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1. Introduction 

 

1.1. Poxviruses 
1.1.1. Classification of poxviruses 

The Poxviridae is a family of large DNA (Deoxyribonucleic acid) viruses that multiplies in the 
cytoplasm of infected cells (1). Members of this family infect diverse genus of the animal 
kingdom that expanses from insects to mammals. Moreover, the Poxviridae family of viruses 
is divided into two sub-families based on differences in host range: Entomopoxvirinae, whose 
members infect insects, and Chordopoxvirinae, whose infect vertebrates (2). Viruses of the 
subfamily Chordopoxvirinae are subdivided into genera, primarily by serologic cross-reaction 
and cross-protection, host range, morphology and sequence similarity (3). The 
Chordopoxvirinae consists of ten genera: Suipoxviruses, Orthopoxviruses, Parapoxviruses, 
Yatapoxviruses, Molluscipoxviruses, Leporipoxviruses, Capripoxviruses, Cervidpoxviruses, 
Avipoxviruses and Crocodylipoxviruses. As Yatapoxviruses, Leporipoxviruses, 
Capripoxviruses, Cervidpoxviruses and Suipoxviruses form a sisterclade to Orthopoxviruses in 
phylogenetic analyses, viruses belonging to these clades are classified as “clade II” poxviruses 
(4, 5). The Orthopoxvirus (OPV), the most studied genus of the Chordopoxviruses, contains 
several important pathogens of man and animals, including the virus that caused smallpox, 
variola virus (VARV), as well as cowpox virus (CPXV) and vaccinia virus (VACV), zoonotic 
viruses, that made the worldwide eradication of smallpox possible (6, 7). 

1.1.2. Historic hallmarks 

The most known member of the Poxviridae family is variola virus. From the time of its 
suspected emergence after 10000 BCE (before the Common Era) to the time of its eradication, 
smallpox was a worldwide feared disease that took hundreds of millions of lives (8). It has even 
been hypothesized that smallpox caused the death of Ramses V in Egypt in around 1157 BCE, 
as poxvirus-like lesions were discovered on the mummy (9). The first recorded smallpox 
epidemic was in 1350 BCE during the Egyptian–Hittite war. Afterwards in-between the 5th and 
7th century smallpox spread to Europe and later during the 17th-18th century, it reached the 
North American colonies. These widespread epidemics caused millions of deaths in Europe and 
Mexico. Additionally, smallpox was used to demolish select human populations. The first 
documented use of smallpox as a biological weapon was during the French and Indian War in 
1763, when British forces dispersed blankets used by smallpox patients to Native Americans 
(10). Nonetheless, this terrible disease has had a profound impact on the modern practice of 
vaccination as well. Notably, the smallpox vaccination campaign, that stopped only after this 
disease was eradicated in 1980, is known to be one of the biggest public health accomplishments 
of modern medicine. The smallpox eradication through vaccination was possible at most due to 
one feature: there is no animal reservoir of smallpox, VARV spreads person to-person (11). 
Additionally, already early in the history those who bore pox scars were noted to be resistant to 
disease recurrence. Moreover, the persons who acquired smallpox through a scratch were 
witnessed to have attenuated course of disease. Buddhist nun sometime between 1022 and 1063 
CE started an inoculation with smallpox pus or scabs either by a nasal or cutaneous route, a 
procedure known as variolation. This practice eventually spread to China, India and Turkey, 
and by the late 1700s, was practiced by European physicians (10). A much safer practice was 
established in 1798 by English physician Edward Jenner, when he started to use CPXV, a less 
dangerous poxvirus to prevent smallpox infections (10). After noticing, that milkmaids who 
developed cowpox lesions are resistant to smallpox, Jenner took a fluid from a cowpox pustule 
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on a dairymaid’s hand and used it for inoculation of an 8-year-old boy. Consequentially, this 
boy did not develop symptoms of smallpox, when he was exposed to the disease, 6 weeks later. 
Thenceforth, Jenner extended this experiment to other children and the same outcome have 
been seen (12). This procedure was named vaccination, derived from “Vacca,” the Latin word 
for cow. From these experiments, the practice of vaccination expanded around the globe. The 
use of cattle for amplification of the viral stocks was a widespread practice. Initially, 
vaccination was performed with cowpox virus, however, at some time during the 19th century, 
worldwide vaccinia virus was used for vaccination, but not cowpox virus (10). To this day, the 
reasons for this change are unknown, or as Fenner wrote „ obscure “(10). However, despite its 
indeterminate origin, vaccinia virus was the basis for effective vaccines. It provided a high 
degree of protection against smallpox, with minor risk to either the vaccinated individual or 
other members of community (10). It is important to notice, that Orthopoxviruses are known to 
be immunologically cross-reactive and cross-protective, therefore infection with any member 
of this genus provides protection against infection with any other member of the genus (10, 13). 
Even though, the systematic vaccination against smallpox have already begun in the early 19th 
century, the real breakthrough in the eradication of smallpox occurred in 1967 when the World 
Health Organization (WHO) introduced worldwide vaccination campaigns. The last known 
natural case of smallpox was registered in 1977 (14). Consequentially, in May 1980, the WHO 
announced, that smallpox had been eradicated and ceased the vaccination (10, 15 - 16). 
However, now, 37 years after the vaccination was ended, big part of the world human 
population doesn’t possess immunity not only against smallpox, but also against any other 
Orthopoxvirus infections (17, 18). As a consequence of this new situation, there is a possibility 
for the Orthopoxviruses to circulate in the human population (17). 

1.1.3 Structure of the poxvirus genome 

The genomes of poxviruses consist of a linear, double-stranded DNA. Remarkably, the size of 
the genome varies from 130,000–134,000 base pairs (bp) for members of the Parapoxvirus and 
Yatapoxvirus genus (19, 20) to almost 360,000 base pairs for canarypox virus, a member of the 
Avipoxvirus genus (21). The genomic content and organization is greatly similar among 
poxviruses, and particularly within the Chordopoxviruses. Approximately 50 conserved genes 
have been found in all sequenced poxviruses. Moreover, additional 40 genes are commonly 
found in most of Chordopoxviruses (22-24). The products of the highly-conserved genes are 
the genes that are vital for poxviruses like RNA (Ribonucleic acid) processing, transcription, 
DNA replication, cell entry, virion assembly and release. Conserved genes are generally found 
in the central section of the poxvirus genomes. In the case of Orthopoxviruses, this central core 
region of the genome contains roughly 75% of the complete sequence and is the most conserved 
region of the genome, it is highly conserved within the family as well (25). Poxvirus genes that  

Figure 1: Schematic representation of the Orthopoxvirus genome. The double stranded DNA is 
enclosed by terminal hairpin loops and the ITRs are localized at both ends. 
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play a role in the interaction within the host, as well as genes that affect the host range, are 
involved in immunomodulation, and pathogenicity, are usually located at the terminal areas of 
the genome and often display lower sequence identity (26-31). Furthermore, inverted terminal 
repeats (ITRs) are found at the ends of the poxvirus genomes, these repeats can range from 0.1 
to 13 kb in size. Since, ITRs hold matching sequences at both ends, however sequence at one 
end of the genome is being repeated in the inverse orientation at the opposite end (32, 33) 
(Figure 1). Poxvirus DNA strands are joined at their termini with a hairpin loop, this way 
forming a continuous polynucleotide chain (34, 35), that covalently closes the two genomic 
DNA strands. Analysis of terminal hairpin nucleotide sequences revealed that they consist 
almost completely of adenine and thymine residues and could be characterized as the F form, 
that is an inverted complementary to the sequence of the S form (34, 36). Near the termini there 
is incomplete pairing as well as two isomeric forms, F and S, are found. These two isomeric 
forms contain sequences responsible for concatemer resolution. Sequence of VACV open 
reading frames (ORF’s) are generally named with a capital letter, which corresponds to HindIII 
restriction endonuclease genome fragment, an Arabic number, that indicates the position within 
the HindIII fragment in addition, letters L or R are added to the name, representing transcription 
to the left or right, respectively (37). Proteins have the equivalent designation, only the letter L 
or R is absent. 

1.1.3. Poxvirus virion forms 

During poxvirus infection four different types of infectious virus particles are formed: (i) 
intracellular mature virion (IMV) is the most abundant form, that is released during the cell 
lysis; (ii) intracellular enveloped virus (IEV) is an intermediate form of virus surrounded by an 
additional lipid envelope, (iii) cell associated enveloped virus (CEV) is responsible for cell-to-
cell spread and (iv) extracellular enveloped virus (EEV or EV) is important for dissemination 
of the virus within the host (38-40). Naturally, IMV is the most basic infectious particle. The 
nucleoprotein core of IMV is surrounded by only one lipoprotein membrane (41-43) (Figure 2). 
These infectious particles are very stable. Furthermore, IMVs are assumed to be accountable 
for virus transmission between various hosts, whereas EEVs have an additional fragile outer 
membrane and depart the intact cell to spread inside the host (44, 45). The additional membrane 
of EEV, derived from endosomes or the trans-Golgi network (TGN), is altered by the inclusion 
of several cellular and viral proteins that are absent in IMV throughout morphogenesis (39, 40).  

1.1.4. The poxvirus replication cycle 

The poxvirus replication cycle starts with the virion attachment to the cell. However, the entry 
pathways differ, depending on the type of virion (Figure 2). For instance, IMV is surrounded 
by a single lipid envelope, so the virus core gains entry into the cytosol just after fusion of the 
virus membrane with the plasma membrane, in a low pH pathway (42, 46-48). Endocytosis can 
occur by dynamin-mediated fluid phase uptake or macropinocytosis (49-54). Several viral 
proteins were found to mediate IMV attachment. For example, VACV A27 binds heparan 
sulfate (HS) on the cell surface, when D8 binds chondroitin sulfate (CS) and soluble H3 binds 
HS (55-59). These multifunctional attachment proteins are not separately essential, nevertheless 
deletion of gene coding sequence for A27 and H3 were shown to severely reduce virulence of 
VACV (58, 60, 61). Additionally, the A26 protein were shown to mediate the assimilation of 
IMVs into acidophilic - type inclusion bodies (ATI) of some orthopoxviruses, like ectromelia 
virus (ECTV) and cowpox virus (62). ATIs are proteinaceous matrices which are assumed to 
shield infectious particles after they are released into the environment. Furthermore, the A25 
protein, that is the A-type inclusion protein, were found to be a fusion suppressor (63-65) and 
to determine poxvirus strain-specific entry pathways (63, 67). 
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Figure 2: Schematic representation of the intracellular mature virion (IMV) and extracellular 
enveloped virion (EEV) structure and poxvirus replication cycle. Afterwards the infiltration of EEV or 
IMV into the host cell, the core is released into the cytoplasm. Immediately the early gene expression begins 
within the core, DNA replication follows, as the intermediate and late gene transcription. Thenceforth, the 
virus assembly follows and the formation of crescents. Next, the closed particle matures and is moved to the 
Golgi apparatus with the help of microtubules. After the Golgi wrapping the IEV is moved to the cell surface, 
again by microtubules. Finally, the virion fuses with the plasma membrane and is discharged out of the cell 
as EEV. 
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Consequentially MVs with functional copies of A25 and A26 proteins uses the endocytic 
pathway to enter the cell, while virions without functional copies of these proteins enter through 
the fusion with the plasma membrane (69). 
Meanwhile EEV leaves the cell by exocytosis and possesses an additional membrane that is 
eventually ruptured before or during the next stages of infection, so the enclosed MV can fuse 
with the plasma membrane or endocytic machinery (54, 66, 67) (Figure 2). The early mRNA 
and protein synthesis as well as DNA replication begins after the virus core is introduced into 
the cytoplasm (70).  Typically, DNA viruses replicate in the nucleus, using the cellular proteins. 
In contrast, poxviruses encode their own DNA replication and transcription machinery, hence 
they are capable to replicate in the cytoplasm, forming basophilic (B-type) inclusions (1). B-
type inclusion bodies termed “virus factories”, are spots of intense metabolic activity and 
production of viral components (71), surrounded by endoplasmic reticulum membranes (72). 
Vaccinia virus DNA replication begins with a nick of one of the DNA strands close to the 
terminal hairpin (73), approximately 1-2 hours after infection. Subsequently, strand cleavage 
provides a free 3’-OH end, which functions as a primer terminus for the viral DNA polymerase. 
Then, the strand extension proceeds towards the hairpin telomere, consequentially, forming 
dimeric tail-to-tail concatemer molecules, which are resolved by nicking with specific nucleases 
into unit length monomers. The newly replicated DNA delivers a template for intermediate and 
late mRNA synthesis (70). Succeeding a late gene expression, virus assembly follows. This 
process also takes place in the B-type inclusions. Subsequent, crescents associate with the virus 
DNA and protein complex and develop into a sealed oval or spherical particle called immature 
virus (41-43). By proteolytic cleavage of some capsid proteins and condensation IMV is 
assembled. Afterward, IMV particles are moved with from the virus factory on microtubules 
and wrapped by intracellular membranes forming the intracellular enveloped virions (IEVs). 
Hither, the newly constructed particles are transported by microtubules to the cell membrane 
(44, 45). Finally, the IEV outer membrane fuses with the plasma membrane exposing the virion 
on the cell surface by exocytosis (74) (Figure 2). 

1.1.5. Immunomodulatory proteins of OPV 

Because of the existence of countless host innate antiviral defense mechanism, in the course of 
evolution, poxviruses have evolved complex molecular strategies to inactivate or re-configure 
the host antiviral responses (75-77). OPV proteins that were shown to interfere with the host 
immune system can be separated into three categories: virotransducer, virostealth and 
viromimic proteins (27, 78, 79).  
The first group, virotransducer proteins, act intracellularly. These proteins function to intervene 
with the intracellular response to infection, like the initiation of an antiviral state, the oxidative 
burst and apoptosis, an irreversible cascade of biochemical events orchestrated by caspase 
proteases that concludes in cell death (80). For instance, one of these mechanisms, activation 
of apoptosis by the intrinsic pathway, is controlled by a complex network of protein–protein 
interactions between anti-apoptotic and pro-apoptotic members of the Bcl-2 family of proteins. 
VACV directly subverts the intrinsic pathway by expressing proteins termed F1 and N1. 
Consequentially, protein F1 adopts a Bcl-2-like fold (81) and binds Bak at the mitochondrion 
(81 - 84). In addition, F1 also reduces the inflammatory response by binding NLRP-1, an 
upstream activator of caspase-1 (85). Moreover, protein N1 also has a Bcl-2 fold (86, 87). 
Furthermore, to interfere with activation of apoptosis, CPXV produces protein CrmA, which 
inhibits group I and group III caspases (88 - 90). Finally, few VACV strains, such as Evans, as 
well as camelpox virus (91) express a protein called viral Golgi anti-apoptotic protein (vGAAP) 
which is closely related (73% amino acid I dentity) to a human orthologue, hGAAP (92). Both 
proteins, hGAAP and vGAAP, were shown to protect cells from apoptosis deriving from both 
intrinsic and extrinsic pathways (92). 
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Another group of OPV proteins that interfere with the host immune response, are the virostealth 
proteins. These proteins act intracellularly, implementing a universal tactics to disguise the 
visible signs of infection, so the cell-mediated immune response machinery would not be able 
to identify and remove the infected cells. Moreover, the virostealth proteins downregulate 
immune recognition molecules, such as CD4 and major histocompatibility complex (MHC) 
class I, to reduce the chance of recognition by the immune system. For instance, it has been 
shown that CPXV evades antiviral CD8 T cell responses by suppressing the MHC class I (93) 
molecules. Two distinctly acting MHC class I regulating genes (D10L and B8R for CPXV-
GRI) have been discovered. Protein D10 inhibits MHC class I expression by impairing 
endoplasmic reticulum (ER) peptide loading and dissociation of MHC class I from TAP, 
meanwhile protein B8 interferes with the intracellular trafficking of MHC class I molecules by 
sequestering them in the ER (94). 
Extracellularly acting viral proteins are grouped as viromimics. These proteins mostly mimic 
cytokines produced by the host or the receptors for the host produced cytokines. Cytokines are 
extracellular signaling molecules. These molecules are the crucial regulators of the immune 
response, important for the fight against the various pathogen invasion. Early acting cytokines 
defend against the first steps of viral infection (95). In general, cytokine-mediated responses 
are responsible for the total elimination of viral infection (96). Moreover, large part of the 
damage imposed on pathogen infected cells is indeed the outcome of mechanisms that were 
started by pro-inflammatory cytokines like the interleukin-1 (IL-1) and IL-18, interferons 
(IFNs), chemokines and tumor necrosis factor (TNF) (97). Consequently, most viruses have 
established tactics for modulation of the cytokine signaling in infected cells (75, 98 - 99). 
Cytokine network viral deception proteins, the viromimics, can be further classified into 
virokines and viroreceptors. Viroreceptors are cell surface or secreted glycoproteins that 
competitively binds to host cytokines and chemokines in consequence disrupting their function. 
For example, viral tumor necrosis factor receptors (TNFr’s) were identified in numerous 
members of the poxvirus family by sequence similarity to the extracellular part of host cell 
TNFRs. Interestingly, the cowpox virus encodes even four vTNFRs: cytokine response 
modifier (Crm) B, CrmC, CrmD and CrmE. Two of these, CrmB and CrmD, are secreted 
proteins that bind both TNF and lymphotoxin α (LTα), while CrmC and CrmE are specific to 
TNFα (100 - 104). During the path of evolution, pathogens, particularly viruses, have caught 
the genetic sequence needed to make their own forms of host molecules. Especially among 
large DNA viruses, stolen host genes are often found. Not surprisingly, large DNA viruses 
dedicate substantial part of their genome to the sequence of immune modulators. Viral proteins 
classified as virokines are largely secreted viral proteins. These proteins mimic host molecules, 
such as complement regulators, cytokines or even their inhibitors. One of the virokines encoded 
by poxvirus is interleukin-18 binding protein (IL-18BP). ECTV, MOCV, VACV and CPXV 
have been demonstrated to encode functional viral IL-18BP, which successfully blocks IL-18 
(75, 76, 78, 105 - 108). Nevertheless, there has no immunomodulatory protein been found, that 
would be common to all poxviruses. Each virus species expresses its own unique combination 
of immunomodulatory proteins. This permits it effectively to evade its natural hosts immune 
system. Moreover, this by all poxviruses employed, remarkably host-specific, survival tactic, 
may also partly play part in the unpredictable outcome of infection, when poxvirus “jumps” 
into new host species. 

