand synthesis was performed using second-strand
reaction buffer (Invitrogen), Escherichia coli DNA ligase (NEB), E. coli DNA
polymerase I (NEB), E. coli RNase H (NEB), and T4 DNA polymerase (NEB).
c¢DNAs were then purified using a GeneChip sample cleanup module (Af-
fymetrix). cRNAs were then made using an Affymetrix 3’-labeling IVT kit
(Affymetrix) and cleaned up using a GeneChip sample cleanup module (Af-
fymetrix). The samples were then fragmented, hybridized, and detected on Af-
fymetrix mouse 430.2A arrays (Affymetrix).

Analysis of the microarray data was performed using BRB Array Tools (NIH).
The median probe intensity was used to normalize the arrays, with a median
intensity of 84 and a percent call of ~50% across all arrays. The arrays were
subjected to an F test with random variance, with a significance level of 0.001, in
which all arrays were assigned to classes based upon the day postinfection that
the lungs were harvested. The resulting 1,811 probe sets were then represented
pictorially in a heat map generated by BRB Array Tools.

Microarray data accession number. The data discussed in this publication
have been deposited in NCBI's Gene Expression Omnibus and are accessible
through GEO Series accession number GSE23738 (http://www.ncbi.nlm.nih.gov
/geo/query/acc.cgi?acc=GSE23738).

RESULTS

Patterns of disease in mice. The initial baseline clinical pa-
rameters of VV infection via the i.t. route were standardized by
inoculating different strains of mice with various dilutions of
VV and evaluating the animals for 10 days, with daily mea-
surements of temperature, body weight, overall clinical ap-
pearance, and survival rates. No animals were allowed to die of
natural causes; therefore, the time of death indicated on the
survival curves is the time at which an animal was euthanized
due to severe disease. Criteria for euthanasia included weight
loss of >30%, hypothermia (body temperature of 30°C or less),
or dyspnea.

The clinical responses to VV for wild-type mouse strains are
summarized in Fig. 1A to C, and those for mutant mouse
strains are shown in Fig. 1D to L. Survival curves for each
mouse strain are shown in Fig. 1A, D, G, and J. Mice that
received lethal doses of virus exhibited rapid and continued
weight loss of up to 30% (Fig. 1B, E, H, and K) compared to
the initial body weight of the animal. Weight loss serves as an
excellent indication of severity of disease, as previously de-
scribed (74). This degree of weight loss and the timing at which
it occurred were dependent upon the dose of virus the animal
received. Although it is difficult to ascertain the exact cause of
an animal’s dramatic weight loss over a period of 4 days (days
3 to 6 postinfection), it is most likely due to combined anorexia
and dehydration. As the animals’ body weights decreased, their
body temperatures also decreased, as shown in Fig. 1C, F, I,
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FIG. 1. Survival, temperatures, and weights of mice following VV infection. Mice were infected intratracheally with VV, during which a
microchip was inserted for measurement of temperature. At least 10 mice were evaluated for each time point. The overall significance of the curves
(P < 0.001) was determined using Kaplan-Meier survival analysis. (A to C) C57BL/6 mice; (D to F) RNase L™/~ mice; (G to I) PKR ™/~ mice; (J
to L) RNase L™/~ PKR ™/~ mice. Panels A, D, G, and J indicate survival curves for the mice. Panels B, E, H, and K indicate average percent weight
loss based upon weight at the time of infection. Panels C, F, I, and L indicate average body temperatures. Stars denote the points at which all
lethally infected mice were euthanized, and survivors were no long considered beyond those points. Diamonds, PBS; circles, 1 X 10° PFU; squares,

1 X 10* PFU; triangles, 1 X 10° PFU; %, 1 x 10° PFU.

and L. Body temperature was measured by a microchip placed
subcutaneously into the mouse at the time of infection. While
this method of temperature assessment may not represent a
true measure of core body temperature, it does serve as a
relative temperature indicator and an adequate predictor of
disease severity and likelihood of survival.

There was a dose-dependent response to infection. Mice
infected with higher doses of virus showed a more rapid and
increased disease severity. Clinical symptoms were more se-
vere and appeared sooner with higher doses of virus. The
experimental dose that indicated the necessity for euthanasia
in 80% of animals (LDyg,) was determined to be 1 X 10° PFU
for C57BL/6 animals. The LDg,s for VV-infected mice were

10-fold less for the PKR ™/~ and RNaseL. ™/~ mice and 100-fold
less for the PKR ™/~ RNaseL ™/~ mice, as determined from the
data in Fig. 1, and were the doses used for all subsequent
experiments. The LDy, value for each mouse construct was
calculated using regression analysis, and the values are sum-
marized in Table 1. These values demonstrate that PKR ™/,
RNase L™/~, and PKR™/~ RNase L™/~ mice are 4.8, 1.9, and
27 times more susceptible to VV than C57BL/6 mice. These
experimentally determined LDgs are about 10-fold lower than
the values published for VV infections of wild-type C57BL/6
mice via the i.n. route (5, 6, 76). The average day to euthanasia
for C57BL/6 mice infected with VV was determined to be 4.95
days at the LDyg,, with all mice being euthanized by day 6.
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TABLE 1. Calculated LDy, values for all mouse strains infected
with VV, VVAE3L, and VVAK3L*

LDy, value (PFU)

Mouse construct

\aY VVAE3L VVAK3L
C57BL/6 4.1 %X 10° >1 x 10° 2.1 x 10°
RNase L™/~ 8.5 x 10* >1 x 10° 5.9 x 10°
PKR 7/~ 2.1 % 10° 3.2 %108 5.4 % 10°
RNase L™/~ PKR ™/~ 1.5 x 10* 1.3 x 107 3.6 X 10°

“ Values were calculated using regression analysis.

These results are also consistent with previously published data
5).

