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The interactions between the vaccinia virus (VV) genes E3L and K3L and their predicted 

host immune modulator targets, PKR (RNA dependent protein kinase) and RNaseL, have been 

investigated using both knockout mice and deletion viruses.  The importance of the 

OAS/RNaseL and PKR pathways in response to double stranded RNA (dsRNA) within a host 

has been well documented.  The virally encoded dsRNA binding protein, E3L, and PKR pseudo 

substrate, K3L, have been reported to target these host pathways specifically and reported to 

prevent the induction of the dsRNA induced interferon response.  To determine the importance 

of these host pathways in controlling VV infection, single mouse knockouts of RNaseL and PKR 

and a double knockout of PKR/RNaseL (DKO) were studied using an intratracheal inoculation 

of VV.  Animals were examined for clinical symptomology, virus dissemination, and 

histological findings of the lung, liver and spleen.    

VV caused lethal disease in all the mouse constructs.  The single knockout animals were 

10 times more susceptible while the DKO mice were 100 times more susceptible.  VV∆E3L was 

determined to be nonlethal in wild type mice, suggesting that E3L plays a critical role in 

controlling the host immune response.  Lethal disease was however observed in DKO mice 

inoculated with 108 pfu, exhibiting a distinct pathology from that seen with a wild type VV 

infection.  Wild type and the RNaseL single knockout mice did not exhibit severe disease while 
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20% of the PKR single knockout mice exhibited lethal disease at a dose of 108 pfu.  VV∆K3L 

exhibited no differences in virulence among any of the mouse constructs, suggesting that PKR is 

not the exclusive target of K3L.  It was concluded that K3L was involved in virus spread from 

the lung based the on the lack of virus dissemination and histological findings. 
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CHAPTER 1 
INTRODUCTION AND BACKGROUND 

Introduction 

 The struggle between a pathogen and its host is a delicate balance in which the pathogen 

attempts to subvert the host immune system while the host attempts to block the infection from 

progressing.  If successful the pathogen controls the host immune system long enough to 

replicate and spread to another host.  The ability of a pathogen to subvert the host is 

accomplished in a number of various ways from altering their membrane protein profiles as 

observed for some bacterial pathogens to encoding genes that target specific host response 

pathways.   

There are two defined defense responses that a host mounts against a pathogen, the innate 

and adaptive immune responses.  The innate immune response is characterized by a general 

response that is a non-specific cell mediated response to the recognition of a specific pathogen 

triggered by the presence of certain sugar residues, double stranded RNA or other insult to the 

host organism.  The adaptive immune response is focused on the specific pathogen and results in 

the production of antibodies against the offending pathogen.  The innate immune response is the 

first response of a host that attempts to control the infection until the adaptive immune response 

has had time to get underway.  The adaptive immune response takes seven to ten days to become 

fully activated.  As part of the innate response, the induction of interferon is a major innate 

response pathway that when activated up regulates the production of not only interferon but 

many additional genes involved in host defense.  One such way to activate the interferon 

response is through the presence of double stranded RNA (dsRNA) that is often present in virus 

infections. 
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Poxviruses are viruses that infect a wide variety of organisms and are known to control the 

host immune system by encoding multiple proteins to control the host immune response and 

virus detection.  The innate immune response has been identified as critical in controlling a 

poxvirus infection, where the cell mediated response is the major determinant of virus clearance 

in naïve hosts.   

Interferon 

Interferons were identified in 1957 and are now known to play a role in cell death and 

tumor development, enhance immune responses, and regulate resistance to viral infection.(Isaacs 

& Lindenmann, 1957)  Currently there are multiple FDA approved therapies that use interferon 

to treat human diseases including multiple sclerosis and leukemia.(Maher, Romero-Weaver et 

al., 2007)  Of particular interest to this study is the regulation of cellular resistance to viral 

infections.  While controlling virus infections involve both the innate and adaptive immune 

responses, the innate, or first level of defense of an organism against viral infections, is the most 

critical. (Haga & Bowie, 2005)  

Types of Interferon 

There are three classes of interferon, Type I, II, and III.   Type I interferons are comprised 

of IFNα, IFNβ and IFNω.(Samuel, 2001)  INFα is encoded by 13 genes in the mouse and 

secreted by leukocytes.  IFNβ is encoded by a single gene in the mouse and secreted by all 

cells.(Takoaka & Yanai, 2006)  Mice do not have a functional IFNω gene.  Type II interferon is 

comprised of a single member, IFNγ, which is a part of the adaptive immune response and 

secreted by activated T-cells and natural killer cells.  The Type III interferon family is comprised 

of three members, IFNλ1 to 3.  Type III interferons have not been well studied to date, but 

respond to infection in a manner similar to that of Type I interferons. (Takoaka & Yanai, 2006)  
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For this study we will focus on the innate immune response, and therefore the pathways involved 

with Type I interferons. 

Type I Interferon Receptor Signaling 

Type I interferons share a heterodimeric receptor encoded by the genes IFNAR1 and 

IFNAR2 present on all cells.(Randall & Goodbourn, 2008)  The extracellular component of the 

receptor is responsible for the binding of IFNα/β and signaling via the cytoplasmic tails.  

Signaling is separate and protein specific through the 2 different cytoplasmic tails.  The 

cytoplasmic tail of IFNAR1 binds Tyk2 while the cytoplasmic tail of IFNAR2 binds JAK-1 and 

STAT-1 and STAT-2.  STAT -1 and STAT-2 are members of the signal transducers and 

activators of transcription family of transcription factors known to be important in IFN 

responses.  Upon activation of the receptor, both kinases Tyk2 and JAK-1 undergo 

phosphorylation.  Tky2 then phosphorylates STAT-2 while STAT-1 is phosphorylated by JAK-

1.  The phosphorylated STAT-1 and STAT-2 undergo conformational changes that initiate a 

strong heterodimer formation.  This STAT-1/2 heterodimer possesses a nuclear localization 

signal for trafficking to and sequestering within the nucleus.  The heterodimer is then able to 

bind IRF9 (interferon stimulated transcription factor) and therefore become a transcriptional 

enhancer for interferon stimulated genes (ISG) by binding to IFN stimulated response elements 

(ISRE) within the promoters of interferon response genes.(Katze, He et al., 2002;Takoaka & 

Yanai, 2006)  (Figure 1-1) 

Activation of Type I Interferons 

Interferon is produced in response to many stresses and recognition of pathogenic pattern 

associated molecular patterns (PAMPs)(Haller, Kochs et al., 2007).  One of the ways to activate 

IFN production is via toll like receptor (TLR) signaling.  There are twelve types of TLRs that 

respond to a wide variety of bacterial, fungal, parasitic, and viral PAMPs.  Those that detect the 
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presence of viral infection are all found intracellular and include TLR9 that responds to CpG 

(DNA sequences that have a methylated cytosine followed by guanine nucleotide) DNA; TLR7 

and TLR8 that are activated in respond to ssRNA (single stranded RNA); and TLR3 that is 

activated in response to dsRNA.(Randall & Goodbourn, 2008)  Poxviruses have dsDNA 

genomes and therefore do not activate TLR7 or TLR8, do not have CpG DNA that activates 

TLR9, but do produce dsRNA (Colby & Duesberg, 1969;Duesberg & Colby, 1969) that has the 

capacity to activate TLR3(Harte, Haga et al., 2003). 

Signaling through TLR3 is complex with multiple transcription factors activated.  TLR3 is 

typically found in an endosome where dsRNA binds to the receptor causing phosphorylation of 

the receptor, dimerization, and binding to CD14.  CD14 is a membrane protein that has been 

identified as a pattern recognition receptor responding strongly to LPS.  This allows the signaling 

pathway to become activated, and is initiated by TLR adaptor molecule 1 (TRIF).  TRIF 

activates multiple pathways including the activation of IRF3 via TRAF3 and TBK1, and the 

activation of NFκβ via the activation of TRAF6/TAK1 complex and Iκβ phosphorylation by 

IKK.  The TRAF6/TAK1 complex also activates JUN by JNK (c-Jun N-terminal kinases 

activated in times of stress) activation and ATF2 (activating transcription factor 2 is a leucine 

zipper family of DNA binding proteins) by p38 (mitogen activated protein kinase activated under 

cellular stress) activation.  The activation of the TLR3 pathway ends in the transport of IRF3, 

NFκβ, JUN, and ATF2 transport to the nucleus where these proteins serve as promoter specific 

transcription factors that transcribe interferon response genes (ISGs).(Randall & Goodbourn, 

2008)  Figure 1-2 shows the pathway diagram. 

Response to free intracellular dsRNA causes the activation of multiple pathways.  One 

pathway involves the cytoplasmic RNA helicases RIG-1 and MDA5 that can bind dsRNA and 
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signal through the same protein cascades as TLR3, using IPS1 as the adaptor protein rather than 

TRIF.  IRF-3 (interferon regulatory transcription factor) can also bind dsRNA independently 

inducing IRF-3 to become activated and transcriptionally active. The binding of 2’,5’-

oligoadenylate synthetase (OAS)  to dsRNA leads to activation of the OAS/RNaseL pathway 

that ends with the degradation of  all the RNA within the cell.  These degraded RNA fragments 

can then act as a positive feedback loop to further amplify activation of RIG-1 or MDA5. RNA 

dependent protein kinase (PKR) is activated by the binding of dsRNA.  Activated PKR then 

phosphorylates eIF2α (eukaryotic translation initiation factor) leading to the inactivation of the 

eIF2β translational machinery and global cell translational shutdown.  The relationships between 

these pathways and their signaling cascades are outlined in Figure 1-2.(Takoaka & Yanai, 

2006;Borden, Sen et al., 2008;Randall & Goodbourn, 2008) 

All these responses to viral infection act to increase transcriptional regulation of a class of 

genes identified as ISGs.  These ISGs are only actively transcribed in response to stress or 

infection and are the basis for the antiviral state.  A positive feedback is also observed with the 

up regulation of IFNs.  Cells in which the IFN response pathway is activated by intracellular 

detection of dsRNA rather than direct binding of IFN to the receptor are able to not only produce 

IFN to induce an antiviral state for neighboring cells but also enhance its own response by the 

produced IFN acting in an autocrine manner.(Borden, Sen et al., 2008;Katze, He et al., 2002)  

RNA Dependent Protein Kinase (PKR) 

RNA dependent protein kinase (PKR) is a serine threonine protein kinase encoded by a 

single gene in the mouse that is ubiquitously expressed in all tissues at low levels.  PKR has 2 

major protein domains, the C-terminal serine/threonine kinase catalytic domain and the N-

terminal dsRNA binding domain.(Gale, Jr. & Katze, 1998;Katze, He et al., 2002)   PKR is both a 

IFN production inducer and an IFN response up regulated protein, in that it both induces the IFN 
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response in the presence of dsRNA and is transcriptionally up regulated in the presence of 

IFN.(Garcia, Meurs et al., 2007) 

 PKR activation occurs after binding to dsRNA or RNA with complex secondary 

structure.   (Figure 1-3)  Upon binding to dsRNA PKR homodimerizes and undergoes 

autophosphorylation thereby becoming active.  Active PKR acts to phosphorylate eIF2α thereby 

causing translation in the cell to halt.  This is accomplished by increasing eIF2α’s affinity for 

GDP and decreasing the levels of eIF2α-GTP-Met-tRNA required for translation initiation in the 

cell.   PKR also phosphorylates IKK that in turn phosphorylates IkB (inhibitor of kappa B) which 

releases active NFκβ.  The activated NFκβ in turn up regulates transcription of apoptosis genes 

such as Fas, FasL, and p53.  PKR also phosphorylates p53 to enhance the transcriptional 

activation of p53.  It also phosphorylates the apoptotic proteins IRF-1, STAT-1, and NF-90 that 

in turn up regulate the transcription of IFN inducible genes.(Gale, Jr. & Katze, 1998) 

 Cells derived from PKR knockout (KO) mice have demonstrated a partial inhibition of 

encephalomyocarditis virus (ECMV) replication, and no impact on vesicular stomatitis virus 

(VSV) or Vaccinia virus (VV) replication in vitro.(Yang, Reis et al., 1995;Gale, Jr. & Katze, 

1998)  These mice have shown an increased sensitivity to reovirus (Stewart, Blum et al., 2003), 

dugbe virus (Boyd, Fazakerley et al., 2006), encephalomyocarditis virus (Zhou, Paranjape et al., 

1999), vesicular stomatitis virus (Stojdl, Abraham et al., 2000), hepatitis B virus (Guidotti, 

Morris et al., 2002), and bunyamwera virus (Streitenfeld, Boyd et al., 2003).  PKR has also been 

implicated in functioning as a tumor suppressor in a mouse tumor transplant model in which the 

lack of functional PKR causes tumors to grow quickly.  Infection with VV via the IN route of 

these knockout mice was previously reported to exhibit responses identical to that of wild type 

mice.(Xiang, Condit et al., 2002a) 
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2’5’-Oligoadenylate Synthetase (OAS) and RNaseL 

The 2’,5’-oligoadenylate synthetase (OAS) and RNaseL proteins are a part of the 

interferon response innate response pathway that responds to dsRNA, also known as the 2-5A 

pathway.  There are two main proteins in this pathway that respond to the presence of dsRNA, 

OAS and RNaseL proteins.  There are 11 OAS encoding genes in the mouse, 8 encoding OAS1, 

1 encoding OAS2, 1 encoding OAS3, and 2 encoding OASL.(Kakuta S., Shibata et al., 2002)  

These different forms of the OAS protein are localized into different cellular locations, exhibit 

differential preference for dsRNA species, and generate 2’-5’-oligadenylates (2-5A’s) of varying 

lengths.  The active forms of these proteins are also found with different numbers of 2-5A’s 

bound.  OAS1 has a single catalytic domain and four OAS1 proteins bind to form 

homotetramers, OAS2 has 2 catalytic domains and forms homodimers, while OAS3 has 3 

catalytic domains and is found as monomers.(Silverman & SenGupta, 1990)   

RNaseL is found expressed ubiquitously in all cell types as an inactive monomer until 

activation.  RNaseL has both endoribonuclease and phosphodiesterase activities.  The N-

terminus of the protein contains ankyrin repeats allowing for protein-protein interactions and the 

binding of 2-5A’s.  The kinase and RNase domains of the protein are located in the C-terminal 

portion of the protein.(Samuel, 2001;Silverman, 2007) 

The 2-5A pathway is activated by the binding of dsRNA or RNA with secondary structure 

by OAS.  OAS then uses ATP to generate 2’-5’ linked oligoadenylates (2-5A) of varying lengths 

depending on the OAS species involved.  The 2-5A’s have the general formula ppA(2’p5’A)n 

(1≤n≤30) and are short lived in the cells as they undergo rapid degradation by cellular 

phosphodiesterases and 2’-5’-exoribonucleases; therefore the activation of RNaseL by 2-5A’s is 

rapid and transient.  These 2-5A’s are then bound by RNaseL whereby inducing 

homodimerization and subsequent activation of the RNaseL protein complex.  The RNaseL 
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homodimer is then able to hydrolyze the 2’-5’ oligonucleotides and use the endoribonuclease 

activity to destroy the RNA present in the cell, thereby halting protein synthesis and inducing 

apoptosis.(Samuel, 2001)  (Figure 1-4) 

RNaseL knockout mice exhibit an increased susceptibility to viral infections including 

encephalomyocarditis virus (Zhou, Paranjape et al., 1999) and deficient in cellular apoptosis 

(Zhou, Paranjape et al., 1997;Samuel, 2001).  VV infection of these knockout mice via the IN 

route was reported to exhibit normal responses as compared to wild type mice with no increase 

in sensitivity.(Xiang, Condit et al., 2002a) 

Poxviruses 

 Poxviruses have been of global importance historically as both human and animal 

pathogens.  The concern of variola, the causative agent of smallpox, being intentionally released 

and the well publicized accidental infections of humans with monkeypox virus has increased the 

desire to understand the relationship of poxvirus genes to their function during an infection that 

leads to pathogenic infection.   This desire to understand the host-virus interaction has been the 

focus of this study, focusing on the host detection of dsRNA in response to viral infection and 

the genes in the virus that control these responses.   

Poxvirus virions are large, brick shaped particles approximately 300nm by 270nm in size, 

making them one of the largest virus particles.  The virions contain an envelope, outer 

membrane, nucleosome containing viral DNA, and 2 lateral bodies.  See figure 1-5 for diagram 

of virion.  Research has yet to determine what composes the lateral bodies and the entire 

composition of the membranes surrounding the virion. The DNA of Poxviruses is double 

stranded and these complex viruses replicate exclusively within the cytoplasm of cells.(Moss, 

1996;Moss, 1996) 
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In addition to Variola, the poxvirus family includes a wide variety of viruses that infect 

mammals, birds, and insects.  (Table 1-1)  The members of the Chordopoxvirinae infect 

vertebrates, while the Entomopoxvirinae members infect invertebrates.  The poxviruses that 

infect mammals include the Orthopoxvirus, Leporipoxvirus, Parapoxvirus, Capripoxvirus, 

Molluscipoxvirus, Suipoxvirus, and Yatapoxvirus generas.  The Orthopoxvirus genus is very 

large and includes vaccinia, variola (smallpox), rabbitpox, and cowpox virus.  These viruses are 

able to infect most mammalian cells and are capable of causing systemic disease in humans. 

Vaccinia virus was utilized historically as a vaccine to eradicate smallpox in humans.  

Currently the major use for VV is in the laboratory as the prototypic orthopoxvirus for both in 

vitro and in vivo studies.  It was the first animal virus to be successfully grown, characterized, 

tittered, and observed by microscopy.  The exact origin of VV is unclear, but it has been 

hypothesized that it arose from the serial passage of smallpox vaccine.   

Within the classification of VV there are many different virus strains that are identified by 

their origin of isolation.  These isolates exhibit different phenotypes in animal models, with little 

sequence variation.  It has also been shown that even within a specific strain cultured in different 

laboratories there can be large difference in animal pathogenesis.(Adams, Rice et al., 2007)  Two 

different laboratory strains of Vaccinia virus Western Reserve (VV-WR) exhibit different levels 

of virulence in rabbits.  For this reason a single laboratory isolate was utilized in these studies 

and all the preliminary studies in animals had to be performed to obtain a baseline from which all 

comparisons are made. 

Genomic Structure 

Poxviruses have large genomes ranging from 130 to 300kbp that encode 136 to 260 open 

reading frames transcribed in both directions.  Vaccinia virus, the prototypic orthopoxvirus, is 

190kbp in size encoding 185 genes.  Within the last 10 years many poxviruses have been fully 
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sequenced and annotated.  This advance in genomics for the virus has allowed for in silico 

comparisons between many species of poxviruses and the elucidation of gene functions based 

upon sequence similarity to known gene functions.  All poxvirus genomes have the same general 

layout of genes within the genome consisting of a middle conserved section and two outer more 

virus specific flanking regions that include the inverted terminal repeats (ITRs).(Moss, 1996) All 

the open reading frames found in poxvirus genomes lack introns, have short promoter sequences, 

and are relatively small in size.(Moss, 1990) 

The central most portion of the genome is highly conserved within each family, and 

encodes the genes required for replication, transcription, and virus assembly.(Upton, Slack et al., 

2003)  This core collection of genes is absolutely required for replication in tissue culture.  The 

flanking regions on each side of the conserved core exhibit the area of highest divergence 

between viruses from the same genera.  These flanking regions encode the genes necessary for 

replication and disease in the animal model, but not tissue culture, encoding genes that control 

host range, virus dissemination, and immune modulation.  

Poxvirus Life Cycle 

The life cycle of poxviruses is characterized by entry, temporal expression of 3 classes of 

gene transcripts and virion assembly and release.(Moss, 2001)  The entry mechanism has not 

been fully elucidated; however necessary first steps are for the virus to attach to the cell, and fuse 

with the plasma membrane.  This is thought to be accomplished in multiple steps that include the 

attachment to the cell and binding of the virion entry complex of proteins with the cellular 

receptor.  The virion then fuses with the outer membrane to release the virus core into the 

cytoplasm.(Moss, 2006)  Once the virus core is released into the cytoplasm it is then transported 

on microtubules into the cellular cytoplasm where it undergoes the primary uncoating and 

transcription and translation of early genes using virus encoded proteins.  The cores undergo a 
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secondary uncoating in which the viral DNA is becomes more accessible to allow for both 

intermediate gene expression and DNA replication.(Broyles, 2003)  After DNA replication late 

gene products are made and virions begin to assemble in the cytoplasm within virus 

factories.(Condit, Moussatche et al., 2006;Schramm & Locker, 2005)  

Assembly is characterized by the appearance of crescent shaped particles as seen by 

electron microscopy and packaging of DNA into round shaped particles.  The particles then 

mature into the typical brick shaped virions and are termed intracellular mature virions, IMV, a 

fully infectious form of the virus that has one outer membrane.  The IMV particles then proceed 

through the golgi apparatus for the acquisition of two additional membranes becoming 

intracellular enveloped virions (IEV).  The virions are then transported to the plasma membrane 

for fusion of the outermost virus membrane and the plasma membrane to give cellular enveloped 

virus (CEV), that are bound to the outer membrane of the cell.  It is the CEV that is responsible 

for spread of virus to adjacent cells, or locally.  Actin tails are used to propel CEV virions off the 

cell surface and generate extracellular envelope virions (EEV).  EEV is the form of the virus that 

is responsible for dissemination within an animal and distant spread of the virus from the local 

site of infection and contains two outer membranes.(Condit, Moussatche et al., 2006;Schramm & 

Locker, 2005)  Virus mutants which are blocked in formation of EEV form normal levels of 

infectious virions in cell culture, but cause no disease in animals.(Stern, Thompson et al., 

1997;Wolffe, Isaacs et al., 1993;Payne, 1980)  This is diagramed in Figure 1-5. 

Many of the virally encoded proteins are located in the virion and are therefore present at 

the time of infection including a fully functional RNA polymerase.  Early viral mRNA is 

immediately transcribed from the cores derived from input virus and translated immediately.  

These early viral genes transcribed include those necessary for DNA replication, the second 
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stage of uncoating, inhibition of host cell RNA and protein synthesis, host immune modulatory 

factors, and proteins needed for intermediate viral gene transcription and translation.  

Intermediate transcription and translation is coupled to viral DNA replication and is initiated 

from within virus factories located in the cytoplasm, providing late transcription and translational 

proteins.(Condit, 2007)   

Poxvirus genomes are double stranded DNA (dsDNA) molecules that are continuous due 

to their hairpin loop termini (ITR).  DNA replication occurs after sites of single stranded nicks 

occur at the ITRs.  The free 3’OH is then used for primer extension by the VV encoded DNA 

polymerase forming concatamer molecules of DNA.  The concatamers are cleaved into single 

genome copies by virally mediated Holliday junction endonuclease.  Late transcription and 

translation occur post DNA replication and produces all the structural virion proteins and other 

proteins ultimately packaged into assembled virions.(Beaud, 1995) 

Vaccinia Virus Infection of Mice 

Animal models of poxviruses have been studied for decades giving invaluable insight into 

the host-virus interaction.  The responses to virus infection from a host animal are far more 

complex than can be observed in tissue culture and often give very different results as far as 

virulence and viral replication.  Many orthopoxviruses have been studied in animals including 

vaccinia, cowpox, and rabbitpox virus.(Turner, 1967)  The majority of the literature focuses on 

vaccinia virus as the representative virus and has been well characterized as far as the pathology 

and disease progression. 

Infection of poxviruses within a host is characterized by replication at the primary site of 

infection and then spread throughout the host via cell association.  The virus migrates to the 

spleen, bone marrow, and lymph nodes by virtue of infected macrophages.  An innate immune 

response to infection by cytotoxic T cells (CTL) is necessary to fight and clear the poxvirus 
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infection, where as a humoral or antibody response is important for a full recovery and protection 

from reinfection.  Increases in levels of interferon are also necessary to mount a sufficient 

immune response to poxvirus infections.  Upon histological investigation, all poxviruses have the 

appearance of B-type, or Guarnieri’s bodies, inclusion bodies characterized by oval bodies in the 

cytoplasm close to the nucleus.  Late infections are characterized by necrosis and edema at the 

sites of virus replication.(Zaucha, Jahrling et al., 2001;Martinez, Bray et al., 2000;Fenner, 1990) 

Mice have been an invaluable model system for studying the pathology and host-virus 

interactions.  Several routes of infection for VV in mice have been studied and include intranasal 

(IN), intratracheal (IT), intradermal (ID) inoculation of the ear pinnae (Tscharke & Smith, 1999) 

or footpad, scarification of the tail, intraperitoneal (IP), and intracranial (IC).  (Figure 1-6A)  

Lung and upper respiratory infections result from both IN (Wilcock, Duncan et al., 1999) and IT 

infections, skin lesions result from ID (Reading & Smith, 2003) and scarification methods of 

infection, peritoneal infections result from IP infections (Turner, 1967), and brain and central 

nervous system infections result from IC method of infection (Brandt, Heck et al., 2005). 