 

1.2. Cowpox virus 

Cowpox virus is one of the first described members of the Orthopoxvirus genus. It entered the 
medical history in Edward Jenner’s publications “Inquiry” and “Further observations on the 
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Variolae Vaccinae” in 1798/99; where the physician revealed the efficacy of cowpox virus 
scarification to induce a protective immunity against smallpox infection (12, 109).  
Phenotypically it is separated from other OPV species by the production of large eosinophilic 
cytoplasmic A-type inclusion bodies in infected cells and flattened pocks with a hemorrhagic  
center on the chicken chorioallantoic membrane (CAM) of embryonated eggs at 72 hours post 
infection. Moreover, among the OPVs, CPXV possesses the largest genome (224-228 kbp) and 
infects the widest range of host species (110, 111) (Table 1). 
Today, CPXV is endemic in Europe and northern and central Asia (112). However, cowpox-
like infection has also been described in Israel (113). The name cowpox virus is rather 
misleading, since the suspected reservoirs of this virus are wild rodents such as field voles 
(Microtus agrestis), bank voles (Myodes glareolus), common voles (Microtus arvalis) or wood 
mice (Apodemus sylvaticus) (114-119). The name cowpox originated in the 18th century, at 
what time CPXV was associated with clinical disease of cows and milkmaids. Today, however, 
the virus causes disease mostly in pet rats, cats and their owners (120-124). There has been a 
recent increase in the number of reports of CPXV infection of cats, rats, humans and other 
mammals, and the disease is considered to be an emerging infection (112, 122-128).  
Interestingly, human cowpox predominantly affects young people, this might indicate, that the 
lack of smallpox vaccination may play a part in the increased susceptibility to variety OPV 
infections including cowpox (137-139). However, to date, no direct human-to-human 
transmission has been described (138, 140).  

Table 1. CPXV host range. Registered CPXV infections in distinct species of mammals. 
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1.2.1. Clinical presentation 

Even though human cowpox virus infections are in general characterized by mild and self-
limiting lesions, cowpox may also lead to fatal outcome, especially in immune-compromised 
individuals including patients with atopic skin diseases (110, 141). The normal course of 
infection in humans was reconstructed by Baxby et al in an overview of 54 cases (140). It was 
shown, that in contrast to smallpox, CPXV infection in humans is spread through direct 
inoculation of CPXV into skin and/or oral mucous membranes by the use of small lesions. In 
consequence of the inoculation, the distinctive skin lesions develop. Next, inflamed macules 
occur that change to papulo-nodular or vesicular, then sterile pustules; later central hemorrhagic 
necrosis covered by a black eschar and frequently surrounded by erythema and indurated edema 
is formed (140). Cases of conjunctivitis and keratitis have also been registered. Nonetheless, 
fatal disease occurs seldom and is not completely characterized, even though isolated cases of 
encephalitis and heart failure have been reported (141). Furthermore, autoinoculation 
potentially contributes to the development of additional cutaneous and/or mucosal lesions. 
Lately increasing number of human CPXV infections, obtained through the contact with 
infected pet rats are recorded (123, 127, 150). In these cases, the animals exhibit skin lesions or 
respiratory signs and usually dies just after purchase. Natural CPXV infection in white rats has 
been investigated previously and 3 different clinical forms were defined: a pulmonary form, a 
milder dermal form, and a mixed form with the clinical signs typical to both previous forms 
(142). In the case of the pulmonary form dyspnea, loss of appetite, progressively increasing 
abdominal distention and flaccidity was registered. Inevitably, this form of the disease ended 
lethally within 3-4 days after the first clinical signs were registered. During the macroscopic 
examination, focal pneumonia with hemorrhagic pleural exudate was found. Furthermore, the 
intestines and stomachs were distended, but the skin and mucosal rash were not detected (142). 
When in the case of dermal form, papular rash, mainly on paws, tail and nose, together with 
rhinitis and conjunctivitis with hemorrhagic discharge were registered (Figure 3). Occasional 
anorexia and necrosis of the tail and paws was also documented. But the lethality was low. 
Necropsy findings were mucosal exanthema, dermal eruptions and focal pneumonia (142). Cats 
that are in contact with rodents are also disposed to possible CPXV infection (143). In the case 
of cat with CPXV, the ulcerated skin lesion develops at the site of viral entry (typically an 
infected bite wound on the head or forelimbs), followed by viremia. The secondary skin lesions 
develop 5 to 14 days post infection. Finally, the viremia is mostly transient and systemic clinical 
signs are absent or mild, and complete recovery is common (143, 144). Unfortunately, the 
clinical misdiagnosis of CPXV infections as eosinophilic granuloma, neoplasm or pyoderma 
are common. However, with the help of histopathological examination, CPXV infection can be 
detected and wrong clinical diagnoses rejected. 
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Figure 3: Development of CPXV lesion in infected rats. Picture 2. 6 days after intranasal CPXV infection, 
pox lesion at the dorsal view of the hind limb. Picture 3. 23 days after intradermal CPXV infection, lesion on 
a tail. Picture 4. 11 days after intradermal CPXV infection, swelling of the lips and tongue with superficial 
necrosis. Picture 5. 23 days after intradermal CPXV infection, necrosis of the distal phalanx. Reprinted by 
permission from SAGE Publications: (Veterinary Pathology) (158), copyright 2012 
 

1.2.2. Variety of cowpox 

The complete genomes of multiple CPXVs are presently available, including some well-known 
strains, like CPXV Brighton Red (BR), CPXV GRI-90 and CPXV Germany 91-3 which contain 
approximately 224, 224 and 228 kb, respectively (145). The knowledge of the in vitro and in 
vivo features of CPXVs is gathered largely from research achieved with the CPXV reference 
strain Brighton Red. This well-known strain was initially isolated in 1937 from a milkmaid and 
sustained by serial passage in rabbit skin (146). Although this strain has an unidentified passage 
history in countless laboratories worldwide after its isolation before 80 years, it is still 
considered to be a representative CPXV. Meanwhile, CPXV strains were found to differ to an 
extent that would even warrant reclassification as different species (23). Recently, a CPXV 
cluster whose genomes are closer to camelpox virus (CMLV), taterapox virus (TATV) and 
VARV has been acknowledged (147). Not only are the CPXVs genetically heterogeneous (23, 
148), they also show marked differences in phenotypic properties (149). New CPXV infections 
occur naturally in Germany in increasing numbers. Starting in 2008 and continuing, numerous 
cases of human CPXV infections were described in the South and West of Germany and the 
Northern France, which could have been chased down to a contact with infected pet rats (123, 
127, 150). It is striking, that an infection of pet rats with these newly occurring CPXV strains 
often had a lethal outcome (150).  
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1.3. Bacterial artificial chromosomes (BACs) 

Bacterial artificial chromosomes (BACs) are DNA constructs based on circular minimal 
fertility factor (miniF) plasmids. BACs have revolutionized the directed mutation of large viral 
DNA genomes, by permitting viral genomes to be maintained at low copy number and 
manipulated in Escherichia coli (E. coli). Afterwards infectious virus can be reconstituted via 
transfection of eukaryotic cells (151, 152). Furthermore, mutagenesis in E. coli reduces the risk 
of compensatory mutations and allows mutagenesis of viruses that are difficult to grow and/or 
manipulate as well as the engineering of viruses with lethal mutations. This development has 
enabled the generation of transgenic animals, using modified clones of genomic BAC libraries 
(151). Moreover, it boosted the improvement in genome sequencing projects (153, 154). Mouse 
cytomegalovirus (MCMV) is the first large DNA virus, that was cloned as a BAC and 
successfully reconstituted. It has a genome size of approximately 230 kbp (154). Nonetheless, 
generating a poxvirus genome as a BAC has been technically challenging, largely because the 
genome has covalently closed ends and a helper virus must be used to reconstitute the virus, as 
pox virus DNA is not infectious on its own. However, these difficulties have been overcome 
and four VACV BACs and one CPXV BAC were generated (153, 155-157). The full-length 
genome of CPXV strain Brighton Red was cloned as a BAC in E. coli. For this purpose, the 
mini-F replicon of pBeloBAC11 was inserted via homologues recombination into the non-
essential thymidine kinase gene of CPXV. Thenceforth, with the assistance of the 
transcriptional machinery of fowlpox virus (FWPV), infectious CPXV was effectively 
reconstituted in cell culture. BAC-derived virus, vBRF, shares the same growth properties as 
the parental virus (157). Besides, mini-F cassette inserted in BR BAC also contains a GFP 
(green fluorescent protein) encoding ORF that is under control of a late FWPV promoter to 
enable locating of infected cells. 

1.4. Project Introduction 

In 2009, in Southern Germany a CPXV strain was isolated from a CPXV infected pet rat, which 
had bitten and infected two girls. The isolate was named RatPox09 and exhibited viral growth 
characteristics in vitro that were very like those of reference strain Brighton Red (BR, 
AF482758). However, in in vivo experiments Wistar rats and fancy rats, infected with 
RatPox09, developed severe and often fatal disease. Similarly, after intradermal inoculation, 
RatPox09 caused systemic disease in rats, with several lesions, from proliferative to necrotizing 
and ulcerative. Histopathologic inspection found mixed cellular dermatitis and folliculitis with 
epithelial ballooning degeneration and necrosis (158). Meanwhile the infection of mice or 
Wistar rats with the CPXV strain BR results only in mild to asymptomatic course of disease 
(119, 158-160). The complete genomic sequence of RatPox09 was determined by Next-
Generation Sequencing (NGS) and compared with BR and other published CPXV sequences. 
The calculated sequence identity between RatPox09 and BR was 92% (119). After comparison 
of all available CPXV sequences, there were no apparent virulence related viral genome pattern 
nor an individual ORF, which could be directly associated with the pathotype of the isolate, 
found (Figure 4) (119). Interestingly, four open reading frames (ORFs) are present in the 
RatPox09 genome, but absent in the BR genome. These ORFs are CPXV0002, CPXV0003, 
CPXV0030, and CPXV0284 (119). All genes have homologs in other othopoxviruses and 
encode the putative N-methyl-D-aspartate receptor-like (NMDAr) protein (CPXV0002), the 
cytokine response modifier E (CrmE) (CPXV0003), the putative 7-transmembrane-G-protein-
coupled-receptor-like protein (7tGp) (CPXV0030) and the Kelch-like protein D7 (CPXV0284), 
respectively. In addition, there are two ORFs, ATI (CPXV158) and p4c (CPXV159), which are 
markedly different in the RatPox09 and BR genomes (Figure 5). 
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Figure 4: Nucleotide sequence comparison of RatPox09, FM2292, and Brighton Red (BR). (A) 
Normalized similarity plot of Brighton Red, FM2292, and RatPox09. A value of 1 indicates an identity of 
100%, while a value of 0 indicates no conservation at all. Regions of special interest are enlarged. (B) 
Alignments of genes coding for CPXV0285, D7L-like protein, 7-transmembrane G protein-coupled receptor-
like protein (7tGP), CrmE (CPXV0002) protein, and the NMDA receptor-like protein (NMDAr). Reprinted 
by permission from the American Society for Microbiology: (Journal of Virology) (119), copyright 2015. 

1.5. Specific aims of the project 

In this study, we aimed to identify new Orthopoxvirus virulence markers in the rodent host. The 
initial findings described in the previous section was the basis for this thesis, during which we 
focused on the new highly pathogenic CPXV isolate RatPox09. We generated BR mutants with 
Ratpox09 genes of interest inserted. Moreover, since, there are also minor sequence 
modifications of unknown impact found spread all over the genome. We also generated CPXV 
BR-RatPox09 chimeric viruses with large genomic segments exchanged between the two 
strains, so additional virulence factors can be identified.  
Since it has been found that these two CPXV strains of different pathogenic potential in vivo 
show highly similar growth characteristics in vitro, animal experimentation seems to be the 
only suitable method to test the biological behavior of the recombinant viruses of both strains. 
Nevertheless, in vivo models are discouraged for many reasons, first most importantly for 
reasons of animal welfare but also the labor-intensive and time-consuming nature of such 
experiments. To reduce the need for animal experiments for testing of newly generated 
recombinant viruses, a second aim of the present study was to evaluate a three-dimensional 
(3D) skin model as a possible replacement for animal experiments. For this part of the project, 
we monitored lesion formation, viral gene expression and cell cycle patterns upon infection of 
the 3D skin cultures with CPXV BR and RatPox09. 
Finally, BR mutants with NMDAr and CrmE ORFs inserted were selected for animal studies. 
The homologs of these two genes in VACV, VACV GAAP and VACV CrmE, were shown to 
influence the VACV virulence (92, 103). Moreover, the segment F chimera was as well selected 
for animal studies. The genomic segment F contains ATI and p4c genes, the sequence of these 
two genes differs between BR and Ratpox09.  
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2. Materials and Methods  

 

2.1. Materials  

All chemicals indicated below were used according to the instructions of the manufacturer.  