Mice that succumbed to infection had a distinct, easily rec-
ognizable, and reproducible overt disease presentation, which
is summarized in Fig. 2A. Disease onset began at 4 days postin-
fection and increased in severity until the time of euthanasia.
Symptoms included hunched posture, a failure to groom (Fig.
2B, panel iii), infraorbital sinusitis (Fig. 2B, panel ii [compare
to uninfected mouse in Fig. 2B, panel i]), dyspnea, weight loss,
and hypothermia. The hunched posture and failure to groom
are typical of a lethal infection. Occasional lacrimal secretions
were observed, as were gas-filled intestines at postmortem.

Virus dissemination from the site of inoculation. To evalu-
ate dissemination from the site of infection, animals were in-
fected with the mouse construct-specific LDg, dose of VV i.t.
and sacrificed on days 2 to 6 postinfection. Ten mice were
harvested per day. The tissues harvested for analysis included
lung, liver, spleen, gonad, and brain tissues for all constructs of
mice. Table 2 shows the levels of virus found in each of these
organs in each mouse strain over time.

The data in Table 2 indicate that virus dissemination from
the lungs to all organs occurred within the first 2 days following
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infection in all cases, reaching 10° to 10” PFU/mg in some
tissues by 6 days postinfection in the case of VV infections.
Also noteworthy for VV infections is the fact that lung titers
reached a level of 10° PFU/mg by 2 days after infection in
C57BL/6 animals but changed very little thereafter. This gen-
eral pattern of spread was repeated with PKR ™/~ and RNase
L~/ mice. However, in the case of the PKR ™/~ RNase L™/~
construct, there appeared to be normal spread to the liver and
spleen; however, virus growth did appear to be impaired, with
comparatively less accumulation of virus in the liver and
spleen. There was no difference found between males and
females for virus spread or titers of virus in the organs har-
vested (data not shown), and the levels of virus in the male and
female gonads were comparable. This observation is different
from that observed with ectromelia virus-infected animals,
which do exhibit a sex-dependent susceptibility (7, 8). The
error estimations for the viral titers at early times were large,
which is reflective of significant variation in the onset of dis-
ease. However, later in the infection, these values were rela-
tively small, as the infections became more synchronous with
time.

Histopathology. We analyzed the histopathology of infection
and the presence of virus in various tissues. Cells infected with
VVgfp were detected by the expression of gfp. This virus, which
has the gfp gene inserted into the defective VV ATI gene, has
been evaluated in animals (data not shown) and exhibits a
wild-type VV phenotype for survival and clinical symptoms.
While spread of VV was observed at high levels throughout the
mice, as determined by tissue titers (Table 2), our initial inter-
est centered about the response and analysis of the lung
throughout the period of infection and, at later times, those of
the liver and spleen. Both H&E staining and IHC were per-
formed on 2 or more sections from all 3 tissues and from at
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FIG. 2. Disease progression in intratracheally infected mice. (A) Measurable clinical symptoms (weight and body temperature) are shown in
boxes above the time line, while observational symptoms are depicted in boxes below the time line. (B) Photographs of infected mice at 5 days
postinfection. (i) Uninfected mouse; (ii) head and face swelling with open mouth breathing; (iii) lack of grooming, typical of lethally infected mice.
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TABLE 2. Tissue titers for all mouse constructs infected with VV, VVAE3L, and VVAK3L
Titer (PFU/mg) at day postinfection”
Mouse construct Dose (log;o) Organ \'A% VVAE3L VVAK3L
2 4 6 2 4 6 2 4 6
Wild type 6 Lung 6.1 6.5 59 3.7 2.7 2.6 5.1 6.0 5.1
RNase L™/~ 5 Lung 4.9 5.6 4.8 2.4 2.3 ND 4.3 5.4 5.1
PKR™/~ 5 Lung 4.8 5.7 5.6 39 3.6 1.8 4.1 54 5.6
RNase L™/~ PKR™/~ 4 Lung 5.4 5.7 6.1 35 3.7 2.6 2.2 4.2 4.2
Wild type 6 Liver 3.6 6.4 7.6 ND ND ND 0.9 0.9 0.9
RNase L™/~ 5 Liver 2.9 54 6.3 ND ND ND 1.3 0.4 0.7
PKR™/~ 5 Liver 2.8 5.5 6.9 ND ND ND 12 1.1 0.9
RNase L™/~ PKR™/~ 4 Liver 3.0 39 3.7 ND ND ND 1.3 1.1 2.3
Wild type 6 Spleen 4.5 59 6.0 ND ND ND 0.8 1.7 0.8
RNase L™/~ 5 Spleen 4.7 5.8 59 ND ND ND 12 0.9 0.7
PKR™/~ 5 Spleen 4.1 6.2 6.6 ND ND ND 12 1.6 1.8
RNase L™/~ PKR™/~ 4 Spleen 2.6 4.8 4.2 ND ND ND 1.3 1.2 2.4
Wild type 6 Gonad 3.7 5.1 7.3 ND ND ND 1.0 0.8 3.1
RNase L™/~ 5 Gonad 39 5.0 7.4 ND ND ND 1.3 1.0 0.7
PKR™/~ 5 Gonad 3.7 53 6.2 ND ND ND 13 1.9 2.6
RNase L™/~ PKR™/~ 4 Gonad 4.4 5.0 6.1 ND ND ND 1.3 1.1 1.1
Wild type 6 Brain 5.8 6.4 7.3 ND ND ND 13 3.1 3.7
RNase L™/~ 5 Brain 3.6 6.8 6.7 ND ND ND 1.1 2.4 2.1
PKR™/~ 5 Brain 42 6.6 7.2 ND ND ND 1.1 24 3.6
RNase L™/~ PKR™/~ 4 Brain 6.5 59 6.1 ND ND ND 1.3 1.4 2.7

“ Values are averages for =10 mice per condition. ND, no virus detected. The limit of detection for this assay is 0.2 PFU/mg.

least 2 different mice at days 2 to 6 postinfection for C57BL/6
mice and days 3 and 5 postinfection for all other mouse con-
structs. IHC for GFP allowed for localization of virus within
the lung.