The spread of VV from the primary site of infection to distal sites in the mice, or viremia, 

has been shown to be variable depending upon the route of infection used.  The IC route of 

infection kills mice rapidly, with most virus replication in the brain with little spread to other 

distal organs.(Brandt, Heck et al., 2005)  ID and scarification infections do not always lead to 

systemic involvement, but rather exhibit a localized necrotic lesion that either heals or becomes 

necrotic and gangrenous.(Reading & Smith, 2003)  The IP route of infection allows the virus to 

non-specifically spread to multiple organs due to the centralized site of the virus introduction and 

therefore generates an almost instant viremia.(Turner, 1967) The IN route of infection gives an 

upper respiratory system infection in which the virus is able to spread systematically.(Reading & 
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Smith, 2003)  The IT route of infection gives an upper and lower respiratory infection with rapid 

systemic spread of the virus. 

This study is focused on the lung infections of mice and therefore the choices for 

inoculation were the IT or IN routes of infection.  The IN route of infection is technically simple, 

but not highly reproducible due to the tendency of the animal to expel the virus inoculum.  The 

IN route is also problematic in that the majority of the inoculating virus remains in the nasal 

passages, giving a poor lung infection, but efficient spread to most organs within the animal.   

Despite the shortcomings of the IN route of infection, the majority of the information on VV 

infectious if animals including viral spread has been derived from this route due to the technical 

ease of infection.  The IT route of infection gives a true lung infection that rapidly causes viral 

spread to distal organs, and because of this the IT route of infection has been chosen for these 

studies.  (Figure 1-6B)  IT inoculations also are more reproducible than in IN inoculations 

because the animals do not sneeze following infection leading to inherent variability.  However, 

due to the lack of literature surrounding the IT infection of VV in mice, the data for the IN route 

of inoculation of VV will be utilized as a comparison. 

Several mouse strains have also been utilized in the investigation of the host-virus response 

to VV.  C57BL/6 and Balb/C mice have been the most studied.  Balb/C mice exhibit a humoral, 

or antibody based response to VV infections that has been demonstrated to be important for 

recovery from infection, but not sufficient to clear an acute infection.(Smith & Kotwal, 2002)  

C57BL/6 mice have a cell mediated response to VV infections which has been demonstrated to 

be the most effective in clearing VV infections.(Xu, Johnson et al., 2004)  The knockout animals 

selected for use in this study are also on the C57BL/6 background; therefore the C57BL/6 mouse 

will be used as wild type mice for these studies. 
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Control of Host Immune Responses by Poxviruses 

Poxviruses have developed multiple mechanisms of evading the host immune response 

against viral infections both intracellular and secreted.  These proteins target multiple host innate 

responses that include, but are not limited to, complement, chemokine and immune cell 

recruitment, intracellular signaling, TNF signaling, and interferon activation.(Seet, Johnston et 

al., 2003;Haga & Bowie, 2005)  A select set of viral proteins and their cellular targets are 

described in Table 1-2.  The innate immune response and IFN responses to VV will be the focus 

of this research.  Therefore, viral proteins controlling these early responses will be outlined with 

the focus on the IFN response. 

Vaccinia virus control of innate immune response 

The complement is activated by either of two pathways, the classical and alternative 

pathways, which ultimately results in cell killing.  The products from these pathways not only 

serve to aid in the killing of infected cells and inactivation of free virus particles but to enhance 

the inflammatory response and attract immune cells, to the site of infection.  The VV C3L gene 

encodes the vaccinia complement control protein, or VCP, that has been shown to block 

complement activation by binding C3b and C4b to accelerate the decay of the C3 convertase and 

thereby prevent inactivation of both virus particles and killing of infected cells. (Seet, Johnston et 

al., 2003)     

Chemokine and cytokines are proteins secreted by the host cells and serve as an attractant 

for immune cells to the site of infection.  There are two classes of chemokines up regulated 

during a poxvirus infection, the CC chemokines that attract macrophages and T-cells and CXC 

that attract neutrophils.  These chemokines are sequestered by virally encoded pseudo receptors 

and binding proteins such as the one C23L and A41 encodes.(Bahar, Kenyon et al., 2008)  This 



 

33 

prevents the recruitment of immune cells to the site of infection and killing of the infected 

cells.(Seet, Singh et al., 2001;Smith, 1999) 

A38L is a protein that is made in order to prevent immune cell recruitment and 

proliferation.  Activated macrophages and T-cells produce TNF that signal for a 

proinflammatory response and death of the infected cells.  The viral TNF receptor encoded by 

A53R and B28R prevents TNF from binding to its host cell encoded receptors and activation of 

the pathway leading to cell death.(Seet, Johnston et al., 2003)   

Vaccinia virus control of interferon 

Vaccinia virus also encodes several proteins that control the interferon response and 

activation pathway.  The proteins target multiple sections of the interferon response pathways 

including IFNs themselves, activation of the IFN pathway via recognition of PAMPs, and 

inactivation of both transcription and translational machinery. 

B8R is a virally encoded IFNγ pseudo receptor that is secreted and therefore sequesters 

IFNγ and prevents action of the cytokine not only at the site of infection but systemically.  

However, B8R has been shown not to have a high binding affinity for mouse IFNγ, and most 

likely does not play a crucial part controlling in the pathogenesis of VV in mice.(Mossman, 

Upton et al., 1995;Alcami & Smith, 1995)  B18R is a secreted type I IFN binding protein that 

works to prevent the activation of the type I IFN response by sequestering extracellular IFNα and 

IFNβ.(Colamonici, Domanski et al., 1995)  B18R has been shown to bind mouse, human, rat, 

rabbit, and bovine type I interferons.(Symons, Alcami et al., 1995)   

Not only does the virus block the binding of IFNs to their receptors, but the responses 

within a cell to viral infection that cause IFN production are also blocked.  One of the major 

inducers of IFN production is the presence of dsRNA, which poxviruses produce late in infection 

due to the bidirectional nature of transcription.  A virus encoded dsRNA binding protein, E3L, is 
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encoded by the virus to block the host cell from recognizing the presence of dsRNA.(Kibler, 

Shors et al., 1997)  K3L is an eIF2α pseudo substrate that has been hypothesized to bind and 

sequesters PKR from being activated in the presence of dsRNA and shutting down host 

translation.(Carroll, Elroy Stein et al., 1993)  A viral encoded phosphatase encoded by H1L 

blocks the activation of STAT-1 by dephosphorylating and preventing the transcriptional 

enhancement function of STAT-1.  This study will focus on the inhibition of interferon 

activation by the control of cellular responses to dsRNA by the virus, specifically the roles of 

E3L and K3L and their corresponding host protein targets. 

Vaccinia Virus Gene E3L 

Normally VV is refractile to the action of IFN.  E3L was first identified as a protein that 

when deleted from VV the resulting virus, VV∆E3L, exhibited IFN sensitivity at 2 hours post 

infection.(Beattie, Paoletti et al., 1995)  This sensitivity to IFN could be reversed if the protein 

were supplied in trans by a plasmid during infection, linking the E3L gene directly to the 

resistance of VV to IFN.(Chang, Uribe et al., 1995)  The sensitivity to IFN suggested a close 

relationship between E3L and control of the host immune response, specifically IFN. 

The E3L protein is expressed early in infection and remains up to 4 hours post infection to 

allow for virus replication.(Beattie, Paoletti et al., 1995)  E3L has 2 domains necessary for 

function.  The C-terminal end of the protein contains a dsRNA binding motif (Chang & Jacobs, 

1993;Ho & Shuman, 1996) and the N-terminal domain that has been characterized to bind both 

PKR and Z-DNA (Kim, Lowenhaupt et al., 2004).  The binding and sequestering of PKR is an 

important function and aids in preventing activation of the antiviral state and IFN production.  

The sequestering of dsRNA from cellular dsRNA response proteins protects the infected cell 

from apoptosis.(Kibler, Shors et al., 1997)   
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VV∆E3L has been studied since the 1990’s and is currently under investigation as an 

alternative vaccine for smallpox.(Vijaysri, Jentarra et al., 2008)  In tissue culture VV∆E3L 

exhibits a host range phenotype in which the virus has been previously reported to only replicate 

only in chicken embryo fibroblasts (CEF), baby hamster kidney (BHK-21), and rabbit kidney 

(RK-13) cells.(Beattie, Kauffman et al., 1996);(Chang, Uribe et al., 1995)  The restricted host 

range phenotype exhibited by VV∆E3L was able to be restored in tissue culture by transfection 

of a plasmid encoding E3L.  VV∆E3L has also been investigated in multiple mouse models and 

has been shown that the entire protein is needed for virulence in animals, unlike in tissue culture 

cells where only the C-terminal dsRNA domain is needed for replication.(Brandt & Jacobs, 

2001)  Infection of mice via intranasal or intracranial routes with VV∆E3L failed to produce 

disease symptoms in the mice(Brandt & Jacobs, 2001), yet provided protection from challenge 

with the pathogenic VV-WR.(Brandt, Heck et al., 2005;Vijaya, Jentarra et al., 2008)  Several 

dsRNA binding proteins from other viruses and bacteria have been shown to replace the function 

of E3L in vitro, but have failed to completely restore virulence in vivo.(Vijaysri, Talasela et al., 

2003;Shors & Jacobs, 1997;Beattie, Denzler et al., 1995)  E3L has been shown in vitro to rescue 

ECMV when provided transiently during an ECMV infection from the antiviral effects of 

IFNα.(Shors, Beattie et al., 1998)  Transgenic mice that express the E3L protein are more 

susceptible to VV infection and exhibit an inability to resolve dermal lesions due to in inability 

to mount an immune response to the infection.(Domingo-Gil, Perez-Jimenez et al., 2008) 

 Utilizing both knockout mice for the targets of E3L and VV∆E3L in vivo the interactions 

of E3L with the PKR and RNaseL pathways will be evaluated. 

Vaccinia Virus Gene K3L 

Vaccinia virus gene K3L, similar to E3L, was initially identified as a protein responsible 

for allowing the virus to replicate in the presence of IFN.(Beattie, Tartaglia et al., 1991;Beattie, 
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Paoletti et al., 1995)  VV deleted for K3L, VV∆K3L, exhibited sensitivity to INF that could be 

rescued by providing the protein in trans.(Beattie, Paoletti et al., 1995)   

K3L is a 10.5kDa protein that has been crystallized and the structure determined.  The 

structure consists of 5 beta strands and 2 alpha helices to form a beta barrel and shares sequence 

homology with eIF2α.(Dar & Sicheri, 2002)  This N-terminal portion of K3L that shares 

homology with eIF2α is thought to bind PKR through the same C-terminal domain where it has 

been determined that eIF2α binds.(Dar & Sicheri, 2002) 

K3L is expressed early during poxvirus infection, from 0 to 2 hours post infection (Beattie, 

Paoletti et al., 1995) and serves to control of the host response to dsRNA by binding to PKR and 

preventing the phosphorylation of eIF2α.(Davies, Elroy Stein et al., 1992;Davies, Chang et al., 

1993)  This response is important to prevent the shutdown of host translational machinery 

required for virus growth and cell death as the virus requires the cell to stay alive for replication.  

Vaccinia virus lacking the K3L gene, VV∆K3L, has been previously shown to be sensitive to 

IFN 30 minutes after infection of cells.(Beattie, Paoletti et al., 1995)  VV∆K3L has been 

previously reported to exhibit a restricted host range in vitro, replicating in Vero and HeLa cells, 

but failing to replicate in BHK cells.(Langland & Jacobs, 2002) K3L has been demonstrated in 

vitro to partially rescue VSV from the antiviral effects of IFNα when provided transiently.(Shors, 

Beattie et al., 1998) 

Animal studies with VV∆K3L have shown that the protein is necessary for full virulence 

in mice in an IN model.  Utilizing both knockout mice for the target of K3L and VV∆K3L in 

vivo the interactions of K3L with PKR will be evaluated. 

Study Objectives 

This study is focused on investigating the interactions between the Vaccinia virus proteins 

E3L and K3L with host cellular proteins PKR and RNaseL.  E3L has been identified as a dsRNA 
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binding protein necessary for pathogenesis in a mouse model.  K3L has been shown to bind PKR 

and prevent phosphorylation of eIF2α in vitro and also necessary for full virulence in a mouse 

model.  VV proteins E3L and K3L have been previously identified to control the IFN response to 

infection in tissue culture and their target cellular proteins are known to upregulate the IFN 

response.  PKR and RNaseL are known to be involved in the response to dsRNA and upregulate 

IFN in the host as a method to control viral infections.  The goal was to establish the relative 

importance of the host and virus gene interactions during a lung infection with VV. 

Using PKR, RNaseL, and PKR/RNaseL knockout mice the importance of these host genes 

in controlling wild type VV infection was determined by survival, virus dissemination, and 

histopathology.  It was hypothesized that the knockout animals would exhibit an increased 

sensitivity to VV infections as compared to wild type mice, with the double PKR/RNaseL 

knockout animals being more sensitive than either of the two single knockouts. 

VV deleted for E3L or K3L was also investigated in wild type, the single PKR and 

RNaseL knockout, and the double PKR/RNaseL knockout mice.  The infection of mice with VV 

deleted for E3L allowed for determination of the importance of E3L during a VV infection.  It is 

expected that the virus would be highly attenuated and not cause lethal systemic disease.  VV 

deleted for E3L in the knockout animals allows for the determination of the interaction of E3L 

with both the RNaseL and PKR pathways.  The single knockout animals were expected to 

exhibit mild, if any disease due to the fact that only one of the dsRNA pathways that E3L is 

hypothesized to target is missing.  The double PKR/RNaseL knockout mouse was hypothesized 

to exhibit an increased sensitivity to VV deleted for E3L due to both dsRNA response pathways 

targeted by E3L are missing.  The level of disease was determined by clinical symptomology, 

survival, virus dissemination, and histopathology. 
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The infection of wild type mice with VV deleted for K3L was hypothesized to be 

attenuated because the PKR pathway was present in the wild type mice.  The PKR single 

knockout mice infected with VV deleted for K3L was hypothesized to exhibit no attenuation 

because the target for K3L was absent in the mice.  The RNaseL single knockout mice were 

hypothesized to exhibit responses similar to those seen with wild type mice as the PKR pathway 

was still intact in these animals.  The PKR/RNaseL double knockout mice were hypothesized to 

exhibit wild type VV responses to VV deleted for K3L because the PKR pathway missing.  The 

level of disease was determined by clinical symptomology, survival, virus dissemination, and 

histopathology.
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Figure 1-1.  Interferon signaling through the Type I IFN receptor.  See text for details. (Randall 
& Goodbourn, 2008;Katze, He et al., 2002;Takoaka & Yanai, 2006) 
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Figure 1-2.  Response to dsRNA within a cell.  The responses and downstream signaling molecules that up regulate the production of 
interferon and interferon response genes are denoted in multiple pathways. (Randall & Goodbourn, 2008;Harte, Haga et al., 
2003;Takoaka & Yanai, 2006;Borden, Sen et al., 2008) 
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Figure 1-3.  PKR activation. PKR is activated in response to dsRNA to inhibit translation within 
the cell and prevent a productive viral infection. (Gale, Jr. & Katze, 1998) 
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Figure 1-4.  OAS/ RNaseL activation.  The OAS/RNaseL pathway is activated in response to 
dsRNA.  This activation leads to cell apoptosis by degradation of all RNA within a 
cell and prevents a productive viral infection. (Samuel, 2001) 
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Table 1-1.  Poxvirus classifications          
Subfamily     Genera   Example    
Chordopoxvirinae 
     Orthopoxvirus   Vaccinia, Smallpox 
     Leporipoxvirus  Myxoma 
     Parapoxvirus   Sealpox 
     Avipoxvirus   Fowlpox 
     Capripoxvirus   Goatpox 
     Molluscipoxvirus  Molluscum contagiosum 
     Yatapoxvirus   Yaba monkey tumor 
     Suipoxvirus   Swinepoxvirus 
Entomopoxvirinae 
     Alphaentomopoxvirus  Anomala cuprea 
     Betaentomopoxvirus  Amsacta moorei 
     Gammaentomopoxvirus Chironimus luridus   
Chordopoxviruses infect vertebrates while the Entomopoxviruses infect invertebrates.  Within 
each subfamily the genera and an example from that genera are listed.(Fenner, 2000;International 
Committee on Taxonomy of Viruses, 2002) 
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Figure 1-5.  Poxvirus life cycle.  See text for specifics. (Moss, 1996;Moss, 1996;Moss, 2001;Moss, 2006;Broyles, 2003;Condit, 

Moussatche et al., 2006;Schramm & Locker, 2005) 
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A 

 

B 

 

Figure 1-6.  Infection of Mice.  A) Various routes of infection used in mice and the relative 
location on the mouse.  Mouse diagram from Science Slides. (Turner, 1967)  B) 
Photograph of the surgical infection of a mouse by the intratracheal (IT) method.
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Table 1-2.  Vaccinia virus encoded genes that control the host immune system 
Immunomodulatory protein Viral Gene Pathway involved 

TNF receptor A53R, B28R Sequesters TNF 
Phosphatase H1L Dephosphorylation of STAT-1 

eIF2α homolog  K3L PKR inhibitors 
IFNγ receptor  B8R Competitive antagonists of IFN  

IFNα/β binding proteins  B18R Sequesters and inhibits IFN extracellularly 
dsRNA binding protein E3L Sequester dsRNA to avoid apoptosis 

IL-1β receptor  B16R Sequesters IL-1β extracellularly  
Toll like receptor A46R, A52R Disrupt IL-1 receptor signaling 

Chemokine binding protein C23L, A41L Binds CC chemokines 

3β-hydroxysteroid dehydrogenase  A44L Regulate steroid hormones, DHT, neural 
steroids 

Semaphorins  A39R Mediates receptor binding specificity 
Viral growth factor C11R Viral growth 

Complement inhibition C3L Inhibits C3b/ C4b (alternative and 
classical pathway) 

CD47-like protein A38L Immune cell proliferation/recruitment 
SPI 1 C12L Host Range  
SPI 2 B13R Fas TNF mediated apoptosis inhibitors 
SPI 3 K2L Protease inhibition 

IL-18 BP D7L IFNγ induction inhibition 
The poxvirus protein classification, VV gene that encodes the protein and the proposed role of 
the protein during infection. (Seet, Johnston et al., 2003;Haga & Bowie, 2005;Bahar, Kenyon et 
al., 2008;Seet, Singh et al., 2001;Smith, 1999;Mossman, Upton et al., 1995;Alcami & Smith, 
1995;Colamonici, Domanski et al., 1995;Symons, Alcami et al., 1995;Kibler, Shors et al., 
1997;Carroll, Elroy Stein et al., 1993)
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CHAPTER 2 
MATERIALS AND METHODS 

Tissue Culture and Virological Techniques 

Tissue Culture 

CV-1, BHK-21, and PK-15 cells were maintained in Minimum Essential Media (MEM) 

with Earle’s Salts (Gibco, Grand Island, NY) supplemented with 2 mM glutamine (Media Tech, 

Herndon, VA), 50 U/mL penicillin G & 50 µg/mL streptomycin (Media Tech), 1 mM sodium 

pyruvate (Media Tech), and 0.1 mM nonessential amino acids (Media Tech), and 10% v/v FBS 

(Gibco).  CV-1 cells were maintained at a split ratio of 1:10, BHK-21 cells were maintained at a 

split ratio of 1:15, and PK-15 cells were maintained at a split ratio of 1:6.  CV-1 and PK-15 cells 

were maintained in 5% CO2 incubators.  BHK-21 cells were maintained in 10% CO2 incubators. 

Growth of Virus Stocks for Animal Injections 

Vaccinia virus Western Reserve (VV) was obtained from R. Condit and maintained as the 

seed stock.  This stock was obtained by R. Condit from the ATTCC as a mouse brain 

homogenate in which he subsequently plaque purified.  It is this first round of plaque purification 

that is maintained as the seed stock for all VV grown for these experiments. 

Vaccinia virus expressing the gfp protein was generated by Peter Turner.  This virus was 

generated by placing the gfp gene under the control of the poxvirus early late promoter in the 

ATI locus of VV. 

All viruses were grown on confluent cell monolayers in 150mm tissue culture dishes 

(Corning).  Viruses were inoculated at a multiplicity of infection (MOI) of 0.01 in 5mL of 

growth media without supplements per 150mm dish for one hour at 37°C on a rocking platform 

for virus absorption.  Post absorption the virus inoculum was removed and 25mL of 

supplemented growth medium was added to each dish.  The dishes were then returned to normal 
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growth conditions as stated in the tissue culture section.  The virus was allowed to grow for 3-6 

days, or until a complete CPE was observed.  Once CPE was observed the dishes were scraped 

using cell scrapers to dislodge all the cells into the media.  The media containing the cells was 

then collected into 500mL bottles (Corning) and centrifuged at 4°C for 45 minutes at 12,000xg.  

The media was then separated from the cell pellet and discarded.  The cell pellet was 

resuspended in 10mL of 10mM Tris-HCl and dounced on ice for 30 strokes.  The resulting cell 

homogenate containing the desired virus was then centrifuged at 4°C for 5 minutes at 500xg.  

The supernatant was removed and saved, the pellet resuspended in 2mL of 10mM Tris-HCl, 

vortexed to resuspend the cell pellet, and centrifuged again at 4°C for 5 minutes at 500xg.  The 

supernatant from the second centrifugation was pooled with the first supernatant and the cell 

pellet discarded.  The supernatant was then sonicated using a probe sonicator (Sonics and 

Materials) for 2 minutes using the microtip at an output setting of 5 and 90% duty cycle, allowed 

to cool on ice for 2 minutes, and then sonicated again for 2 minutes.  The sonicated supernatant 

containing the virus of interest is then placed onto a 17mL 36% sucrose pad and centrifuged at 

4°C for 80 minutes at 16,000xg in the ultra centrifuge rotor SW28 (Beckman Optima LE 80K).  

All aqueous layers are removed and the resulting pellet is resuspended in 1mL of phosphate 

buffered saline (PBS), stored in 0.1mL aliquots, and stored at -80°C until use. 

Plaquing of Virus 

Cells are grown using standard growth conditions in 6 well plates until confluent.  All 

samples that are to be plaqued are thawed, sonicated for one minute in a water bath cup sonicator 

(Sonics and Materials), and then maintained on ice.  Dilutions of the samples are then made 

using growth media without any supplements and between 300-500µl of the dilutions is placed 

onto each well.  The plates are then placed at 37°C for one hour with constant rocking for virus 

absorption.  After one hour absorption period the virus inoculum is removed and 3mL of a 1:1 
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mixture of 2x growth media: 1% agarose (sterile) at 55°C is added to each well.  The plates are 

then returned to normal growth conditions for 2-4 days. 

Once plaques are visible (2-4 days) the agar/media overlay is removed and the plates are 

stained with crystal violet and counted.  For BHK-21 cells the plaques are counted without 

staining using fluorescence to detect gfp and a dissecting microscope. 

Generation of Virus Mutants and Reconstructed Wild type Revertants 

Vaccinia virus strain Western Reserve (VV) deleted for the E3L gene (VV∆E3L::gfp) was 

generated by infection of BHK-21 cells with wild type VV at an MOI of 0.01 and then 

transfected using Lipofectamine 2000 (Invitrogen) with the E3L::gfp linear PCR fragment.  The 

generation of these fragments is described in the cloning of VV∆E3L::gfp fragment section.  

Cells were harvested 48 hours later, underwent 3 freeze thaw cycles using dry ice and 37°C 

water bath, and plaque purified on BHK-21 cells.  BHK-21 cells were the only cell line tested 

that would allow for the growth of VV∆E3L::gfp, and therefore were the cell line chosen for the 

screening.  Plaques were screened for the presence of gfp by fluorescence microscopy and 

underwent a total of 3 rounds of plaque purification. 

 VV∆E3L::gfp was rescued by infecting a 35mm well BHK-21 monolayer at an MOI of 

0.01 with purified VV∆E3L::gfp, then transfected with 1ug of wild type E3L gene and allowed 

to grow for 2 days.  The cells were then harvested, centrifuged at 16,000xg for 5 minutes at room 

temperature.  The supernatant was removed and the cell pellet resuspended in 1mL of 

supplemented MEM plus 0.01M HEPES.  Three cycles of freeze thaw were done and the virus 

mixture plaqued on PK15 cells.  Due to the host range exhibited by VV∆E3L::gfp only viruses 

that have been successfully rescued will plaque on PK15 cells.  Three days later plaques were 

isolated, and re-plaqued on PK15 cells for a total of 3 rounds of plaque picks to ensure no 
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residual VV∆E3L::gfp was present.  The resulting reconstructed wild type virus is denoted as 

rVVE3L. 