2.1.1. Chemicals, consumables and equipment  

2.1.1.1.   Chemicals 

Chemicals Manufacturer 

Acetone ((ch3) 2co) Applichem, Darmstadt 

CH3COOH (acetic acid) Applichem, Darmstadt 

Agar (bacteriological) Carl-Roth, Karlsruhe 

Agarose- standard Roti®garose Carl-Roth, Karlsruhe 

L-(+)-Arabinose Alfa aesar, Karlsruhe 

BSA (Albumin Fraktion V), pH 7,0 Applichem, Darmstadt 

Chloroform Applichem, Darmstadt 

Crystal violet Merck, Darmstadt 

DMSO (Dimethyl sulfoxide) Merck, Darmstadt 

dNTP mix  Bioline, Luckenwalde 

EDTA (ethylendiamine tetraacetic acid) Applichem, Darmstadt 

Ethidium bromide 1% Carl-roth, Karlsruhe 

EtOH (ethyl alcohol) den. Absolute Applichem, Darmstadt 

FuGENE® HD Promega, Mannheim 

Glycerol Applichem, Darmstadt 

HCl 37% (hydrochloric acid) Roth, Karlsruhe 

Isopropyl alcohol (2-propanol) Applichem, Darmstadt 

KCH3CO2 (potassium acetate) Applichem, Darmstadt 

KH2PO4 (potassium dihydrogen phosphate) Applichem, Darmstadt 

KCl (potassium chloride) Merck, Darmstadt 

VECTASHIELD® Mounting Medium, with 
dapi 

Vector laboratories inc, 
Burlingame 

NaCl (sodium chloride) Applichem, Darmstadt 
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Na2HPO4 (disodium phosphate) Merck, Darmstadt 

NaOH (sodium hydroxide) Merck, Darmstadt 

Phenol Applichem, Darmstadt 

SDS (sodium dodecyl sulfate) Sigma-aldrich, St. Louis 

Tris (2-Amino-2-Hydroxymethyl-1,3-
Propanediol) 

Applichem, Darmstadt 

TRITON® X-100 detergent (Polyethylene 
Glycol-p-isooctylphenyl Ether) 

Merck, Darmstadt 

Water molecular biology grade Applichem, Darmstadt 

 
2.1.1.2.   Consumables 

Name Feature Manufacturer 

Cell culture dishes 6-well, 24-well, 96-well Sartsedt, Nümbrecht 

Cell culture flasks 25 ml, 75 ml, 175 ml Sartsedt, Nümbrecht 

Petri dishes for cell culture 60 mm, 100 mm, 150 mm  
 

Sartsedt, Nümbrecht 

Conical test tubes 17x120 (15 ml) Sartsedt, Nümbrecht 

Conical test tubes 30x115 (50 ml), with and 
without feet 

Sartsedt, Nümbrecht 

Cryotubes  1.8 ml Nunc, Kamstrupvej 

Eppendorf tubes 1,5 and 2 ml   Sarstedt, Nümbrecht 

Expendable cuvettes  Biodeal, Markkleeberg 

PCR tubes  VWR International, 
West Chester 

Pipettes 5, 10, 25 ml Sarstedt, Nümbrecht 

Pipette tips P1000, 200, 100 and 10 VWR International, 
West  
Chester 

Transfection polypropylene  
Tubes 

 TPP, Trasadingen 

Microscope cover glasses  VWR, Sacramento 

Parafilm M®  Bemis, Neenah 

Nitrile gloves  Hansa-Medical 24, 
Hamburg 

KIMTECH SCIENCE* 
Precision Wipes Tissue  
Wipers 

 Kimberly-Clark, 
Roswell 
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2.1.1.3.   Equipment 

Name Feature Manufacturer 
Bacterial incubator shaker Innova 44 New Brunswick Scientific, New 

Jersey 
Bunsen burner,  Typ 1020 Usbeck, Radevormwald 
Cell incubators   
Centrifuge 5424 Rotor FA-45-24-11 Eppendorf, Hamburg 
Centrifuge 5804R Rotors A-4-44 and 

F45-30-11 
Eppendorf, Hamburg 

Electroporator, GenePulser Xcell  Bio-Rad, München 
Electrophoresis power supply 
Power Source  

250 V VWR International, West 
Chester 

Inverted fluorescence microscope Axiovert S 100 Zeiss, Oberkochen 
Fluorescence microscope Axiowert M1 Zeiss, Oberkochen 
   
Freezer  -20°C  
Freezer  -80°C GFL, Burgwedel 
Galaxy mini centrifuge  VWR International, West  

Chester 
Gel electrophoresis chamber Big Peqlab, Erlangen, Bio-Rad, 

München 
Gel electrophoresis chamber Small VWR, Darmstadt 
Ice machine AF100 Scotsman, Vernon Hills 
INTEGRA Pipetboy  IBS Integrated Biosciences,  

Fernwald 
Inverse light Microscope  MOTIC AE20 Ehlert & Partner, Niederkassel-

Rheidt 
Microwave  Bosch, Stuttgar 
Nanodrop spectrophoto-meter ND-1000 Peqlab, Erlangen 
Nitrogen tank ARPEGE70 Air liquide, Düsseldorf 
pH-meter  Hanna Instruments, Kehl am 

Rhein 
Pipettes  VWR, Darmstadt 
Thermocycler Flexcycler  

ThermoFlex 
Analytik Jena, Jena 

Thermocycler T-Gradient Biometra, Göttingen 
Thermomixer  Eppendorf, Hamburg 
Transiluminator printer P93D Mitsubishi, Rüsselsheim 
UV Transiluminator Bio-Vision-3026 PeqLab, Erlangen 
Vortex  Hartenstein, Würzburg 
Water bath  Julabo, Seelbach 
Water bath shaker C76 New Brunswick Scientific, New 

Jersey 
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2.1.2. Enzymes and markers 

Name Manufacturer 
AscI New England Biolabs, Ipswich 
BamHI New England Biolabs, Ipswich 
BamHI-HF New England Biolabs, Ipswich 
DnpI New England Biolabs, Ipswich 
FastAP™ Thermosensitive Alkaline 
Phosphatase 

Thermo Fisher Scientific Inc. 

FscI New England Biolabs, Ipswich 
Gene ruler 1kb plus DNA ladder Fermentas, St. Leon-Rot 
Gene ruler DNA ladder mix Fermentas, St. Leon-Rot 
HindIII New England Biolabs, Ipswich 
HindIII-HF New England Biolabs, Ipswich 
KpnI New England Biolabs, Ipswich 
LongAmp® Taq DNA Polymerase New England Biolabs, Ipswich 
NotI New England Biolabs, Ipswich 
NruI New England Biolabs, Ipswich 
PacI New England Biolabs, Ipswich 
Phusion Hot Start High Fidelity DNA 
Polymerase 

New England Biolabs, Ipswich 

PrimeSTAR GXL DNA Polymerase Takara, Clontech Laboratories, Inc, USA 
Proteinase K Finnzymes, Thermo Scientific, Rochester 
PvuII New England Biolabs, Ipswich 
PstI New England Biolabs, Ipswich 
Quick-ligase New England Biolabs, Ipswich 
RNase A Carl-Roth, Karlsruhe 
SacI New England Biolabs, Ipswich 
SbfI New England Biolabs, Ipswich 
Solis 1 kb DNA Ladder Ready to Load Solis BioDyne, Tartu, Estonia 
SphI New England Biolabs, Ipswich 
StuI New England Biolabs, Ipswich 
Taq DNA-Polymerase PeqLab, Erlangen 
XcmI New England Biolabs, Ipswich 
XmaI New England Biolabs, Ipswich 
XhoI New England Biolabs, Ipswich 

 

2.1.3. Kits 

Name Manufacturer 
GF-1 AmbiClean Kit (Gel & PCR) Vivantis, USA 
Hi Yield® Small DNA Fragments Extraction Kit Süd-Laborbedarf 

GmbH, Gauting 
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2.1.4. Buffers, media and solutions 
2.1.4.1. Buffers 

Buffer P1 (plasmid and BAC DNA purification) 50 mM Tris, pH 8.0 
10 mM EDTA, pH 8.0 

  
Lysis Buffer P2 (plasmid and BAC DNA 
purification) 

0.2 N NaOH 
1 % SDS 

  
Neutralization Buffer P3 (plasmid and BAC DNA 
purification) 

3 M KCH3CO2, pH 5.5 

  
1x Phosphate saline buffer (1xPBS) 137 mM NaCL 

2.7 mM KCl 
10 mM Na2HPO4 
2 mM KH2PO4 

  
Lysogeny broth (LB) medium  10 g BactoTM Tryptone  

5 g BactoTM Yeast Extract  
10 g NaCl  
15 g BactoTM Agar 

  
1x Tris saline buffer (1xTBS), pH 7,5 50 mM Tris-Cl, pH 7.5 

150 mM NaCl 
 

1x Tris-acetate-EDTA buffer (TAE) 50 mM Tris-base 
2.5 mM Na2EDTAx2H2O 
25 mM Acetic acid 99 % 

  
0.8% Agarose Gel 80 mM Agarose  

1x TAE buffer  
4 µl Ethidium bromide 10 mg/ml 

Blocking buffer for immunofluorescence staining  1 x TBS 
5 % FCS 
0.3 % Triton X-100 

  
Virus DNA preparation Buffer I  1.5 ml 2 M NaCl  

400 µl 1M Tris, pH 8.0 
400 µl 0.5 M EDTA 
17.7 ml ddH2O 

Virus DNA preparation Buffer II 400 µl 1 M Tris, pH 8.0 
400 µl 0.5 M EDTA 
1.5 ml SDS 10 % (w/v) 
650 µl protein Kinase K 20 mg/ml 
17.05 ml ddH2O 
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2.1.4.2. Cell culture media and supplements 

Cell culture media and supplements Manufacturer 
Fetal bovine serum (FCS) GIBCO, Darmstadt 
Methylcellulose (Methocel) Sigma-Aldrich 
Minimal Essential Medium (MEM) Biochrom AG, Berlin 
OptiMEM GIBCO, Darmstadt 
Trypsin Biochrom AG, Berlin 

 

2.1.5. Antibiotics 

Antibiotics Working concentration Manufacturer  
Ampicillin 100 µg/m diluted in ddH2O Roth, Karlsruhe 
Chloramphenicol 30 µg/ml diluted in 96% EtOH Roth, Karlsruhe 
Kanamycin 50 µg/ml diluted in ddH2O Roth, Karlsruhe 
Penicillin  100 U/ml diluted in MEM Applichem, Darmstadt 
Streptomycin 100 U/ml diluted in MEM Applichem, Darmstadt 

 

2.1.6. Antibodies 
2.1.6.1. Primary antibodies 

Name Dilution Manufacturer  
Mouse monoclonal anti-human cyclin E 1:100 Biosciences, USA 
Polyclonal rabbit anti human cyclin B1 1:100 Abcam, UK 
Monoclonal rabbit anti-human cycline D1 1:100 Abcam, UK 
Polyclonal rabbit anti-human histone H3 
phospho S10 

1:400 Abcam, UK 

Monoclonal mouse anti-vaccinia A27 antibody 1:1000 provided by Dr. Andreas 
Nitsche, RKI, Germany 

 

2.1.6.2. Secondary antibodies 

Name Dilution Manufacturer  
Alexa Fluor 647 goat anti-mouse IgG 1:1000 Invitrogen Life Technologies, 

Grand Island 
Alexa Fluor488 goat anti-rabbit IgG 1:1000 Invitrogen Life Technologies, 

Grand Island 
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2.1.7. Bacteria, cells and viruses 
2.1.7.1. Bacteria 

Name Features Manufacturer/References 
DH10B FendA1 recA1 galE15 galK16 nupG rpsL 

∆lacX74 Φ80lacZ∆M15 araD139 
∆(ara,leu)7697 mcrA ∆(mrr-
hsdRMSmcrBC) λ 

Invitrogen 
 

GS1783 DH10B λcI857 ∆(cro‐bioA)<>araC‐PBAD, 
I‐SceI 

(140) 

Top 10 F- mcrA ∆(mrr-hsdRMS-mcrBC) 
φ80lacZ∆M15 ∆lacX74 nupG recA1 
araD139 ∆(ara-leu)7697 galE15 galK16 
rpsL(StrR) endA1 λ 
- 

Invitrogen 

 

2.1.7.2. Cells 

Name Features Source/References 
CECs/CEFs Chicken embryo fibroblasts/cells, 

VALO SPF Strain 
Primary cells 

Vero 96 African green monkey cells Friedrich-Löfflers-Institut, 
Greifswald-Insel Riems, 
Germany 

 

2.1.7.3. Organotypic epithelial raft cultures 

Name Features Source 
Phenion®FT full-thickness skin model Henkel AG & Co. KGaA, 

Düsseldorf, Germany 

 

2.1.7.4. Viruses 

Name Features Source/Reference 
VACV WR  

 
GQ923132, provided 
by Andreas Nitsche, 
RKI, Germany 

CPXV BR  AF428758, provided 
by Dr. Philippa Beard, 
University of 
Edinburgh, UK 

CPXV RatPox09   LN864565, (158) 
CPXV BR_RatPox09_sB reconstituted from pBRF_dsB 

and RatPox09_sB 
This thesis 
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CPXV BR_RatPox09_sC reconstituted from pBRF_dsC 
and RatPox09_sC 

This thesis 

CPXV BR_RatPox09_sB_C reconstituted from pBRF_dsB_C 
and RatPox09_sB and 
RatPox09_sC 

This thesis 

CPXV BR_RatPox09_sD reconstituted from pBRF_dsD 
and RatPox09_sD 

This thesis 

CPXV BR_RatPox09_sE reconstituted from pBRF_dsE 
and RatPox09_sE 

This thesis 

CPXV BR_RatPox09_sF reconstituted from pBRF_dsF 
and RatPox09_sF 

This thesis 

CPXV BR_RatPox09_sD_E_F reconstituted from 
pBRF_dsD_E_F and 
RatPox09_sD, RatPox09_sE and 
RatPox09_sF 

This thesis 

CPXV BR_RatPox09_Ati_p4C reconstituted from 
pBRF_RatPox09_Ati_p4C 

This thesis 

CPXV BR_RatPox09_D7L reconstituted from 
pBRF_RatPox09:D7L 

This thesis 

CPXV BR_RatPox09_CrmE reconstituted from 
pBRF_RatPox09_CrmE 

This thesis 

CPXV BR_RatPox09_NMDAr reconstituted from 
pBRF_RatPox09_NMDAr 

This thesis 

CPXV BR_RatPox09_7tGp reconstituted from 
pBRF_RatPox09_7tGp 

This thesis 

CPXV 
BR_RatPox09_D7L_CrmE_N
MDAR_7tGp 

reconstituted from 
pBRF_RatPox09_D7L_CrmE_
NMDAR_7tGp 

This thesis 

 

2.1.8. Bacterial artificial chromosomes (BACs), plasmids and primers 
2.1.8.1. BACs 

Name Features Source/Referenc
e 

pBRF Created from CPXV strain BR (157) 
pRatPox09Fapr22 Partial BAC of virulent strain RatPox09 

with genome segments B and C 
Xu Zhiyong, 
unpublished  

pRatPox09Fdec3 Partial BAC of virulent strain RatPox09 
with genome segments D, E and F 

Xu Zhiyong, 
unpublished 

pRatPox09FsB_dI First removal of unnecessary sequence for 
RatPox09 segment B  

This thesis 

pRatPox09FsB_dII Second removal of unnecessary sequence 
for RatPox09 segment B 

This thesis 

pRatPox09FsC_dI First removal of unnecessary sequence for 
RatPox09 segment C 

This thesis 

pRatPox09FsC_dII Second removal of unnecessary sequence 
for RatPox09 segment C 

This thesis 

pRatPox09FsD_dI First removal of unnecessary sequence for 
RatPox09 segment D 

This thesis 
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pRatPox09FsD_dII Second removal of unnecessary sequence 
for RatPox09 segment D 

This thesis 

pRatPox09FsE_dI  First removal of unnecessary sequence for 
RatPox09 segment E 

This thesis 

pRatPox09FsE_dII Second removal of unnecessary sequence 
for RatPox09 segment E 

This thesis 

pRatPox09FsF_dI First removal of unnecessary sequence for 
RatPox09 segment F 

This thesis 

pRatPox09FsF_dII Second removal of unnecessary sequence 
for RatPox09 segment F 

This thesis 

pBRF_dsB Deletion of genome segment B This thesis 
pBRF_dsC  Deletion of genome segment C This thesis 
pBRF_dsB_C Deletion of genome segment B and C This thesis 
pBRF_dsD Deletion of genome segment D This thesis 
pBRF_dsE Deletion of genome segment E This thesis 
pBRF_dsF Deletion of genome segment F This thesis 
pBRF_dsD_E_F Deletion of genome segment D, E and F This thesis 
pBRF_dATI_p4C Deletion of ATI and p4C   
pBRF_RatPox09_Ati_p4C Insertion of RatPox09 ATI and p4C This thesis 
pBRF_RatPox09_D7L Insertion of RatPox09 D7L This thesis 
pBRF_RatPox09_CrmE Insertion of RatPox09 CrmE This thesis 
pBRF_RatPox09_NMDAr Insertion of RatPox09 NMDAr This thesis 
pBRF_RatPox09_7tGp Insertion of RatPox09 7tGp This thesis 
pBRF_RatPox09_D7L_Cr
mE 

Insertion of RatPox09 D7L and CrmE This thesis 

pBRF_RatPox09_D7L_Cr
mE_NMDAr 

Insertion of RatPox09 D7L, CrmE and 
NMDAr 

This thesis 

pBRF_RatPox09_D7L_Cr
mE_NMDAr_7tGp 

Insertion of RatPox09 D7L, CrmE, NMDAr 
and 7tGp 

This thesis 

 

2.1.8.2. Plasmids 

Name Features References/Source 
pepkanS2 Mammalian expression vector; 

T7prom, f1 ori, SV40 ori, SV40 pr, 
KanR, I-Sce-I restricion site, 
AmpR, ColE1 ori, NeoR 

(162, 163) 

pepkanS2_RatPox09_D7L Insertion of RatPox09 D7L into 
KpnI and BamHI unique restriction 
sites 

This thesis 

pepkanS2_RatPox09_CrmE Insertion of RatPox09 CrmE into 
KpnI and BamHI unique restriction 
sites 

This thesis 

pepkanS2_RatPox09_NMDAr Insertion of RatPox09 NMDAr 
into KpnI and BamHI unique 
restriction sites 

This thesis 

pepkanS2_RatPox09_TK Insertion of RatPox09 TK into 
KpnI unique restriction site 

This thesis 
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pCRII_CPXV TK pCRII plasmid with insertion of 
CPXV BR TK . 