The lung sections from day 2 postinfection showed small
focal areas of viral infection surrounding the large bronchi,
with the majority of the infected cells being bronchiolar epi-
thelial cells, based on IHC. These localized areas of infection
enlarged throughout the time course, with the bronchiolar
epithelial cells being the cell type exhibiting the highest rate of
infection (Fig. 3A to C and H). Histological staining of GFP
(virus) was undetectable in alveolar type I or type II pneumo-
cytes observed at early time points (Fig. 3A). However, late in
the infection, as the infected foci became larger, the infection
did spread to both type I and II pneumocytes in the alveolar
tissue (Fig. 3B, C, and H). Macrophage infiltrates containing
VV antigen were also observed late in infection (data not
shown). When H&E-stained samples were examined, there
was also mild edema around infected bronchial epithelial cells,
with infiltrating neutrophils, early in infection that increased
over the time course (Fig. 3D to F). Late in infection, the areas
surrounding the infected bronchial epithelial cells exhibited
mild to moderate edema and cell infiltrates containing neutro-
phils and macrophages (Fig. 3G). Regardless of the virus dose
administered, the histological findings for all 4 mouse con-
structs were similar, indicating that the properties of the infec-
tion were not altered in the PKR™/~, RNase L™/~, or PKR ™/~
RNase L™/~ mice (data not shown).

IHC staining for Ki67, a cellular marker of proliferation, was
performed on lung sections to determine the level of cellular
proliferation and activation of the immune response. Lung
sections demonstrated staining for Ki67 in both the alveolar
and bronchiolar cells, with cell infiltrates immediately concen-
trated in areas surrounding the site of infection (Fig. 3I) late in

infection. Samples from early time points stained poorly for
Ki67 (data not shown).

The liver sections of infected animals showed no pathology
at early time points (data not shown), but after 5 days, there
were areas of random foci of necrosis, which are typical of viral
infections (Fig. 3K), compared to sections from PBS-treated
animals (Fig. 3J). Virus replication was not detected in the
liver at early time points, based on a lack of immunostaining
for virus-expressed GFP, but a few random epithelial cells
were immunopositive for VV late in infection (data not
shown). We were surprised that there was no virus replication
detected in the liver while virus levels were high. One expla-
nation is that the virus detected by plaque assay was not from
infected liver cells but rather was attached to the cells or
traveling through the liver in the blood.

Spleen sections were normal early in infection, with no im-
munopositivity for virus replication by IHC. However, tissue
sections isolated late in infection showed evidence of an im-
mune response, with neutrophilic and histiocytic aggregates
within the follicles (Fig. 3N), compared to uninfected spleen
sections (Fig. 3L). Ki67 staining of the spleen at day 5 postin-
fection showed an increase of staining (Fig. 30) compared to
sections from uninfected animals (Fig. 3M), indicating an im-
mune response to the infection. The overall conclusion from
these studies is that the virus controls the host response very
well.

Microarray analysis of vaccinia virus-infected lung tissue.
Our studies of the infected lung (Fig. 3) indicated that the
infection was focal and that the histological response to infec-
tion and damage to the lung were minimal for a period of at
least 6 days and localized to areas around the infected bronchi,
with minimal cellular influx. This seemed to conflict with the
fact that there was an acute clinical lung response leading to
mortality within 6 days (Fig. 2). Therefore, we decided to



556 RICE ET AL. J. VIROL.




VoL. 85, 2011

determine whether there were significant changes in patterns
of gene expression in the lung over the course of infection by
using microarrays. Microarray technology has been utilized in
the context of poxvirus-infected cells in culture to identify key
genes that undergo an expression change after infection in cell
culture. These studies defined changes in gene profiles which
occur during the infectious process (9, 27-29, 40, 43). One key
feature of infections is the overall shutdown of host transcript
levels observed within 4 h of infection at high multiplicities of
infection (9). This is a major consideration in the analysis of
the data in terms of choosing the appropriate normalization
standards (9). This information is useful, although it does not
necessarily allow for extrapolation to the responses observed in
animals. Infections in animals involve cell populations that can
constantly change with the recruitment of lymphocytes and
other cells to the site of infection. It is also impossible to have
all the cells in a given tissue of an animal infected simulta-
neously, so there are subpopulations of cells at various stages
of infection that give different profiles, as well as neighboring
uninfected cells that may or may not be responding to signals
sent from the infected cells. Nevertheless, we asked the ques-
tion of whether there are detectable changes in gene expres-
sion in the overall lung tissue during the course of infection
and, if so, at what time these changes are observed.

C57BL/6 mice infected with 1 X 10° PFU of wild-type VV
were sacrificed at days 0 to 5 postinfection, and the whole lungs
with the major bronchial tissue removed were harvested for
microarray analysis. Three female mice per time point were
used for this study. While both males and females exhibited
identical susceptibilities to VV infection, only females were
used to eliminate the possibility of sex-related transcriptional
differences. The mice exhibited the expected clinical symptoms
later in the time course before being sacrificed.

Affymetrix mouse 430.2A microarrays were used for analysis
of host gene transcriptional differences over the course of
infection (see Materials and Methods). The arrays exhibited no
decrease in overall transcript levels over time, as previously
observed in studies of tissue culture, due to the low percentage
of infected cells in the lung compared to data in the in vitro
studies, in which high-multiplicity infections were used. The
arrays were subjected to an F test in BRB Array Tools, which
gave 1,811 probe sets that were differentially expressed over
time, with significance set at a P value of 0.001. A heat map
showing the relative up- or downregulation compared to the
average values for the probe sets identified in the F test as
being expressed differentially over time is shown in Fig. 4A.
This heat map shows a clear change in the gene expression
pattern between days 3 and 4 postinfection. This change in
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expression profile occurred at approximately the same time
that the clinical symptoms of disease began in the animals.