 Vaccinia virus strain Western Reserve deleted for the K3L gene (VV∆K3L::gfp) was 

generated by infection of RK13 cells at an MOI of 0.01 and then transfected using Lipofectamine 

2000 (Invitrogen) with the K3L::gfp linear PCR fragment.  Cells were harvested 48 hours later, 

underwent 3 freeze thaw cycles using dry ice and 37°C water bath, and plaque purified on RK13 

cells.  Plaques were screened for the presence of gfp by fluorescence microscopy and underwent 

a total of 3 rounds of plaque purification.  VV∆K3L::gfp was not rescued due to technical 

difficulty in screening for rescued viruses in that there was no cell line that allowed for selection. 

DNA Techniques 

Cloning of Wild Type E3L and K3L Genes 

The wild type E3L gene product was PCR amplified from wild type VV genomic DNA 

using forward primer IDT344: GAGAATTCCTTGGTTCATACATGAAATGATC and reverse 

primer IDT345: GAGAATTCCACAAACATCAATGGCGGTAAC.   

The wild type K3L gene was PCR amplified from wild type VV-WR genomic DNA using 

forward primer IDT419: ATTAGACATACCGGATCTACG and IDT420: 

AAAGCGGTTAAATCATTGGTTC. 

Cloning of E3L::gfp Deletion Fragment 

The E3L::gfp fragment (gfp fragment flanked by E3L sequences) was generated in a PCR 

mediated ligation reaction developed by Peter C. Turner.  In this reaction 3 fragments are 

generated, a left virus flanking sequence, a right virus flanking sequence and a middle reporter 

gene under its own promoter.  The 3 fragments then undergo restriction enzyme digestion and 

ligation as is the field standard, however rather than transforming the fragments into a vector 

PCR of the ligation mixture is immediately performed.  The PCR using primers located in the 
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left and right flanks allow for specific amplification of the desired product for future use.   The 

final construct is shown in Figure 2-1A. 

The E3L::gfp PCR fragment was generated by amplifying the left and right flanks.  The 

left flank was amplified using IDT345 GAGAATTCCACAAACATCAATGGCGGTAAC and 

IDT594 AGCTCCTTCGATTCC.  The right flank was amplified using IDT344 

GAGAATTCCTTGGTTCATACATGAAATGATC and IDT595 CTCGTTTAGATTTTCC.  

The 874 bp gfp and promotor fragment was amplified using IDT 30 

CCAGACATTGTTGAATTAGATCG; IDT130b 

GCTGGTACCGGTGGGTTTGGAATTAGTG from a plasmid containing gfp under the 

poxvirus early late promoter.  All PCR products were cleaned up using Qiagen PCR clean up kit 

with all optional steps performed and DNA eluted in 50µl.  The E3L left fragment was digested 

with Acc65I (NEB), the E3L right fragment was digested with NotI (NEB) and the gfp fragment 

was digested with NotI and Acc65I per NEB guidelines.  The left and right fragments were 

treated with Antarctic Phosphatase (NEB) for 15 minutes.  All restriction digests were then 

cleaned up using the Qiagen PCR clean up kit with all optional steps performed and DNA eluted 

in 30µl.  The three fragments were then ligated overnight at 16°C using T4 ligase (where from).  

The ligation mixture was then used for PCR template for the E3L::gfp PCR fragment.  IDT599 

GAGGTTCGTCAGCGGC and IDT 598 GTGATAATTTATGTGTGAGGC primers were used 

for PCR generation of the E3L::gfp PCR fragment.  The E3L locus of 570bp was deleted from 

81 to 488bp with gfp replacing this region. 

  The deletion of E3L was confirmed by PCR using the following primers: IDT529 

ATAGCCTTGTCCTCGTGCAG and IDT530 CGCAATCGATACATGAAAACA.  PCR with 

primers IDT 344 GAGAATTCCTTGGTTCATACATGAAATGATC and IDT 272 
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GAGTTATAGTTGTATTCCAGCT was also performed to ensure that gfp was located in the 

E3L gene locus.  (Figure 2-1B) 

Cloning of K3L::gfp Deletion Fragment 

The cloning of the K3L::gfp fragment (gfp with K3L flanking sequence) was done using 

the same protocol as that used for the E3L::gfp fragments.  The K3L::gfp fragment PCR 

fragment was generated by amplifying the left and right flanks.  The left flank was amplified 

using IDT639 CTTTTGTATAATCAACTCTAA and IDT531 

ATGCAGGCAATAGCGACATA.  The right flank was amplified using IDT638 

CCTTCTCGTATACTCTGCCC and IDT532 AGATGCTCCACATGTAT.  The 874bp gfp 

fragment was amplified using IDT 30 CCAGACATTGTTGAATTAGATCG; IDT130b 

GCTGGTACCGGTGGGTTTGGAATTAGTG from a plasmid containing gfp under the 

poxvirus early late promoter.  All PCR products were cleaned up using Qiagen PCR clean up kit 

with all optional steps performed and DNA eluted in 50µl.  The K3L right fragment was digested 

with Acc65I (NEB), the K3L left fragment was digested with NotI (NEB) and the gfp fragment 

was digested with NotI and Acc65I per NEB guidelines.  The left and right fragments were 

treated with SAP for 15 minutes.  All restriction digests were then cleaned up using the Qiagen 

PCR clean up kit with all optional steps performed and DNA eluted in 30µl.  The three 

fragments were then ligated overnight at 16°C using T4 ligase (where from).  The ligation 

mixture was then used for PCR template for the k3L::gfp PCR fragment.  IDT531 and IDT532 

primers were used for PCR generation of the K3L::gfp PCR fragment.  The K3L locus of 267bp 

was deleted from 45 to 199bp with gfp replacing this region.  (Figure 2-2A) 

The deletion of K3L was confirmed by PCR using IDT531 and IDT532 and the correct 

position of gfp in the K3L locus was confirmed with PCR using IDT419 and IDT272 as shown 

in Figure 2-2B. 
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Purification of Viral DNA 

 Cells (virus specific) in a single 35mm dish were infected with the desired virus at an 

MOI of 1 and grown until CPE was complete.  Cells were then scraped from the dish into the 

growth media, centrifuged at 14,000xg for 5 minutes, and media removed from the pellets.  The 

pellets estimated at 2x106 cells were then placed in the Qiagen DNeasy kit and processed per the 

manufacturer instructions for tissue culture cells.  DNA was eluted in 50ul of water. 

Sequencing of Viruses 

The E3L locus of both the wild type and deletion virus was sequenced using primers 

IDT529 ATAGCCTTGTCCTCGTGCAG and IDT530 CGCAATCGATACATGAAAACA.  

The K3L locus of both the wild type and deletion virus was sequenced using IDT531 

ATGCAGGCAATAGCGACATA and IDT532 AGATGCTCCACATGTAT.  All sequencing 

was performed by the ICBR Sequencing Core (University of Florida).  The resulting sequences 

were aligned using AlignX (Invitrogen) to ensure correct viral sequences. 

PCR 

All primers used for PCR were made by IDT (where).  Reactions were performed in a 

PTC-100 Thermal Controller (MJ Research Inc, Watertown, MA).  All PCR reactions were 

carried out in a final volume of 100µl containing 1.5mM MgCl2, 2U of Vent DNA polymerase 

(New England Biolabs) with the manufacturer supplied buffer, and 200uM dNTPs.  The 

conditions were denature at 94°C for 4 minutes; 30 cycles of: denature at 94°C for 1 minute, 

primer binding at 35°C for 1 minute, and extension at 72°C for 1 minute per 1000bp expected 

band size; and a final extension step of 72°C for 5 minutes. 



 

54 

RNA Techniques 

RNA Isolation from Lung Tissue 

 Entire lungs weighing approximately 0.2mg from animals flash frozen in liquid nitrogen 

and maintained at -80°C were used for RNA isolation.   RNA isolation was performed using 

1mL of Trizol (Invitrogen) and 1mL of 24 grit silicon carbide (Electro Abrasives, Buffalo, NY) 

placed into 2mL screw top tubes (Sardstedt).  The tubes are then placed in the Mini-Beadbeater 8 

(Biospec, Bartlesville, OK) for 1 minute on the homogenization setting.  The resulting lung/ 

Trizol homogenate is then separated from the silicon carbide and placed into a separate tube; the 

remaining silicon carbide was then washed with an additional 1mL of Trizol, removed and 

pooled with the initial homogenate.  0.2mL of chloroform per 1mL of Trizol was added and 

shaken vigorously for 15 seconds.  The tubes were then incubated at room temperature for 3 

minutes and centrifuged at 1200xg for 15 minutes at 4°C.  The upper layer is then removed, 

placed into a new tube, and 1U of glycogen added (Ambion).  Isopropyl alcohol is then added at 

0.5mL to 1mL of Trizol initially used and incubated at room temperature for 10 minutes.  The 

samples are then centrifuged at 12000xg for 10 minutes at 4°C.  The supernatant was removed 

from the pellet, the pellet washed with 1mL of 75% ethanol, vortexed, and centrifuged at 7500xg 

for 5 minutes at 4°C.  The ethanol was then removed, the pellet air dried for 5 minutes at room 

temperature.  The resulting RNA pellets were then placed through the Micro-to-Midi Total RNA 

Purification System (Invitrogen) for the removal of any residual cellular DNA and heme that was 

not removed in the Trizol purification.  The cellular DNA was removed by DNaseI treatment.  

The RNA pellet was resuspended in 16ul of water, and protocol for DNaseI treatment to remove 

genomic DNA in the Micro-to-Midi Total RNA Purification System was followed.  DNaseI was 

inactivated by direct proceeding to the purification of RNA from liquid samples.  The RNA was 

brought up to 100ul with water, and 100ul lysis buffer, 1ul BME, and 100ul 100% ethanol added.  
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The procedure for purification of RNA from liquid samples was then followed using the 300-

600µg expected RNA yield elution conditions.  RNA was then stored at -80°C. 

RNA Processing and Microarrays 

2µg of RNA was used for generation of cRNA for the Affymetrix microarrays.  The first 

strand cDNA synthesis was performed using T7-(dT)24 primer and Superscript II RT 

(Invitrogen).  Second strand synthesis was performed using Second Strand Reaction buffer 

(Invitrogen), of E. coli DNA ligase (NEB), E. coli DNA polymerase I (NEB),  E. coli RNase H 

(NEB), and T4 DNA Polymerase (NEB).  cDNA was then purified using GeneChip Sample 

Cleanup Module (Affymetrix).  cRNA was then made using Affymetrix 3’ Labeling IVT kit 

(Affymextrix) and cleaned up using GeneChip Sample Cleanup Module (Affymetrix).  The 

samples were then fragmented, hybridized, and detected on the Affymetrix Mouse 430.2A arrays 

(Affymetrix).  

Microarray Data Analysis 

 The analysis of the microarray data was performed using D-Chip (who) for unsupervised 

analysis and BRB Array Tools (NIH) for the supervised analysis.  The CEL files were brought 

into D-Chip and the perfect match/ mismatch values read.  There was one array that had high 

background and was therefore excluded from further analyses.  The median probe intensity was 

used to normalize the arrays, with the median intensity of 84 and the percent call of ~50% across 

all arrays.  The expression values were determined using the Model-based expression method 

and 5th percentile of region, perfect match only, as background.  The genes were filtered using a 

variation of standard deviation/mean of 0.5 to 1000 with the percent of genes present in the 

arrays of 1%.  For the supervised analysis all arrays were imported into BRB Array Tools and 

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 post infection the lungs were harvested.  These 
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resulting 1811 probe sets were then pictorially represented in a heat map generated by BRB 

Array Tools. 

 BRB Array Tools was also used to generate heat maps of probe sets identified as 

members in specific cell types or pathways.  These were performed on the entire data set, not the 

genes only identified in the F-test as significant.  The desired BioCarta annotated pathways 

supplied in BRB Array Tools were selected when generating heat maps of probes in specific 

pathways. 

Animal Techniques 

Mouse Breeding and Line Maintenance 

Mouse constructs used in these experiments were obtained from Robert Silverman 

(Cleveland Clinic) and maintained as homozygous lines.  The four constructs are on a C57B/L6 

background.  All breeders were genotyped from a tail snip using the following primers: PKR 

forward: GTTTGGCTATTTCTCTGTGTTCATTGGA; PKR wild type reverse: 

GTAATGGCTACTCCGTGGATCTGGGC; PKR knockout reverse: 

ATTCGCAGCGCATCGCCTTCTATCGCC; RNaseL forward: 

GCATTGAGGACCATGGAGAC; RNaseL reverse: GGAGGAGAAGCTTTACAAGGTG.  

PKR homozygous wild type mice only have a 1.5kb band in the wild type PCR reaction; PKR 

homozygous knockout mice only have a 1.5kb band in the PKR knockout PCR reaction; RNaseL 

knockout mice have a 2.0  kb band, and RNaseL wild type band is 1.0 kb.  Figure 2-3 shows the 

representative banding patterns observed in the genotyping. 

Females were bred at 12 weeks or older, males at 8 weeks or older.  All mice were 

maintained SPF on ventilated automatic watering housing racks.  All breeding pairs were fed a 

12% protein diet (Purina 5062), all maintenance and non breeding mice were fed 6% protein diet 

(Harlan 7912).  At the time of mating all mice were tagged for identification in the right ear and 
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housed in amber cages with corncob bedding, cotton bedding, and a sterile paper mouse hut.  

Continuous breeding was performed when possible.  At 15-17 days of age of the pups a water 

bottle and moist food was placed into the bottom of the cage.  Water bottles and moist food in 

the bottom of the cage of the pups was maintained for 2-3 weeks post weaning. 

Mouse Infections 

All mice were infected via an intratracheal infection (IT).  For this method, general 

anesthesia was used (isoflurane delivered via vaporizers with mixed oxygen).  The plane of 

anesthesia of the animal is determined by a toe pinch, and failure to respond to the toe pinch is 

considered adequate anesthesia.  A small incision through the skin is made along the throat of an 

anesthetized mouse and the muscle underlying the skin is separated via blunt dissection, and a 

microchip (Bio Medic Data Systems, Seaford, DE) is placed subcutaneously.  The esophagus is 

then displaced slightly to reveal the trachea, and 30µl of virus diluted in PBS is then injection 

between the rings of the trachea towards the lower airways.  The incision is then closed with 

surgical glue (Nexaband, Abbott Animal Health, Chicago IL) and the mouse righted quickly to 

prevent the reflux of the virus into the upper airways and nasal passages.  The mouse is allowed 

to waken before being returned to the cage. 

Monitoring of Infected Animals  

Each mouse is microchipped (Bio Medic Data Systems, Seaford, DE) as described above 

at the time of infection and that microchip transmits the temperature and mouse identification 

number to the DAS-5007 reader (Bio Medic Data Systems, Seaford, DE).  Weight, temperature, 

and physical observations of the mice (grooming habits, facial swelling, secretions, removal of 

hair, etc) are recorded daily.  Criteria for euthanizing the mice include open mouth breathing, 

severe difficulty in breathing, body temperature of 30°C of lower as measured by the microchips, 

or greater than 30% body weight loss from beginning weight.  A clinical scoring guide for mice 
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infected with poxviruses has been created and used to determine the disease severity in the 

animals.  (Table 2-1)  Euthanasia is performed by injecting 0.1 mL of Beuthanasia D 

intraperitoneally and then confirming the cessation of a heart beat by palpitation. 

Processing of Tissues for Titering 

Lungs were removed while being careful to separate the major bronchi from the lung 

tissue.  The tissue was flash frozen in liquid nitrogen and kept at -80°C.  Sections of the liver, 

spleen, one gonad, and the brain were placed into 2mL tubes and flash frozen in liquid nitrogen 

and kept at -80°C until processing.  The tissue was weighted prior to homogenization using an 

analytical balance (XS105 Dual Range, Mettler Toledo) to determine actual weight in mg of the 

tissue.  The frozen tissues or whole blood are placed into 2mL screw top tubes (Sarstedt) with 

~1.0  mL sterile 24 grit silicon carbide (Electro Abrasives, Buffalo, NY) and 1mL growth media 

without serum (Minimum Essential Media, Invitrogen).  The tubes are then placed in the Mini-

Beadbeater 8 (Biospec, Bartlesville, OK) for 1.5 minutes on the homogenization setting.  The 

resulting supernatant is then sonicated for 1 minute in the water bath sonicator at an output 

setting of 9 and 70% duty cycle and virus concentration determined by plaque assay as described 

in the plaquing of virus and tissues section. 

Interferon Beta ELISA Assays 

IFNβ ELISAs assays were performed using the Mouse IFN-Beta ELISA kit (PBL 

Biomedical Laboratories, Piscataway, NJ).  All lung samples were weighed using an analytical 

balance (XS105 Dual Range, Mettler Toledo) to determine actual weight in mg of the tissue.  

Tissue culture growth media without FBS was added to each lung tube for a final concentration 

of 0.2mg tissue/ 1mL of media, then approximately 1mL of sterile 24 grit silicon carbide (Electro 

Abrasives, Buffalo, NY) was added to each tube.  The lung samples were then homogenized for 
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30 sec using the Mini-Beadbeater 8 (Biospec, Bartlesville, OK), placed on ice and used 

immediately for the ELISA. 

Each ELISA kit had an individual Certificate of Analysis in which the antibody standards 

and HRP detection antibody dilutions were prescribed to ensure consistency among kits used.  

For this study 4 kits were used with the standards and samples run on each plate in duplicate.  

The manufacturer supplied protocol was followed for these ELISAs. 

 
Histological Methods 

Tissue Processing 

 Mice were euthanized as previously described and tissues removed immediately.  The 

lung was sectioned horizontally multiple times per lobe, placed into a tissue cassette and 

immediately placed into 10% buffered formalin (Fisher Scientific).  Multiple sections cut 

horizontally from different liver lobes and the entire spleen cut transversely were placed into 

tissue cassettes and immediately placed into 10% buffered formalin. Tissues were fixed for 12-

18 hours in formalin at room temperature and then transferred to PBS until embedded.   All 

tissues were imbedded in paraffin by the Molecular Pathology Core at the University of Florida. 

 Tissues were sectioned on continuous sections of 4um in thickness by the Molecular 

Pathology Core at the University of Florida. 

H&E Staining 

 4um sections of tissue were stained with hematoxylin and eosin by the Molecular 

Pathology Core at the University of Florida. 

Anti-gfp Immunostaining 

 Sections of lung, liver and spleen were stained with anti-gfp antibody.  This antibody was 

used to detect virally infected cells as all the viruses used for histopathology express the gfp 
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protein.  The paraffin was removed using the following solvent series: xylene for 5 minutes 2 

times, 100% ethanol for 2 minutes 2 times, 3% H2O2 in methanol for 10 minutes, 95% methanol 

for 3 minutes, 70% methanol for 1 minute, water for 1 minute, TBS-Tween buffer for 5 minutes.  

The tissues were blocked using Sniper serum (Biocare Medical, Concord, CA) for 15 minutes 

followed by 2 washes in TBS for 5 minutes.  The primary antibody, anti-gfp antibody (Abcam) 

diluted at 1:40,000 was added for 60 minutes followed by 2 washes in TBS for 5 minutes.  The 

secondary antibody used was the Mach 2 goat anti rabbit HRP polymer (Biocare Medical, 

Concord, CA) for 30 minutes.  Cardassian DAB chromagen (Biocare Medical) was then used to 

develop the slide color for 5 minutes and then slides were washed with water to stop the color 

development.  The nuclei were stained with Hematoxylin (Vector) for 1 minute, washed with 

water, placed into TBS for 1 minute to develop the blue color and rinsed with water.  The tissues 

were then dehydrated by soaking in 80% ethanol for 1 minute, a quick dip into 95% ethanol, 

followed by a 30 sec soak in 95% ethanol, 100% ethanol 2 times for 1 minute and, a soak in 

xylene 2 times for 1 minute.  The slides were then coverslipped using cytoseal (Richard-Allen 

Scientific) 

Anti-STAT-1 Immunostaining 

The paraffin was removed from the tissue sections using the following solvent series: 

xylene for 5 minutes 2 times, 100% ethanol for 2 minutes 2 times, 3% H2O2 in methanol for 10 

minutes, 95% methanol for 3 minutes, 70% methanol for 1 minute, water for 1 minute, TBS-

Tween buffer for 5 minutes.  Antigen retrieval was performed in Antigen Retrieval Citra 

Solution (Biogenex, San Ramon, CA) for 30 minutes in a steamer then rinsed in TBS buffer 2 

times for 5 minutes.  The tissues were blocked using Sniper serum (Biocare Medical, Concord, 

CA) for 15 minutes followed by 2 washes in TBS for 5 minutes.  Rabbit anti-Stat I antibody 

(Abcam, Inc., Cambridge, MA) was diluted in Antibody Diluent (Zymed®, Invitrogen, Carlsbad, 
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CA, USA) at 1:500 and incubated for 1 hour at room temperature followed by 2 washes in TBS 

for 5 minutes.  Normal rabbit immunoglobulin (Vector Laboratories, Burlingame, CA) was used 

as a negative control, diluted in Antibody Diluent (Zymed®, Invitrogen, Carlsbad, CA, USA) 

and incubated on tissues for one hour at room temperature followed by 2 washes in TBS for 5 

minutes.  Secondary antibody, Mach 2 Rabbit-HRP Polymer (Biocare Medical), was incubated 

on tissues at room temperature for 30 minutes and then rinsed in TBS quickly. Color 

development was performed with Cardassian DAB chromagen (Biocare Medical) for 5 minutes 

then slides were washed with water to stop the color development.  The tissues were 

counterstained with Hematoxylin (Vector Laboratories) for 1 minute, washed with water, placed 

into TBS for 1 minute to develop the blue color and rinsed with water.  The tissues were then 

dehydrated by soaking in 80% ethanol for 1 minute, a quick dip into 95% ethanol, followed by a 

30 sec soak in 95% ethanol, 100% ethanol 2 times for 1 minute and, a soak in xylene 2 times for 

1 minute.  The slides were then coverslipped using cytoseal (Richard-Allen Scientific). 

Analysis of Slides and Photography 

Results are representative of reads from at least 2 slides from different animals.  All slides 

were analyzed by 2 separate individuals and results compiled.  Photographs of the tissues were 

taken using an Axioskop2 mot plus upright microscope (Zeiss) with the color camera AxioCam 

HRc (Zeiss).  All photos were processed using AxioVision 4.2 program (Carl Zeiss Vision, 

Zeiss).
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Figure 2-1.  Generation of VV∆E3L::gfp.  A) Diagram of the VV∆E3L::gfp locus.  B) Agarose 

gel of the VV∆E3L::gfp virus to ensure complete deletion of the E3L locus and 
correct placement of the gfp gene.  Lane 1 and 7 contain the 1kb ladder by NEB.  
Lanes 2 to 6 are are wild type virus; lanes 8-12 are VV∆E3L::gfp; lanes 13 to 17 are 
rVV∆E3L::gfp.  lanes 2-4, 8-11 and 13-15 are the left, right and internal regions of 
E3L that only amplify with the presence of wild type E3L locus; lanes 5-6, 11-12 and 
16-17 are the left and right flanks amplified using both the genome primers and 
internal gfp primers that only amplify when the deletion fragment is present.  
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Figure 2-2.  Generation of VV∆K3L::gfp A) Diagram of the VV∆K3L::gfp locus.  B) Agarose 
gel of the VV∆K3L::gfp virus to ensure complete deletion of the K3L locus and 
correct placement of the gfp gene.  Lane 1 contains the NEB 1kb ladder.  Lanes 2 to 6 
are amplified using wild type VV; lanes 7 to 11 are amplified using VV∆K3L::gfp.  
Lanes 2-4 and 7-9 are the wild type locus amplified the left, right, and internal 
sequences only present in the wild type gene.  Lanes 5-6 and 10-11 are the the left 
and right flanks amplified using both the genome primers and internal gfp primers 
that only amplify when the deletion fragment is present. 
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Figure 2-3.  Mouse genotyping.  Agarose gel of mouse genotyping for all mouse constructs.  
Lanes 1 and 6 contains the NEB 1kb ladder, lane 2 is a wild type copy of the RNaseL 
gene, lane 3 is the knockout mouse copy of the RNaseL gene.  Lanes 4 and 5 show 
the wild type PKR locus primers when amplified from a wild type mouse (lane 4) and 
the PKR knockout mouse (lane 5).  Lanes 7 and 8 are amplified using the PKR 
knockout primers with a wild type mouse in lane 7 and the PKR knockout mouse in 
lane 8.  A PKR gene deletion is determined by the absence of a band using the wild 
type PKR locus primers (lane 5) and the presence of a band using the PKR knockout 
primers (lane 8). 
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CHAPTER 3 
PATHOLOGY OF VACCINIA VIRUS IN WILD TYPE MICE 

Introduction 

Vaccinia virus (VV) has been reported to cause disease in a variety of mice using a number 

of infection routes including intranasal (IN), intratracheal (IT), intradermal of both the ear pinn, 

two of which, the intranasal (IN), intratracheal (IT), intradermal (ID) inoculation of the ear 

pinnae (Tscharke & Smith, 1999) or footpad, scarification of the tail, intraperitoneal (IP), and 

intracranial (IC).  (Figure 1-6A)  The IN and IT routes are intended to result in primary lung 

infections.(Wilcock, Duncan et al., 1999)  VV infection by the IN route has been studied in mice 

and shown to exhibit an upper respiratory infection with systemic lethal disease at a dose of 106 

pfu. (Brandt, Heck et al., 2005;Brandt & Jacobs, 2001;Turner, 1967)  The IT route of infection 

has been reported to cause similar disease with 10 to 100 fold less virus required. (Amanda Rice, 

Amy MacNeill, Unpublished data)  Reproducibility has been a problem with the IN infections 

because mice have a tendency to expel the inoculum resulting in a variable infectious dose and 

the sequestration of the inoculum in the nasal passages rather than the lung.(Brandt & Jacobs, 

2001)  IT infections have been documented to be more reproducible delivering a defined amount 

of virus for each mouse infection directly to the lung. (Amy MacNeill, Unpublished data) 

C57BL/6 mice infected by the IT route will be examined in this study for a baseline 

determination of disease caused by VV.  C57BL/6 mice have been selected for the wild type 

control because the knockout mice used in later sections of this study are on this background.  