(135) 

puC19 E.coli cloning vector; AmpR, 
ColE1 ori 

New England 
Biolabs 

puc19_RatPox09_ATI_p4C Insertion of RatPox09 ATI p4C 
into unique SbfI and HindIII 
restriction sites 

This thesis 

puc19_RatPox09_ATI_p4C_kana aphAI and Sce-I insertion into 
unique SbfI restriction site 

This thesis 

puC19_RatPox09_7tGp Insertion of RatPox09 7tGp into 
unique PstI and SacI unique 
restriction sites 

This thesis 

puC19_RatPox09_7tGp_kana aphAI and I-Sce-I insertion into 
unique PstI restriction site 

This thesis 

2.1.8.3. Primers 

Primers for this study were designed by using Vector NTI 9.1 software from Invitrogen 

2.1.8.3.1. Primers used for two-step Red mediated recombination 

Number Name Sequence (5´–3´) 
NT1 RatPox09_sB_d

1fw 
TATTTAGGTGACACTATAGAATACTCAAGCTTGGC
CGGCCGGCGCGCCCATCCAATTTTAGAAATTGGGC
CAGTGTTACAACCAATTAACC 

NT2 RatPox09_sB_d
1rv 

GAAGAGATATGTAACACAGACCAATTTCTAAAAT
TGGATGGGCGCGCCGGCCGGCCAAGCTTGAGTAT
TAGGGATAACAGGGTAATCGATTT 

NT3  
RatPox09_sB_d
2fw 

TAATTAGATATAGAGAATATGATCCGTAACATATA
CAACTGGCGCGCCCCGGCCCTCGAGGCCGGCAAT
AGGGATAACAGGGTAATCGATTT 

NT4 RatPox09_sB_d
2rv 

ATGAATTCCCAGATCCGGCCTTGCCGGCCTCGAGG
GCCGGGGCGCGCCAGTTGTATATGTTACGGATCGC
CAGTGTTACAACCAATTAACC 

NT5 RatPox09_sC_d
1fw 

TATTTAGGTGACACTATAGAATACTCAAGCTTGGC
CGGCCGGCGCGCCTCTATGCTATAAATGAATTCGC
CAGTGTTACAACCAATTAACC 

NT6 RatPox09_sC_d
1rv 

TATGAGCAGATGCAAAATGAGAATTCATTTATAG
CATAGAGGCGCGCCGGCCGGCCAAGCTTGAGTAT
TAGGGATAACAGGGTAATCGATTT 

NT7 RatPox09_sC_d
I1fw 

TACGGAACGGGACTATGGACGCATGATAAGAATA
ATTTTGGGCGCGCCCCGGCCCTCGAGGCCGGCAAT
AGGGATAACAGGGTAATCGATTT 

NT8 RatPox09_sC_d
I1rv 

ATGAATTCCCAGATCCGGCCTTGCCGGCCTCGAGG
GCCGGGGCGCGCCCAAAATTATTCTTATCATGCGC
CAGTGTTACAACCAATTAACC 

NT9 RatPox09_sD_d
1fw 

TCGAAATCATCGACATGGCTTCTTCCATAGTTAGA
AGATCGGCGCGCCCCGGCCCTCGAGGCCGGCAAT
AGGGATAACAGGGTAATCGATTT 
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NT10 RatPox09_sD_d
1rv 

ATGAATTCCCAGATCCGGCCTTGCCGGCCTCGAGG
GCCGGGGCGCGCCGATCTTCTAACTATGGAAGAG
CCAGTGTTACAACCAATTAACC 

NT11 RatPox09_sE_d
1fw 

GAAAGTGTTACATCGACTCATAATATTATATATTT
TTATCGATATTTGATTTTTTTCCATGCCAGTGTTAC
AACCAATTAACC 

NT12 RatPox09_sE_d
1rv 

TTTCGGAACTCTTGGATATCATGGAAAAAAATCAA
ATATCGATAAAAATATATAATATTATAGGGATAA
CAGGGTAATCGATTT 

NT13 RatPox09_sE_d
2fw 

TATTTAGGTGACACTATAGAATACTCAAGCTTGGC
CGGCCGGCGCGCCGAATACCAAGTGCTTAAATAG
CCAGTGTTACAACCAATTAACC 

NT14 RatPox09_sE_d
2rv 

GATTAATGAAGTAGTAGAAATATTTAAGCACTTG
GTATTCGGCGCGCCGGCCGGCCAAGCTTGAGTATT
AGGGATAACAGGGTAATCGATTT 

NT15 RatPox09_sF_d
1fw 

GAATCACGTGTTCAACAATGGGTGATAGATACAC
TTAATGGGCGCGCCCCGGCCCTCGAGGCCGGCAA
TAGGGATAACAGGGTAATCGATTT 

NT16 RatPox09_sF_d
1rv 

ATGAATTCCCAGATCCGGCCTTGCCGGCCTCGAGG
GCCGGGGCGCGCCCATTAAGTGTATCTATCACCGC
CAGTGTTACAACCAATTAACC 

NT17 RatPox09_sF_d
2fw 

TATTTAGGTGACACTATAGAATACTCAAGCTTGGC
CGGCCGGCGCGCCATCTGATGAGTATCTGAGCAG
CCAGTGTTACAACCAATTAACC 

NT18 RatPox09_sF_d
2rv 

AATGTTGGACCTGACTGTAGTGCTCAGATACTCAT
CAGATGGCGCGCCGGCCGGCCAAGCTTGAGTATT
AGGGATAACAGGGTAATCGATTT 

NT19 BRF_dsB_Cfw CTATCAACTGATATCCGCTATTGCAAGAGTACGTT
ATACTGATGAAGGCCGGCCCTCGAGTAGGGATAA
CAGGGTAATCGATTT 

NT20 BRF_dsB_Crv CCAGATCCGGCCTTGCCGGCCTCGAGGGCCGGCCT
TCATCAGTATAACGTACTCTTGCAAGCCAGTGTTA
CAACCAATTAACC 

NT21 BRF_dsD_E_Ff
w 

GTAGAAAGTGTTACATCGACTCATAATATTATATA
TTTTTATCAAATACATTCGATGGTCTATGCCAGTG
TTACAACCAATTAACC 

NT22 BRF_dsD_E_Fr
v 

TATAACACATAATAATCTGGTAGATAGACCATCG
AATGTATTTGATAAAAATATATAATATTATAGGGA
TAACAGGGTAATCGATTT 

NT23 BRF_dsBfw CTATCAACTGATATCCGCTATTGCAAGAGTACGTT
ATACTCTTTCATATTTAGAATATATTAGGGATAAC
AGGGTAATCGATTT 

NT24 BRF_dsBrv TCTACTATATTTTTACATACATATATTCTAAATATG
AAAGAGTATAACGTACTCTTGCAAGCCAGTGTTAC
AACCAATTAACC 

NT25 BRF_dsCfw ATACAGAATTTGTAACACTCTCGAAATCACACGAT
GTGTCGGCGATGAAGGCCGGCCCTCGAGTAGGGA
TAACAGGGTAATCGATTT 

NT26 BRF_dsCrv TTCCCAGATCCGGCCTTGCCGGCCTCGAGGGCCGG
CCTTCATCGCCGACACATCGTGTGATTTGCCAGTG
TTACAACCAATTAACC 
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NT27 BRF_dsDfw GAAAGTGTTACATCGACTCATAATATTATATATTT
TTATCGATATTTGATTTTTTTCCATGCCAGTGTTAC
AACCAATTAACC 

NT28 BRF_dsDrv TTTCGGAACTCTTGGATATCATGGAAAAAAATCAA
ATATCGATAAAAATATATAATATTATAGGGATAA
CAGGGTAATCGATTT 

NT29 BRF_dsEfw CATAGTAGTTAGATTATCAGCGCATGCAGAAGAA
CACCGCAAGACGATCGAACTCCATAAGCCAGTGT
TACAACCAATTAACC 

NT30 BRF_dsErv AATCAAATCTTTGGAGAAGTTTATGGAGTTCGATC
GTCTTGCGGTGTTCTTCTGCATGCGTAGGGATAAC
AGGGTAATCGATTT 

NT31 BRF_dsFfw AACTATAGACCGTTACATTTCCAATATGTATCGTA
TTCTAATTAAATACATTCGATGGTCTATGCCAGTG
TTACAACCAATTAACC 

NT32 BRF_dsFrv TATAACACATAATAATCTGGTAGATAGACCATCG
AATGTATTTAATTAGAATACGATACATATTAGGGA
TAACAGGGTAATCGATTT 

NT33 BRF_D7Lfw TACATCATATACTATGATACCGTATCAGTTCCTAT
CAATCTCTGTTTTGGGTG 

NT34 BRF_D7Lrv TATTTACATAGGATGTGATATTGACCACTCACTAC
AGTCTATGAAAAGCGTCCAAACACAGACCCATGA
ATGAGCCAGTGTTACAACCAATTAACC 

NT35 BRF_CrmEfw CGCTTATCATACTAGTTATATACTAAATGTTGATC
ATATTCCACCAAATGATTGTGAAAGAG 

NT36 BRF_CrmErv CTTGGTTTCCAAATAGCTTAAGAAGGCATTTACGT
ATGACCCATCCAGTAGATGCGAGTAAGTCTTATCT
TGTCATTGGTGCCAGTGTTACAACCAATTAACC 

NT37 BRF_NMDArf
w 

GATTAAATCGTCTAACAAACAATTAGTTTTTATGA
CATTACTTACTCGCATCTACTGGATGGACATAAAT
ATCCTCCTCGGCCAGTGTGATGGATATCTAGG 

NT38 BRF_NMDArrv TTCGTCATCGTTAAGTCAATAATGATTAATTTATA
TATGTTTATTTCTTATTAGATACTTCCAAAAGCTGC
AACAGATGCAAGAAC 

NT39 BRF_7tGpfw ATCGAATGACGTCATGACCGTGCTTAGCATGCTTG
ACTAAATATTCTGGACAAATTCTAAATATTTTTTA
TAAAAATTAAAAAATCACTTTCATTATCGATGACT
CG 

NT40 BRF_7tGprv GGTAACCAGCGTATAATAGACGGTTTTATTTCATT
TTTTTATACGGCATTAATAAAATTACTACGGTTAG
TAGCAATAAAAACGCCAGTGTTACAACCAATTAA
CC 

NT41 BRF_dATIp4Cf
w 

AAACCATTAGATAAAGTTGATCTCAAACCGTCTTT
TCTGGTTTAAACGCAGTAATGCTCGTAGGGATAAC
AGGGTAATCGATTT 

NT42 BRF_dATIp4Cr
v 

GGTTCAAGATGTTAATGTTGCGAGCATTACTGCGT
TTAAACCAGAAAAGACGGTTTGAGAGCCAGTGTT
ACAACCAATTAACC 

NT43 BRF_ATIp4Cfw AAGACCTCCTTCGTTTTATAAACCATTAGATAAAG
TTGATCTCAAACCGTCTTTTCTGGTGTAATATTGTT
TAGTAGATATAGGGATAACAGGGTAATCGATTT 
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NT44 BRF_ATIp4Crv AATTTATGGAACGGAATTGTACCAACGGTTCAAG
ATGTTAATGTTGCGAGCATTACTGCG 

NT45 BRF_D7L_Crm
E_NMDAr_fw 

ACCAATGACAAGATAAGACTTACTCGCATCTACTG
GATGGACATAAATATCCTCCTCGCCAGTGTGATGG
ATATCTAGGGAT 

NT46 BRF_D7L_Crm
E_NMDAr_rv 

CTTGGTTTCCAAATAGCTTAAGAAGGCATTTACGT
ATGACTTTCTTATTAGATACTTCCAAAAGCTGCAA
CAGATGCAAGAAC 

Table 2. Primers used for two-step Red mediated recombination. I-SceI restriction sites are underlined.  

 

2.1.8.3.2. Transfer plasmid generation primers 

Number Name Sequence (5´–3´) 
NT47 puC19_ATIp4Cfw GCGCCTGCAGGCTCAAACCGTCTTTTCTGGT

GT (SbfI) 
NT48 puC19_ATIp4Crv CCCAAGCTTATGTTGCGAGCATTACTGCG 

(HindIII) 
NT49 puC19_ATIp4C_kanafw CGCCCTGCAGGTAGGGATAACAGGGTAATC

GATTT (SbfI) 
NT50 puC19_ATIp4C_kanarv CGCCCTGCAGGGCCAGTGTTACAACCAATT

AACC (SbfI) 
NT51 puC19_7tGpfw CGCGAGCTCACCGTGCTTAGCATGCTAGA 

(SacI) 
NT52 puC19_7tGprv TGCCTGCAGCGGCATTAATAAAATTACTAC

GG (PstI) 
NT53 puC19_7tGp_kanafw GCGCTGCAGTAGGGATAACAGGGTAATCGA

TTT (PstI) 
NT54 puC19_7tGp_kanarv TGCCTGCAGGCCAGTGTTACAACCAATTAA

CC (PstI) 
NT55 pepkanS2_D7Lfw TCTGGTACCCCTATCAATCTCTGTTTTGGGT

G (KpnI) 
NT56 pepkanS2_D7Lrv TATGGATCCCACTACAGTCTATGAAAAGCG

TCC (BamHI) 
NT57 pepkanS2_CrmEfw CGCGGTACCCCACCAAATGATTGTGAAAGA

G (KpnI) 
NT58 pepkanS2_CrmErv GGATCCCCATCCAGTAGATGCGAGTAAGTC

GCG (BamHI) 
NT59 pepkanS2_NMDArfw CGGGGTACCAGCTGCAACAGATGCAAGAAC 

(KpnI) 
NT60 pepkaS2_NMDArrv GCGGATCCCTTACTCGCATCTACTGGATGG

A (BamHI) 
NT61 pepkanS2_TKfw CGGGGTACCCCTTCTCGTAGGCACACAATC

T (KpnI) 
NT62 pepkanS2_TKrv CGGGGTACCAGCTGTCCGCTATCTGAATCA

G (KpnI) 

Table 3. Primers used for transfer plasmid generation. Enzyme cleavage sites used for cloning are 
indicated in brackets and underlined in the sequence of the primer. 
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2.1.8.3.3. Construct confirmation sequencing primers 

Name Name Sequence (5´–3´) 
NT63 RatPox09_seq1 AATCACACGATGTGTCGGC 
NT64 RatPox09_seq2 GAGCAAGACGTTTCCCGTT 
NT65 RatPox09_seq3 GCTATGACCATGATTACGCCA 
NT66 RatPox09_seq4 CGTCATAACTATGGATCCCCAC 
NT67 RatPox09_seq5 TGGTGATACGGAACCACTCA 
NT68 RatPox09_seq6 CCGTAATCACCTACAGGTAGCT 
NT69 RatPox09_seq7 CAGGCTAGATCAACTGCGTT 
NT70 RatPox09_seq8 TATAGCTCTCGCCTGAAGAGTATG 
NT71 RatPox09_seq9 AGAATAGTCGCGATGCTGCT 
NT72 RatPox09_seq10 CTCCATTGCAGAGGACGTCAT 
NT73 RatPox09_seq11 CGCTATTAGTGCCAAAGTGG 
NT74 RatPox09_seq12 CTACTACAGGCGGAACATCAA 
NT75 RatPox09_seq13 ACACGGCACTTCGAAATGG 
NT76 RatPox09_seq14 ACCCGCTAGACAAGTATCCG 
NT77 RatPox09_seq15 CAGCCTGGGATAATGATAAGTTGG 
NT78 RatPox09_seqE3Lfw CGCTCTACGAATATCTGTGACAGA 
NT79 RatPox09_seqE3Lrv CCAGAATCTCCAGAACCAGCAT 
NT80 BRF_D7L_seq1 AATACGCGATTCCGATAGCAGT 
NT81 BRF_D7L_seq2 TATATCTTGGGCCATGCAACAG 
NT82 BRF_D7L_seq3 TATCTCTTCCGACCATCAAGCAT 
NT83 BRF_CrmE_seqfw GTGTCTGTGCATCCGGATACT 
NT84 BRF_CrmE_seqrv ACATGGATCATCAGAGGGAG 
NT85 BRF_NMDAr_seq1 GGACATTGTCCGAGTGACACA 
NT86 BRF_NMDAr_seq2 CGGACAATGTCCACAAAATGG 
NT87 BRF_NMDAr_seq3 ATGTCATCCACGGTGTTCAGG 
NT88 BRF_7tGp_seq1 TATAATAGATGAGTGCGTGGCG 
NT89 BRF_7tGp_seq2 ATAACATCTTCTAACGCTGCCG 
NT90 BRF_7tGp_seq3 TATTCTGTAAGGCATTCCAACGG 
NT91 BRF_7tGp_seq4 TATGAGGGTGATGAGCGACAATAT 
NT92 BRF_7tGp_seq5 TATCGTATCGGAGTACGGAGATCA 
NT93 BRF_7tGp_seq6 ATACTGTTTCTGGTCGGAAGCTAT 
NT94 BRF_7tGp_seq7 ACCGTGATGGCTATTACGCGAGAT 
NT95 BRF_7tGp_seq8 ATAGGATATTCTCTGGTACACCGG 
NT96 BRF_7tGp_seq9 TCTCTGACAGCCGCTATCTGTAAAC 
NT99 BRF_7tGp_seq10 ACCCTGTTAAGAAGGCTACGGCAAT 
NT100 BRF_ATIp4C_seq1 GTTACCACGTCTACACTCGGC 
NT101 BRF_ATIp4C_seq2 TCCCATTCGACATTACGACG 
NT102 BRF_ATIp4C_seq3 GGATAGCGAATACCTCATCGTC 
NT103 BRF_ATIp4C_seq4 AGGGAACGAGAAATGCGTTC 
NT104 BRF_ATIp4C_seq5 ATCTATCGCATGTGGATGGA 
NT105 BRF_ATIp4C_seq6 CTCGAACGACAACTAGCAGC 
NT106 BRF_seq1 CCGTAAACGCCGTCTTTATC 
NT108 pBRF_67_seq CTAGATTGGCATCCTATGGACTATA 
NT109 miniF_seq1 GGTAACATAATACCCTTTTCCTGAA 
NT110 BRF_seq2 CGATAATAGATACGGAACGGGAC 
NT111 BRF_135_seq TCAATGGATTCAGACGATGGTT 
NT112 BRF_seq3 AGATGCGACAGATCCATGTCA 
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NT113 BRF_157_seq CTCGCCTGTCATGTCTGGTAA 
NT114 BRF_193_seqfw TGAATATTGCGACGACATACG 
NT115 BRF_193_seqrv GGCTCCTTATACCAAGCACTC 
NT116 BRF_seq4 AATGAGATACGGTAGACATCCTTCT 

Table 4. Primers used for sequencing. 