The probe sets identified were from a wide variety of path-
ways, with no consensus for up- or downregulation within a
pathway. Software from Ingenuity and the BioCarta classifica-
tions in BRB Array Tools were used for the pathway classifi-
cations to examine the relative regulation changes within path-
ways. Specific classes of probe sets were analyzed to determine
whether the changes in expression patterns could be attributed
to any pathway or cell type. The pathway and cell type expres-
sion analysis, however, showed that the changes observed were
not easily categorized into a single pathway. These data do
suggest that the response is highly focused within the immune
response pathways, but it is still not possible to discern from
these data the most important genes or pathways.

STAT-1 staining of lung tissue. Infection of the lungs was
highly focal, yet differences in gene expression could be de-
tected readily via microarray analysis. This finding raised the
question of whether the changes in gene expression were due
primarily to changes within the focal areas of infection or,
alternatively, to a global response of the overall lung to virus
infection. There was also a question of whether the changes in
gene transcripts correlated with changes in protein levels. To
answer these questions, immunohistochemical detection of
STAT-1 was performed. The STAT-1 gene was one of the
genes identified through the microarray data analysis as up-
regulated (3.5-fold) between days 3 and 5 (Fig. 4B), and
STAT-1 is a known member of the host immune response
involving interferon activity (36, 42, 71).

Lung tissues isolated from mice 3 and 5 days after infection
with VV were stained for the presence of STAT-1. The day 3
postinfection lung sections clearly showed some low initial
levels of STAT-1, and most cells exhibited a light, mostly cy-
toplasmic staining pattern similar to that of the uninfected
sections (data not shown). However, the staining of the day 5
postinfection sections (Fig. 5B and C) was far more intense
than that observed in both the uninfected lung sections (Fig.
5A) and day 3 postinfection sections (not shown), and the
staining pattern was distributed throughout the cell. The in-
creased STAT-1 staining observed in the lung was not limited
to the sites of infection (the bronchial epithelial cells) shown in
Fig. 3 but rather was distributed throughout the lung. By day 5,
the infected epithelial cells again showed a pattern of staining
of both the nucleus and cytoplasm, while the infiltrating cells
showed no staining (Fig. 5C). Thus, while it was shown that the
virus develops at rather restricted sites within the lung, the
STAT-1 staining patterns indicate that the response of the lung
is global.

FIG. 3. (A to I) Analysis of virus-infected cells in lung tissue over time, with arrows identifying infected bronchi. Sections are shown for day
2 (A), day 4 (B), and day 6 (C) postinfection. Magnification, X5. H&E staining of lung tissue over time is shown for day 2 (D), day 4 (E), and day
6 (F) postinfection. Magnification, X5. (G) H&E-stained infected bronchus and nearby blood vessel, with cells and fluid entering the surrounding
tissues. Magnification, X40. B, infected bronchus; V, position of a blood vessel; E, area of edema. (H) Infected bronchus and surrounding tissue
at day 5 postinfection, showing localized infection upon IHC staining for virally infected cells. Magnification, X10. (I) IHC staining for Ki67,
showing activation of immune cells within the infected lung at day 5. (J and K) H&E staining of liver section from PBS-treated mouse (J), showing
normal pathology, and from mouse at day 5 postinfection (K), showing neutrophilic areas within the liver (arrow). Magnification, X20. (L and M)
H&E staining of normal spleen (L) and Ki67 staining of normal spleen (M). (N and O) H&E staining of spleen at day 5 postinfection, showing
neutrophilic and histiocytic aggregates within lymphoid follicles (N), and Ki67 staining for activation in spleen (O).



558 RICE ET AL. J. VIROL.
A B . .
Average Signal of STAT-1 from Microarrays
Day 0 1 2 3 4 5 5000
— 4500 T
: _ 4000
% 3500 T
-2 3000
2 2500
‘5 2000
g 1500
-
500
0 1 2 3 4 5

Day

FIG. 4. Gene profiling of virus-infected lungs. (A) Microarray analysis heat map of probes differentially expressed over time in lung tissues of
infected mice, as determined by an F test performed on the data. Three samples per time point were analyzed. Each horizontal line represents a
single probe expression profile. Vertical collections of lines represent the overall expression profile for a sample. Blue represents downregulation
of the probe compared to the average expression value, white is the average expression value, and red is upregulation of the probe compared to
the average expression value. (B) Average relative signal for 4 probe sets for STAT-1 for each time point. There was an increase of 3.5 times from
day 3 to day 4 postinfection, demonstrating the significant change in the lung environment that occurred between days 3 and 4 postinfection.

VVAE3L infection of mice. We next examined the behavior
of VVAE3L in C57BL/6, PKR /~, RNase L™/, and PKR ™/~
RNase L™/~ mice. In the absence of the E3L gene, levels of
free double-stranded RNA should be elevated markedly, trig-
gering a vigorous host interferon response and virus attenua-
tion. VVAE3L has been reported to be highly attenuated in
mice (6, 82). In agreement with these previously reported re-

sults, we likewise found VVAE3L to be very attenuated com-
pared to VV in C57BL/6 mice infected via the i.t. route, as
expected (compare Fig. 6 and Fig. 1). We were unable to
observe any serious illness in C57BL/6 mice at even the highest
concentration (1 X 10° PFU) of VVAE3L used. Essentially the
same results were noted in PKR™/~ and RNase L™/~ mice,
with the only serious illness being noted in PKR™/~ mice