The C57BL/6 mice are also known to have a cell mediated response to virus infections, rather 

than a humoral or antibody response found in Balb/C mice.(Smith & Kotwal, 2002)  A cell 

mediated response has been shown to be important for controlling and clearing virus infections. 
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It is necessary to have a thorough disease baseline for comparison of the disease in 

knockout mice with both VV and deletion viruses examined later in this study.  The disease 

outline includes survival and determination of the LD80, virus dissemination through the animal 

as assayed by tissue titers, host responses at the primary site of infection determined by both 

histopathology and microarray analysis, and clinical symptomology documentation. 

 Results 

Survival Studies of Wild Type Mice Infected with Vaccinia Virus 

To first establish baseline survival parameters of VV infection of wild type mice via the IT 

route, mice were inoculated with VV diluted to 104 to 106 pfu in PBS to a total volume of 30µl 

by the intratracheal route (IT) of infection.  Animals were then observed for 10 days and daily 

measurements of temperature, body weight, and overall clinical appearance were noted.  No 

animals were allowed to die of natural causes; therefore the time of death indicated on the 

survival curves is the time in which an animal had to be euthanized due to severe disease.  

Animals were euthanized when they reached 30% or more weight loss as compared to the 

starting weight, body temperatures dropped from 36 to 30°C or less, or the animal exhibited 

severe respiratory distress as measured by open mouth breathing or gasping.  A clinical scoring 

criteria chart was developed from the observations made in this study.  (Table 3-1)  This chart 

allows for a numerical value to be given to the clinical appearance of the animals and describes 

specific criteria for euthanasia of an infected animal.  

The survival curve for wild type mice is shown in Figure 3-1 and a summary of the doses 

and with survival percentages are shown in Table 3-2.  A dose dependent response was observed 

in this survival study in that as the virus dose increased a higher percentage of animals had to be 

euthanized following our criteria.  Clinical symptoms were more severe and appeared sooner 

with higher doses of virus.  The experimental dose that led to 80% euthanization rate, or LD80, 
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was determined to be 1x106 pfu.  This experimentally determined dose is comparable to values 

previously published with VV inoculated into wild type C57BL/6 mice via the IN route.(Brandt, 

Heck et al., 2005;Brandt & Jacobs, 2001;Turner, 1967)  The average day to euthanization was 

determined to be 4.95 days with all mice euthanized by day 6, also consistent with previously 

published data.(Brandt, Heck et al., 2005)  This LD80 dose of 106 pfu will be utilized in all future 

studies for wild type mice including all time courses of infection with VV and histological 

analysis. 

Clinical Symptoms in Wild Type Mice Infected with Vaccinia Virus 

It has been previously reported that weight loss serves to be an accurate indicator of 

disease in the animal, and that has been demonstrated in this study as well.(Thompson, Turner et 

al., 1993)  Mice that received lethal doses of virus exhibited a rapid, continual drop in body 

weight up to 30% as compared to the beginning body weight of the animal, serving as an 

indication of severity of disease.  This weight loss severity and timing at which it occurred was 

dependent upon the dose of virus the animal received.  (Figure 3-2B)  Although it is difficult to 

ascertain the exact cause of the animal’s dramatic weight loss over a period of 4 days (days 3 to 

6) it is most likely due to anorexia and dehydration.  As the animals’ body weight decreased the 

body temperature also decreased as shown in Figure 3-2A, demonstrating that temperature also 

serves as valid a measure of disease.  Body temperature is measured by a microchip placed 

subcutaneously into the mouse at the time of infection.  This method of temperature measure 

may not represent a true measure of core body temperature late in infection; however it does 

serve to be an adequate predictor of disease severity and likelihood of survival. 

Mice that succumbed to infection had a distinct disease presentation illustrated in Figure 3-

3.  The mice demonstrated clinical symptoms at 4 days post infection until euthanasia that 

included hunched posture, failure to groom, nose, facial and head swelling, respiratory distress, 
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weight loss, and decrease in body temperature.  The hunched posture, failure to groom, and face 

and head swelling is shown in Figure 3-3BII and III.  Respiratory distress in the animals is 

characterized by open mouth breathing or trembling when the animal is attempting to breathe.  

Occasionally eye secretions and lower abdominal swelling with intestines filled with gases at 

necropsy have been observed.   

Induction of Interferon β Synthesis in Infected Lung Tissue 

Vaccinia virus is known to suppress the immune response to viral infection, and one of the 

first responses to infection is the up regulation of type I interferons.  IFNβ is expressed by all cell 

types in response to tissue damage or virus infection quickly while IFNα is expressed at high 

levels only after priming of the cells.  Therefore to measure the immediate response to viral 

infection the total amount of IFNβ was quantified.  ELISAs on whole lung homogenate from 

animals infected with 106 pfu of VV was performed to detect the levels of IFNβ in the tissue as a 

function of total lung weight.  Similar studies with other IFNβ activators, such as InfluenzaA, 

observe high levels of induction (Jewell, Vaghefi et al., 2007). 

Mice were infected with 106 pfu of VV via the IT route, which is the LD80 dose for wild 

type mice.  Animals were then observed for clinical signs of illness until the previously 

prescribed day of euthanasia and tissue harvest.  Lungs were removed at the time of euthanasia, 

flash frozen to prevent any protein degradation, and stored at -80°C until homogenization and 

assaying.  Levels of IFNβ in the lung tissue were markedly low, staying below 225 pg/mg tissue 

for every day assayed except for a small peak at day 3 of 500 pg/mg tissue as shown in Figure 3-

4.  This lack of activation of IFNβ, as compared to values reported in other studies with average 

levels of 600 to 12000 pg/ml of IFNβ (Jewell, Vaghefi et al., 2007), in the infected lung tissue 

reinforces the hypothesis previously reported data that VV is able to control the host response to 

virus infection at multiple points in the IFN response pathways. (Seet, Johnston et al., 2003) 
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Virus Dissemination from the Site of Inoculation 

Viremia is defined as the spread of virus from one site to another and characterized in the 

animal as the successful infection at a local site, replication, and spread throughout the body to 

distal sites.  This determination of the efficiency of the virus to spread within the host animal is 

one indicator of the virulence of the virus.  It has been previously reported that mice infected 

with VV via the IN route exhibited high levels of viremia and spread throughout the 

animal.(Brandt, Heck et al., 2005;Brandt & Jacobs, 2001)  In order to determine the baseline 

viremia of wild type mice infected with VV via the IT route, a time course measuring the virus 

spread was performed.  These values for the spread of VV in wild type mice are utilized 

throughout the remainder of the study for comparison of knockout mouse constructs infected 

with VV as well as mice infected with deletion viruses used later in this study.  

Animals received 106 pfu of VV IT and were then sacrificed at days 2 to 6.  Ten mice per 

day were harvested.  The tissues harvested for evaluation from each mouse included lung, liver, 

spleen, gonad, and brain.  After flash freezing of the tissues and processing as described in 

Chapter 2 the samples were then plaqued on CV-1 cells to determine the virus levels found in 

each tissue.  Table 3-3 shows the levels of virus found in each of these organs over time.  From 

the virus titers it can be determined that VV replicates in the lungs of wild type mice as indicated 

by the 100 fold increase in virus titer from the total pfu inoculated in the lungs.  The 

dissemination to other organs occurs at early time points and the virus continues to grow to high 

titers suggesting that VV can replicate efficiently within all the tissues sampled.  There was no 

difference found between males and females for virus spread or titers of virus in the organs 

harvested (data not shown) and levels of virus in either the male or female gonads was 

comparable.  This was in some disagreement with published data suggesting that VV replication 



 

70 

was enhanced in ovaries.  Our data showed that both testis and ovaries are equally susceptible to 

VV infection. 

Microarray Analysis of Vaccinia Virus Infected Lung Tissue 

 Microarrays allow for the analysis of thousands of transcripts within a given RNA sample 

in a single experiment, therefore making them attractive tools and generate large amounts of data 

quickly.  The arrays can either be based on a competitive hybridization with two samples labeled 

with different dyes that give a ratio of the level of a transcript as compared to a control or a 

single sample hybridization that assigns an absolute number to transcript levels which then must 

be compared to a control sample array.  The dual dye competitive arrays allow for the direct 

comparison between two samples to determine the genes differentially expressed, such as when 

used to determine the differences in expression between two closely related tumors or cancers; 

whereas the single sample hybridization arrays allow for a broad comparison for multiple 

treatments.  Dual dye arrays often exhibit a high level of variation between arrays due to the 

nature of which they are printed while the single sample arrays exhibit a high consistency due to 

the method of printing.  While both methods have their uses, the single sample hybridization will 

be used in this study.(McShane, Shih et al., 2003) 

This technology has also been utilized in the context of poxvirus infected cells to identify 

key genes that undergo an expression change after infection.  Several studies have analyzed the 

changes of host cell transcriptional changes in response to poxvirus infection in vitro.  These 

studies have utilized different cell lines and viruses, therefore identifying different gene 

profiles.(Guerra, Najera et al., 2007;Laassri, Meseda et al., 2007;Grinde, Gayorfar et al., 

2007;Ludwig, Mages et al., 2005;Guerra, Lopez-Fernandez et al., 2004;Brum, Lopez et al., 

2003)  One key feature of the microarrays performed with wild type viruses is the overall 

shutdown of the host transcript levels observed within 4 hours of infection.(Brum, Lopez et al., 
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2003)   This is most likely a function of using a high MOI to ensure synchronistic infections of 

the cells and necessitated alternative methods of analyzing data obtained from in vitro studies. 

(Brum, Lopez et al., 2003)  While this information is useful it does not allow for extrapolation to 

the responses observed in animals.  Infections in animals have a cell population that constantly 

changes with the recruitment lymphocytes to the site of infection.  It is also impossible to have 

all the cells in a given tissue of an animal infected simultaneously, so there are subpopulations of 

cells at varying 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.  The question of 

what changes in gene expression in the lung tissue are observed and whether they occur early in 

infection was investigated in this study. 

Mice infected with 106 pfu were sacrificed at days 0 to 5 and whole lung with the major 

bronchial tissue were harvested for microarray analysis.  The lung tissue harvested was flash 

frozen to preserve the RNA integrity and RNA isolated using Trizol.  Three female mice per 

time point were used for this study.  While both males and females exhibited identical 

susceptibility to VV infection only females were used to eliminate the possibility of sex related 

transcriptional differences.  All mice exhibited expected clinical symptoms before being 

sacrificed. 

 The Affymetrix mouse 430_2 microarray was used for analysis of host gene 

transcriptional differences over the course of infection.  The mouse 430_2 array has 45,101 

probe sets that represent 39,000 transcripts and splice variants of 34,000 genes.  The arrays were 

normalized according to the intensity across the array, with all the arrays exhibiting no decrease 

in transcript levels over time as had been previously observed with studies in tissue culture.  This 

was due to not all the cells in the lung being infected as occurred with the in vitro studies.  One 
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replicate array for day 3 was excluded from the analysis due to an overly high background level 

of intensity.  After normalization the arrays were assigned to groups based upon the day of 

harvest and subjected to an F-test for change in expression over time in BRB Array tools.  This 

analysis gave 1811 probe sets that were differentially expressed over time at a significance of p= 

0.001.  Based upon the number of probe sets that would by chance be identified as differentially 

regulated, or the false discovery rate, the 1811 probe sets were more than the 450 genes that 

would be identified by chance.   

A heat map showing the relative up or down regulation as compared to the average values 

for the probe sets identified in the F-test as being differentially expressed over time is shown in 

Figure 3-5.  This heat map shows a clear difference in expression between days 3 and 4 post 

infection.  This change in expression profiles occurs at approximately the same time that the 

clinical symptoms of disease begin in the animals.  Probe sets of particular interest to this study 

included IFNα, IFNβ, OAS, RNaseL, PKR and the subsequent signaling molecules in the IFN 

response pathways targeted by VV. 

 The probe sets identified were from a wide variety of pathways with no consensus for up 

or down regulation within a pathway.  Software from Inguinity and the BioCarta classifications 

in BRB Array Tools were used for the pathway classifications were used to examine the relative 

regulation changes within pathways.  Specific classes of probe sets were analyzed to determine 

whether the changes in expression patterns could be attributed to any pathway or cell type.  

Classifications of immune responses that were expected were used in this analysis including T 

and B cell genes and those identified to be involved in an immune response.  Probe sets 

classified to be members of T-cell and B-cell specific pathways (BioCarta) were clustered in 

BRB Array Tools and no defined patterns were identified in either, Figures 3-6 and 3-7, 
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respectively.  The heat maps do not show a change in expression that is consistent over time; 

rather the regulation is random and sporadic.  There may be probes within these analyses that 

will prove to be crucial in future studies, however using these methods they are not readily 

identifiable.  The class of probes identified to be part of the immune system response pathways 

in BRB Array Tools in Figure 3-8 do show a similar pattern to the overall global change in 

which there are 2 opposite shifts observed.  This data suggests that the response is highly focused 

within the immune response pathways, but it is still not easily identifiable as to the most 

important genes or pathways. 

Probe sets specific for the genes of interest for the IFN activation pathways outlined in 

Chapter 1 that showed differential expression patterns were identified and are listed in Table 3-4.  

The type I interferon receptor (IFNAR1) and IFNγ receptors were both down regulated over the 

course of the arrays.  CD14, the membrane protein that is involved in TLR3 mediated IFN up 

regulation, was shown to be up regulated over time.  The ATF proteins that are transcription 

factors that up regulate the expression of IFN response genes by response to dsRNA were up 

regulated over time, however the proteins upstream of ATF were not shown to be differentially 

expressed.  PKR was not shown to be differentially expressed over time, but eIF2β was shown to 

be slightly up regulated.  OAS2 and OAS3, both in the OAS/RNaseL pathway responding to 

dsRNA were shown to be highly up regulated in the lung tissue over time; however RNaseL did 

not show a change in expression.  STAT-1 and STAT-2 both showed an increase in transcript 

level over time.  STAT-1 and STAT-2 are transcription enhancers that are activated by activation 

of the type I IFN receptor that act by binding to IFN stimulated response elements (ISRE) within 

the promoters of interferon response genes. (Figure 1-1)   
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STAT-1 Staining of Lung Tissue 

 Validation of the microarray data change in gene expression between days 3 and 4 of 

infected lung tissue was performed using immunohistochemistry (IHC) to determine if gene 

expression correlated to an increase in protein levels within a cell.  Often RNA levels do not 

correspond to protein levels due to transcript longevity and level of translation, so to determine if 

the up regulation of transcript levels correspond to protein levels in the tissue staining of lung 

tissue for STAT-1 total protein was performed.  The lung environment also changes over the 

course of infection and it was unclear as to whether the changes in the microarray expression 

profiles were attributed to infiltrating cells.  STAT-1 is a transcriptional factor activated in the 

interferon pathway and important for the response of a cell to viral infection.  STAT-1 was 

identified in the microarray data as up regulated in 3 probes that represent STAT-1 between days 

3 and 5 by an average of 3.94 times (Table 3-4) and was chosen for the IHC analysis.   The 

antibody used for this IHC binds to both active and inactive STAT-1 in order to determine the 

overall up regulation of host cell translation. 

Lung tissue isolated from mice at days 3 and 5 post infection with VV were fixed in 

formalin and embedded in paraffin for sectioning.  Both active and inactive STAT-1 protein was 

detected by IHC and photographs of representative sections are located in Figure 3-9.   STAT-1 

staining is shown by the presence of a brown color in the tissue with nuclei counterstained blue 

with hematoxylin.  The 3 day post infection lung sections clearly have STAT-1 present in most 

cells exhibiting a light mostly cytoplasmic staining pattern similar to that of the uninfected 

sections.   However the staining of the 5 day post infection sections is more intense than that 

observed in both the uninfected and day 3 post infection sections and demonstrates a different 

pattern.  At day 5 all the epithelial cells are staining in both the nucleus and cytoplasm darkly 

while the infiltrating cells (neutrophils, macrophages, etc) show no staining as shown by the 
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absence of brown color.  This not only suggests that the changes in expression patterns correlate 

to protein levels in the tissue but are due to the global tissue response not to the influx of immune 

cells to the site of infection. 

Histopathology of Infected Mice 

 The histopathology of infected animal tissues allows for an in depth view of what 

responses are occurring at the tissue and cellular level.  Cells infected with VV were detected by 

the use of a VV expressing gfp under the poxvirus synthetic early late promoter, VV∆ATI::gfp.  

This virus has been examined in animals (data not shown) and is not attenuated, with mice 

exhibiting all the same clinical symptoms and LD80 dose observed with wild type VV.  While 

spread of VV was observed at high levels throughout the mice by tissue titer, histopathological 

analysis was performed on lung, liver and spleen tissue.  Both H&E and immunohistochemistry 

(IHC) for detection of gfp were performed on all 3 tissues from at least 2 different mice at day 3 

and 5 post infection.  The H&E shows the overall appearance of the tissue and for identification 

of cell types while IHC staining detected of virally infected cells by the presence of the gfp 

protein expressed by the virus. 

 Day 3 lung sections of wild type mice surprisingly showed a very localized and restricted 

infection by IHC with VV infection of lung epithelial cells surrounding the bronchi and 

bronchioles.  There was no staining of the alveolar type I or type II pneumonocytes observed at 

day 3.  (Figure 3-10A)  The H&E of the lung tissue showed modest edema around areas of 

infection with infiltrating neutrophils.  (Figure 3-10B)  The liver sections showed no pathology 

and no staining with IHC.  The spleen sections were of normal pathology with no staining by 

IHC for VV infected cells. 

 Day 5 histopathology showed local areas of VV infection that were centralized around 

bronchi with staining in the alveolar tissue surrounding these bronchi following IHC staining of 
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lung sections.  (Figure 3-10C, 3-10E)  Macrophage infiltrates were also observed to be positive 

for VV infection by IHC.  Both alveolar type I and II pneumonocytes were shown to be infected 

by IHC as were blood vessel epithelial and endothelial cells.  H&E of these lung sections showed 

severe edema around areas of infection with macrophage and neutrophil infiltrate.  (Figure 3-

10D, 3-10F)  Blood vessel integrity was not maintained and was most likely the source of the 

edema.  Liver sections showed no pathology on H&E staining (Figure 3-11B); however few 

epithelial cells were positive for VV infection by IHC (Figure 3-11A, 3-11C).  Spleen sections 

showed evidence of an immune response with neutrophillic and histiocytic aggregates within the 

follicles.  (Figure 3-11D, 3-11E)  Few cells in the spleen stained positive for VV by IHC.  

 Tissues harvested for histopathology were weighed prior to processing to determine gross 

weight.  Figure 3-12A shows the ratios of body weight to lung weight from days 2 to 6 post 

infection.  As the infection progresses the ratios of body weight to lung weight decreases as 

compared to the uninfected PBS treated animals while the ratio of lung weight to spleen weight 

increases over time.  The weight of the lungs from infected animals as compared to PBS animals 

is shown to increase by more than 2 times in Figure 3-12C and 3-12D.  This increase in lung 

weight over the course of the infection correlates with the appearance of both immune cell 

infiltrates and edema in the lung tissue.  The spleen weights did not change over the course of 

infection while the body weight decreased, confirming that the spleen composition does not 

change over the course of infection as seen with histopathology. 

Discussion 

 VV infection of wild type C57BL/6 mice was shown to produce severe disease in which 

80% of mice had to be euthanized when given 106 pfu via IT route.  The disease is characterized 

by a rapid weight loss that occurs simultaneously with a body temperature decrease.  A decrease 
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in grooming and face and head swelling late in the disease are also characteristic of VV infection 

of wild type mice. 

The primary site of infection in this infection is the lung, of which the virus infected cells 

are focused around the bronchi.  The infection surprisingly was localized, not the generalized 

infection pattern that was expected from placing 106 pfu of VV directly into the lungs of mice.  

Although the lung infection was maintained as a localized infection, global tissue responses were 

observed in both transcription levels as measured by microarrays and protein levels as measured 

by STAT-1 immunohistochemistry.  This localized infection caused edema around the infected 

bronchi and the influx of immune cells to the lung tissue.  The influx of immune cells suggests a 

wide spread immune response to infection, however the response was not caused by an increase 

in IFNβ as measured by whole lung ELISA.  The lack of IFNβ up regulation is consistent with 

VV controlling the host immune response to infection. 

The spread of virus from the lung is rapid, showing dissemination to the brain, liver, 

spleen, and gonad within 2 days from infection.  The levels of virus found in the lung are 

constant over the course of infection, suggesting that any virus made in the lungs is rapidly 

disseminated to the other organs.  This rapid virus dissemination is consistent with the small 

localized areas of infection observed in the IHC lung sections.  Since virus replication is not 

restricted to the lung nor does it cause the massive amount of tissue damage that would be 

expected from a direct inoculation into the lung, it can be hypothesized that the disease and 

clinical symptoms observed are due to a systemic infection of the animal. 

This description of wild type C57BL/6 mice infected with VV will be utilized as a 

reference point for all the future experiments. 
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Figure 3-1.  Survival curves for wild type mice following infection with VV. Survival curve for 
wild type mice infected with VV-WR at the doses indicated.  The number of mice per 
treatment is notated in the Figure legend.  The overall significance for the curves was 
p<0.001 by the Kaplan Meier survival analysis.  The Holm-Sidak method for multiple 
comparisons was used to determine significance between the curves.  All 
comparisons were found to be significant at p≤0.0008 except the 105 pfu curve 
compared to the 106 pfu curve. 
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Table 3-2.  Summary of Survival Data for Wild Type Mice Infected with Vaccinia Virus 
Dose (pfu) Live/Total % Survival 

PBS 25/25 100 
104 19/30 80 
105 10/36 27.3 
106 7/43 16.3 

The total virus dose, number of survivors over the total number of mice infected, and the 
calculated percent survival are indicated. 
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Figure 3-2.  Average body temperature and weight loss curves of wild type mice following 
infection with VV. Number of mice for each of the measurements is shown in the 
legend for the survival curve graph in Figure 3-1. Curves for the 106 dose were 
terminated at day 6; there were 7 survivors that were not taken into account after day 
6.  A) Average body temperature of the mice infected with VV-WR.  Error bars 
represent SEM.  B)  Average weight loss over time of the mice infected with VV-
WR.  Weight loss was calculated from beginning weight of the mice at day 0.  Error 
bars represent SEM.  
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Figure 3-3.  Clinical progression of VV disease in mice.  A) Time line of the progression of 
disease.  The red boxes represent the symptoms for which an animal is euthanized, 
the blue other clinical symptoms observed.  B) Photographs of the clinical 
progression.  I) A healthy, uninfected mouse with a normal head profile.  II) A mouse 
infected with VV at day 5 just before euthanization with the head swelling, face 
swelling, open mouth breathing, and failure to groom.  III) A whole body photo of a 
mouse infected with VV at day 5 that is exhibiting face swelling, eye secretions, a 
hunched posture, and failure to groom. 
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Table 3-1.  Clinical scoring criteria for poxvirus infected mice. 
Observation Points Assessment Examples 
Posture 0 Normal Ears up, moving freely. 

 1 Abnormal Some reduction in spontaneous activity; will 
move with gentle encouragement but prefers to 
be inactive.  Change in posture. “Scruffy.” 

 2 Very abnormal Little to no spontaneous activity. “Frumpy.” 
 3 Severe Hunched. 

Attitude 0 Normal Bright & alert, interested in surroundings. Usual 
temperament. 

 1 Abnormal A bit dull but still active in investigating new 
situation. 

 2 Very abnormal Very dull, not interested in surroundings, 
preoccupied. 

Hydration 0 Normal No tent. 
 1 Abnormal Tent, but returns to shape after <30 seconds. 
 2 Very abnormal Tent and does not return to shape readily. 

Eyes 0 Normal Normal. 
 1 Abnormal Conjunctivitis either unilateral or bilateral may be 

occasional nodules. Eyes are not closed. 
 2 Very abnormal Severe conjunctivitis with purulent discharge. 