 

2.2. Methods 
2.2.1. Cell culture. 
2.2.1.1. Maintenance of cells 

VERO cells were grown and maintained in growth medium MEM enhanced with 5% fetal calf 
serum (FCS), 100 U/ml penicillin and 0.1 mg/ml streptomycin and kept at 37°C under a 5% 
CO2 atmosphere. Confluent cells were detached with the help of 10 min incubation with 0.25% 
trypsin EDTA at 37 °C with 5 % CO2 atmosphere and then resuspended in the appropriate 
medium. Subsequently, cells were cultivated in 1:10 ratio. 

Chicken embryo cells (CECs) were prepared fresh weekly from 10-days old specific-pathogen-
free (SPF) VALO embryos by a standard protocol (161). 

2.2.1.2. Cryoconservation  

For long storing of eukaryotic cells, used in this study, the cell medium was discarded and the 
cells were washed with PBS. Next, 0.25% trypsin EDTA was added and the cells were kept at 
37 °C with 5 % CO2 atmosphere. When the cells detached, they were resuspended in 1.5 ml 
MEM and 3 ml of cryoconservation medium (MEM supplemented with 25% FCS and 20% 
DMSO) was added. Consequentially, cells were divided into the appropriate number of 
cryovials and frozen at -70°C in cryoconservation containers filled with isopropanol. Finally, 
frozen eukoryotic cells were stored at -196°C in liquid nitrogen.  

For use of the frozen eukaryotic cell stock, cryovials were thawed in the 37°C water bath. In 
order to remove DMSO, cells were centrifuged for 10 minutes at 1,200 rpm at room temperature 
(RT). The pellet was resuspended in growth medium and the cells were transferred to cell 
culture flasks.  

2.2.1.3. Transfection of VERO cells and CEF’s 

For transfection of Vero cells or CEF’s, cells were seeded in 6-well plates (1×106 cells per 
well). 1 µg of plasmid DNA was diluted in 100 µl Optimem and briefly mixed. Next, 5 µl of 
FuGENE® HD transfection reagent was added to the DNA solution, following 10 – 15 s 
vortexing and 15 min incubation at room temperature. Eventually, the samples were added to 
the cells in a dropwise manner. 

2.2.1.4. Organotypic epithelial raft cultures 

The Phenion® full-thickness skin model (Phenion®FT) consists of a multilayered epidermis 
and a dermis sections. As it is stated by the provider (Henkel AG & Co. KGaA), the epidermis 
is generated from male neonatal foreskin keratinocyte stem cells and the dermis contains 
fibroblast. Both cell types used for tissue engineering are derived from a single human donor 
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and embedded in a bovine collagen matrix. For our study Phenion®FT was obtained at the age 
of 14 days at air–liquid interphase (Ø 1.32 cm; surface area 1.30 cm2). According to the 
instructions of the supplier, fresh, pre-warmed medium was added and the tissue was kept at 
37°C under 5% CO2

 overnight. 

2.2.3   Virological methods 

2.2.3.1.   Virus reconstitution 

To generate infectious virus particles, from BAC mutant stocks, virus reconstitution in 
vertebrae cells were used. VERO cells or CEFs were transfected with BAC DNA prep as 
described in section 2.2.1.3. (Transfection of VERO cells and CEF’s). Moreover, chimeric 
viruses were generated as foll ows: 2 µl pBRF deletion mutant DNA prep was transfected 
simultaneously with 2 µl RatPox09 segments of interest DNA prep. Since BAC DNA, used in 
this study, encodes GFP under a late promoter, infected cells and formed plaques could be 
detected with the help of fluorescence microscopy. Since CPXV DNA is not infectious on its 
own, usage of helper virus for CPXV reconstitution is a widespread practice. Helper viruses 
like Shope fibroma virus in the case of CPXV reconstitution in CEF’s or Fowlpox virus when 
CPXV is reconstituted in Vero cells, are indispensable for the efficient start of the gene 
transcription. Thenceforth, helper virus was added to cells 1 h post transfection and successful 
replication was observed with the help of fluorescence microscope 48 hours post transfection. 
Newly reconstituted virus was than passaged no less than four times to remove the helper virus. 

2.2.3.2.   Recovery of thymidine kinase (TK) gene and plaque purification 

Since pBRF harbors mini-F sequence in TK gene, removal of mini-F sequence and recovery 
off full length TK gene were necessary. Therefore, foreign sequence in the newly generated 
mutants were removed by transfection of plasmid DNA harboring the full sequence of TK gene 
into cells as descripted previously in section 2.2.1.3. (Transfection of VERO cells and CEF’s). 
2 hours post transfection the cells were infected with a multiplicity of infection (MOI) of 0.01 
of the mutant virus stock. The multiplicity of infection defines the ratio between virus particle 
and cell count. When MOI of 2 is chosen for an experiment, 2 infectious virus units per cell are 
used to infect cell monolayer. 48 pi infected cells were observed by fluorescence microscopy. 
CPXV infected cells that showed no GFP expression, were picked and passaged repeatedly. 
Successful TK gene recovery and elimination of mini-F sequence was confirmed by PCR and 
sequencing. 

2.2.3.3.   Virus stock preparation 

Since the amount of cell free virus in the medium of infected cell culture is rather small, it is 
necessary to disrupt the cell membranes mechanically, so applicable virus stocks in high titers 
would be prepared. To achieve this goal, confluent cell monolayers were infected with the 
CPXV of interest. The virus infection rate was observed by fluorescence microscope and the 
percentage of the cells, that are expressing GFP, were evaluated. Once infection rates reached 
70 % to 90 %, the cells were frozen and thawed three times. Thenceforth, thawed cells were 
transferred to centrifuge flasks containing glass beads and the solution was vortexed for 90 
seconds so the disruption of the cell membranes would be achieved. Then, the glass beads and 
cell debris were centrifugated for 10 min at 3000 x g speed. After centrifugation step, the 
supernatant was aliquoted in 1.5 ml reaction tubes. These tubes with newly made virus stocks 
were kept at -70 °C.  



39 
 

2.2.3.4.   Virus DNA preparation 

To isolate viral DNA, infected cells and supernatant were collected by scraping, 48 h pi. The 
cells were transferred to ependorf tubes and centrifuged for 10 min, with the 20000 x g speed. 
Afterwards PBS was added to the cell pellet, and the suspension was centrifuged for another 10 
min. Subsequently PBS was discarded and the pellet resuspended in 50 µl virus DNA isolation 
buffer I. Then, the proteinase K holding buffer II was added (250 µl) followed by 4 to 5 h 
incubation at 55 °C. Later 300 µl supersaturated NaCl (6M) was added and the tube was 
inverted several times. To precipitate the DNA 900 µl isopropanol was included. Subsequently 
the tube was inverted for 7 times and the suspension centrifuged 10 min at 20000 x g. Finally, 
the precipitated DNA was washed with 70 % ethanol, dried and dissolved in 50 µl of molecular 
water. 

2.2.3.5.   3D Skin Model infection and immunohistochemistry 

For the infection of The Phenion® full-thickness skin model 105 TCID50 of CPXV was used. 
Infected cultures were incubated for 7 days at 37°C and lesion development was monitored 
macroscopically. Sliced Phenion® full-thickness model was fixed at 10% neutral buffered 
formalin, embedded in paraffin wax and used for histological analysis. Sections (2 µm) were 
mounted on adhesive glass slides and stained with haematoxylin and eosin (HE). Afterwards, 
expression of the CPXV and cell proteins was analysed using immunohistochemical labelling. 
For each treatment group, six slides were examined. Endogenous peroxidase was blocked with 
H2O2 3% in phosphate buffered saline (PBS, 0.1M, pH 7.4) for 20 min. For detection of cyclin 
B1, cyclin D1, cyclin E and histone H3 Phospho S10, antigen retrieval was performed by 
heating in citrate buffer (pH 6.0) for 12 min. Meanwhile, monoclonal mouse anti-vaccinia A27 
antibody required no antigen retrieval. To block non-specific antibody binding, slides were 
incubated for 30 min with Roti-Immunoblock® (Roth, Karlsruhe, Germany) and normal goat 
serum. Thenceforth, sections were incubated overnight at 4°C with the primary antibody and 
afterwards secondary antibodies were applied. In each experiment, the slides that were 
incubated with irrelevant commercial mouse or rabbit immunoglobulins instead of primary 
antibodies were used as negative controls. 

2.2.3.6.   Virus growth kinetics 

Overnight cultures of Vero cells were infected with BAC derived CPXV BR, wtCPXV 
RatPox09, wtCPXV BR and mutant viruses using MOIs of 0.01 or 3. After 1 h incubation at 
37°C, the medium was removed and the cells were washed three times with PBS. Next, 1 ml of 
DMEM was added to each well. The samples for virus growth kinetics were attained at six time 
points after infection (0 h, 6 h, 12 h, 24 h, 48 h and 72 h). The infection of the cells was 
accomplished in duplicates for each dilution step. Endpoint dilution was used to determine virus 
titers. The virus titers were calculated as TCID50 per milliliter. 

2.2.4.   Molecular biology techniques 

2.2.4.1. Modified alkaline lysis at small scale - BAC DNA preparation 

Bacterial cultures were grown in 5 ml of LB media with appropriate antibiotics overnight in an 
incubator shaker at 32 °C, 220 rpm. The cell pellet in 300 µl of plasmid or BAC DNA were 
resuspended in DNA purification buffer P1. Thenceforth, the culture was centrifuged at 4500 x 
g speed for 5 min and the supernatant was removed. Next, the cells were lysed by adding 300 
µl of buffer P2 and precipitated by adding 300 µl of the neutralizing buffer P3 and then 
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incubated for 5 min on ice. Samples were centrifuged at 20000 x g speed for 5 min resulting in 
removal of cellular debris. Afterwards, the supernatant was relocated to a 2 ml ependorf tube 
and 900 µl isopropanol was added. Then, this tube was inverted few times and centrifuged for 
15 min at 20000 x g speed. Then, the DNA pellet was washed with 70% ethanol and dried 
afterwards. Later 30 µl of TE buffer containing RNase A (40 µg/ml) was added to the tube 
containing the pallet. Finally, the prepared BAC DNA preps were stored at 4 °C until further 
use. 

2.2.4.2. Polymerase Chain Reaction (PCR) 

For amplification of different DNA fragments, standard and modified PCR reactions were used.  

For simple fragment amplification, Taq DNA polymerase was used with standard conditions. 
Reaction setup: 

Component 50 μl reactions Final concentration 

10X Standard Taq Reaction Buffer  5 μl  1X  

10 mM dNTPs 1 μl 200 µM 

10 µM Forward Primer 1 μl 0.2 µM  

10 µM Reverse Primer 1 μl 0.2 µM  

Template DANN variable <1,000 ng 

Taq DNA Polymerase 0.25 µl 1.25 units/50 µl PCR 

Nuclease-free water to 50 µl   

 

Thermocycling condition: 

Step  Temp Time  

Initial Denaturation  95°C  30 seconds  

30 Cycles  
95°C 

45-68°C 
68°C  

30 seconds 
30 seconds 
1 minute/kb  

Final Extension  68°C  5 minutes  

Hold  4°C    

For amplification of PCR products with long extensions for Red recombination Longamp Taq 
polymerase was used. Reaction setup: 
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Component 50 μl reaction 
Final 
Concentration 

5X Standard Longamp Taq Reaction 
Buffer  

10 μl  1X  

10 mM dNTPs 1,5 μl 300 µM 

10 µM Forward Primer 2 μl 0.4 µM 

10 µM Reverse Primer 2 μl 0.4 µM  

Template DNA variable <1,000 ng 

Longamp Taq DNA Polymerase 2 µl 5 units/50 µl PCR 

Nuclease-free water to 50 µl   

 

Thermocycling condition: 

Step  Temp Time  

10 Cycles  
98°C 

55-60°C 
68°C  

10 seconds 
15 seconds 
1 minute/kb  

20 Cycles 
98°C 

65-68°C 
68°C 

10 seconds 
15 seconds 
1 minute/kb 

Hold  4°C    

For amplification of long PCR products (3-7 kb) with long extensions for Red recombination 
PrimeSTAR GXL polymerase was used. Reaction setup: 

Component 50 μl reaction Final Concentration 

5X PrimeSTAR GXL Buffer  10 μl  1X  

10 mM dNTPs 4 μl 800 µM 

10 µM Forward Primer 1 μl 0.2 µM 

10 µM Reverse Primer 1 μl 0.2 µM  

Template DNA variable <1,000 ng 

PrimeSTAR GXL DNA Polymerase 1 µl 1.25 units/50 µl PCR 

Nuclease-free water to 50 µl   
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Thermocycling condition: 

Step  Temp Time  

Initial Denaturation  94°C  30 seconds  

10 Cycles  
94°C 

50-55°C 
65°C  

30 seconds 
30 seconds 
1 minute/kb  

20 Cycles 
94°C 

60-65°C 
65°C 

30 seconds 
30 seconds 
1 minute/kb 

Final Extension  65°C  10 minutes  

Hold  4°C    

 

2.2.4.3. Restriction fragment length polymorphism (RFLP) 

To confirm generated BAC’s or plasmid the RFLP was used. For this purpose, the DNA was 
cleaved by an appropriate enzyme in a 20 µl reaction mixture (20 µl). The reaction setup as 
follows:  

Plasmid DNA                    1 µl  

or BAC                              6 µl 

Buffer (10 x)                      2 µl 

Enzyme                              1 µl 

add to 20 µl with ddH2O    x µl 

 

2.2.4.4.   Gel electrophoresis  

To visualize PCR products or fragments of DNA for RFLP, samples were mixed with 6 X DNA 
loading buffer and loaded into the slots of a freshly poured and solidified 0.8 % agarose gel. 
For plasmid RFLP or PCR confirmation agarose gels were prepared in 0.5 x TAE buffer 
containing ethidium bromide at a final concentration of 0.5 µg/ml. A voltage of 100 V was used 
for 35 min. Cleaved BAC and virus DNA was exposed to 70 V for 20 h or more in an ethidium 
bromide free 0.8 % gel, prepared in 1 x TAE. Then, the gel was stained in an ethidium bromide 
bath for 30 min and washed with water to remove excess ethidium bromide. In the case of both 
gel sorts the DNA was detected under 260 nm UV light. 
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2.2.4.5. Viral DNA extraction from agarose gels 

To extract viral DNA fragments from agarose gels, the DNA fragment containing gel slice was 
cut out, diced and placed in 1.5 ml micro centrifuge tube, equal volume phenol (200-500 μl) 
saturated with TE buffer, pH 8.0, added. Then, the mixture was vortexed for 10 s and incubated 
for at least 5 min at –80 °C, in order to freeze the phenol. Afterwards, the samples were 
centrifuged for 5 min at 15000 × g at room temperature. The aqueous layer was removed to a 
new tube, the phenol layer left in the same tube. Next, 200 μl of water added to the phenol layer, 
vortexed 10 s and centrifuged for 5 min at 15000 × g, room temperature. Thenceforth, the top 
(aqueous) layer was removed and combined with the aqueous layer removed in the previous 
step. For DNA precipitation, 200 μl of chloroform: isoamylalcohol (24:1) added, the samples 
gently mixed by inverting and centrifuged (15000 × g, 1 min, RT). Next the top aqueous phase 
was transferred into a new tube and to the saved aqueous layer, 0.1 volumes of 3 M sodium 
acetate, pH 5.2 and 2.5 volumes of 100 % ethanol was added. Later the mixture was incubated 
20 min at RT and DNA was palleted at 15000 × g, 20 min, 4-20 °C. Afterwards the supernatant 
was carefully remove and discarded and the pellet sustained. Subsequently the pellet was 
washed with 500 μl of 70 % ethanol, centrifuged for 5 min, 15000 × g. Followed by careful 
remove and discard of the supernatant. Finally, the samples were centrifuged shortly and the 
remaining aqueous remains were discarded. When all 70 % ethanol is removed, the DNA pellet 
can be immediately dissolved The DNA pellet was dissolved in a minimal volume of EB buffer 
(e.g. 20-50 μl of 10 mM Tris-HCl, pH 8.0) or water. 