a\' i‘- i . - ' % - ol o R x“'" C 4 ‘. 3 tN "" &

FIG. 5. Immunohistochemistry staining of STAT-1 protein in lung tissue at 5 days postinfection. Nuclei were stained with hematoxylin and
appear blue; STAT-1 staining appears brown. Uninfected lung tissue (A), alveolar tissue distal from infected bronchi from an infected mouse (B),
and infected bronchial regions (C) are shown. Magnification, X40.
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FIG. 6. Survival, temperature, and weight variations following VVAE3L infection. Mice were infected intratracheally, and at least 10 mice were
evaluated for each time point. The overall significance of the curves (P < 0.001) was determined using Kaplan-Meier survival analysis. (A to C)
C57BL/6 mice; (D to F) RNase L™/~ mice; (G to I) PKR™/~ mice; (J to L) RNase L™/~ PKR™/~ mice. Panels A, D, H, and J indicate survival
curves for the mice. Panels B, E, H, and K indicate the average percent weight loss from the weight at the time of infection. Panels C, F, I, and
L indicate average body temperatures. Stars, PBS; diamonds, 1 X 10* PFU; triangles, 1 X 10° PFU; X, 1 X 10° PFU; circles, 1 X 107 PFU:; squares,

1 X 10% PFU.

infected with 1 X 10® PFU. The lack of serious disease in these
mice was reflected by only a slight weight loss and little effect
on temperature even at the highest dose of virus used (1 X 103
PFU). However, when PKR~/~ RNase L™/~ mice were inoc-
ulated with very high doses of VVAE3L, serious illness was
observed, occasionally at a dose of 1 X 107 PFU and consis-
tently at a dose of 1 X 10® PFU (Fig. 6J to L). The disease
observed, based on weight loss and temperature decrease,
strongly resembled the wild-type disease (Fig. 1K and L). The
calculated LDy, values for all mouse strains infected with
VVAE3L are shown in Table 1. Due to the mild nature of the
disease and to the fact that no mice required euthanasia, LDy,
values for C57BL/6 and RNase L™/~ mice were unable to be
determined and most likely cannot be ascertained experimen-

tally due to the lack of disease caused by infections with
VVAE3L in these mice. The LDy, values for the RNase L™/~
PKR /~ and PKR /" mouse constructs were determined to be
1.3 X 107 and 3.2 X 10%, respectively. Serious illness has never
been reported following VVAE3L infection of mice (6). The
revertant virus of VVAE3L, RVVE3L+, was analyzed in mice
and demonstrated characteristics identical to those of wild-
type VV.

We examined infections caused by VVAE3L at the wild-type
virus doses that are lethal to the respective mouse constructs
(i.e., 1 X 10° PFU for C57BL/6 mice, 1 X 10° PFU for RNase
L™/~ and PKR™/~ mice, and 1 X 10* PFU for RNase L™/~
PKR ™'~ mice) for virus spread over time. By day 2 postinfec-
tion, the levels of virus in the lungs were 2 log lower than those
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observed in VV infections in all mouse constructs (Table 2).
The virus titers continued to decrease in the lung over time.
The ability of VVAE3L to spread from the lung to distal sites
in the animal was also examined. There was no detectible virus
found in the liver, spleen, gonad, or brain in any of the mouse
constructs, suggesting that VVAE3L is unable to spread suc-
cessfully in non-lethally infected mice. Upon increasing the
virus inoculum in RNase L™/~ PKR ™/~ mice to 1 X 10% PFU,
virus dissemination was observed, consistent with the lethal
infection observed, which resembled VV infections (data not
shown). However, lethal doses of VVAE3L in these animals
were extraordinarily high compared to those of VV (compare
Fig. 1J and 6J).

We compared the histological characteristics of lung, liver,
and spleen sections from C57BL/6 and RNase L™/~ PKR ™/~
animals infected with low (1 X 10* PFU) and high (1 X 10®
PFU) VVAE3L doses at day 3 and day 5 postinfection. At the
lower dose of VVAE3L in the mice (1 X 10* PFU), there was
little evidence of virus growth in the lung, whereas in VV-
infected lungs, focal sites of replication were readily visible
(data not shown). Indeed, the only evidence of VVAE3L in-
fection at the lower dose, regardless of the mouse construct
used, was in the increased influx of immune cells into the
infected lung (data not shown). This is in sharp contrast with
what was seen when VVAE3L infections were initiated at 1 X
10® PFU (Fig. 7) for C57BL/6 mice (panels A to C and G to I)
and RNase L™/~ PKR ™/~ mice (panels D to F and J to L). The
results for day 5 only are shown in Fig. 7 for C57BL/6 mice
(resistant to VVAE3L infection) and RNase L™/~ PKR ™/~
mice (susceptible to VVAE3L infection) infected with a dose
of 1 X 10% PFU. At this higher dose in RNase L™/~ PKR ™/~
mice, there were visible foci of virus growth similar to those
seen in VV infections, whereas there were no detectible levels
of virus replication in C57BL/6 mice (data not shown). How-
ever, massive cellular influx into the infected C57BL/6 and
RNase L™/~ PKR ™/~ mouse lungs was unique to the VVAE3L
infection (Fig. 7A, B, D, and E).

C57BL/6 mice infected with VVAE3L were asymptomatic
and survived the virus infection. Unlike animals infected with
VV, VVAE3L-infected C57BL/6 mice exhibited immune infil-
trates and mild edema around the infected bronchi of the lung,
but very little damage was noted to the lung as a whole (Fig. 7A
and B). Upon staining of the lung for Ki67, it was noted that
there was no elevation in staining at day 5 postinfection in the
lungs of C57BL/6 mice, suggesting little or no virus-induced
cellular proliferation (Fig. 7C). Liver sections at all time points
were normal on H&E staining (data not shown). Spleen sec-
tions stained with H&E showed follicular hyperplasia in
VVAE3L-infected C57BL/6 mice at both days 3 and 5 postin-
fection (Fig. 7G). Staining for Ki67 showed some positive cells,
confirming limited splenic cellular proliferation and a limited
immune response (Fig. 7H and I).