Eyes may be partially closed. Lids swollen. 
Nose 0 Normal Normal. 

 1 Abnormal Slight swelling. 
 2 Very abnormal Severe swelling. 

Respiration 0 Normal Normal. 
 2 Abnormal Mild difficulty breathing. 
 4 Very abnormal Open mouth or gasping. 

Head 0 Normal Normal. 
 1 Abnormal Slight swelling 
 2 Very abnormal Severe swelling 

Temperature 0 Normal 35-36ºF 
 1 Abnormal 36-39ºF/34-32 ºF 
 2 Very abnormal +40ºF/below 31.9 ºF 

Weight 0 Normal Constant weight gain 
 1 Abnormal No weight gain 
 2 Very abnormal Weight loss 

Viremia 0 Normal No secondary lesions present 
 2 Abnormal Secondary lesions present, minimal 
 4 Very abnormal Secondary lesions present, severe 

Animals with 13-15 points require euthanasia.  Any animals exhibiting weight loss >30% or 
severe respiratory distress require immediate euthanasia. 
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Figure 3-4.  Interferon beta levels in the lung tissue of VV infected wild type mice.  Total IFNβ 

as measured by Elisa.  10 mice per time point were assayed.  Error bars represent 
SEM.  Horizontal dotted line is the limit of detection for the assay. 
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Table 3-3.  Virus spread of VV in wild type mice 
Tissue     Day     

  2 3 4 5 6 
Lung 6.12   6.49 6.53   6.45 5.92  
Liver 3.55 5.05 6.39 7.75 7.57 
Spleen 4.51 5.68 5.95 6.15 6.05 
Gonad 3.72 4.39 5.15 5.31 7.29 
Brain 5.82 6.58 6.45 6.64 7.26 

Virus spread of wild type mice infected with 106 pfu as measured by virus titers.  Numbers 
represent log10 values of the average titers for each organ at the specific time point.  n ≥10 mice 
per time point. 
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Figure 3-5.  Global expression profile changes in infected lung tissue of differentially expressed 
probe sets.  Microarray analysis heat map of probes differentially expressed over time 
in lung tissue of infected mice as determined by an F-test performed on the data.  3 
samples per time point, except for day 3 where one array was not included in the 
analysis due to processing failure.  Each horizontal line represents a single probe 
expression profile.  Vertical collections of lines represent the overall expression 
profile for a sample.  Blue represents down regulation of the probe compared to the 
average expression value, white is the average expression value, and red is up 
regulation of the probe as compared to the average expression value. 
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Figure 3-6.  Expression profile of B cell specific genes.  The expression profile was performed 
on the entire data set for probes identified as B cell specific genes in BRB Array 
Tools.  Each horizontal line represents a single probe expression profile.  Vertical 
collections of lines represent the overall expression profile for a sample.  Blue 
represents down regulation of the probe compared to the average expression value, 
white is the average expression value, and red is up regulation of the probe as 
compared to the average expression value.  The bright red line of probes in the third 
sample in day 1 is due to a bright section of the array and not considered in the 
analysis. 
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Figure 3-7.  Expression profile of T-cell specific genes.  The expression profile was performed 
on the entire data set for probes identified as T cell specific genes in BRB Array 
Tools.  Each horizontal line represents a single probe expression profile.  Each 
horizontal line represents a single probe expression profile.  Vertical collections of 
lines represent the overall expression profile for a sample.  Blue represents down 
regulation of the probe compared to the average expression value, white is the 
average expression value, and red is up regulation of the probe as compared to the 
average expression value.  The line of bright red in the third column under the day 1 
set is not real up regulation, it is a bright area on the array, and therefore adds no 
information for those genes from that individual sample. 
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Figure 3-8.  Expression profile of probe sets identified as members of the immune response 
pathway.  The expression profile was performed on the entire data set for probes 
identified as immune response specific genes in BRB Array Tools.  Each horizontal 
line represents a single probe expression profile.  Each horizontal line represents a 
single probe expression profile.  Vertical collections of lines represent the overall 
expression profile for a sample.  Blue represents down regulation of the probe 
compared to the average expression value, white is the average expression value, and 
red is up regulation of the probe as compared to the average expression value. 
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Table 3-4.  Expression values for differentially expressed genes in the IFN activation pathways. 
Gene Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 p-value 

ATF3 210.3 257.7 291.5 164.2 778.6 773.8 0.00069 

ATF4 2169 1737.6 2788.9 2127.4 4593 3977.7 0.000138 

CD14 821.5 688.8 1079.9 961.7 1638.4 2214.8 0.0001174

eIF2b5 680.6 683.3 563.8 859.8 966.3 856.7 0.000975 

IFN gamma 
receptor 417 541.9 266.5 286.7 195.2 128.3 0.000684 

IFNAR1 (IFN 
α/βreceptor) 342.1 351.9 290.7 257.7 50.7 144.6 0.000953 

OAS2 191.1 195.1 211.1 159.4 677.2 1201.4 0.000393 

OAS3 28.9 27.8 80.1 161.9 585.3 1012.5 9.50E-06 

STAT-1 636.7 626.6 875.2 985.4 2930.7 3302.8 1.00E-07 

STAT-1 622.6 683.5 1196.4 1447 4825.2 6195.1 2.00E-07 

STAT-1 592.4 650.6 857.2 936 2892.8 3591.2 1.90E-06 

STAT-1 453.8 576.2 1203 991.9 1674.5 2022.9 0.000391 

STAT-2 117.4 108.5 117.4 168.7 457.6 533 0.000972 

Genes differentially expressed that are found in the IFN activation pathways of interest.  The 
values for each probe set represents the standardized fluorescence from the array.  The p-values 
were calculated in BRB Array Tools.  STAT-1 was represented on the array 4 times and each 
probe set showed a change in expression pattern. 

 



 

90 

 

Figure 3-9.  Immunohistochemitry staining of STAT-1 protein in wild type mouse lung tissue.  
Immunohistochemistry staining of STAT-1 protein in lung tissue of infected animals 
at day 3 and 5 post infection.  Nuclei are stained with hematoxylin and appear blue; 
STAT-1 staining detected with HRP and appears brown.  Star shows location of a 
bronchi.  A)  Uninfected lung tissue at 20X magnification.  B)  Uninfected lung tissue 
at 40X magnification.  C)  Day 3 lung tissue at 20X magnification.  D) Day 5 lung 
tissue at 20X magnification.  Arrow shows area of infiltrating cells and debris.  E)  
Day 3 lung tissue at 40X magnification. F)  Day 5 lung tissue at 40X magnification.  
Star shows location of a bronchi. 
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Figure 3-10.  Immunohistochemistry and H&E staining of wild type mouse VV infected lung 
tissue.  A) Day 3 IHC stained lung section at 5X magnification.  Arrow shows 
bronchi infected with VV.  B) Day 3 H&E lung section at 5X magnification.   C) Day 
5 IHC stained lung section at 5X magnification.  Arrow shows the site of infection.   
D)  Day 5 H&E lung section at 5X magnification.  E) Day 5 IHC lung section at 20X 
magnification.  Arrow shows an area of edema.  F) Day 5 H&E lung section at 40X 
magnification.  BV shows the location of a blood vessel; E shows an area of edema. 
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Figure 3-11.  Immunohistochemistry and H&E staining of liver and spleen tissue from VV 
infected wild type mice.  Arrows show areas of positive staining for virus infection.  
A) Day 5 IHC stained liver section at 10X magnification.  B) Day 5 H&E liver 
section at 10X magnification.  C) Day 5 IHC stained liver section at 100X 
magnification.  D)  Day 5 H&E spleen section at 10X magnification.  Follicles are 
dark blue in color.  E) Day 5 IHC spleen follicle section at 40X magnification.  
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Figure 3-12.  Tissue weights for VV infected wild type mice.  Graphs of the ratios of lung, 
spleen, and body weights for mice harvested for histopathology. Animals were 
infected with 106 pfu of VV and harvested at the times indicated.  3 animals per time 
point were used.  PBS animals are used as the normal reference.  A) Graph of the 
ratios of body weight to lung weight for mice.  B) Graph of the ratios of lung weight 
to spleen weight for mice.  C) Ratio of infected lungs to PBS lungs at the day 
indicated.   D)  Average ratio values for the infected lung, spleen, and body weight to 
uninfected animal lung, spleen, and body weight over time. 
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CHAPTER 4 
PATHOLOGY OF VACCINIA VIRUS IN KNOCKOUT MICE 

Introduction 

 PKR and RNaseL are important intracellular proteins that respond to the presence of 

dsRNA and up regulate interferon response pathways. (Garcia, Meurs et al., 2007)  VV has been 

shown to control these two pathways in vitro through the production of both a dsRNA binding 

protein (E3L) (Kibler, Shors et al., 1997)  and an eIF2α homologue (K3L) (Carroll, Elroy Stein 

et al., 1993).  Since the virus specifically targets these pathways mice deficient in either PKR or 

RNaseL has been hypothesized to be more susceptible to VV infection.  To examine this 

hypothesis PKR or RNaseL single knockout mice, and a double knockout PKR/RNaseL (DKO) 

mouse were obtained from Bryan Williams and Robert Silverman.  These mice were created on 

the C57BL/6 mouse background, the RNaseL knockout mouse from the Jax Labs C57BL/6 

(Zhou, Paranjape et al., 1999), and the PKR knockout mouse on the Taconic C57BL/6 

background (Yang, Reis et al., 1995).  Although background strains of mice can give different 

responses to various pathogens, this was determined not to be the case with VV infections by the 

IT route by examination of the sensitivity of both sources of mice with VV. (Data not shown.) 

PKR and RNaseL single knockout mice and the PKR/RNaseL double knockout (DKO) 

mice have been previously examined for their responses to VV infection.(Xiang, Condit et al., 

2002b)  This study reported that all three mouse constructs responded the same as the C57BL/6 

wild type animals, succumbing to virus disease at a dose of 106 pfu via the IN route.(Xiang, 

Condit et al., 2002b)  This study did not perform a complete dose response study with analysis of 

disease such as the one done here with a complete analysis of disease in these knockout animals.  

Detailed examination of the survival and disease caused in the knockout animals will allow for 

us to elucidate the roles PKR and RNaseL play in controlling VV infections of the lung.  The 
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disease outline includes survival and determination of the LD80, virus spread through the animal 

as assayed by tissue titers, host responses at the primary site of infection determined by 

histopathological analysis, and clinical symptomology documentation. 

Results 

 
Survival Studies of Knockout Mice Infected with Vaccinia Virus 

 Survival studies were performed on all the knockout mouse constructs to determine the 

sensitivity of each knockout mouse to VV infection.  It was hypothesized that the single 

knockout mice, RNaseL and PKR, would exhibit an increased sensitivity as compared to wild 

type mice to VV infection; while the DKO mice would exhibit a greater sensitivity to VV 

infection than that of the single knockout mice. 

 Seven week old knockout mice were infected with VV at doses of 103 to 106 pfu in 30µl 

of PBS by the IT route of infection.  These mice were monitored twice a day and underwent 

complete physicals daily that included weight and temperature measurements and overall 

appearance.  No animals were allowed to die of natural causes, therefore the survival curves are 

the time in which an animal had to be euthanized due to severe disease.  Animals were 

euthanized when they reached 30% or more weight loss as compared to the starting weight, body 

temperatures dropped to 30°C or less, or the animal exhibited severe respiratory distress. 

The PKR and RNaseL knockout mice were determined to exhibit similar sensitivities to 

VV, with 105 pfu causing approximately 80% of the animals to be euthanized due to severe 

disease. (Figure 4-1)  This was 10 fold less virus required to cause the same level of disease in 

wild type mice (Chapter 3).  The DKO mice exhibited an increased sensitivity to VV as 

compared to the single knockout mice (Figure 4-1), taking 104 pfu to cause disease that 

necessitated euthanasia of approximately 80% of the animals.  All the animals exhibited clinical 
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symptoms of disease like that of the wild type mice infected with VV shown in Chapter 3 

(Figure 3-3A).  A comparison of all mouse constructs at the construct specific LD80 dose was 

performed using the data from all the separate survival studies.  This is shown in Figure 4-2A.  

All the survival curves reach the 20% survival line at the same rate except for the DKO mouse.  

This was determined to be significant when analyzed in Sigma Stat by the Holm-Sidak method 

for pairwise multiple comparisons.  The DKO mouse survival curve was significantly (p=0.05) 

different from the other 3 curves.   The differences in the rate of euthanasia are shown in Figure 

4-2B in which the mean day to death for each mouse construct at their individual LD80 dose was 

calculated.  Wild type, RNaseL and PKR single knockout mice all exhibited a mean day to death 

of 4.5 to 5 days while the DKO mouse had a calculated mean day to death of 6.85 days.  The 

mean day to death was calculated using the slope of the survival curve over time for that 

particular virus dose.  In an attempt to explain the extended survival of the DKO mice, clinical 

profile data for the mice was examined. 

Clinical Symptoms in Knockout Mice Infected with Vaccinia Virus 

 The RNaseL mice temperature and weight loss profiles for mice infected with 104 to 106 

pfu are shown in Figure 4-3.  RNaseL mice do not exhibit a severe drop in temperatures as seen 

with the wild type mice.  RNaseL mice infected with the LD80 dose of 105 pfu have no 

temperature deviations from that of PBS mice.  The weight loss curves, however, demonstrate a 

dose response related to the amount of input virus.  As the inoculum increased in total pfu the 

severity and rapidness of the weight loss increased.  Approximately 20% weight loss was 

observed in RNaseL mice infected with the LD80 dose of 105 pfu.  This weight loss as a measure 

of disease is consistent with both previously published data and the data with wild type mice 

infected with VV. 
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 The profiles for temperature and weight loss for PKR knockout mice infected with 104 to 

106 pfu are shown in Figure 4-4.  PKR mice exhibited a dose dependent response in both 

temperature decrease and weight loss curves.  This was in contrast to RNaseL mice in that did 

not show a decrease in temperature as a function of virus input.  Approximately 20% weight loss 

was observed with PKR mice infected with the LD80 dose of 105 pfu.  

The temperature and weight loss profiles for DKO mice infected with 103 to 105 pfu of VV 

are shown in Figure 4-5.  The infected DKO mice, like the RNaseL knockout mice, do not 

exhibit a severe temperature drop to 30°C, and mice infected with the LD80 dose of 104 pfu have 

no temperature drop as compared to the PBS animals.  The weight loss exhibited by the DKO 

mice is similar when compared to the total weight loss exhibited by wild type animals infected 

with 106 pfu; animals take longer to exhibit the weight loss.  Approximately a 25% weight loss 

was observed in animals infected with the LD80 dose of 104 pfu.  This increase in survival of the 

DKO mice may be in part due to their increased time to lose a sufficient amount of weight to 

necessitate euthanasia and the ability to maintain a normal body temperature during infection. 

Induction of Interferon β Synthesis in Infected Lung Tissue 

 The level of IFNβ activation was measured in whole lung homogenate of mice infected at 

their experimentally determined LD80 doses is shown in Figure 4-6.  The IFNβ levels for wild 

type mice infected with 106 pfu that was shown in Chapter 3 but are also included here to allow 

for comparisons with the knockout mice.  As shown previously wild type mice have a peak in 

IFNβ production at day 3 where as both single knockout mice constructs, PKR and RNaseL, had 

a peak a of IFNβ levels at day 4.  The level of IFNβ detected in RNaseL mice was 2 times that of 

the PKR mice, but not different from wild type mice.  The DKO mice also exhibited a peak of 

IFNβ production one day later on day 5 with levels similar to those of the PKR mice. 
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 While none of the mice exhibited high levels of IFNβ the data does allow for some 

suggestions as to the roles that RNaseL and PKR play.  This data suggests that by knocking out a 

gene responsible for detecting and responding to virus infections compensatory pathways are 

delayed as compared to a normal response.  This is evident in the one day delay for the peak of 

IFNβ for both single knockout mice, while the double knockout mice took two days longer than 

the wild type mice for the IFNβ levels to peak.  The level of activation of IFNβ was decreased in 

the PKR knockout mice as compared to the RNaseL mice suggesting that PKR is more important 

for the activation of IFNβ. 

Virus Dissemination from the Site of Inoculation 

 To determine the level of dissemination of the virus in the knockout mouse constructs 

virus titers of various organs was performed.  Each mouse construct was infected with their 

previously determined LD80 virus dose and then 10 mice were sampled each day from day 2 to 6 

post infection.  The outcome of all the mouse constructs infected was the same, giving a 

clinically identical outcome of euthanasia.  Samples of the lung, liver, spleen, gonad, and brain 

were removed from the animals, flash frozen, and then processed for titering as described in 

Chapter 2.  Titers of pfu/mg of tissue were determined, averages of the 10 replicates calculated, 

and the log10 values of the averages are represented in Table 4-1.  The values for wild type mice 

from Chapter 3 are also included in Table 4-1 to allow for comparisons to the knockout mice.   

 Virus replication in the lung was similar for all mouse constructs even though the single 

knockout mice received 10 fold less virus than the wild type mice and the DKO mice received 

100 fold less virus than the wild type mice.  This suggests that RNaseL and PKR are important in 

controlling virus infections for when they are deleted the virus is able to replicate more 

efficiently  as observed in the knockout animals as compared to the wild type.  The virus spread 

and replication in the liver was determined to be similar in the wild type, RNaseL, and PKR mice 
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reaching 6-7 logs of virus within 6 days.  The DKO mice, however, had low levels of virus 

detected in the liver, only reaching 3.65 logs by day 6.  This may be related to the increased time 

to euthanasia observed in the DKO mice, that the overall viral load may not be sufficient to cause 

severe disease at the same time as the other mice.  A similar pattern was also observed in the 

spleens of the 4 mouse constructs.  The wild type and RNaseL and PKR single knockout mice all 

had 6 logs of virus by day 6 while the DKO mice had 4 logs of virus. 

 The virus levels detected in the gonads of all the animals was similar regardless of input, 

with 6 to 7 logs found in both ovary and testis.  There were no differences observed between the 

virus titers found in the ovary or testis, suggesting that there is no sex bias for VV.  The spread 

and replication in the brains of infected animals was also the same at day 6 with 6 to 7 logs of 

VV detected by day 6 post infection.  The fact that both the brain and gonad are immune 

privileged sites in the body seemed to have helped the virus replicate in the DKO mice for the 

decrease in amount of virus seen in the liver and spleen were not observed in these tissues. 

STAT-1 Staining of Lung Tissue 

 The levels of STAT-1 were determined for DKO mice infected with 104 pfu VV.  This 

was performed to determine whether the DKO mice were able to generate a global response to 

the VV infection like the wild type mice have been shown to in Chapter 3.  

 The DKO mouse lungs exhibited more overall staining for STAT-1 at day 3 than the wild 

type mice shown in Figure 4-7.  The entire lung stained positive for STAT-1 with the infiltrates 

excluded from staining.  Day 5 IHC for STAT-1 showed no increase in staining in the DKO 

mice.  This suggests that while the DKO mice may have more STAT-1 protein, this protein is 

insufficient to cause the up regulation of the interferon response genes.   
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Histopathology of Infected Mice 

 The histopathology of lung, liver, and spleen was performed on DKO mice infected with 

104 pfu on days 3 and 5 post infection.  Histopathology of RNaseL and PKR mice infected with 

105 pfu on lung, liver, and spleen was also performed on day 5. 

 Lungs from DKO mice on day 3 showed mild edema with few infiltrating neutrophils at 

the site of infection on H&E.  (Figure 4-8B)  IHC for VV detection via gfp staining showed 

localized infections around the bronchi as had been previously seen in the wild type mice at day 

3 (Figure 4-8A), there are however, fewer sites of infection that are most likely due to the 100 

fold decrease in virus that was used to inoculate the DKO mice.   

Day 5 H&E of the lungs showed edema around the bronchi with macrophage infiltrate.  

(Figure 4-8D, 4-8E)  The IHC showed larger areas of infection in the lung, still focused around 

the bronchi and relatively few in number.  (Figure 4-8C, 4-8F)  The lungs of PKR mice at day 5 

showed severe edema with neutrophils on H&E and the same focal infection pattern the bronchi 

and areas of edema and infiltrate seen in both DKO and wild type mice (data not shown).  Day 5 

of the RNaseL lungs showed edema and infiltrate like that of the PKR and wild type mice with 

IHC staining undistinguishable from the other mice (data not shown). 

 Liver histology from DKO mice at days 3 and 5 and PKR and RNaseL single knockout 

mice at day 5 had neutrophilic foci of necrosis.  (Figure 4-9)  There were a few randomly stained 

cells on IHC for detection of VV, however, they were isolated and not representative of the 

overall sample set.  The spleen sections at day 3 from DKO mice showed an increase in 

histiocytes within the lymphoid follicles (Figure 4-9) with no staining for virus infected cells 

with IHC.  Day 5 spleen sections on H&E showed both lymphoid depletion and follicular 

hyperplasia.  (Figure 4-9)  Spleen sections from both the PKR and RNaseL single knockout mice 

at day 5 were normal on H&E and had no staining on IHC staining (data not shown). 
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 At the time of tissue harvest the lung and spleen weights were recorded.  The previously 

shown data for wild type mice from Chapter 3 will also be included in these Figures for 

allowance of comparison to knockout mice.  Figure 4-10A shows the body to lung weight ratios 

for all 4 mouse constructs.  The ratios of body weight to lung weight for wild type and DKO 

mice show a general decrease, with the slope of the DKO mouse line being shallower than that of 

the wild type mice.  The PKR and RNaseL mice were only harvested on day 5, however, the 

values of body weight to lung weight for these single knockout mice are in the middle of the wild 

type and DKO mouse values.  When the lung to spleen weight ratios are graphed for all 4 

constructs (Figure 4-10B) there are large differences observed between the DKO and wild type 

mice.  The wild type mice show an increase in the ratio of lung to spleen weight over time, while 

the DKO mice exhibit no change at all in the ratios.  This is due to two factors, one is that the 

lung weights do not increase as much as with the wild type animals and the second is that the 

spleens of the DKO mice weight more than the wild type mice before infection. 

 The change in lung weights over time is shown in Figure 4-10C with all 4 mouse 

constructs.  This comparison to PBS lung weights is quite informative and generally correlates 

with histology results for the presence of edema and cell infiltrate.  The wild type mice have a 

general increase in lung weight as compared to PBS lung weight over time, more than doubling 

the lung weights at day 6.  The DKO mice show no difference in the weight of infected lungs to 

PBS lung weights.  Both the RNaseL and PKR animals have an increase in lung weight as 

compared to PBS animals, but it is not as severe as the wild type animals, but is in the middle of 

the DKO and wild type animals at day 5.  The values for this graph are located in the lung 

column of Figure 4-10D, which is a table of lung, spleen, and body weights as compared to PBS 

animals for all the mouse constructs.  
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The differences of DKO from the wild type animals seen in this data are most likely one of 

the sources of the longer survival of the DKO mice.  These numbers located in Figure 4-10D 

demonstrate that the DKO mice are not experiencing the same level of disease as the other mice 

at day 6, supported by the presence of less edema in the lungs of DKO animals on 

histopathological examination.   

Discussion 

The importance of both RNaseL and PKR in controlling the VV infection in mice has been 

shown from the increased sensitivity to VV of the knockout mice.  The question as to whether 

one gene is more important in controlling the infection than the other has also been answered in 

this study.  It has been shown that both genes contribute to the sensitivity of the DKO mice and 

that the deletion of both RNaseL and PKR creates an additive effect.  This additive effect was 

observed in the survival study in which the DKO mice were two logs more susceptible to VV 

while both of the single knockout mice were 10 fold more susceptible to VV than wild type 

mice.   

The lack of temperature decrease in the DKO mice was most likely due to the absence of 

the RNaseL gene, since the RNaseL knockout mouse failed to have a temperature response to 

VV infection while the PKR knockout mice did exhibit these expected decreases.   

Virus titers in the knockout animals reach levels similar to that of wild type mice infected 

with VV even at 10 to 100 fold less virus inoculated.  This suggests that the deletion of PKR or 

RNaseL allows for more efficient virus replication and spread within the animals, again 

supporting the hypothesis that virus replication is controlled by PKR and RNaseL.  The reason 

for the decrease in virus load in the liver and spleen in the DKO mice was not explained by the 

single knockout animal analysis.  The DKO mice survived 2 to 3 days longer than the single 

knockouts and the wild type mice, therefore given enough time the virus titers may have reached 
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levels similar to those observed in the single knockout and wild type animals.  However, an 

overall decrease in immune reaction was observed in both the IFNβ assays and the staining for 

STAT-1 in the lung tissue in the DKO mice.  Therefore, one explanation for the lack of virus in 

the liver and spleen beyond that of survival is that with a poor immune response there are fewer 

white blood cells circulating through the animal able to infiltrate the lung tissue.  The majority of 

the virus recovered from the liver and spleen is most likely blood cell associated and not from 

replication within the liver and spleen.  This is determined from the lack of numerous foci of 

infected cells in these organs that would be expected if the virus was actively replicating in them.  