2.2.4.6.   Purification of DNA by column purification and recovery of DNA from agarose 
gels 

To purify DNA amplified by PCR or cleaved DNA fragments from agarose gels Hi Yield 
Gel/PCR DNA Fragments Extraction Kit (SLG) was used according to the manufacturer´s 
instructions. 

2.2.4.7.   Sequencing  

To determine DNA nucleotide sequences, plasmids or PCR-amplified DNA fragments were 
column purified, eluted in H2O and sent for DNA sequencing to LGC Genomics in the required 
amounts. Received sequence data was examined by the Vector NTI software (Invitrogen). Full 
genome sequencing of final mutants was completed in Friedrich-Loeffler-Institut by Maria 
Jenckel. 

2.2.4.8.   Cloning 

2.2.4.8.1.   Restriction digests and sticky end ligation for cloning in vectors 

In order to, generate of plasmids with specific fragments inserted, the cleaved and purified insert 
DNA were ligated with the vector backbone. The main principle of “sticky ends” DNA ligation 
is that, DNA ligase catalyzes formation of phosphodiester bonds between the 3'-OH of one 
nucleotide and the 5'-PPP of a second nucleotide and such ligates DNA fragments having 
complementary, so-called “sticky ends”. The “sticky ends” ends were generated by 
incorporation of the restriction enzyme recognition sites required for cloning into the forward 
and reverse PCR primers. Next vector and PCR product were cleaved with the appropriate 
restriction enzymes to obtain sticky ends. In case only a single restriction site was used for the 
cloning procedure the vector was dephosphorylated with FastAP™ Thermosensitive Alkaline 
Phosphatase (2µl of phosphatase for 1 µg of DNA in 20 µl reaction volume with 10X reaction 
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buffer) to avoid self-ligation of the vector. The dephosphorilization mixture was incubated for 
10 min at 37°C followed by heat inactivation at 75°C for 5 minutes. The amount of vector and 
insert DNA was measured spectrophotometrically using the Nanodrop spectrophotometer 
(Peqlab): the vector backbone was ligated in different vector/insert ratios ranging from 5:1 to 
1:2 with a total volume of 10 µl for 5 min at 25 °C. The Quick-ligase ligase buffer system was 
used. The ligation reaction was mixed and incubated for 3 h. at RT before chemically competent 
or electrocompetent E. coli cells were transformed with 1 to 10 µl of the ligation reaction.  

2.2.4.8.2.   Preparation of chemically competent cells with calcium chloride (CaCl2)  

A single colony of E. coli (TOP10, DH10B) was grown O/N in 5 ml LB medium at 37°C at 
220 rpm in a shaking incubator. Next day, 4 ml of o.n. culture was added to 400 ml fresh LB 
medium and incubated at 37 °C and 220 rpm until optical density 600 nm wavelength (OD600) 
of 0,45-0,6 was reached. Thenceforth, the culture was transferred to 50 ml ice cold 
polypropylene tubes and incubated for 5-10 min on ice. Next, the bacteria were pelleted for 2 
min at 1000 x g at 4°C and resuspended in 10 ml ice-cold 50 mM CaCl2. Subsequently a second 
centrifugation step at 600 x g for 10 min at 4°C followed. Then the supernatant was removed 
and each pellet was resuspended in 10 ml ice-cold 50 mM CaCl2 and incubated on ice for 30 
min. Subsequent cells were centrifuged for one more time at 4 °C for 10 min at 500 x g, the 
supernatant was discarded and the pellet resuspended in 2 ml ice cold 100 mM CaCl2 and 15 % 
glycerol solution. Finally, 100 µl aliquots of the culture were prepared and stored at -70 °C. 

2.2.4.8.3.   Transformation of chemically competent cells  

To transform the ligation product to chemically competent bacteria, the product was added in a 
dropwise manner to bacteria and incubated for 30 min on ice. Thenceforth a 45-sec heat shock 
was completed in a 42°C water bath, followed by a short (~2 min) incubation on ice. Bacteria 
were then grown in 1 ml SOC medium for 1 h at 37°C. Finally, the transformed bacteria were 
plated on LB plates containing the appropriate antibiotics. These plates were then incubated at 
37 °C overnight. 

2.2.4.8.4.   Preparation of electro competent cells 

The Escherichia coli strain MegaX was incubated at 37˚C O/N in 5 ml of LB medium. Then, 
100 µl of the O/N culture were added to 5 ml of fresh LB and the following was incubated at 
37˚C and 220 rpm until it reached a logarithmic growth of OD600 of 0.5 to 0.7. Next, cultures 
were transferred to a water-ice bath and incubated for 20 min at 220 rpm on a shaker. 
Afterwards bacteria were pelleted by centrifugation for 2 min at 4500 rpm and 4˚C. Later, 
pellets were washed three times with ice-cold 10% glycerol in H2O and shortly centrifuged at 
4500 rpm after each washing step. Finally, the bacteria pallet was resuspended in 60 µl of 10% 
glycerol. 

2.2.4.8.5.   Transformation of electro competent cells  

To transform the ligation product to electro competent bacteria, the product was added to 
bacteria and immediately transferred to electroporation cuvette. Thenceforth, electroporation 
was completed at 1.25 kV, 25 µF and 200 Ω. Next, bacteria were resuspended in 1000 µl of 
preheated SOC medium and incubated 1 h shaking at 37˚C before plating on selective LB agar 
plates. 
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2.2.4.9.   Generation of recombinant viruses via en passant mutagenesis 

The key principle of DNA editing used in this thesis is a technique termed en passant 
mutagenesis. This two-step system developed by Tischer and colleagues is based on Red 
mediated recombination and in vivo cleavage in E. coli (162, 163). The key features of the Red-
recombination system are from λ phage proteins: Exo, Bet and Gam. These three proteins 
mediate homologous recombination of double-stranded DNA. During the Red recombination, 
the protein Gam takes a vital role in the recombination event since it defends free double-
stranded DNA ends from degradation by the E. coli RecB/C/D system. Meanwhile, the 5’-3’ 
exonuclease Exo generates free 3’ single strand overhangs in the DNA template and Bet serves 
as a protector of those free strands. Moreover, during the amplification of the BAC DNA, Bet 
mediates the strand invasion which is essential to attain homologous recombination with the 
target sequence. Therefore, the E. coli strain used in this study, GS1783, a derivative of the 
DH10B strain, was engineered to express the Red system under a temperature inducible 
promoter, which is activated at 42˚C. Furthermore, GS1783 also express I-SceI, a 
Saccharomyces cerevisiae homing endonuclease, under an arabinose inducible promoter. I-SceI 
cleaves a very large and therefore rarely found a restriction site of 18bp, which makes a specific 
cleavage of the mutated region possible, in final recombination the selection marker cassette 
can be removed from the mutated sequence. Briefly, first a selection marker with an adjoining 
I-SceI restriction site and to the target sequences homologous 40–50 bp sequence extensions 
are introduced into the the sequence of interest. Next, I-SceI is expressed to allow a cleavage of 
the marker cassette which results in a seamless excision of the selection marker (Figure 6). This 
modern technique allows a broad range of different modifications of BAC cloned sequences. 
Using this technique, it is possible to edit single base pairs, to delete sequences of any size and 
to insert sequences of interest (157, 162 - 164). 

Preparation of electrocompetent E.coli for en passant mutagenesis 

The E.coli GS1783 culture holding the chosen parental BAC clone was incubated in LB 
medium with chloramphenicol overnight at 32 °C. The following day, 5 ml of chloramphenicol 
containing LB medium was inoculated with 100 µl of O/N culture and incubated at 32°C and 
220 rpm until logarithmic growth reached OD600 0,5 - 0,8. Next, a flask with bacterial culture 
was moved to a 42°C water bath for 15 min with 220 rpm shaking and afterwards kept in an ice 
bath for 20 min with 220 rpm shaking. Thenceforth, bacteria were palleted at 4°C for 5 min at 
4500 x g. The supernatant was removed and the pellet was resuspended in 1 ml of 10% ice-cold 
glycerol or H2O. Before a second centrifugation, washing step followed. After three washing 
steps, 50 µl 10 % ice-cold glycerol or H2O was added to resolve the bacterial pellet. Finally, 
bacteria were positioned on ice or stored at -70 °C until the electroporation.  

 

Figure 5. Schematic illustration of PCR product for en passant mutagenesis. Kanamycin resistance 
cassette serves as the positive selection marker, homologous flanks to the target sequence, and duplicated 
sequences (stripe and dot boxes) for removal of the positive selection marker.  
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1st Red recombination 

For the first mutagenesis step, bacteria were electroporated in ice-cold 0,1 cm cuvettes with 2-
5 µl (~100 ng) DpnI-digested and gel purified PCR product. The PCR product electroporated 
in competent bacteria contained homologous flanks required for sequence integration into the 
BAC DNA, kanamycin cassette with an I-SceI restriction site and duplicated homologous 
sequences that allow the complete removal of the kanamycin cassette during the second Red 
recombination step (Figure 5). After electroporation, the bacteria were carefully removed from 
the cuvette by adding 900 µl 32°C LB. Then bacteria were incubated for 2 h at 32ºC, 220 rpm. 
Afterwards, bacteria were plated on plates with chloramphenicol and kanamycin and incubated 
for 2 days at 32 °C.  

 

Figure 6. Deletion of selected sequences via two-step Red mediated recombination. The sequence is 
deleted integration of the kanamycin cassette with the help of homologues flanks during the first Red 
recombination step. After I-SceI induction with L-arabinose and incubation at 42ºC, the second 
recombination step occurs, resulting in recombination between the homologous sequences (stripe and dot 
boxes); the kanamycin cassette is then removed. Figure adapted from Tischer et al. (162, 163) 
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2nd Red recombination or resolution of co-integrates 

The correct clones were selected, after RFLP and colony PCR screen. Then bacterial colony, 
containing selected mutant, was inoculated in 1 ml LB medium with chloramphenicol and 
incubated under shaking conditions while waiting for the culture to became faintly cloudy, 
around 2 – 3 hours. Afterwards, the I-Scel cleavage site was activated with the help of adding  
1 ml 32°C LB medium cwith chloramphenicol and 2 % L-Arabinose. Afterward incubation at 
220 rpm for another 60 min at 32°C, the Red recombination system was activated by incubation 
at 42°C at 220 rpm for 30 min. Next, bacteria were grown at 32°C, 220 rpm shaking conditions 
for another 2 hours. Finally, 5-10 µl of a 1:100 and 1:1000 dilutions of the bacteria culture were 
plated on LB-plates with chloramphenicol and 1 % L-Arabinose. These plates were then 
incubated for 2 days at 32 °C. Grown colonies were moved to replica plates with kanamycin 
and chloramphenicol to eliminate the colonies, that are false positive. Finally, positive clones 
were confirmed by RFLP and colony PCR. 

2.2.5.   Animal Studies 

In vivo experiments were conducted in Friedrich-Loeffler-Institut, approved by the Ministry of 
Agriculture of Mecklenburg-Western Pomerania, Germany. Mixed-sex Wistar rats at 6 weeks 
old (outbred; Charles River, Sulzfeld, Germany) were kept in groups of 2 to 3 animals in 
standard laboratory rodent cages. The experimental design, used in this study, complied with 
the experiments published earlier (119, 158, 160). Rats were infected intranasally with mutant 
viruses: BR_RatPox09_NMDAr, BR_RatPox09_CrmE and BR_RatPox09_sF, control viruses 
wild type BR, RatPox09 and BAC derived, vBR, and correspondingly 2 control rats were used. 
The infectious dosage of 105,5 TCID50/animal was used. General health status, weight and body 
temperature of all animals were registered everyday over a period of 15 days, and then on 17th, 
19th and 21st day post infection. Oropharyngeal swabs (Bakteriette; EM-TE Vertrieb, 
Hamburg.) were taken every other day. Wistar rats were either humanely killed for autopsy 21 
dpi or when the clinical score was indicated to be higher than 7. All Wistar rats, used in this 
study, were dissected and organ specimens were collected. The scoring system was developed 
by Annika Franke and Donata Hoffmann (Friedrich-Loeffler-Institut, unpublished data). The 
following measurements and clinical symptoms were summarized for calculation of the clinical 
score: body temperature, weight, nasal discharge, activity, respiratory distress, wheezing, pox 
lesions, inflated stomach, rough fur. The clinical scoring system is presented in the Table 5. 
The oropharyngeal swab samples were resuspended in 2 ml of cell culture medium with 
antibiotics (gentamicin, 0.05 mg/ml, lincomycin, 1 mg/ml; enrofloxacin, 1 mg/ml;). Samples 
of organ tissue were homogenized, the the DNA from all collected organ samples and swabs 
was extracted using BioSprint 96 and a MagAttract Virus Mini M48 kit (Qiagen). The real-time 
PCR was completed by OPV DNA-specific protocol (165). Additionally, endpoint dilution 
assays using the Spearman-Kaerber algorithm, were completed for each collected sample. For 
detection of virus-specific antibodies in serum of infected animals, indirect 
immunofluorescence was used. For this purpose, serum samples were incubated for 30 min at 
56°C. Afterward, CPXV virus-infected Hep2 cells were incubated for 1 hour at room 
temperature with a 1:200 or 1:500 dilution of serum. After three PBS washing steps, anti-rat 
and anti-mouse secondary antibodies (Life Technologies) were used. Finally, Evans Blue 
(Sigma-Aldrich, Deisenhofen, Germany) was inroduced to stain the cytoplasm of the infected 
cells. Statistical analyses were performed with Graphpad and XLSTAT for Windows. Values 
were compared using one-way ANOVA followed by Dunn’s and Bonferroni t-test for pairwise 
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comparisons. In all analyses, two-tailed p values less than 0.05 were considered statistically 
significant. 

Clinical parameters Points 
Body temperature above 36°C 0 

35-36°C 1 
34-35°C 

below 34°C 

2 

3 
Nasal discharge Absent 0 

Doubtful 1 
clearly present 2 

Respiratory distress 

 

normal breathing 0 
Light 1 
Moderate 2 

 

Pox lesions 

Severe 3 
Absent 0 
Present 1 

Activity Normal 0 
 moderate activity 1 
 Inactive 2 
Body weight loss Absent 0 

> 10 % 1 
> 20 % 2 
> 30 % 3 

Wheezing Absent 0 
 Present 1 
Inflated stomach Absent 0 

Present 1 
Rough fur Absent 0 
 Present 1 

 

Table 5. Clinical scoring system for rats infected with CPXV. 
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3. Results 

 

3.1. Generation of the knock-in mutants 

In the present study, we aimed to identify new orthopoxvirus virulence markers in a rodent host 
model. For this purpose, we analyzed the sequence of two CPXV strains with different course 
of the disease, recognized the ORF’s that might possibly be responsible for the change in CPXV 
virulence and generated recombinant viruses with individual RatPox09 genes introduced into 
the BR-genome. However, first, we analyzed the sequence of the putative virulence markers. 
The analysis of each of possible virulence determents is given in the following section. 