RNase L™/~ PKR ™/~ mice infected with the high virus in-
oculum (1 X 10® PFU), unlike VVAE3L-infected C57BL/6
mice, exhibited large areas of immune infiltrate around in-
fected bronchioles and into the alveolar tissue of the lung (Fig.
7D). These lung sections also exhibited lymphoid tissue pro-
liferation, mostly contained in small areas, causing obstruction
of entire sections of the lung tissue (Fig. 7E). Lung samples
from days 3 and 5 postinfection showed staining for virus
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replication around epithelial cells of bronchi, areas of edema,
and infiltrates, as observed with THC for VV infection (data
not shown). Staining for Ki67 showed large numbers of posi-
tive cells, suggesting an active immune response to the infec-
tion within the lung, with most of the positive cells located
around infected bronchioles and bronchi (Fig. 7F). Liver sec-
tions at all time points were normal on H&E staining (data not
shown). Spleen sections were normal on H&E staining at day
3 postinfection and exhibited severe lymphoid depletion at day
5 postinfection (Fig. 7J), as evidenced by the absence of large
numbers of well-defined follicles. Staining for Ki67 showed
very large numbers of positive cells throughout the spleen,
confirming proliferation and an immune response (Fig. 7K
and L).

Clinical symptoms also appeared at approximately the same
time and at the level of severity observed for mice infected with
a lethal dose of VV. It appears that if the initial host barriers
to infection are overcome, the infection can proceed and lead
to development of clinical symptoms and a lethal infection. It
is clear that the E3L gene is a major contributor to controlling
the host responses to infection and that loss of the E3L gene
can be compensated only partially by deleting both PKR and
RNase L from the mouse host, and very little by deleting PKR
alone. This is in contrast to what is found in cell culture, where
deleting the PKR gene alone from HeLa cells compensates for
deletion of the E3L gene (84).

VVAK3L infection of mice. The vaccinia virus K3L gene,
when deleted, also confers interferon sensitivity on VV-in-
fected cells (2, 3). The use of PKR™/~, RNase L™/, and
PKR /= RNase L™/~ mice and VV strains deleted for the K3L
gene allowed the role of K3L interactions with PKR as well as
RNase L to be evaluated. The results of these experiments are
shown in Fig. 8. When VVAK3L was examined in any of the
four mouse constructs, there was very little difference in inher-
ent susceptibility of the mice to VVAK3L (Fig. 8A, D, G, and
J). This similarity was also recapitulated when either weight
loss (Fig. 8B, E, H, and K) or decreases in temperature (Fig.
8C, F, I, and L) were examined. There was little, if any, de-
crease in susceptibility of C57BL/6 mice infected by the i.t.
route when the K3L gene was deleted from the virus genome,
nor was there an increased susceptibility if the mice lacked
either PKR, RNase L, or both. The lack of attenuation of
VVAK3L is mimicked if one compares clinical symptoms ex-
hibited by VV and VVAK3L infections of C57BL/6 mice. A
comparison of weight loss and body temperature is shown in
Fig. 9, demonstrating that both indicators of disease are com-
parable for the two viruses.

Despite this similarity in disease and overt symptoms, when
we compared the histopathology of the lungs and spread of the
virus to distal tissues and organs, significant differences were
noted between the two viruses. Both histopathology of the lung
and growth and dissemination of the virus to distal tissues
revealed some unique properties of the K3L gene that have not
been seen before. At early time points (day 3 postinfection),
the pattern of virus growth was similar to that observed with
VV by IHC (compare Fig. 10D and Fig. 3A) and histologically,
as revealed by H&E staining (compare Fig. 10A and Fig. 3D).
By 5 days postinfection, VVAK3L had primarily targeted and
infected the bronchial epithelial regions of the lung (Fig. 10E
and F). Perivascular edema and necrosis with a neutrophilic
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FIG. 7. Comparative lung histology of VVAE3L-infected mice. All mice were infected with 1 X 10® PFU of virus. (A) C57BL/6 mouse lung at

day 5. Magnification, X5. (B) H&E-stained mouse lung at day 5. Magnification, X20. (C) Day 5 lung stained for Ki67. Magnification, X10.
(D) H&E-stained PKR '~ RNase L™/~ mouse lung at day 5. Magnification, X5. (E) Same lung as in panel D. Magnification, X20. (F) Ki67 staining
of day 5 mouse lung. Magnification, X10. (G) H&E-stained C57BL/6 mouse spleen at day 5. Magnification, X5. (H) Ki67 staining of same spleen.
Magnification, x5. (I) Ki67 staining of same spleen. Magnification, %X20. (J) H&E-stained PKR™~ RNase L™/~ mouse spleen at day 5.
Magnification, X5. (K) Ki67 staining of same spleen. Magnification, X5. (L) Ki67 staining of same spleen. Magnification, X20.

infiltrate and cellular debris were observed in the lung by 5
days postinfection, indicating activation of the immune re-
sponse and the presence of lymphocytes attempting to clear
the infection (Fig. 10B). Moderate perivascular lymphocytic

aggregates and fibrinoid necrosis were also observed, indicat-
ing damage to the blood vessels and subsequent leaking of fluid
from the blood vessels into the lung (Fig. 10C). This was not
observed in VV infections. The areas of virus infection de-
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FIG. 8. Survival, temperature, and weight variations following VVAK3L infection. Mice were infected intratracheally, and at least 10 mice were
evaluated for each time point. The overall significance of the curves (P < 0.001) was determined using Kaplan-Meier survival analysis. (A to C)
C57BL/6 mice; (D to F) RNase L™/~ mice; (G to I) PKR™/~ mice; (J to L) PKR™/~ RNase L™/~ mice. Panels A, D, H, and J indicate survival
curves for the mice. Panels B, E, H, and K indicate percent weight loss over time. Panels C, F, I, and L indicate body temperatures. Surviving
C57BL/6 animals infected with 1 X 10° PFU of virus were terminated at day 6. RNase L™/~ or PKR™/~ mice infected at 1 X 10° PFU of virus
were terminated at day 5, and PKR ™/~ RNase L™/~ animals infected with 1 X 10° PFU, which were all less ill than the other animals, were
terminated at day 6. Stars, PBS; circles, 1 X 10° PFU; squares, 1 X 10* PFU; triangles, 1 X 10° PFU; X, 1 X 10° PFU.

tected by IHC appeared larger and more widespread in the
VVAK3L-infected mice than in VV-infected mice, with bron-
chiolar and peribronchiolar epithelial cells staining positive for
the presence of virus (compare Fig. 10E with Fig. 3C). Ki67
staining of lung sections also showed a moderate level of stain-
ing, with the majority of the proliferative cells located around
the areas of infection (Fig. 10G).