The absence of infiltrating cells in the lung tissue that the virus would normally use for travel 

through the body are in lower numbers, thereby limiting the movement of the virus to the liver 

and spleen.  The virus that does leave the lung then infects immune privileged sites such as the 

brain and gonad, where it is able to grow to high titers.  The brain and gonad were specifically 

targeted by VV for the primary viremia.  This was not completely unexpected as the isolate of 

VV used in these experiments is known to be neurotropic and poxviruses have been identified to 

target gonads for infection. (Turner, 1967)  

The delayed responses in the PKR and RNaseL single knockout mice was observed in the 

IFNβ Elisa  data in which the modest peaks of IFNβ production were one day later than wild 

type mice.  The DKO mice also exhibited a modest peak of IFNβ production that was two days 

later than wild type mice.  This delay in reaction is most likely due to the level of tissue 

involvement needed in the lung before compensatory viral response pathways were able to react.  
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Figure 4-1.  Survival curves of knockout mouse constructs with wild type VV.  A) Survival for 
DKO mice.  Overall significance of the curve was p<0.001 by the Kaplan Meier 
survival analysis.   B) Survival curve for RNaseL mice.  Overall significance of the 
curve was p<0.001 by the Kaplan Meier survival analysis.  C) Survival curve for PKR 
mice.  Overall significance of the curve was p<0.001 by the Kaplan Meier survival 
analysis.  Each curve was analyzed using the Holm-Sidak method for pair wise 
multiple comparison with an overall significance level p = 0.05.  The survival curves 
for each mouse construct were analyzed for significance between the curves and all 
were found to be significant except for the DKO mice in the comparison between the 
PBS and 103 pfu dose mice. 
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B 
Mouse construct LD80 dose (pfu) Mean day to euthanization 
Wild type n=43 1x106 4.95 
PKR n=21 1x105 4.81 
RNaseL n=25 1x105 4.51 
DKO n=36 1x104 6.85 
 

Figure 4-2.  Comparison of survival of all mouse constructs with VV.  Summary of VV LD80 
virus dose survival data for all mouse constructs.  A) Survival curves for all mouse 
constructs at the construct specific LD80 virus dose.  Using the Kaplan Meier survival 
anaylsis it was determined that the significance for the curves was p=0.012.  There 
was no significance found using the Holm-Sidak method for multiple comparisons 
between the wild type and single knockout animals or the DKO and PKR mice.  
There was a difference between the DKO mice and wild type mice of p=0.0006 and 
between the DKO mice and the RNaseL mice of p=0.002.  B) Table of all mouse 
constructs mean day to euthanization. 
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Figure 4-3.  Average body temperature and weight loss of RNaseL mice infected with VV.  

Number of mice per treatment is located in the Figure legends. The 105 and 106 lines 
were terminated at days 4 and 6 respectively, and the surviving mice not included in 
the analysis.  Error bars represent SEM. A) Average temperatures of RNaseL mice 
infected with VV.  B) Weight loss for mice infected with VV. 
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Figure 4-4.  Average body temperature and weight loss of PKR mice infected with VV.  Number 

of mice per treatment is located in the Figure legends. The 105 and 106 lines were 
terminated at days 5 and 6 respectively, and the surviving mice not included in the 
analysis.  Error bars represent SEM.  A) Average temperatures of PKR mice infected 
with VV.  B) Weight loss for mice infected with VV. 
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Figure 4-5. Average body temperature and weight loss of DKO mice infected with VV.  Number 

of mice per treatment is located in the Figure legends. The 105 graphs were 
terminated at day 6, the 1 surviving mouse was not included in the analysis.  Error 
bars represent SEM.  A) Average temperatures of DKO mice infected with VV.  B) 
Weight loss for mice infected with VV. 
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Table 4-1.  Virus spread of VV in all mouse constructs. 
Mouse 

Construct Tissue     Day     

    2 3 4 5 6 
Wild type Lung 6.12   6.49 6.53   6.45 5.92  
DKO Lung 5.39  5.18  5.74  6.04  6.10  
RNaseL Lung 4.90  5.66  5.58  5.88  4.79  
PKR Lung 4.78  5.49  5.69  5.55  5.58  
Wild type Liver 3.55 5.05 6.39 7.75 7.57 
DKO Liver 2.99 3.07 3.87 3.28 3.65 
RNaseL Liver 2.94 4.53 5.37 5.44 6.34 
PKR Liver 2.76 5.20 5.52 6.41 6.89 
Wild type Spleen 4.51 5.68 5.95 6.15 6.05 
DKO Spleen 2.56 2.84 4.79 4.15 4.16 
RNaseL Spleen 4.67 5.26 5.83 5.49 5.93 
PKR Spleen 4.14 5.49 6.20 6.55 6.64 
Wild type Gonad 3.72 4.39 5.15 5.31 7.29 
DKO Gonad 4.37 1.46 5.03 4.22 6.07 
RNaseL Gonad 3.87 3.81 5.03 5.77 7.36 
PKR Gonad 3.71 4.80 5.33 6.02 6.20 
Wild type Brain 5.82 6.58 6.45 6.64 7.26 
DKO Brain 6.53 3.46 5.89 6.60 6.06 
RNaseL Brain 3.61 4.63 6.77 6.37 6.66 
PKR Brain 4.24 5.25 6.58 6.89 7.22 

Virus spread in all mouse constructs infected with VV.  The data for wild type mice presented in 
Chapter 3 is also included as a comparison.  Values represent log10 of the average values for each 
tissue on each time point taken. 
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Figure 4-6.  Interferon beta levels in the lung tissue of infected mice.  Wild type and DKO mice 
had 10 mice per time point; RNaseL and PKR mice had 3 mice per time point.  Bars 
represent average values with SEM.  Data for wild type mice previously shown in 
Chapter 3 is included for comparison. 
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Figure 4-7.  Immunohistochemistry staining of STAT-1 protein in lung tissue of infected animals 
at day 3 and 5 post infection from DKO mice.  Nuclei are stained with hematoxylin 
and appear blue; STAT-1 staining detected with HRP and appears brown.  Stars show 
location of bronchi.  A)  Uninfected DKO lung tissue at 20X magnification.  B)  
Uninfected DKO lung tissue at 40X magnification.  C) Day 3 lung tissue at 20X 
magnification.  D) Day 5 lung tissue at 20X magnification.  E) Day 3 lung tissue at 
40X magnification.  F) Day 5 lung tissue at 40X magnification. 
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Figure 4-8.  Immunohistochemistry and H&E staining of infected lung tissue from DKO mice.  
B denotes bronchi, BV denotes blood vessels, E shows areas of edema.  A) Day 3 
IHC stained lung section at 5X magnification.  B) Day 3 H&E lung section at 5X 
magnification.   C) Day 5 IHC stained lung section at 5X magnification.  D)  Day 5 
H&E lung section at 5X magnification.  E) Day 5 IHC lung section at 40X 
magnification.  A shows the alveolar tissue staining positive for virus infection.  F) 
Day 5 H&E lung section at 20X magnification. 
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Figure 4-9.  Immunohistochemistry and H&E staining of liver tissue from VV infected DKO 
mice.  F shows the sites of follicles within the spleen tissue.  A) Day 3 IHC stained 
liver section at 5X magnification.  B) Day 3 H&E liver section at 40X magnification.  
The arrow shows the site of neutrophilic infiltrate.   C) Day 5 IHC stained liver 
section at 5X magnification.  D)  Day 5 H&E spleen section at 5X magnification.  E) 
Day 5 IHC spleen section at 5X magnification.  F) Day 5 H&E spleen section at 20X 
magnification. 
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Figure 4-10.  Tissue weights of mice infected with VV.  Graphs of the ratios of lung, spleen, and 
body weights for mice harvested for histopathology. Animals were infected with the 
mouse construct specific LD80 dose of VV and harvested at the times indicated.  3 
animals per time point were used.  Wild type mouse data previously shown in 
Chapter 3 is included for reference.  A) Graph of the ratios of body weight to lung 
weight for mice.  B) Graph of the ratios of lung weight to spleen weight for mice.  C) 
Ratio of infected lungs to PBS lungs at the day indicated.  D)  Average ratio values 
for the infected lung, spleen, and body weight compared PBS lung, spleen, and body 
weight over time for each mouse construct.
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CHAPTER 5 
PATHOLOGY OF VV∆E3L::GFP IN WILD TYPE AND KNOCKOUT MICE 

Introduction 

 The VV encoded E3L protein was initially identified as a gene that dictated IFN 

sensitivity, that when E3L was deleted VV did not replicate in cells in the presence of 

IFN.(Beattie, Kauffman et al., 1996;Brandt & Jacobs, 2001)  The protein was later identified to 

be a dsRNA binding protein of 190aa in size.  The dsRNA binding domain is located from amino 

acid 118 to 186 at the C-terminus of the protein.(Chang & Jacobs, 1993;Ho & Shuman, 1996)  

The dsRNA binding domain is required for virulence in animals and infection of most 

mammalian cells in tissue culture and viruses lacking E3L exhibit a severe host range.(Brandt, 

Heck et al., 2005)  The N-terminus region of the protein was later determined to encode a Z-

DNA binding domain.  This Z-DNA binding domain that reaches from amino acids 5 to 70 and 

is required for full virulence in animal models, but is not required for virus replication in tissue 

culture.(Brandt & Jacobs, 2001)  The protein domains are diagramed in Figure 5-1. 

 E3L has been implicated in controlling the host immune response to dsRNA by binding 

and sequestering of the dsRNA produced during VV infections.  This protein has also been 

suggested to play a role separate from that of K3L in inactivating PKR, but this role has yet to be 

fully investigated.(Kibler, Shors et al., 1997)  VV deleted for E3L has previously been shown to 

be highly attenuated in animals.  To determine the importance of the E3L protein in VV 

infection, a virus with E3L deleted from VV generated (VV∆E3L::gfp), see methods for details.  

A deletion virus had to be generated due to the variation in lab isolates of VV for a true 

comparison to our wild type VV.  The red shaded box in Figure 5-1 shows the area of E3L 

deleted in VV∆E3L::gfp, removing the majority of both domains necessary for virulence in 

animals and tissue culture.  This shaded area deleted was replaced with gfp under the poxvirus 
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synthetic early late promoter.  This VV∆E3L::gfp virus is was then used to also determine the 

interaction of E3L with PKR and RNaseL and their respective pathways by infection of wild 

type, PKR and RNaseL single knockout, and DKO mice. 

Results 

In Vitro Data of VV∆E3L 

 VV∆E3L had been previously reported to exhibit a severe host range only replicating in 

BHK-21, CEF, and RK13 cells.  The VV∆E3L::gfp virus generated for these studies was also 

analyzed for host range.  For the host range study virus grown in the permissive BHK-21 cell 

line was purified and tittered on BHK-21 cells to determine the baseline titer.  The titer for 

VV∆E3L::gfp on BHK-21 cells was 2.81x108.  The virus was then tittered on various cell lines 

from pigs, rabbits, humans, and monkeys in which the parental virus grows and replicates with 

no decreases in titer.  VV∆E3L::gfp did plaque on most cell lines as shown in Table 5-1, 

however the titer was decreased by at least 5 logs.  This decrease of 5 logs or more suggests that 

the VV∆E3L::gfp does have a host range phenotype, confirming the previously published 

data.(Beattie, Kauffman et al., 1996;Brandt & Jacobs, 2001) 

Rescue of VV∆E3L::gfp 

 VV∆E3L::gfp was rescued by recombining the wild type E3L gene back into the natural 

E3L locus, returning the deletion to a wild type virus to ensure that no other unintended 

mutations were present in the deletion virus that contributed to any phenotypes observed in tissue 

culture or animal studies.  The rescue was accomplished by infection of BHK-21 cells with 

VV∆E3L::gfp and transfection with a linear PCR product of the entire E3L gene amplified from 

the parental virus.  The resulting virus mixture was harvested and then plaqued on PK15 cells to 

screen for viruses that had integrated the wild type gene product into the E3L locus and the loss 

of gfp.  This rescue was relatively straight forward and easy due to the host range phenotype 
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exhibited by VV∆E3L::gfp allowing for selection of virus containing the wild type E3L gene on 

the non permissive cell line PK-15, as VV∆E3L::gfp only grows on the highly permissive BHK-

21 cell line.  The resulting virus, rVV∆E3L::gfp, was then amplified and purified for evaluation 

in animals. 

 rVV∆E3L::gfp was used to infect 10 PKR and 6 wild type mice at 105 and 106 pfu, 

respectively, via the IT route.  These mice infected with RVV∆E3L::gfp exhibited severe 

systemic disease and required the euthanization of approximately 80% of infected animals.  

rVV∆E3L::gfp caused disease identical to that caused by VV in these animals, with body 

temperature decrease and weight loss, absence of grooming, hunched posture, head and face 

swelling, and respiratory distress necessitating euthanasia (data not shown).  From these results it 

was determined that VV∆E3L::gfp had successfully been rescued to full virulence and that any 

effects observed in tissue culture or animals was indeed the result of the deletion of the E3L gene 

and not a random unintended mutation elsewhere in the virus genome. 

Survival Studies of Mice Infected with VV∆E3L::gfp 

 Wild type mice infected with VV∆E3L::gfp were hypothesized to be resistant to the virus 

and able to control the infection.  These animals were expected to exhibit few symptoms of 

disease because of the intact immune system that includes wild type copies of both PKR and 

RNaseL.  The PKR knockout mice were expected to have responses similar to that of the wild 

type mice since these mice still have a wild type copy of the RNaseL gene to mount responses to 

the presence of free dsRNA.  The RNaseL knockout mice were hypothesized to exhibit a slight 

resistance to the VV∆E3L::gfp virus, to require one to two logs more of virus to cause disease 

because these mice are lacking the main protein that E3L was thought to target.  With the lack of 

both the host genes RNaseL and PKR in the DKO mouse was hypothesized to exhibit 

susceptibility similar to that of wild type VV.  This would occur if the soul targets for E3L were 
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PKR and RNaseL, however it was recognized that there are redundant pathways.  The DKO 

mouse was hypothesized to exhibit a response similar to that of the RNaseL knockout mice, with 

a response to VV∆E3L::gfp that was similar to that of a VV infection.  These responses would be 

due to the mice lacking both RNaseL and PKR, the main and secondary targets, respectively, for 

E3L.  Survival curves for all four mouse constructs is shown in Figure 5-2.   

Wild type mice were infected with 106 to 109 pfu of VV∆E3L::gfp with all mice at all virus 

doses surviving.  (Figure 5-2A)   RNaseL knockout mice were infected with 105 to 109 pfu of 

VV∆E3L::gfp and also had 100% survival of all mice at all doses.  (Figure 5-2C)  These results 

were not as expected if RNaseL was the major responder to dsRNA within a cell, a slight 

attenuation was expected, but at high doses of virus it was expected that the mice would become 

ill and succumb to disease.  The fact that the mice did not succumb to disease simply reinforces 

the idea that the host responses to infections are redundant, and capable of controlling an 

infection.   The PKR knockout mice were infected with 105 to 108 pfu of VV∆E3L::gfp and 

exhibited a 100% survival of all mice infected with 105 to 107 pfu.  20% of PKR mice infected 

with 108 pfu, however, were euthanized due to severe disease.  (Figure 5-2D) 

DKO mice were infected with 104 to 108 pfu, of VV∆E3L::gfp with 100% of all mice 

infected with 104 to 106 pfu surviving.  At a dose of 107 pfu, 70% of the DKO mice were 

euthanized due to severe disease, and at 108 pfu 90% of mice exhibited severe disease requiring 

euthanization.  (Figure 5-2B)  The increased susceptibility of the DKO mice to VV∆E3L::gfp as 

compared to wild type and both single knockouts was expected.  This result was expected 

because the deletion of both PKR and RNaseL, the major responders to dsRNA in a cell were 

absent in these mice.  Current literature has failed to report the generation of such a disease in 

animals.  The studies examined mice infected with doses of up to 106 pfu, in which the results 
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from the DKO mice do agree.  Had the previous studies examined higher doses of VV∆E3L in 

mice similar results may have been observed. 

Clinical Symptoms in Mice Infected with VV∆E3L::gfp 

Wild type mice infected with 106 to 109 pfu of VV∆E3L::gfp exhibited no changes in body 

temperature at any dose, but a weight loss of up to 15% was seen at the 108 and 109 pfu doses.  

(Figure 5-3)  The weight loss suggests an illness at high doses that is most likely due to the 

excessively high titer of virus used for infection of the animals.  The survival of these mice was 

as expected since both PKR and RNaseL are present and can respond to the unmasked presence 

of dsRNA in infected cells. 

RNaseL single knockout mice exhibited no changes in body temperature over time and a 

weight loss of up to 10% was seen at the higher doses.  (Figure 5-4)  These measurements 

suggest a mild disease in which the animal is able to adequately respond and control virus 

infection.   PKR single knockout mice did not exhibit a change in body temperature even at high 

doses of virus, but did exhibit weight loss.  Up to 8% weight loss was observed in mice infected 

with 107 pfu while mice infected with 108 pfu exhibited weight loss of up to 20%.  (Figure 5-5)  

The weight loss exhibited by the mice infected with 108 pfu supports the severity of disease 

caused in the animals that were euthanized.  This result was surprising because these mice still 

have the OAS/RNaseL pathway intact and it was theorized that E3L was produced by VV to 

inhibit the OAS/RNaseL degradation of RNA.   

DKO mice that were euthanized due to severe disease exhibited similar clinical symptoms 

to mice infected with VV, failure to groom, hunched posture, head and face swelling, and 

respiratory distress.  Mice infected with 104 to 106 pfu exhibited no signs of disease with no 

temperature changes or severe weight loss.  At a dose of 107 pfu, however, a slight decrease in 

body temperature was observed with up to 20% weight loss, indicating severe disease.  Severe 
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weight loss of 28% and temperature decreases typical of moribund animals was observed at a 

dose of 108 pfu.  (Figure 5-6) 

Virus Dissemination from the Site of Inoculation 

 Virus spread as measured by tissue titer was performed on animals infected with 

VV∆E3L::gfp.  This experiment was to establish whether the virus was capable of controlling 

the host immune system enough to allow for spread and replication in the tissues similar to that 

observed with wild type VV.  Mice were infected with VV∆E3L::gfp via the IT route of 

infection at the mouse construct specific VV LD80 dose previously presented in Chapter 4. 

Wild type mice infected with 106 pfu of VV∆E3L::gfp exhibited a generalized virus 

clearance in the lungs between days 2 and 6 post infection.  (Table 5-2)  This virus clearance was 

not complete by day 6 most and this was most likely due to both a low level of virus replication 

and the maintenance of virus particles that did not infect lung cells at the time of inoculation, but 

just remained in the lung tissue.  Spread from the lung tissue was not observed in wild type mice 

(Table 3-3), supporting the survival and clinical data that these mice were not severely ill with a 

systemic infection. 

 RNaseL and PKR single knockout mice were infected with 105 pfu of VV∆E3L::gfp and 

tissues harvested at days 2 to 6 post infection.  While both single knockout mice cleared the virus 

from the lung tissue over time, the RNaseL mice were able to clear the virus faster than the PKR 

mice.  This more rapid clearance of virus by more than a log a day correlates with the survival 

data in which RNaseL mice were more resistant to VV∆E3L::gfp than the PKR mice.  

VV∆E3L::gfp was unable to spread from the lung tissue of either mouse construct, again 

indicating that there are redundant, compensatory pathways that are able to control the virus 

infection. 
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 DKO mice were infected with 104 pfu of VV∆E3L::gfp and tissues harvested at days 2 to 

6 post infection.  The lung tissue of DKO mice support the maintenance of VV∆E3L::gfp over 

time  at the level of input virus until day 5, most likely due to low level replication within the 

lung tissue.  This is not an unexpected result, when considering the survival data in which DKO 

mice were susceptible to VV∆E3L::gfp.  These mice would most likely clear the virus infection 

over time based on the lack of disease seen in the survival data for DKO mice infected with 104 

pfu of VV∆E3L::gfp in which all mice survived with no clinical symptoms.  The virus was 

unable to exit the lung tissue in these mice at this virus dose, again consistent with the animals 

controlling the virus infection. 

 DKO mice were shown to be susceptible to VV∆E3L::gfp at high doses and the animals 

that were euthanized due to severe disease exhibited clinical symptoms similar to those observed 

in VV infected animals.  The question as to whether the disease caused by VV∆E3L::gfp was the 

same as that of VV in viremia and tissue titers.  3 DKO mice, 2 female and 1 male, were infected 

with 109 pfu of VV∆E3L::gfp and the disease allowed to progress until euthanasia.  These 

animals were then necropsied and tissues removed for virus titer at day 5.  The results from these 

mice are shown in Table 5-3.  The titer of VV∆E3L::gfp in the lungs of these animals was higher 

than that observed with wt VV, with 8 logs of  VV∆E3L::gfp in the lungs of the animals 

sampled.  The animals did exhibit spread, but at lower levels than was observed with wt VV, 4 to 

5 logs to the liver, spleen, gonad, and brain.  Although disease was clinically similar to that 

caused by wt VV, the amount of VV∆E3L::gfp in the lung and lower levels of spread to distal 

sites distinguished this disease from that of wt VV (Table 4-1). 

STAT-1 Staining of Lung Tissue 

  STAT-1 is known to be important in the IFN response signaling pathway by serving as a 

member of the transcriptional complex that up regulates the IFN response genes.  This gene was 
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identified in microarray analysis as being up regulated late in infection and has been used to 

determine the type of response, local versus global, in the lung tissue of infected mice.  Based 

upon clinical symptoms and the survival curves it was hypothesized that the infected animals 

were mounting a successful immune response against VV∆E3L::gfp and therefore levels of 

STAT-1 staining should be high at early time points. 

 Lungs from wild type mice infected with 108 pfu, DKO mice infected with 104, and DKO 

mice infected with 108 pfu of VV∆E3L::gfp via the IT route of infection were isolated, fixed in 

formalin for 12-18 hours, and imbedded in paraffin for processing and tissue sectioning.   

Sections were stained with the anti-STAT-1 antibody and detected with the chromogen DAB that 

gives a brown color when reacting with the antibody.  Nuclei were counterstained blue with 

hematoxylin to allow for determination as to the cell type staining positive for STAT-1 presence.  

Lung sections from days 3 and 5 post infection were used for this study since it has been 

established in the wild type mouse study with VV there is a large difference in both transcript 

and protein levels of STAT-1 between these days (Chapter3). 

 Wild type mice infected with 108 pfu of VV∆E3L::gfp showed high levels of staining for 

STAT-1 at day 3 with both dark nuclear and cytoplasmic staining.  Day 5 also showed a high 

level of nuclear staining, although not as dark as day 3, with little cytoplasmic staining.  This   

suggests that the virus was unable to control the host immune response that occurred quickly and 

the response was global as all the lung tissue stained for STAT-1. (Figure 5- 7A&B)  DKO mice 

infected with 104 pfu of VV∆E3L::gfp also showed high levels of STAT-1 staining within the 

nuclei at day 3.  The levels of STAT-1 staining increased at day 5 with both cytoplasmic and 

nuclear staining remaining high. (Figure 5-7C&D)  This up regulation of STAT-1 appears to be 

slower than wild type mice, but does suggest that the DKO mice are able to control the virus 
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infection through a host response pathway. DKO mice infected with 108 pfu of VV∆E3L::gfp 

showed very high levels of nuclear staining with light cytoplasmic staining at day 3 and 5 post 

infection.  The majority of several lung sections consisted of immune cell infiltrate and lymphoid 

cell proliferation that remained unstained.  However the staining of the bronchial epithelial and 

alveolar cells for STAT-1 was strong. (Figure 5-7E&F) 

 The levels of STAT-1 detected in the lungs of these animals suggests that the 

VV∆E3L::gfp virus is unable to control the host response and up regulation of STAT-1 protein 

production in response to virus infection.  The infiltrating cells did not stain positive for STAT-1, 

but the response was rather a global lung tissue response, as had been previously observed 

(Chapter 3 and 4). 

Histopathology of Infected Mice 

  Histopathology of the lung, liver, and spleen tissues from mice infected with 

VV∆E3L::gfp to determine the pathology of the virus in animals.  Wild type mice infected with 

108 pfu, DKO mice infected with 104 pfu, and DKO mice infected with 108 pfu of VV∆E3L::gfp 

were used in this study.  Tissues were harvested from the animals, fixed in formalin overnight, 

and then embedded in paraffin.  Each tissue was sectioned for IHC staining for gfp to determine 

virus replication in the tissue and H&E for overall tissue composition. 