3.1.1. Sequence analysis of genes of interest 

The major differences between the two CPXV isolates are four ORFs (CPXV0002, CPXV0003, 
CPXV0284 and CPXV0030,), that are absent in BR, but found in RatPox09. One of these ORFs, 
CPXV0002, is positioned between CPXV222 and CPXV0003. BLAST searches identify 
CPXV0002 highly similar sequence in multiple newly isolated cowpox viruses as well in some 
older isolates (Germany_1998_2, Germany_1980_EP4, Germany_2002_MKY), likewise in 
multiple Vaccinia virus strains (Lister, L-IVP, USSR) and some camelpox virus isolates 
(0408151v, CMS, M-96) (91, 119, 145, 147, 166 – 169). The protein encoded by CPXV0002 
is 273 amino acid long. It has 99 % identity with CPXV N-methyl-D-aspartate (NMDA) 
receptor like protein (145). Therefore, further in this study it will be named NMDAr. 
Nevertheless, various predictions showed no indication, to the similarity of CPXV0002 to 
NMDA receptor like proteins (173). Furthermore, this protein sequence also has 98 % identity 
with Vaccinia Golgi anti apoptotic protein (VACV GAAP) (Figure 7) as well as similarity to 
CMPV proteins CMP6L and CMP006 (91, 92, 169). Moreover, BLAST searches with 
CPXV0002 identified closely related, lifeguard protein in cattle (78% identity), mouse (74% 
identity), and rat (74% identity) to be highly related to CPXV0002 (Figure 7). In addition, there 
are related proteins of equivalent size predicted to be encoded by goat (78% identity), European 
hedgehog (74% identity), water buffalo (77% identity) and wild boar (74% identity). 
Consequently, the PFAM program indicated the protein family UPF0005 domain with multiple 
transmembrane motifs, between the 32 and 231 aa (173).  

 

 

Figure 7. Alignment of CPXV strain RatPox09 putative protein NMDAr sequence with related proteins 
from other species: VACV GAAP and Rattus Norvegicus protein lifeguard 4. Blue coloring indicates 
identical sequence. 
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Another investigated protein, CPXV0003, is positioned between CPXVCrmD and CPXV0002. 
Sequence in high similarity to CPXV0003 is found in multiple newly isolated cowpox viruses 
as well in some older strains (Germany_1998_2, Germany_1980_EP4, Germany_2002_MKY), 
additionally in multiple Vaccinia virus strains (Lister, L-IVP, WAU86/88-1), camelpox isolates 
(0408151v, CMS, M-96) and even monkeypox virus isolates (Yambuku_DRC_1985, 
Boende_DRC_2008, Gabon-1988) (91, 145, 147, 166, 168 – 169, 174). The protein encoded 
by CPXV0003 is 167 amino acid long. It has 99 % identity with VACV CrmE protein. 
Therefore, further in this study it is named CrmE (103). This protein also has high similarity 
with CMLV protein CMLV007 (169). Subsequently, The PFAM program indicated the 
TNFR/NGFR cysteine-rich region between the 22 and 58 aa (173).  

Thenceforth, we analyzed sequence of CPXV0284, which is located between CPXV010 and 
CPXV011. Sequence in high similarity to CPXV0284 is found in numerous newly isolated 
cowpox viruses as well in some older isolates (Germany_1998_2, UK2000_K2984, Germany 
91-3,) moreover, in some horsepox (MNR-76) and ectromelia virus isolates (Naval, ERPV, 
Moscow) (147, 166, 167, 170 - 172). The protein encoded by CPXV0284 is 273 amino acid 
long. It has 92 % identity with D7L protein of CPXV GRI -90, 95 % identity with horsepox 
virus (HSPV) protein HSPV008 and 94 % identity with ECTV protein EVM004 (167, 172). 
Due a high similarity to recognized CPXV protein, the protein encoded by CPXV0284, will be 
named D7L further in this study. Pfam prediction of CPXV0284 was performed. The BTB/POZ 
domain is indicated, found between the 31 and 131 aa (173). 

CPXV0030 is positioned between CPXV202 and CPXV203. To CPXV0030 similar sequence 
is found in multiple newly isolated cowpox viruses as well in some older isolates (Germany 91-
3, France_2001_Nancy, EP-2) (145, 147, 166, 167). Some residues of the sequence are also 
found in some camelpox virus and even variola virus isolates. The protein encoded by 
CPXV0030 is 1898 amino acid long. It has 99 % identity with CPXV 7-transmembrane G 
protein-coupled receptor-like protein (7tGp) (145). Therefore, further in this study it will be 
named 7tGp. However, multiple structure predictions indicate only one transmembrane domain 
and even 2 Poxvirus_B22R domains, between 10 and 777, 786 and 1053 aa. (173)  

We considered it to be likely that ATI and/or p4c contribute to CPXV virulence in rats as both 
these gene sequences have quite a few modifications between BR and RatPox09. Moreover, 
RatPox09 p4c amino acid sequence (A26; CPXV161 protein for RatPox09 and CPXV159 and 
CPXV161 in BR) results in a 59-amino-acid (aa) truncation at the N terminus, which likely is 
responsible for incapability to place IMVs in ATI (119), as BR p4C gene is disrupted, due 
premature stop codon introduced by frame shift mutation. Furthermore, CPXV BR and 
RatPox09 ATI (CPXV159 in RatPox09 and CPXV158 for BR), corresponding to VACVA25) 
show modifications in length and sequence, particularly in the repeat regions, but the 
translational initiation and stop codons of these two ORFs are identical. The overall identity of 
CPXV BR and RatPox09 ATI genes is 87 %. 

3.1.2. Transfer constructs 

For transfer plasmid construction, the ORF’s coding RatPox09 proteins D7L, CrmE, NMDAr, 
TK, 7tGp and ATI/p4C together with the estimated promoter sequence were amplified by PCR 
using primer pairs: NT53, NT54; NT55, NT56; NT57, NT58; NT59, NT60; NT49, NT50; 
NT45, NT46, respectively (Table 3). The amplificated products were extended with a KpnI 
restriction site upstream and a BamHI site downstream of the respective ORF, in the case of 
D7L, CrmE and NMDAr, for RatPox09 TK PCR product was extended with KpnI restriction 
sites upstream and downstream and for 7tGp SacI restriction site upstream and PstI restriction 
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site downstream. In the case of ATI/p4C SbfI restriction site upstream and a HindIII site 
downstream were used. The PCR products were column purified and cloned into the vector 
pepkanS2 in the case of D7L, CrmE and NMDAr and to puC19 in the case of 7tGp and 
ATI/p4C. The vectors have been digested with KpnI and BamHI for cloning of ORF’s D7L, 
CrmE, NMDAr; KpnI for cloning of RatPox09 TK, SacI and PstI for ORF 7tGp cloning and 
SbfI, HindIII for ATI/p4C. Afterwards the vectors were dephosphorylated with FastAP before 
cloning. TOP 10 chemical competent cells or MegaX electro competent cells were used for 
transformation as described in sections 2.2.4.8.3. (Transformation of chemically competent 
cells and 2.2.4.8.5 (Transformation of electro competent cells), respectively. Correct clones 
were determined by PCR and RFLP. Finally, the PCR products were confirmed by sequencing. 
For 7tGp and ATI/p4C transfer plasmid construction, a second PCR using primers NT51, NT52 
and NT47, NT48, respectively, combined with pEPkanS2 plasmid as template was performed 
(Table 3). This PCR amplified the I-SceI-aphAI recombination cassette and extensions PstI 
restriction site for 7tGptransfer plasmid and SbfI for ATI/p4C transfer plasmid. Thenceforth, 
the PCR products were gel purified and cloned into the appropriate transfer plasmids which had 
been digested with suitable restriction enzyme, as well as dephosphorylated with FastAP. Thus, 
selection for resistance to ampicillin and kanamycin was possible. Correct transfer plasmid 
clones were also confirmed by RFLP, PCR and sequencing (schematic representation of the 
transfer constructs is given in Figure 8). 

 

 

Figure 8. Schematic representation of transfer constructs generated in this study. Generated constructs 
pEPkan-S2_RatPox09_D7L (A). pEPkan-S2_RatPox09_CrmE (B), pEPkan-S2_RatPox09_NMDAr (C), 
puC19_RatPox09_7tGp kana (D), pEPkan-S2_RatPox09_TK (E), puC19_RatPox09_ATI_p4C_kana (D) 



52 
 

3.1.3. Recombination  

The putative CPXV virulence markers were inserted in pBRF using en passant Red 
recombination as described in section 2.2.4.9. (Generation of recombinant viruses via en 
passant mutagenesis). Only in the case of ATI/pr4C gene, due to numerous similarities in the 
sequences of these genes between the two examined CPXV strains, the original sequence in BR 
required to be deleted. For this purpose, also en passant mutagenesis was performed as  

 

 

 
 
 
 

 

 

 

 

 

 

Figure 9. RFLP analysis of BR_RatPox09_NMDAr and BR_RatPox09_ATI_p4C, sequencing primers 
and restriction enzymes used for confirmation of pBRF mutants. (A) RFLP analysis of the parental BAC 
(P), the kanamycin cassette containing cointegrate (C) and the resolved final clone 
pBRF_RatPox09_NMDAr, respectively (F) with restriction enzymes XhoI. The maker used: Solis 1kb DNA 
(M). (B) RFLP analysis of the parental BAC (P), the kanamycin cassette containing cointegrate (C) and the 
resolved final clone pBRF_RatPox09_ATI_p4C, respectively (F) with restriction enzymes XhoI. The maker 
used: Gene ruler DNA ladder mix (M). Dots indicate the fragment length variation caused by deletion and 
the insertion of the kanamycin cassette which is removed in the final. (C) Sequencing primers and restriction 
enzymes used for confirmation of pBRF mutants. 
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described previously in section 2.2.4.9. A list of all primers used in this study for construction 
of the transfer plasmids as well as for Red-mediated recombination is given in the Materials 
and Methods section (Table 2 and 3). The resulting sensitivity to kanamycin of successfully 
resolved clones was confirmed by replica-plating on appropriate selection plates. We confirmed 
successful insertion by RFLP analysis. Sequences covering deleted ORFs were amplified by 
PCR. The PCR products were analyzed by agarose gel electrophoresis and sequenced. A list of 
restriction enzymes and sequencing primers used to confirm the deletion mutants is given in 
the Figure 9C. The detected restriction patterns and the sequencing results were in complete 
agreement with the in silico predictions (Figure 9A and B). We have successfully generated 
mutants with one RatPox09 gene inserted in pBRF genome: pBRF_RatPox09_D7L, 
pBRF_RatPox09_CrmE, pBRF_RatPox09_NMDAr and pBRF_RatPox09_7tGp, 
pBRF_RatPox09_ATI_p4C as well as mutants with multiple genes inserted: 
pBRF_RatPox09_D7L_CrmE, pBRF_RatPox09_D7L_CrmE_NMDAr, and 
pBRF_RatPox09_D7L_CrmE_NMDAr_7tGp. 

3.1.4. Reconstitution and TK recovery of gain of function mutants 

Vero cells were transfected with BAC DNA of pBRF mutants. Infectious virus was recovered 
with the help of fowlpox virus. Thenceforth, the gained virus clones were passaged three times 
on Vero cells to eliminate FWPV helper virus. Later, mini-F vector sequences present in pBRF 
were removed and the thymidine kinase (TK) gene repaired by transfection with a TK-
containing plasmid and plaque purification. Figure 10 illustrates the BR knock-in mutants 
generated over the course of this study. 

 

 

Figure 10. Schematic illustration of generated BAC knock-in mutants. Gray boxes BR sequence, black, 
boxes – RatPox09 sequence.  

 

3.2. Generation of the chimeric viruses 

In order to identify the additional virulence factors within the “background noise” of the 
proteome comparison we decided to swap segments of the virulent isolate RatPox09 with the 
authentic sequences of the low-virulent strain BR. For this purpose, we divided CPXV genome 
into seven 20 – 40 kb size segments, the sequence of each segment was chosen in a way that 
every single segment would harbor at least 800 bp of overlapping sequence that is identical 
between the two investigated CPXV strains (Figure 11, Table 6). Unfortunately, we were not 
able to generate chimeric viruses of segment A and G, since these segments were not harbored 
by the partial RatPox09 BAC’s, generated by Xu Zhiyong (unpublished data) and used in our 
study. Nevertheless, the six genes that represent the major genetic differences between these 
two strains, were separately introduced into the BR genome as described in section 3.1.  
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Figure 11. Schematic illustration of the exchange of genomic segments between CPXV RatPox09 and 
CPXV BR. Gray boxes represent CPXV BR sequence, black boxes – RatPox09 sequence segments, white 
boxes – sequence of the repeats. 

(Generation of the knock-in mutants). In order to achieve this complicated task, we combined 
two techniques: seamless en passant Red mutagenesis and an older well-known method: virus 
recombination in the cell culture. En passant from pBRF and mostly two en passant 
mutagenesis reactions were necessary to obtain RatPox09 segment of interest from partial 
BACs. (Figure 12). Primers for the amplification of the transfer cassette were generated as 
follows: the 40bp sequence for alignment were joined with 20 bp duplication sequence for the 
release of the marker cassette in the resolution step, each (Figure 5). In the case of genomic 
segment recovery from the partial pRatPox09F also an 8bp AscI unique restriction site 
(GGCGCGCC) for the final release of the segment were added to the primer design. The 
amplification of the marker cassette was completed by adding 24 bp of the kanamycin sequence 
to the forward primer and 23 bp corresponding to the kanamycin resistance gene cassette to the 
reverse primer. For amplification of marker sequences pepkanS2 plasmid was used, it also 
encodes a unique I-SceI restriction site together with kanamycin resistance cassette. The en 
passant mutagenesis were performed as described in 2.2.4.9. (Generation of recombinant 
viruses via en passant mutagenesis). A list of all primers used in this study for Red-mediated 
recombination is given in Table 2. Furthermore, two en passant mutagenesis reactions were 
necessary to recover segments B, C, E and F from partial RatPox09 BAC’s (pRatPox09F_sB, 
pRatPox09F_sC pRatPox09F_sE, pRatPox09F_sF) and only one en passant reaction were 
necessary to recover segment D (pRatPox09F_sD) (Figure 12) and to delete segments of 
interest from pBRF. The resulting sensitivity to kanamycin of successfully resolved clones was 
confirmed by replica-plating on appropriate selection plates. Moreover, we confirmed 
successful sequence deletion by RFLP and PCR analysis (Figure 13 and 14). The PCR products 
were analyzed by agarose gel electrophoresis and sequenced. A list of restriction enzymes and 
sequencing primers used to confirm the deletion mutants is given in the Table 7. In all cases, 
the observed restriction pattern and the sequencing results were in complete agreement with the 
in silico predictions (Figures 13 and 14). Moreover, the exact ORFs that were deleted in pBRF 
and were rescued from partial pRatPox09F is listed in the Table 6. We have successfully 
generated deletion mutants of single segment B, C, D, E and F in pBRF (pBRF_dsB; 
pBRF_dsC; pBRF_dsD; pBRF_dsE; pBRF_dsF). As well as mutants with segments B and C 
or D, E and F deleted (pBRF_dsB_C; pBRF_dsD_E_F). Since the attempts to insert 20 kb to 
40 kb fragments to CPXV BR genome via Red recombination were not successful due to the 
high amount of mutations in the final PCR products, the final modifications were made in the 
cell culture. The miniF sequence were removed from the RatPox09 BAC harboring only one 
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genomic segment by AscI cleavage and gel electrophoresis, in the case of segment D, AscI and 
FsceI cleavage were used. 

 

 

Figure 12. Schematic illustration of the strategy used to recover segments of interest from partial 
RatPox09 BACs. Two en passant deletions were necessary. Marker inserted cassette (aphAI) also contained 
alignment sequence, duplication sites, I-SceI and AscI expression sites. 
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Table. 6. Organization of generation of chimeric viruses. BR_RatPox09 sX: generated CPXV chimera; 
pRatPox09F_sX: segments rescued from pRatPox09F for the generation of chimeric virus; pBRF_dsX: 
ORF’s deleted in pBRF for the generation of chimeric virus. 
 

 
Table. 7. Enzymes and sequencing primers used for confirmation of deletion mutants.  
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Figure 13. RFL analysis of pBRF segment C deletion mutant (A), and pRatPox09apr22 second deletion 
mutant for segment C recovery (B). RFLP analysis of the parental BAC (P), the kanamycin cassette 
containing cointegrate (C) and the resolved final clone pBRF_dsC and pRatPox09_sC, respectively. (F) with 
restriction enzymes HindIII. The maker used: Gene ruler DNA ladder mix (M). Dots indicate the fragment 
length variation caused by deletion and the insertion of the kanamycin cassette which is removed in the final. 