Liver sections from infected animals demonstrated random
neutrophilic foci of necrosis for all time points taken. No virus
replication was detected in the liver by IHC (data not shown).
Spleen sections showed mild to moderate lymphoid depletion
early in infection (Fig. 10H) that progressed to severe lym-
phoid depletion late in infection (Fig. 10J), indicating a strong

immune response to the virus infection. There was a small
subset of spleen sections in which the follicles were completely
depleted (data not shown). No virus replication was detected
by IHC in the spleen, as was observed with VV-infected ani-
mals. Ki67 staining of the spleen showed high levels of staining
throughout the time course, again indicating proliferation and
a strong immune response (Fig. 10I and K).

What was most surprising was a comparison of dissemina-
tion of newly replicated viruses to distal tissues, which was
markedly impaired in VVAK3L-infected mice compared to
that in VV-infected mice. While the titers of virus in VVAK3L-
infected mice remained unchanged from those observed for
VV-infected lungs, there was a clear difference in virus dissem-



VoL. 85, 2011

>

=
=2
g
z N
> T
8 -15
m
E \:
S .
o +
g —
& .25 T
-30 T
0 2 4 6

Day Post Infection

VACCINIA VIRUS E3L AND K3L AND MOUSE PKR AND RNase L 563

B
39

Body Temperature

25

0 2 4 6 8
Day Post Infection

FIG. 9. Comparative temperatures and weight losses for VV- and VVAK3L-infected C57BL/6 mice. (A) Average weight losses. (B) Average
body temperatures. Error bars represent standard errors of the means. Diamonds, VV-infected animals; circles, VVAK3L-infected animals.

ination (Table 2). These results indicate that replication per se
of VVAK3L in the lung is not impaired but rather that the
virus is markedly inhibited in the ability to disseminate to other
target sites. A detailed comparative analysis of the pattern of
dissemination of the lung resulting from VVAK3L infection is
shown in Table 2. Comparing the data for VV infections and
VVAKS3L infections, unlike what was observed with VV-in-
fected animals, there was very little spread of VVAK3L from
the lung. Later in the infection, there were low levels of dis-
semination of VVAK3L, first into the brain and then into the
gonads. This pattern was strikingly different from what was
seen with wild-type virus-infected animals. These data allow us
to speculate on the cause of death of the animals. The courses
of disease in VVAK3L- and VV-infected animals were clini-
cally indistinguishable in terms of time of onset and severity of
symptoms. The fact that VVAK3L was restricted mostly to the
lungs suggests that the cause of death for mice infected lethally
via the intratracheal route was the result of respiratory illness.
Finally, to ensure that the failure of virus to spread from the
lung was due solely to deletion of the K3L gene, we recon-
structed wild-type VV from VVAK3L (RVVK3L+). When
analyzed in mice, RVVK3L+ behaved identically to VV and
was rapidly disseminated from the lung to distal tissue.

DISCUSSION

In this study, we examined vaccinia virus-infected wild-type
mice and mice defective in RNase L, PKR, or both by using
wild-type VV and VV mutants in the E3L and K3L genes,
genes known to control these host factors, in an attempt to
ascertain the relative contribution of each to the disease pro-
cess. VV infection of wild-type C57BL/6 mice was shown to
produce severe disease in which 80% of mice had to be eutha-
nized when animals were infected with 10° PFU of virus via the
i.t. route. The clinical signs of disease in mice were character-
ized by rapid weight loss, dyspnea, and hypothermia. A de-
crease in grooming and development of nose and facial swell-
ing late in disease were also characteristic of VV infection by
the i.t. route.

The primary site of infection was the lung, where virus
growth was observed to be quite focal, being restricted to the
bronchiolar epithelial cells, keeping the infection localized to
and around the bronchi. The localized, focal infection within
the lung was unanticipated and surprising, given that the ani-
mals were infected with 10° PFU of VV directly but with no

other targeting to the lung. The subsequent spread of virus
from the lungs was rapid, showing dissemination to the brain,
liver, spleen, and gonads within 2 days of infection. The levels
of virus found in the lung remained constant over the course of
infection, suggesting a steady-state situation where newly
formed virus in the lung was rapidly disseminated to the other
organs. This rapid virus dissemination from the lung is consis-
tent with the continued localized areas of infection observed
within the lung at later times. Virus dissemination and repli-
cation in many other distal tissues are well-documented and
accepted features of vaccinia virus infections. Clearly, the virus
is capable of growing in a variety of tissues and cells, but within
the lung it does not cause the massive amount of tissue damage
that would be expected from a direct but relatively nonspecific
inoculation into the lung. Within the animal, it is likely that
some of the clinical symptoms (weight loss and lack of groom-
ing behaviors) were a consequence of systemic infection of the
animal. On the other hand, the respiratory distress and ulti-
mate respiratory failure which necessitated euthanasia were
most likely due to the lung damage caused by the virus, directly
or indirectly, suggesting that the small amount of visible dam-
age observed within the lung generated sufficient collateral
pathology to cause death. Long-distance collateral effects oc-
curred, as indicated by the global induction of STAT-1 in the
infected lung (Fig. 4 and 5). Indeed, the fact that we observed
identical clinical diseases with VV- and VVAK3L-infected an-
imals, with no observed attenuation of VVAK3L infections—
where dissemination from the lung was inhibited, resulting in
increased titers of virus in the lung—adds further credence
that the primary cause of death was the result of respiratory
disease.