 Wild type mice infected with 108 pfu of VV∆E3L::gfp showed no staining for virus 

replication in the lung tissue sections at either day 3 or day 5.  (Figure 5-8A)  This suggests that 

the virus that infected cells and replicated were killed earlier than day 3.  The lack of virus 

replication also suggests that the response to this virus was within the first 2 days.  Lung H&E of 

day 3 showed mild edema with few infiltrating cells.  This edema and infiltrate was located near 

bronchi in a pattern similar to that seen in the VV infected sections in Chapter 3.  There was also 

a proliferation of lymphoid tissue observed that suggests a high host response to the virus 
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infection.  (Figure 5-8B, 5-8C)  This again suggests that the virus infected bronchial epithelial 

cells and because E3L was absent from this infection the host responded quickly and efficiently 

to clear the virus.  The edema and infiltrate that is seen at day 3 is most likely what is remaining 

after the host clearance of infected cells.  Day 5 H&E showed some edema present, but the lung 

structure appeared to be returning to normal with little infiltrate left and the lymphoid tissue 

proliferation.  (Figure 5-8 D to 5-8F)  Spleen sections from days 3 and 5 showed no staining for 

virus infection by IHC.  H&E showed follicular hyperplasia in both days 3 and 5 post infection.  

(Figure5-11A &B)  Liver sections for day 3 showed no staining in IHC and normal morphology 

in H&E, which was expected since the virus does not spread from the lung in these animals.  

Liver sections from day 5 showed no virus staining by IHC but neutrophilic foci of necrosis and 

apoptosis were present on H&E.  (Figure 5-11C, 5-11D)  

DKO mice infected with 104 pfu of VV∆E3L::gfp at day 3 and 5 in lung tissue exhibited 

no staining for virus replication by IHC.  (Figure 5-9A, 5-9D)  Day 3 H&E of lung tissue showed 

little edema with cell infiltrates and large areas of lymphoid tissue proliferation located around 

bronchi that were probably infected initially.  (Figure 5-9B, 5-9C)  These areas of infiltrate and 

lymphoid tissue proliferation pockets are what remain after this response of the host to virus 

infection.  This activation of an immune response demonstrates that the DKO mice are not 

deficient in their responses to viral infections at relatively low virus doses and in fact have a 

more robust response that that of wild type mice.  Day 5 H&E of the lung tissue sections showed 

relatively normal lung structures with moderate alveolar neutrophilic infiltrate (Figure 5-9E) and 

hyaline membranes present (Figure 5-9F).  Hyaline membranes suggest a stressed alveolar tissue 

and subsequent scaring from virus infections.  Liver sections from both days 3 and 5 post 

infection showed random small areas of neutrophilic necrosis.  Spleen sections from day 3 
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showed spleenic activation with follicular hyperplasia, while day 5 sections showed hypoplasia.  

(Figure 5-11E) 

 DKO mice infected with 108 pfu of VV∆E3L::gfp that are clinically ill and exhibit 

symptoms that require euthanasia by day 6 were also sampled for histopathology.  Lung samples 

from day 3 showed staining for virus replication around epithelial cells of bronchi, areas of 

edema, and infiltrates.  (Figure 5-10A)  This staining was localized as was seen in the IHC of VV 

infected lungs.  The H&E of day 3 lungs showed edema around the bronchi and alveolar tissue 

with neutrophilic infiltrate.  (Figure 5-10B)   IHC of day 5 lung tissue showed increased areas of 

virus infection focused at the site of bronchi.  (Figure 5-10C)  Day 5 lung sections showed 

extensive edema and fibrin located around infected bronchi and at the outer edges of lung with 

no virus present.  These lung sections also exhibited lymphoid tissue proliferation mostly 

contained in small areas causing obstruction of entire sections of the lung tissue.  (Figure 5-10 D 

to 5-10F)  Liver sections for both day 3 and 5 showed normal tissue structures by H&E, with a 

few epithelial cells staining positive for virus replication at day 3 by IHC.  The spleen sections 

exhibited normal tissue structure by H&E at day 3 with no staining for virus by IHC.  Day 5 

spleen sections showed severe lymphoid depletion, with the lymphocytes from the spleen being 

having been recruited to the lung following infection.  (Figure 5-11F) 

 Tissue weights were also measured in these studies and are located in Figure 5-10.  The 

lung weights of infected mice as compared to PBS animals showed a general increase in weight, 

up to twice that of the PBS animals, for both wild type and DKO mice infected with 108 pfu of 

VV∆E3L::gfp.  (Figure 5-10A)  This was not the case for the DKO mice infected with 104 pfu of 

VV∆E3L::gfp where the lung weight did not change as compared to the PBS animals.  The 

spleen weights of infected animals as compared to the PBS controls were very different.  (Figure 
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5-10B)  The wild type mice infected with 108 pfu of VV∆E3L::gfp showed a general increase in 

weight suggesting activation of the spleen where as DKO mice infected at either 104 pfu or 108 

pfu of VV∆E3L::gfp showed a decrease in weight, suggesting that the infiltrating cells seen in 

the lungs of the infected animals were from the spleens.  The body weight to lung weight ratios 

of mice infected with 108 pfu showed a clear difference between the wild type mice that survive 

and the DKO mice that are euthanized due to severe disease.  (Figure 5-10C)  The wild type 

mice show a stable ratio that does not change over time while the DKO mice show a general 

decrease in the ratio of body to lung weight at the 108 pfu dose. 

 The ratio of lung to spleen weights for the infected animals was also very informative.  

Figure 5-10D shows that the wild type mice infected with 108 pfu exhibited as stable ratio of 1-2 

for the lung to spleen weights while the DKO mice exhibited high ratios of 3 or more.  This 

suggests that the animals that succumb to infection have a massive emptying of their spleens into 

their lung tissue, as suggested by the H&E as well.  When the DKO mice at both doses are 

compared in body to lung weight ratios it is seen that the mice that do not exhibit severe disease 

have a stable ratio that does not change over time (Figure 5-10E) while the 108 pfu dose animals 

exhibit a general decrease in ratios of body to lung weight.  This has been observed in previous 

experiments to be an indicator of disease as well, and that a deviation from a stable ratio signifies 

severe disease. 

Discussion 

 The VV∆E3L::gfp virus was found to be highly attenuated in both tissue culture and 

animals as previously reported. (Beattie, Kauffman et al., 1996);(Chang, Uribe et al., 1995)  It is 

clear from the animal survival data that the viral gene E3L is important in controlling the host 

response to dsRNA and interaction with PKR.  Animals respond very efficiently and robustly to 

infection with VV∆E3L::gfp  as observed by the up regulation of STAT-1 protein staining and 
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by histopathological analysis.  This strong immune response is most likely due to the lack of the 

E3L protein that normally sequesters dsRNA and prevents cellular responses.   

Survival data with the double PKR/RNaseL knockout mice also suggest that E3L targets 

and controls host responses other than that of PKR and RNaseL and are most likely the other 

cellular response pathways activated by dsRNA, i.e. TLR3, RIG, MDA5.  These pathways are 

most likely secondary to that of PKR and RNaseL in a poxvirus infection as the DKO mice were 

able to be lethally infected at high doses of VV∆E3L::gfp. 

The comparison of the mice infected at the wt VV LD80 doses with VV∆E3L::gfp (Table 

5-2) showed a high level of attenuation and inability of the virus to replicate well in the lung 

tissue.  This poor level of replication and lack of spread to distal organs is consistent with 

previously reported virus phenotypes in mice.  This data also supports the hypothesis that E3L is 

critical in controlling the host immune response and that when deleted the host responds to give 

little disease in animals. 

The lethal infection any animal with VV deleted for E3L (VV∆E3L::gfp) has not been 

previously reported.  We have shown that DKO mice at inoculated with 108 pfu causes lethal 

systemic disease that is undistinguishable clinically from a lethal wt VV infection.  The 

differences observed were at the level of virus spread and histopathology.   VV∆E3L::gfp 

replicated to high levels within the lungs of infected animals and induced a major response in 

which massive cell infiltrates and lymphoid tissue proliferation were observed.  The lymphoid 

depletion observed in the spleens at day 5 is most likely due to the recruitment of cells to the 

lung. The level of edema observed in the lung tissue was higher than observed with wt VV lung 

infections in DKO mice.  This increase in edema is most likely due to the major influx of 

immune cells to the lung through the blood vessels causing damage to the vessels.  In this case 
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the vigorous immune response appears to highly contribute to the disease observed in the DKO 

animals.
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Figure 5-1.  Diagram of E3L protein and area deleted in VV∆E3L::gfp.  The E3L protein is 
190aa long and has two domains.  The N-terminal domain binds Z-DNA and is from 
amino acids 5 to 70.   The C-terminal domain is the dsRNA binding domain that is 
from amino acid 118 to 186.  The overlaid red box that reaches from amino acid 27 to 
163 shows the area of the protein deleted and replaced with gfp under the poxvirus 
synthetic early late promoter in VV∆E3L::gfp. (Chang & Jacobs, 1993;Ho & 
Shuman, 1996;Kim, Lowenhaupt et al., 2004) 
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Table 5-1.  In vitro titer data VV∆E3L::gfp host range  
Cell Line Virus Titer 

BHK-21 2.81 x 108 

CV-1 1.4 x 103 

RK13 3.6 x 103 

PK15 4 x 102 

Vero < 100 

BSC40 6 x 103 

A549 < 100 

MCF7 2 x 102 

In vitro data for host range in VV∆E3L::gfp.  A stock of VV∆E3L::gfp grown and tittered on 
BHK-21 was tittered on various cell lines to determine the host range phenotype for this virus. 
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Figure 5-2.  Survival Curves for mice infected with VV∆E3L::gfp.  The inoculums doses are 
noted in each curve.  Number of animals per dose is noted in the figure legends.  A) 
Survival curves for wild type mice infected with VV∆E3L::gfp.  B) Survival curves 
for DKO mice infected with VV∆E3L::gfp.  The Kaplan Meier survival analysis 
determined an overall significance for the survival curves of p<0.001.  The Holm-
Sidak method for multiple comparisons showed significance of p≤0.00003 for the 108 
pfu survival curve as compared to the other curves; and p≤0.001 for the 107 pfu 
survival curve as compared to the other curves except the 108 pfu curve.  C) Survival 
curve for PKR mice infected with VV∆E3L::gfp.  The Kaplan Meier survival analysis 
determined an overall significance for the survival curves of p=0.035.  There were no 
significant differences between the curves in a multiple comparison by the Holm-
Sidak method.  D) Survival curve for RNaseL mice infected with VV∆E3L::gfp. 
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Figure 5-3.  Average body temperature and weight loss of wild type mice infected with 
VV∆E3L::gfp. 
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Figure 5-4.  Average body temperature and weight loss of DKO mice infected with 
VV∆E3L::gfp. 
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Figure 5-5.  Average body temperature and weight loss of RNaseL mice infected with 
VV∆E3L::gfp. 
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Figure 5-6.  Average body temperature and weight loss of PKR mice infected with 
VV∆E3L::gfp. 
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Table 5-2.  Tissue titers of mice infected with VV∆E3L::gfp 
Mouse 
Construct Tissue 

Input 
Titer Day 2 Day 3 Day 4 Day 5 Day 6 

Wild type Lung 106 3.68 3.37 2.73 2.50 2.64 
DKO Lung 104 3.51 3.28 3.67 3.20 2.62 
RNaseL Lung 105 2.42 2.60 2.26 1.87 <0.3 
PKR Lung 105 3.86 3.71 3.61 2.26 1.78 
Wild type Liver 106 <0.3 <0.3 <0.3 <0.3 <0.3 
DKO Liver 104 <0.3 <0.3 <0.3 <0.3 <0.3 
RNaseL Liver 105 <0.3 <0.3 <0.3 <0.3 <0.3 
PKR Liver 105 <0.3 <0.3 <0.3 <0.3 <0.3 
Wild type Spleen 106 <0.3 <0.3 <0.3 <0.3 <0.3 
DKO Spleen 104 <0.3 <0.3 <0.3 <0.3 <0.3 
RNaseL Spleen 105 <0.3 <0.3 <0.3 <0.3 <0.3 
PKR Spleen 105 <0.3 <0.3 <0.3 <0.3 <0.3 
Wild type Gonad 106 <0.3 <0.3 <0.3 <0.3 <0.3 
DKO Gonad 104 <0.3 <0.3 <0.3 <0.3 <0.3 
RNaseL Gonad 105 <0.3 <0.3 <0.3 <0.3 <0.3 
PKR Gonad 105 <0.3 <0.3 <0.3 <0.3 <0.3 
Wild type Brain 106 <0.3 <0.3 <0.3 <0.3 <0.3 
DKO Brain 104 <0.3 <0.3 <0.3 <0.3 <0.3 
RNaseL Brain 105 <0.3 <0.3 <0.3 <0.3 <0.3 
PKR Brain 105 <0.3 <0.3 <0.3 <0.3 <0.3 

Average log10 values for tissue titer data for mice infected with VV∆E3L::gfp.  Mice were 
infected with their construct specific VV LD80 dose and tissues harvested at day 2 to 6.  n≥8 
mice per mouse construct per time point.  Limit of detection for the titer assay was 0.3. 
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Table 5-3.  Tissue titers for DKO mice infected with 109 pfu VV∆E3L::gfp 

Lung Liver Spleen Gonad Brain 

8.04 4.91 5.25 4.29 5.78 
Average log10 values for tissue titer data for DKO mice infected with 109 pfu VV∆E3L::gfp.  3 
mice were infected with 109 pfu VV∆E3L::gfp and tissues harvested at the time of euthanization, 
day 5. 
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Figure 5-7.  Protein levels of STAT-1 in VV∆E3L::gfp infected lung tissue.  
Immunohistochemistry staining for STAT-1 levels of infected lung tissue.  B 
represents bronchi, BV represents blood vessel, A shows the location of alveoli, L 
shows the location of lymphoid tissue proliferation.  A) Wild type mouse lung tissue 
taken at day 3 post infection; 5x.  B) Wild type mouse lung tissue taken at day 5; 20x.  
C) DKO mouse infected at 104 pfu day 3 lung tissue; 20X.  D) DKO mouse infected 
at 104 pfu day 5 lung tissue; 20X.  E) DKO mouse infected at 108 pfu day 5 lung 
tissue; 5x.  F) DKO mouse infected at 108 pfu day 5 lung tissue; 40x. 
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Figure 5-8.  VV∆E3L::gfp histology of wild type mouse lung tissue.  B shows the location of 
bronchi; E denotes areas of edema; BV shows the location of blood vessels.  A) Day 
3 IHC stained lung section at 5X magnification.  B) Day 3 H&E lung section at 5X 
magnification.  C) Day 3 H&E stained lung section at 20X magnification.  D)  Day 5 
H&E lung section at 5X magnification.  E) Day 5 IHC lung section at 20X 
magnification.  Arrow shows an area of lymphoid tissue that underwent proliferation.  
F) Day 5 H&E lung section at 40X magnification. 
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Figure 5-9.  Histology of DKO mouse lung tissue from animals infected with 104 pfu 
VV∆E3L::gfp.  B shows the location of bronchi; A shows the location of alveoli.  A) 
Day 3 IHC stained lung section at 5X magnification.  Arrow shows area of lymphoid 
proliferation.  B) Day 3 H&E lung section at 5X magnification.  Arrow shows area of 
lymphoid proliferation.  C) Day 3 H&E stained lung section at 40X magnification.  
Arrow shows area of lymphoid proliferation.  D)  Day 5 IHC lung section at 5X 
magnification.  E) Day 5 IHC lung section at 10X magnification.  F) Day 5 H&E lung 
section at 20X magnification.  Arrows show the location of hyaline membranes. 
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Figure 5-10.  Histology of DKO mouse lung tissue from animals infected with 108 pfu 
VV∆E3L::gfp.  B shows the location of bronchi; BV shows the location of blood 
vessels; E shows areas of edema.  A) Day 3 IHC stained lung section at 5X 
magnification.  Arrow shows infected bronchi.  B) Day 3 H&E lung section at 5X 
magnification.  C) Day 5 IHC stained lung section at 20X magnification.  D)  Day 5 
H&E lung section at 5X magnification.  Arrows show areas of fibrin and edema.  E) 
Day 5 H&E lung section at 20X magnification.   AW shows the thickening of the 
alveolar wall; arrow shows an area of edema.  F) Day 5 H&E lung section at 20X 
magnification.  Arrows show the location of lymphoid proliferation. 
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Figure 5-11.  Histopathology of spleen and liver tissue from VV∆E3L::gfp infected animals.  A) 
Spleen section at 10X magnification from wild type mice at day 3.  B) Day 3 H&E 
spleen section at 20X magnification from wild type mice.   C) & D) Day 5 liver 
section at 40X magnification.  Arrows show the areas of necrosis and neutrophil 
infiltrate.  E) DKO mouse infected with 104 pfu day 5 IHC spleen section at 5X 
magnification.  F shows the area of a follicle.  F) Day 5 H&E spleen section at 5X 
magnification from DKO mice infected with 108 pfu.  F shows the site of a follicle. 
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Figure 5-12.  Tissue weights for mice infected with VV∆E3L::gfp.  Graphs of the ratios of lung, 
spleen, and body weights for mice harvested for histopathology.  3 animals per time 
point were used.  PBS animals are used as the normal reference.   A) Graph of the 
ratios of body weight to lung weight for mice.  B) Graph of the ratios of lung weight 
to spleen weight for mice.  C) Body weight to lung weight ratios over time for wild 
type and DKO mice infected at 108 pfu.  D) Lung weight to spleen weight ratios over 
time for wild type and DKO mice infected at 108 pfu.  E) Body weight to lung weight 
ratios over time for DKO mice infected at 108 or 104 pfu.  F) Lung weight to spleen 
weight ratios over time for DKO mice infected at 108 or 104 pfu.
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CHAPTER 6 
PATHOLOGY OF VV∆K3L::GFP IN WILD TYPE AND KNOCKOUT MICE 

Introduction 

Vaccinia virus K3L was identified as a gene that when deleted from the virus caused 

sensitivity to interferon in vitro.  The role of K3L in the virus infection has not been fully 

elucidated as of yet.  K3L has been shown in vitro to bind PKR and to prevent the 

phophorylation of eIF2α and host cell translation shutdown in response to the presence of 

dsRNA.  K3L is expressed early in the infection, suggesting that it is needed for immune 

modulation in some fashion.(Beattie, Paoletti et al., 1995)  The protein has been crystallized and 

is known consist of 5 beta strands and 2 alpha helices to form a beta barrel.(Dar & Sicheri, 2002)  

The protein is diagramed in Figure 6-1.  The area shaded in red is the area deleted in the virus 

generated for these studies, VV∆K3L::gfp.  The N-terminal portion of K3L that shares homology 

with eIF2α and is hypothesized to bind PKR through the same C-terminal domain where it has 

been determined that eIF2α binds.(Dar & Sicheri, 2002)  This interaction has not been shown in 

vivo as of currently. 

In tissue culture VV deleted for K3L was reported to exhibit host range in vitro failing to 

replicate in BHK-21 cells. (Langland & Jacobs, 2002)  VV deleted for K3L showed a 1 to 2 log 

attenuation in mice by the IN route of infection. 

Results 

In Vitro Data 

Vaccinia virus deleted for the K3L gene was evaluated in cell culture for comparison to 

previously reported data of VV∆K3L exhibiting a host range phenotype.  The reported host range 

phenotype was that it failed to replicate in BHK-21 cells with normal replication in other cell 

types tested.  The deletion virus, VV∆K3L::gfp, generated for this study was evaluated in cell 
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culture for a host range phenotype.  VV∆K3L::gfp was grown and tittered on CV-1 cells and 

then evaluated for host range by titer on the cell lines from pigs, hamster, rabbits, humans, and 

monkeys shown in Table 6-1.  The titer for VV∆K3L::gfp on CV-1 cells was 6.8 x 109 and 

exhibited no decrease in titer on any of the cell lines evaluated.  Therefore, the VV∆K3L::gfp 

virus generated for these studies does not have a host range phenotype in vitro, which contradicts 

what has been previously reported.  

Survival Studies of Mice Infected with VV∆K3L::gfp 

All the mouse constructs were evaluated for survival and clinical symptomology by IT 

infection with VV∆K3L::gfp.  Based on previous literature it was expected that wild type and 

RNaseL single knockout mice would exhibit a decreased sensitivity to VV∆K3L::gfp.  Both the 

wild type and RNaseL single knockout animals have wild type copies of the PKR gene, which 

K3L has been suggested to target.  The PKR single knockout and DKO mice were expected to 

exhibit sensitivity very similar to that of wt VV.  With the deletion of the host target PKR and 

viral K3L proteins both missing from the infections there should be a canceling of effects of the 

proteins giving a wild type VV like infection.  

Wild type mice were infected with 105 to 107 pfu of VV∆K3L::gfp and exhibited survival 

similar to that observed with wt VV.  (Figure 6-2A)  106 pfu was determined to be the LD80 for 

wild type mice, which was also the dose of wt VV required for 80% lethality in wild type mice.  

RNaseL single knockout mice evaluated for survival after infection with 104 to 106 pfu 

VV∆K3L::gfp.  (Figure 6-2C)  The LD80 was determined to be 106 pfu with mice demonstrating 

severe disease being euthanized by day 6.  This was a decrease in virulence as compared to VV, 

where the LD80 of wt VV in RNaseL knockout mice was 105 pfu.  (Chapter 4)  
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PKR knockout mice were infected with 104 to 106 pfu VV∆K3L::gfp for evaluation of 

survival and clinical symptomology.  (Figure 6-2D)  The LD80 was determined to be 106 pfu with 

mice demonstrating severe disease being euthanized by day 6.  This also was a decrease in 

virulence as compared to VV, where the LD80 of wt VV in PKR knockout mice was 105 pfu.  

(Chapter 4).   

The DKO mice were infected with 103 to 106 pfu VV∆K3L::gfp for survival and clinical 

symptomology.  DKO mice exhibited an increased survival when infected with VV∆K3L::gfp as 

compared to VV.  (Figure 6-2B)  The LD80 was determined to be 106 pfu with mice 

demonstrating severe disease euthanized by day 6, where the LD80 of wt VV was 104 pfu.  

(Chapter 4)  

Clinical Symptoms in Mice Infected with VV∆K3L::gfp 

The wild type mice temperature and weight loss profiles for mice infected with 105 to 107 

pfu of VV∆K3L::gfp.  (Figure 6-3)  Mice infected with 105 pfu exhibited no decrease in body 

temperature but did exhibit a weight loss maximum of 17%.  These animals were clearly ill, 

although not all of them required euthanization.  Mice infected with 106 and 107 pfu of 

VV∆K3L::gfp all mice succumbed to disease by day 6 exhibiting temperature decrease to 30°C 

or lower and a 25% body weight decrease from beginning weight.  The animals that succumbed 

to infection all exhibited a failure to groom, head and face swelling, hunched posture and 

respiratory distress. 

RNaseL single knockout mice temperature and weight loss profiles for mice infected with 

104 to 106 pfu VV∆K3L::gfp.  (Figure 6-4)  Mice infected with 104 pfu of VV∆K3L::gfp did not 

exhibit a temperature or weight loss indicating a lack of disease in these animals.  Mice infected 

with 105 pfu did show a slight body temperature decrease at day 7 and a normal weight loss of up 
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to 20% as expected from animals that exhibit symptoms of disease.  Mice infected with 105 pfu 

all required euthanization by day 6 and exhibited severe disease with a body temperature drop to 

25°C or lower with a 28% average body weight loss by day 6.  All the mice also exhibited the 

same clinical symptoms of failure to groom, head and face swelling, hunched posture and 

respiratory distress observed in the wild type and DKO mice. 

PKR single knockout mice were infected with 104 to 106 pfu VV∆K3L::gfp.  The 

temperature and weight loss profiles for these mice.  (Figure 6-5)  Mice infected with 104 pfu of  

VV∆K3L::gfp  did not exhibit a temperature decrease, but did exhibit a weight loss of up to 17%, 

suggesting some systemic disease at this virus dose.  The animals infected with 105 pfu did 

exhibit a temperature and weight loss decrease suggesting severe systemic disease, however only 

50% of the mice at this dose required euthanization for disease symptoms.  Mice euthanized for 

severe disease infected with 106 pfu exhibited a body temperature decrease to 30°C or lower and 

a 22% body weight loss as compared to starting weight by day 6.  The PKR mice exhibited all 

the clinical symptoms that the other mouse constructs did at the 106 pfu dose, but also had severe 

eye secretions with secondary lesions present on the eyelids.  This was the first time in the course 

of this study that secondary dermal lesions had been observed. 

DKO mice temperature and weight loss profiles for mice infected with 103 to 106 pfu.  

(Figure 6-6)  Animals infected with 103 and 104 pfu showed modest temperature decreases and 

weight loss profiles up to 10% suggesting mild, transient disease.  Mice infected with 105 pfu 

also showed little in the way of a temperature decrease, but did exhibit a maximum weight loss 

of 22%, indicating systemic disease.  Mice infected with 106 pfu exhibited severe body 

temperature decreases as well as a weight loss up to 20% and clinical symptoms observed in the 

other mouse constructs that required euthanization. 
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Virus Dissemination from the Site of Inoculation 

Virus spread as measured by tissue titer was performed on animals infected with 

VV∆K3L::gfp.  This experiment was to establish the ability of the virus to control the host 

immune system enough to allow spread and to examine the tissues the virus infects.  Mice were 

infected with VV∆K3L::gfp via the IT route of infection.  There were two sets of tissues taken, 

one done at the mouse construct specific VV LD80 dose previously presented in Chapter 4 for 

direct dose comparison.  The second set was performed at the experimentally established LD80 

dose for VV∆K3L::gfp in all the mouse constructs for an outcome comparison.  

Titers for the lung, liver, spleen, gonad and brain of mice infected with their respective VV 

LD80 dose.  (Table 6-2)  All tissues were tittered on CV-1 cells.  Wild type mice were infected 

with 106 pfu of VV∆K3L::gfp and sampled at days 2 to 6 post infection.   The wild type mice 

showed high levels of virus present in the lungs, but little spread to the other distal organs.  The 

most spread exhibited was to the brain, which had 3.68 logs at day 6, nearly 4 logs less than what 

was seen with wt VV (Table 3-2).   

RNaseL and PKR single knockout mice were infected with 105 pfu of VV∆K3L::gfp.  Both 

mouse constructs showed high levels of virus in the lungs, with 7-8 logs at day 6.  The PKR and 

RNaseL single knockout mice, from the survival and weight loss data were clearly ill, exhibiting 

a 50% and 60% survival, respectively, and a 20% weight loss, yet virus titers in the lungs were 

higher than that observed in VV.  (Table 4-1)  As with the wild type mice infected with 

VV∆K3L::gfp, there was little spread to the distal organs.  The spread to the brain was the 

highest level found at 3 logs at day 6, 3 logs less than that of RNaseL and PKR single knockout 

mice infected with the same titer of wt VV. 
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 DKO mice were infected with 104 pfu VV∆K3L::gfp, a dose in which an 80% survival 

was observed with no signs of disease.  Titers higher than those observed in wt VV infections 

were also observed in the lungs, at 8 logs for VV∆K3L::gfp.  Spread from the lung to the liver, 

spleen, gonad and brains were very low as compared to wt VV at the same dose in DKO mice, 

typically 3 logs or more lower than that of wt VV. (Table 4-1) 

All the mouse constructs also underwent tissue sampling at days 3 and 5 post infection 

when infected with 106 pfu of VV∆K3L::gfp, the LD80 dose of VV∆K3L::gfp for all the mouse 

constructs.  (Table 6-3)  This was to compare the tissue titers when similar outcomes were 

observed, that is at a dose that varies, but all the mice exhibit severe disease and require 

euthanization in the survival studies.  PKR and RNaseL single knockout and DKO mice were 

infected with 106 pfu of VV∆K3L::gfp and harvested at days 3 and 5 post infection.  Previous 

data for wild type mice infected with 106 pfu of VV∆K3L::gfp was used in Table 6-3.  All mice 

had 8.0 to 8.8 logs of VV∆K3L::gfp in the lungs at both day 3 and 5, again much higher than 

seen with VV in these mice. (Table 4-1)  There was limited spread to distal sites in the mice with 

the most virus being found in the gonads and brains at day 5.  Secondary lesions observed on 

PKR mice eyelids were harvested and tittered for confirmation of virus present as compared to 

eyelids harvested from a wild type VV infected PKR mouse.  The eye lesions from the 

VV∆K3L::gfp infected mice had confirmed virus present, while the wild type VV infected 

eyelids did not. 

This data suggests that the K3L gene product contributes to the virus’ ability to spread 

from the lung.  VV∆K3L::gfp is able to infect cells and replicate efficiently in other tissues as 

evident by the increase in titers over time, it takes longer for the virus replicate to high titers due 

to its delay in arrival at the distal sites. 
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STAT-1 Staining of Lung Tissue 

STAT-1 immunostaining of lung tissue from mice infected with VV∆K3L::gfp was 

performed.  Lung tissue from wild type and DKO mice infected with 106 pfu of VV∆K3L::gfp at 

day 3 and 5 post infection were analyzed for the levels of STAT-1 protein. 

Lung tissue from wild type mice at day 3 post infection showed low levels of cytoplasmic 

staining with no infiltrating cells staining positive for STAT-1.  The areas immediately 

surrounding both the edema and infected cells was slightly darker staining than the remainder of 

the lung tissue.  (Figure 6-7C&D)  Day 5 post infection staining was very similar to that 

observed at day 3 with low cytoplasmic staining throughout the lung with higher levels of 

nuclear staining around areas of edema and infection.  The staining patterns observed in the wild 

type mouse lungs was different from that seen with both wild type VV and VV∆E3L::gfp in that 

there was not an increase in STAT-1 protein present to suggest a strong immune response to viral 

infection. 

DKO mice at day 3 and 5 post infection (Figure 6-8E&F) showed moderate levels of both 

nuclear and cytoplasmic staining.  The bronchi epithelial cells showed increase pattern of 

cytoplasmic and nuclear staining at both time points.  Compared to the staining observed in 

uninfected animals, the staining observed with DKO mice infected with VV∆K3L::gfp was not 

considerably different.  As with wild type mice infected with VV∆K3L::gfp, the DKO mice do 

not appear to respond strongly to VV∆K3L::gfp infection in the lungs as had been previously 

observed. 

Histopathology 

 Histopathology of the lung, liver, and spleen tissues from mice infected with 

VV∆K3L::gfp to determine the pathology of the virus in animals.  All mouse constructs were 
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infected with 106 pfu VV∆K3L::gfp, to allow for comparison of disease with VV infected 

animals with identical outcomes of severe disease.  Tissues were harvested from the animals, 

fixed in formalin overnight, and then embedded in paraffin.  Each tissue was sectioned for IHC 

staining for gfp to determine virus replication in the tissue and H&E for overall tissue 

composition. 

 Wild type mouse lungs at day 3 post infection demonstrated severe edema with necrosis 

of the bronchioles and loss of structure integrity.  The infiltrate was mild, consisting of mainly 

neutrophils.  The blood vessels located in close proximity to the necrotic bronchioles exhibited a 

loss of integrity leading to the edema.  (Figure 6-9B)  Upon examination of the IHC focal 

infections located mainly at the bronchioles was observed.  (Figure 6-9A)  Positive staining for 

gfp was also detected in the alveolar epithelial cells.   The lung sections at day 5 were similar in 

both H&E findings and IHC, with more severe edema (Figure 6-9D & E) and larger areas of 

infected tissue around the bronchioles (Figure 6-9C & E).  The liver sections showed no virus at 

day 3 or 5, but did have random sites of neutrophillic necrosis on H&E examination.  The spleen 

sections at both day 3 and 5 had a few random IHC positive cells, but normal H&E on day 3.  

Day 5 spleen H&E showed depletion in cells in the follicles, suggesting an active immune 

response in the host.  (Figure 6-10) 

 RNaseL mouse lungs at day 3 post infection showed severe edema with necrosis and 

neutrophilic cell infiltrate on H&E.  The bronchioles showed a loss of structural integrity and a 

minor loss of blood vessel integrity leading to the edema.  IHC staining showed the localized 

infection at the bronchiolar epithelial cells.  Day 5 lung H&E showed severe edema and 

hemorrhage at both the area around the bronchiolar blood vessels and alveolar structures.  Both 

vascular and bronchiolar structural integrity are lost and the presence of neutrophilic infiltrate.  
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IHC showed bronchiolar epithelium and vascular endothelium staining, suggesting the edema 

was again due to virus infection damage to the vascular cell walls.  Liver sections for both day 3 

and 5 were normal for both H&E and IHC.  Spleen sections at both day 3 and 5 showed no IHC 

staining, but severe lymphoid depletion on H&E.   The lymphoid depletion most likely 

contributed to the infiltrates observed in the lung tissue. (Data not shown.) 

 PKR mouse lungs had edema, hemorrhage, necrosis and neutrophilic infiltrate located 

around the IHC positive bronchioles at day 3.  Day 5 lung sections had more severe edema 

around the bronchioles and in the alveolar spaces.  An increase in necrosis and an expansion of 

lymphoid tissue with macrophages and neutrophilic infiltrate was seen on H&E.  IHC for day 5 

lungs showed positive bronchial epithelial cells and cellular debris around infected bronchioles.  

Liver sections were normal on both H&E and IHC for day 3 and 5.  Spleen sections at day 3 

were also completely normal. (Data not shown.)  Day 5 spleen sections showed no IHC staining, 

but did show severe lymphoid tissue depletion.  (Figure 6-10B) 

DKO mouse lungs at day 3 post infection showed mild edema with few infiltrating cells 

on H&E and a bronchiolar epithelial cell localized infection on IHC.  (Figure 6-11B & C)  On 

IHC the lung at day 3 showed bronchiolar epithelial cells positive for gfp and virus infection in a 

localized, isolated pattern.  (Figure 6-11A)  Day 5 lungs showed severe edema both around the 

bronchioles and alveolar compartments with severe necrosis and neutrophilic infiltrate on H&E.  

(Figure 6-11E & F)  There were also lymphocytic cell aggregates observed that are most likely 

from lymphoid cell proliferation and cell infiltrate.  Day 5 also had positive bronchiolar 

epithelial cells, but also a high level of endothelial cell staining.  (Figure 6-11D)  This suggests 

that the edema seen is due to the loss of blood vessel integrity from virus infection and necrosis.  

The liver sections were negative on IHC for gfp and virus replication, but there were random 
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sites of neutrophilic necrosis at day 3 on H&E.  The day 3 spleen sections were normal on both 

H&E and IHC, and day 5 showed no IHC staining but a moderate lymphoid depletion, most 

likely a contributor to the lymphocytic cell aggregates seen in the lungs at day 5.  (Figure 6-10A) 

 Weights of the tissues taken for histopathology are shown in Figure 6-12.  The lung 

weights as compared to PBS animals over time is shown in Figure 6-12A.  The weight of the 

lung tissue increases over time as would be expected from the amount of edema present late in 

infection with no differences between mouse constructs seen.  Spleen weights as compared to 

PBS spleen weights over time are shown in Figure 6-12B.  The weights are normal at day 3, but 

decreased at day 5 coinciding with the lymphoid depletion seen at day 5 by histopathology.  The 

body weight to lung weight ratios is shown in Figure 6-12C.  The ratios decrease over time for 

all the mouse constructs indicating severe disease.  The lung weight to spleen weight ratios, 

shown in Figure 6-12D, exhibited a general increase in ratio with do differences between mouse 

constructs. 

Discussion 

The major role of K3L in the pathogenesis of the IT model for VV infection of mice is not 

PKR.  This is deduced from the mouse survival data in which there are no differences between 

the wild type and knockout mice in survival or approximate LD80 dose.  This is possibly 

explained by the presence of E3L in VV∆K3L::gfp and E3L having been previously described as 

both a dsRNA binding protein and responsible for sequestering PKR from activation by the 

presence of dsRNA. (Kim, Lowenhaupt et al., 2004)  In the presence of E3L the K3L protein 

may be a backup or redundant protein that is responsible for aiding E3L in blocking the 

activation of PKR during periods of time in which E3L is unable to control the immune response 

completely.  This is also supported by the lack of increase in STAT-1 immunostaining of lung 
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tissue late in infection, suggesting that K3L is not needed to control the immune responses in the 

lung tissue.  Using a different infection model a more dramatic survival phenotype may be 

observed based upon this hypothesis. 

The deletion of K3L from VV does not affect the virus’ ability to grow as shown by the 

increase in titers observed in all organs, but does affect its ability to spread.  The areas of virus 

infection and growth are much larger in the animals infected with VV∆K3L::gfp (Table 6-2 and 

Table 6-3) than those observed with wild type VV (Table 4-1), leading to more tissue damage 

within the lung.  The infection of the endothelial cells surround the blood vessels causing leakage 

from the blood vessels is most likely the source of the massive edema observed in the tissues and 

contributes to the virus’ inability to spread.  This inability to spread is most likely due to the loss 

of integrity of the blood vessels.  Poxviruses have been theorized to spread by a cell associated 

mechanism through the blood in animals and with decreased blood vessel integrity this would 

not occur as rapidly.  K3L may contribute to virus growth in the animal by controlling or 

sequestering some undetermined protein or proteins to keep the virus from overgrowing the 

primary site of infection in order to allow for dissemination through the animal via the blood.  A 

time course for the levels of virus in blood would have to be performed in order to determine if 

this was the cause for the lack of virus spread. 

Another possibility is that in the absence of K3L this pattern of spread is not altered, but 

the host immune is mounting a systemic immune response that is controlling the virus growth 

throughout the body except in sites that are immune privileged.  In this case K3L would function 

as an immune suppressor, but again this target has yet to be discovered as illustrated by the 

survival curves with VV∆K3L::gfp.  There is an immune response occurring systemically as 

illustrated by the severe lymphoid depletion from the spleen.  This suggests a high level of 
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circulating immune cells.  The higher titers of VV∆K3L::gfp found in the brain and gonads as 

well as the appearance of secondary eye lesions and profuse eye discharge suggest a preference 

for immune privileged sites.  Again, virus levels in whole blood as well as blood cell counts 

would provide valuable insight into this as a explanation for the differential disease patterns 

observed with VV∆K3L::gfp. 
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Figure 6-1.  K3L protein domain diagram.  K3L is 88 amino acids in length and comprised of 5 
beta sheets and 2 alpha helices.  The shaded red area from amino acids 15 to 66 
shows the area deleted and replaced with gfp in VV∆K3L::gfp. (Dar & Sicheri, 2002) 
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Table 6-1.  In vitro titer data VV∆K3L::gfp host range 
Cell Line  Virus Titer  

BHK-21  3.2 x 109  

CV-1  6.8 x 109  

RK13  4.2 x 109  

PK15  5.2 x 109  

Vero  1.22 x 109  

BSC40  8 x 109  

A549  6.6 x 109  

MCF7  5.4 x 109  
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Figure 6-2.  Survival data for mice infected with VV∆K3L::gfp.  The numbers of mice used for 

each virus dose are located in the respective Figure legends.  The overall significance 
for all the curves was p<0.001 by the Kaplan Meier survival analysis.   A) Survival 
curve for wild type mice infected with VV∆K3L::gfp.  The Holm-Sidak method for 
multiple comparisons was used to determine significance between the curves.  All 
comparisons were found to be significant at p≤0.004 except the 106 pfu curve 
compared to the 107 pfu curve.  B) Survival curve for DKO mice infected with 
VV∆K3L::gfp.  The Holm-Sidak method for multiple comparisons determined that 
the 106 pfu curve was significantly different (p≤0.0001) compared to the other doses.  
C) Survival curve for PKR mice infected with VV∆K3L::gfp.  The Holm-Sidak 
method for multiple comparisons determined that the 106 pfu curve was significantly 
different (p≤0.001) compared to the other doses.  D) Survival curve for RNaseL mice 
infected with VV∆K3L::gfp.  The Holm-Sidak method for multiple comparisons 
determined that the 106 pfu curve was significantly different (p≤0.0001) compared to 
the other doses. 
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Figure 6-3.  Average body temperature and weight loss of wild type mice infected with 

VV∆K3L::gfp.  
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Figure 6-4.  Average body temperature and weight loss of RNaseL mice infected with 

VV∆K3L::gfp. 
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Figure 6-5.  Average body temperature and weight loss of PKR mice infected with 

VV∆K3L::gfp. 
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Figure 6-6.  Average body temperature and weight loss of DKO mice infected with 

VV∆K3L::gfp. 
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Table 6-2.  Titer of tissues from all mouse constructs infected with VV LD80 doses of 

VV∆K3L::gfp. 
Mouse 

Construct 
  

Tissue 
  

    Day     

2 3 4 5 6 
Wild type Lung 7.83 8.27 8.66 8.55 8.34 
DKO Lung 4.98 6.99 6.96 7.46 7.09 
RNaseL Lung 7.04 7.60 8.07 8.22 7.75 
PKR Lung 6.87 7.49 8.12 8.28 8.55 
Wild type Liver 0.92 0.64 0.90 1.82 0.89 
DKO Liver 1.26 1.00 1.08 1.05 2.29 
RNaseL Liver 1.26 0.91 0.37 0.3 0.72 
PKR Liver 1.20 0.95 1.05 1.67 0.88 
Wild type Spleen 0.79 0.95 1.69 1.46 0.80 
DKO Spleen 1.30 0.97 1.17 0.83 2.35 
RNaseL Spleen 1.15 0.79 0.89 0.3 0.67 
PKR Spleen 1.15 1.28 1.58 1.30 1.78 
Wild type Gonad 1.01 0.94 0.83 3.76 3.06 
DKO Gonad 1.30 1.20 1.09 1.25 1.08 
RNaseL Gonad 1.26 1.21 1.01 1.01 0.67 
PKR Gonad 1.26 1.22 1.90 3.01 2.59 
Wild type Brain 1.32 2.56 3.14 3.52 3.68 
DKO Brain 1.26 1.10 1.37 2.19 2.71 
RNaseL Brain 1.08 1.62 2.38 2.30 2.07 
PKR Brain 1.05 1.69 2.41 3.37 3.59 

Average log10 values for tissue titer data for mice infected with VV∆K3L::gfp.  Mice were 
infected with their construct specific VV LD80 dose and tissues harvested at day 2 to 6.  n≥8 
mice per mouse construct per time point.  Limit of detection for the titer assay was 0.3. 
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Table 6-3.  Titer of tissues for all mouse constructs infected with VV∆K3L::gfp 106 pfu 
Mouse 

Construct 
  

Tissue 
 

    Day    
3 5 

Wild type Lung 8.27 8.55 
DKO Lung 8.01 8.72 
RNaseL Lung 8.60 8.47 
PKR Lung 8.45 8.78 
Wild type Liver 0.64 1.82 
DKO Liver 0.11 2.61 
RNaseL Liver 1.62 1.76 
PKR Liver 1.18 2.09 
Wild type Spleen 0.95 1.46 
DKO Spleen 0.96 2.16 
RNaseL Spleen 1.58 1.44 
PKR Spleen 1.79 2.58 
Wild type Gonad 0.94 3.76 
DKO Gonad 0.33 3.03 
RNaseL Gonad 1.19 2.03 
PKR Gonad 0.63 2.73 
Wild type Brain 2.56 3.52 
DKO Brain 2.42 3.84 
RNaseL Brain 3.17 3.16 
PKR Brain 2.38 3.44 
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Figure 6-7.  Staining of STAT-1 from VV∆K3L::gfp infected wild type mice.  Stars show the 
location of bronchi.  A)  Uninfected mice at 20X magnification.  B)  Uninfected mice 
at 40X magnification.  C)  Day 3 post infection lung at 20X magnification.  D)  Day 3 
post infection lung at 40X magnification.  E)  Day 5 post infection at 20X 
magnification.  F)  Day 5 post infection at 40X magnification. 
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Figure 6-8.  Staining of STAT-1 from VV∆K3L::gfp infected DKO mice.  Stars show the 
location of bronchi.  A)  Uninfected mice at 20X magnification.  B)  Uninfected mice 
at 40X magnification.  C)  Day 3 post infection lung at 20X magnification.  D)  Day 3 
post infection lung at 40X magnification.  E)  Day 5 post infection at 20X 
magnification.  F)  Day 5 post infection at 40X magnification. 
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Figure 6-9.  Histopathology of VV∆K3L::gfp infected wild type mouse lung tissue.  B shows the 
location of bronchi; BV the location of blood vessels; E areas of edema.  A) Day 3 
IHC stained lung section at 5X magnification.  The arrow points to areas of infected 
lung tissue.  B) Day 3 H&E lung section at 5X magnification.  C) Day 5 IHC stained 
lung section at 5X magnification.  D)  Day 5 H&E lung section at 5X magnification.  
E) Day 5 IHC lung section at 20X magnification.  F) Day 5 H&E lung section at 40X 
magnification.  N shows the location of neutrophilic infiltrating cells. 
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Figure 6-10.  Histopathology spleen tissue from mice infected with VV∆K3L::gfp. A) Spleen 
H&E from a DKO mouse 5 days post infection.   B) Spleen H&E from a PKR 
knockout mouse 5 days post infection. 
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Figure 6-11.  Histopathology of VV∆K3L::gfp infected DKO mouse lung tissue.  B shows the 
location of bronchi; BV the location of blood vessels; E areas of edema; F areas of 
fibrin collection .  A) IHC of infected lung tissue from day 3 at 5X magnification.  
Arrow shows the location of infected lung tissue.  B) H&E at day 3 using 5x 
magnification.  C) H&E at day 3 at 20x magnification.  D) IHC at day 5 at 5x 
magnification.  E) H&E at day 5 at 10x magnification.  F) H&E at day 5 at 20X 
magnification. 
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Figure 6-12.  Tissue weights for mice infected with VV∆K3L::gfp.  A) Average lung weights 
over time of all mouse constructs infected with 106 pfu of VV∆K3L::gfp.  B) Average 
lung weights over time of all mouse constructs infected with 106 pfu of 
VV∆K3L::gfp.  C) Body weight to lung weight ratios for all mouse constructs over 
time.   D) Lung weight to spleen weight ratios for all mouse constructs over time.
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CHAPTER 7 
CONCLUSIONS AND DISCUSSION 

Overall Conclusions 

VV infection of wild type mice was shown to produce severe disease characterized by a 

rapid weight loss that occurs simultaneously with a body temperature decrease.  The primary site 

of infection in this infection is the lung, of which the virus infected cells are focused around the 

bronchi.  This localized infection caused edema around the infected bronchi and the influx of 

immune cells to the lung tissue.  The influx of immune cells suggests a wide spread immune 

response to infection, however the response was not caused by an increase in IFNβ as measured 

by whole lung ELISA.  Vaccinia virus is known to encode multiple proteins to control both the 

production and downstream signaling of IFN, and this most likely contributes to the lack of IFNβ 

up regulation.   Although the lung infection was maintained as a localized infection, global tissue 

responses were observed in both transcription levels as measured by microarrays and protein 

levels as measured by STAT-1 immunohistochemistry.   

The importance of both RNaseL and PKR in controlling the VV infection in mice has been 

shown from the increased sensitivity of the knockout mice to VV.  The question as to whether 

one gene is more important in controlling the infection than the other has also been answered in 

this study.  It has been shown that both genes contribute to the sensitivity of the DKO mice and 

that the deletion of both RNaseL and PKR shows an additive effect, suggesting that both genes 

are important in controlling wild type VV infections.  This was also supported by the ability of 

the virus to replicate to similar levels in all organs sampled (with exception of the liver and 

spleen in the DKO mice) regardless of the input inoculums titer. 
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The virus lacking E3L was found to be attenuated in both tissue culture and animals as 

previously reported, validating the findings that E3L is necessary for pathogenesis in wild type 

animals.  It is clear from the DKO mouse survival and histological data that the viral gene E3L is 

important in controlling the host response to viral infection and not only targets PKR and 

RNaseL but other pathways that have yet to be elucidated.  E3L may also influence the spread of 

the virus to other sites as observed with the decreased titers of virus found in the distal organs 

with DKO mice infected with high doses of VV∆E3L::gfp. 

The data for K3L suggests that the major function of K3L in an animal is for virus 

dissemination, although it may play a limited role in controlling eIF2α phosphorylation.  The 

survival data in which there are no differences between the wild type knockout mice in survival 

or doses needed to reach a LD80 do suggest that K3L is not required to cause clinical disease.  

The deletion of K3L from VV does affect the virus’ ability to spread, most likely due to the loss 

of integrity of the blood vessels, as the virus spreads by a cell associated mechanism through the 

blood and with severe blood vessel leakage this becomes very difficult.  Finally, K3L does seem 

to control host cell tropism and without K3L the virus tropism is altered; the virus can now infect 

the blood vessel endothelial cells and moves towards a dermal infection.   Although all the 

animals that succumbed to disease clinically looked the same the disease was very different upon 

viremia and histology. 

Final Thoughts 

The major lesson to be learned from this series of studies is that tissue culture does not 

predict what effects will be observed in an animal.  Also it has been shown that although animals 

may have the same clinical symptoms (weight loss, temperature decrease, and respiratory 
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distress) the influences of the virus in the animals can be very different.  These lessons are shown 

in both infections of animals with VV∆E3L::gfp and VV∆K3L::gfp.   

E3L was demonstrated to be highly attenuated, but when inoculation of an immune 

compromised animal (DKO) at high titers was performed the animals presented with wild type 

VV symptomology and disease, contrary to other published works.  Although the virus 

dissemination was not as high as with wild type VV and the primary responses in the lung were 

far different from that seen in wild type VV the animals still succumbed to a systemic disease. 

K3L in tissue culture may very well associate with PKR and prevent eIF2α 

phosphorylation, but its major role in the pathogenesis of an animal is virus spread.  VV virus 

lacking K3L is unable to effectively spread through an animal yet lethally infected animals 

succumb to systemic disease undistinguishable from that of a wild type VV infection.  
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