The host proteins PKR and RNase L play a role in control-
ling the host innate immune response to viral infections. Both
are activated in part by the synthesis of dSRNA, which serves to
induce an interferon response. Poxviruses produce dsRNA late
in infection due to the bidirectionality of the open reading
frames and polydispersity in lengths of late transcripts. Dou-
ble-stranded RNA serves to activate both PKR and RNase L
(26, 66). Vaccinia virus carries two genes, the E3L and K3L
genes, which are hypothesized to control the host immune
response to dsSRNA by interacting with RNase L and PKR,
respectively. Therefore, examining virus mutants in either of
these viral genes with mouse strains lacking either RNase L,
PKR, or both allowed us to assess the relative contributions of
the host and viral genes to the infection.
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FIG. 10. Analysis of virus spread and lung histology of mice infected with VVAK3L at 5 days postinfection. Images are for C57BL/6 mice infected
with 1 X 10° PFU of virus. (A) H&E staining of lung at 3 days postinfection. Magnification, X5. (B) H&E staining of lung at 5 days postinfection.
Magnification, X5. (C) H&E staining of lung at 5 days postinfection, showing severe edema with no virus present. Magnification, X10. (D) Immuno-
histochemistry staining for virus replication (GFP) in the lung at 3 days postinfection. Magnification, X5. (E) Immunohistochemistry staining for virus
replication in the lung at 5 days postinfection. Magnification, X5. (F) Immunohistochemistry staining for virus replication in the lung at 5 days
postinfection. Magnification, X40. (G) Ki67 staining of lung tissue at day 5 postinfection, showing active immune response at the site of infection.
Magnification, X10. (H) H&E staining of the spleen at day 3 postinfection. Magnification, X10. (I) Ki67 staining at day 3 postinfection. Magnification,
X10. (J) H&E staining of day 5 spleen. Magnification, X10. (K) Ki67 staining of day 5 spleen. Magnification, X10.
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The viral E3L gene is thought to act preferentially to control
RNase L activity by binding to dsRNA, which is an activator of
RNase L. RNase L is a component within the host antiviral
response pathway which binds dsSRNA and thereby serves to
activate the OAS pathway, leading to the destruction of RNA
within the cell and to activation of the antiviral interferon
pathway. RNase L™/~ mice exhibited a somewhat increased
sensitivity (10-fold) to VV infection compared to C567BL/6
mice, but this increase in sensitivity was not as profound as
might be expected, perhaps because a functional viral E3L
gene remained present. However, in the absence of the E3L
gene, VVAES3 infections of C57BL/6 were profoundly attenu-
ated, consistent with the proposed role of the E3L gene in
controlling dsRNA responses. Yet the only mild increase in
sensitivity to VVAE3 infections that we observed in RNase
L=/~ or PKR™/~ mice suggests that sequestering RNA is im-
portant for critical host response pathways other than the
RNase L and PKR pathways or, alternatively, that the E3L
protein has functions totally unrelated to the binding of
dsRNA, as previously suggested by Xiang et al. (81). The E3L
protein is also a double-stranded DNA binding protein. There
are two distinct functional domains that have been identified
within E3L (6). The C terminus of E3L contains a dsRNA
binding domain, whereas the N-terminal region of the protein
contains sequences associated with binding to Z-DNA and
PKR (38). Both regions are required for virulence in mice (6).
E3L is now considered a member of the larger Z-DNA binding
family (39). Furthermore, E3L has some sequence similarity to
DAL, a protein involved in DNA pattern recognition that can
trigger the innate immune response (20, 39, 70). Therefore,
E3L may control the pathogen-associated pattern recognition
process mediated by dsDNA. Consistent with additional roles
of the E3L protein is the fact that the immune response to
VVAES3 infections is quite robust in the lung and spleen com-
pared to that of VV-infected animals. It is interesting that
when RNase L™/~ PKR ™/~ mice were infected with very high
doses of VVAE3, virus dissemination was observed (albeit it at
lower levels), together with a large immune response which
was absent in VV-infected animals. It would therefore appear
that after the innate immune barrier has been breached, the
virus is relatively unrestricted in growth and dissemination.

The K3L protein is believed to regulate the activity of PKR.
PKR, like RNase L, is activated by the presence of dsRNA.
However, PKR is inhibited by interacting with the K3L pro-
tein, which serves to prevent the activation of PKR by phos-
phorylation. PKR is then unable to phosphorylate elF2a,
which would otherwise lead to an inhibition of protein trans-
lation in the cell (14, 21, 73). PKR has a role in the host control
of VV infection, as indicated by the increase in sensitivity of
PKR ™/~ mice to VV infection, but again, this increase in
sensitivity was relatively modest. Interestingly, PKR ™/~ mice
infected with VVAK3L exhibited no difference in susceptibility
to infection from C57BL/6 mice or any of the other mutant
mice with VV infection. These data suggest that the interaction
between PKR and K3L in the intratracheal model is not im-
portant in modulating disease and that K3L, like E3L, may
have alternative functions in compromising the host.

Indeed, one such role is the completely unanticipated re-
quirement of K3L for dissemination of virus from the lung to
the distal organs. Generally, dissemination of virus from initial
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sites of infection to secondary target tissue, although well
known, is a very poorly understood aspect of poxvirus infec-
tions. In the case of VV, the mechanism by which K3L pro-
motes dissemination of the virus is completely unknown. The
K3L-mediated control of dissemination is independent of ei-
ther the PKR or RNase L gene and defines an entirely new,
dynamically regulated process of virus infection which clearly
merits further study.
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