Finally, Vero cells were then transfected with pBRF deletion mutants and RatPox09 segments 
of interest. The chimeric viruses were recovered using fowlpox virus as a helper. The completed 
virus mutants were passaged three times on Vero cells to eliminate FWPV helper virus. 
Thenceforth, mini-F vector sequences present in pBRF were removed and the thymidine kinase 
(TK) gene repaired by infection of with a TK- containing plasmid transfected Vero cells and 
plaque purification. Using this strategy, we managed to generate chimeric viruses of single 
genomic segments B, C, D, E, and F (BR_RatPox09 sB, BR_RatPox09 sC, BR_RatPox09 sD, 
BR_RatPox09 sE, BR_RatPox09 sF) and segments B and C or D, E and F combined 
(BR_RatPox09 sB_C, BR_RatPox09 sD_E_F) (Figure 15). All final mutants were confirmed 
by full genome sequencing. 
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Figure 14. RFL analysis of pRatPox09 deletion mutants for segment recovery. A: RFLP analysis of the 
pRatPox09_sF_d1 (F1), pRatPox09_sF_d2 (F2), pRatPox09_sE_d1 (E1), pRatPox09_sE_d2 and 
pRatPox09_sD (D) with restriction enzyme NruI. The maker used: Gene ruler 1kb Plus (M). B: 
pRatPox09apr22 second deletion mutant for segment B recovery (B). RFLP analysis of the parental BAC 
(P), the kanamycin cassette containing cointegrate (C) and the resolved final clone pBRF_dsB and 
pRatPox09_sC, respectively. (F) with restriction enzymes HindIII. The maker used: Gene ruler DNA ladder 
mix (M). Dots indicate the fragment length variation caused by deletion and the insertion of the kanamycin 
cassette which is removed in the final. 
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Figure 15. Schematic illustration of generated BAC mutants and chimeric viruses. (A) Schematic 
representation of pBRF deletion mutants (B), segments won from RatPox09 partial BAC’s (C) and chimeric 
viruses. Gray boxes BR sequence, black, boxes – RatPox09 sequence.  

 

3.3. Phenion® full-thickness 3D skin model as possible replacement for 
animal experiments 

 

To reduce number of animal experiments needed for this study, we aimed to test Phenion® full-
thickness 3D skin model as a possible replacement for animal model. 

3.3.1. Histopathological studies of the Uninfected and CPXV-Infected the 
Phenion® full-thickness skin model Skin Model 

In order to test the pathological effect of CPXV on The Phenion® full-thickness skin model, 
the skin model was infected with 105 TCID50 of CPXV BR and RatPox09 virus as described in 
section 2.2.3.5. (Infection 3D Skin Model and immunohistochemistry). Correspondingly, a 
MOCK control group was included. Cultures were incubated for 7 days at 37°C and the lesion 
development was monitored macroscopically. There were no major differences noticed 
between the infected and uninfected skin models macroscopically, during the time of 
incubation. Microscopically, for each treatment group, six slides were analyzed. The HE and 
immunohistochemical staining and microscopy were conducted by Prof. Robert Klopfleisch. 
Histological images obtained from uninfected rafts stained with HE revealed a fully 
differentiated epithelium consisting of epidermis and dermis. Four epidermis cell layers were 
distinguished: the stratum basale with keratinocytes arranged in a palisade-like pattern, a thin 
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layer of stratum spinosum, the stratum granulosum keratinocytes, with a predominantly 
flattened appearance and the stratum corneum, where individual cells could no longer be 
distinguished (Figure 16). The 3D skin tissue infected with CPXV BR and RatPox09 allowed 
virus replication with evidence of a cytopathic effect. Infection led to epithelial necrosis as well 
as epithelial and stromal proliferation, cytoplasmic swelling and ballooning of keratinocytes 
(Figure 16).  The necrotic epithelial structures contained intracytoplasmic Guarnieri bodies (B-
type inclusions) within the affected keratinocytes and showed. hyperplasia of epithelial cells 
and eosinophilic inclusion bodies in epithelial cells. However, we were unable to detect any 
differences in the tissue damage between the two CPXV strains (Figure 16). 

 

 

Figure 16. Sections of 3D skin models, mock-infected (MOCK) and infected with CPXV BR and 
CPXV RatPox09 and stained with HE.  Infection with both virus strains led to epidermal necrosis and the 
presence of intracytoplasmic inclusion bodies. Bars, 50 µm. Insets show higher magnifications of 
epidermal cells with ballooning degeneration and intracytoplasmic inclusion bodies (arrows). Bars, 25 µm. 
Figure from a publication of Tamosiunaite et al (175). Reprinted by permission from Elsevier.  

 

3.3.2. Analysis of Cell Cycle and Gene Expression in the Infected 3D Skin 
Culture Model 

To confirm successful CPXV infection, the skin model was stained with CPXV anti-A27 
protein antibody. The protein expressed by was detected in keratinocytes and some fibroblasts 
in all CPXV-infected skin tissues, while no A27 protein was detected in MOCK-infected skin 
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(Figure 17). In order to test the changes of cell cycle regulation in CPXV infected cells, skin 
models were stained with anti-histone H3 phospho S10 and cyclin B, D1 and E antibodies. The 
histone H3 phospho S10, cyclin B1, D1 and E expression was recognized both in mock- and  

 

 

Figure 17.  Sections of 3D skin models, mock-infected (MOCK) and infected with CPXV BR and 
CPXV RatPox09 were labelled with anti-A27L and anti-histone H3 phospho S10 antibodies. A27 and 
histone H3 phospho S10 expression was detected in epidermal cells infected with both virus strains. In 
addition, infected epidermal areas showed an increased expression of phosphorylated histone H3 phospho 
S10. Bars, 50 µm. Figure from a publication of Tamosiunaite et al (175). Reprinted by permission from 
Elsevier.  
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Figure 18. Sections of 3D skin models, mock-infected (MOCK) and infected with CPXV BR and 
CPXV RatPox09 were labelled with antibodies against cyclins B1, D1 and E. Infected epidermal areas 
showed a decreased labelling intensity for cyclin D1, while cyclins B1 and E expression was not altered. 
IHC.  Bar, 50 µm. Figure from a publication of Tamosiunaite et al (175). Reprinted by permission from 
Elsevier.  

 

CPXV-infected skin. Histone H3 phospho S10 was expressed more strongly in infected than 
non-infected cells (Figure 17). Cyclin D1 was expressed at slightly reduced levels in infected 
tissue when compared with non-infected cells (Figure 18). However, no differences in the cell 
cycle patterns between BR, RatPox09 or chimeric virus-infected raft cultures were detected 
(Figure 18). 

 

3.4. Virus growth kinetics 

The replication abilities of the parental wt Ratpox09 and the BAC derived BR and the knock-
in mutants, as well as chimeric viruses, that were confirmed by NGS, were measured. Multiple-
step growth analyses were conducted by Annika Franke in Vero76 cells at different time points. 
The various recombinant viruses replicated in titers comparable to those of parental viruses and 
no statistically significant differences could be revealed. (Figure 19) (Kruskal-Wallis test, 
p>0.05). 
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A                                              B 

 

Figure 19. Comparison of replication characteristics of vBR, RatPox09, BR_Ratpox09_NMDAr, 
BR_Ratpox09_D7L, BR_Ratpox09_CrmE, BR_Ratpox09_sF and BR_Ratpox09_sD_E_F on Vero76 
cells infected with MOI of 0.01 (A) or 3 (B). Virus growth was measured time points post infection and 
virus titers were determined by endpoint dilution assays. The means of two independent experiments are 
shown, including technical replicates. 

 

3.5. In vivo experiments 

In order to test the impact of insertion of single RatPox09 genes, NMDAr and CrmE, and 
genomic segment F into BR, on the course of the disease in rats, animal studies were completed. 
In vivo experiments were conducted in the Friedrich-Loeffler-Institut by Annika Franke and 

Donata Hoffmann. Rats were infected intranasally 
with 105,5 TCID 50 /animal of wt CPXV BR, BAC 
derived BR; wt RatPox09, BR_RatPox09 CrmE, 
BR_RatPox09 NMDAr, BR_Ratpox sF, 
respectively. Following infection, rats were observed 
daily for clinical signs of disease. On days 4 to 6 pi, 
the first clinical signs were registered: nasal 
discharge, rough fur and loss of activity. Later in the 
course of the disease the body weight loss, 
respiratory distress and inflated stomach were 
absorbed. In addition, one with BR_RatPox09 CrmE 
infected Wistar rat developed pox-like rash on the 
nose 9 dpi (Figure 20). Moreover, Wistar rats 
infected with wildtype strain CPXV BR, BAC 
derived CPXV BR or Segment F chimeric virus 
showed no or only very mild clinical symptoms, 
these Wistar rats survived the infection and 
recovered. Unsurprisingly, rats infected with 
RatPox09, BR_RatPox09 NMDAr, BR_RatPox09 

sF attained clinical score significantly higher than parental BAC derived BR infected animals 
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Figure 20. Pox-like lesions of a Wistar rat. 
Wistar rat- infected with 
BR_Ratpox09_CrmE developed pox-like 
lesion on the nose. Image was taken at 9 
days’ pi. Picture taken by Annika Franke 
(Friedrich-Loeffler-Institut). 
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(p ≤ 0.05, Anova) (Figure 21 A). As can be seen in Figure 21 B, 6 out of 8 RatPox09, 2 out of 
10 BR_RatPox09 NMDAr and 1 out of 10 BR_RatPox09 CrmE infected rat had to be 
euthanized between 8 and 13 dpi as their health declined. Viral shedding was detected in all 
animal groups, between 3 and 13 dpi (Figure 21 C). The most virus was shed on 7th day post 
infection. Generally, animals infected with BR_RatPox09 CrmE and RatPox09 shed the most 
virus. (Figure 21 C). On day 7 pi, single RatPox09 infected rats shed up to 104,9 TCID 50 ml-1 
or 103,3 TCID50 ml-1, in the case of BR_RatPox09 CrmE infection. The highest virus shedding 
patterns were seen in the rats, that also had the strongest clinical symptoms. The clinical score 
of these animals reached 7 and higher, therefore they were euthanized on 9th pi. 15 days after 
inoculation, no virus shedding was detected in any of the infected Wistar rats (Figure 21C). 
Virus distribution in various organs was determined by real-time PCR and by end point dilution 
assay (Table 8). All rats that reached high clinical scores, scored positive for virus in trachea 
samples (9/9 animals) as well. Nonetheless, the highest viral loads were found in the rhinarium. 
Rats infected with RatPox09 had viral loads of up to 107,8 TCID50 ml-1 in this organ, while 
virus titers in the trachea of Wistar rats reached 105,18 TCID50 ml-1. In the blood samples from 
RatPox09 infected Wistar rats that had succumbed to infection on day 7th dpi no CPXV-specific 
antibodies were found. Nonetheless, antibodies against CPXV were detected in all the other 
infected rats (data not shown). 

 

 

Table 8. Virus detection in various organs. qPCR and virus titration results for the infection experiments 
with CPXV wt BR, vBR (BAC derived BR), BR_RatPox09_NMDAr, BR_RatPox09_CrmE, 
BR_RatPox09_sF and RatPox09. 
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Figure 21. Characterization of the CPXV infection in rats. (A) Rat CPXV infection clinical score over 
time of rats infected with 105,5 TCID 50 /animal. (B) Rat survival over time (C) Viral shedding patterns of 
infected Wistar rats. 
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4. Discussion 

 

Molecular characterization of OPVs isolated from different geographic regions or hosts is a 
valuable tool, that helps to identify their geographic distribution, phenotypic variability and 
evolution. Even more importantly, it is crucial for monitoring the emergence of new atypical 
OPV strains with enhanced virulence. Today, DNA sequence data provide the key information 
for defining of the phylogenetic relationships between species, which sequentially provides the 
basis for comparative approaches for biological investigation.  

Most of the earlier studies about OPVs were performed with VACV, which lacks functional 
copies of several OPV genes (25), although, CPXV, less investigated OPV, owns the most 
complete genome not only in terms of number of genes, but also in  terms of the most of unique 
ORFs (167). Consequently, CPXV was even proposed to be the closest to the common ancestor 
of OPVs (167). Therefore, investigation of the genetic organization of cowpox virus is of 
special interest. Moreover, this species has the widest host range among the poxviruses, it can 
even cause disease in humans. Clearly, CPXV is a pathogen, that is able to multiply in different 
molecular environments and to overcome defensive mechanisms of various mammalian species 
(110). In recent years, the interest in this zoonotic disease has been renewed, due to increasing 
cases of human cowpox virus infections (137-139, 150). Moreover, these infections mostly 
affect young nonvaccinated persons.  

The knowledge of virulence factors of newly appearing CPXV field strains is vital for the risk 
assessment of the viruses sustained in rodents and cats. With this in mind, we focused our work 
on newly isolated CPXV strain RatPox09. CPXVs RatPox09 and reference strain BR are 
genetically highly similar. However, the disease outcomes after infection with these two strains 
differ substantially (119).  

4.1. Generation of recombinant BR, with putative RatPox09 virulence 
markers inserted 

Comparison of all available CPXV sequences shows that there is no identifiable virulence 
related pattern of viral genome sequence nor a specific ORF, which would directly associate 
with the pathotype of the highly pathogenic isolate, Ratpox09. Nevertheless, a set of four genes: 
CPXV0284, CPXV0030, CPXV0002, and CPXV0003, which are encoded by RatPox09, but 
not by the low-virulent BR nor most of the sequenced CPXV, was recognized. Moreover, the 
sequence of the poxvirus genes ATI and p4C differ highly between these two strains (119). In 
this study, my aim was to generate BR gain-of-function mutants. But beforehand we analyzed 
the sequence of gene products of major difference and related literature, if available data 
supports a possibility of these genes being virulence markers.  

The protein encoded by CPXV0002 has 99 % identity with CPXV protein, indicated and named 
N-methyl-D-aspartate (NMDA) receptor like protein by Carrol et al (145). Therefore, further 
in this study CPXV0002 were named NMDAr. However, various predictions showed no 
indication to the similarity of CPXV0002 to NMDA receptor like proteins (173). Furthermore, 
this protein has 98 % identity with Vaccinia Golgi anti apoptotic protein (VACV GAAP). Even 
more surprisingly, database searches found high sequence similarity to a human protein S1R 
(73% identity, h-GAAP) of unknown function. Moreover, BLAST searches with CPXV0002 
identified closely related, lifeguard protein in various mammals, like cattle (78% identity), 
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mouse (74% identity), and rat (74% identity) to be highly related to CPXV0002 (Figure 7). The 
comparison of the sequences of all putative GAAPs revealed, that GAAPs are very conserved 
in sequence and even lenth. All putative GAAP’s show conserved hydrophobicity profile and 
are predicted to have six or seven transmembrane domains (92). Consequently, The PFAM 
program recognized CPXV0002 similarity to the UPF0005 protein family. Members of this 
family are as well predicted to contain six to seven transmembrane domains (173). A 
characterized UPF0005 family member, Bax inhibitor-1, were shown to protect cells against 
ER stress. This protein was found to have 45% similarity to VACV GAAP. (176, 177). Both 
human and VACV GAAPs were shown to inhibit a various proapoptotic stimuli (92). The 
human GAAP (hGAAP) is abundantly found in all human tissues tested, it was also shown to 
be crucial for cell viability (92, 178). Taken together, we identified RatPox09 NMDAr as 
possible, immunomodulatory protein, which could contribute to increase of pathogenicity in 
the CPXV strain RatPox09. 

CPXV-BR CrmE was shown to be not functional, due to stop-codons and sequence deletions, 
some of which are found as well in MPXV and ECTV CrmE pseudogenes (103). Interestingly, 
CPXV0003 (CrmE) is fully intact in CPXV RatPox09. CrmE has been shown to be a soluble 
TNFα receptor with both soluble and membrane vTNFR activity and it is encoded by many 
OPV (179). In addition, VACV CrmE binds to TNFα from rat, mice and human but it was 
showed to only protect against human, but not mouse or rat TNF cytolysis in vitro (103, 180, 
181).  

CPXV0284 has 92 % identity with D7L protein of CPXV GRI-90, therefore in this study it was 
named D7L. Data analysis revealed D7L to be kelch-like protein with unknown function. The 
kelch motif is a motif, that is 44–57 aa long and commonly occurs as 4–7 repeats, forming a 
tertiary b-propeller structure (182). The PFAM program indicates the BTB/POZ domain, 
between the 31 and 131 aa of D7L (173). BTB/kelch proteins are the largest subgroup of the 
kelch superfamily (183). These proteins are recognized by a BTB (broad-complex, tramtrack 
and bric-a-brac) domain in the N-terminal end and kelch repeats in the C-terminal part. 
BTB/kelch proteins are expressed by several poxviruses. The BTB domain was reported to play 
part in protein–protein interactions and to dimerize the BTB/kelch protein, while the kelch 
domain mediates a variety of binding interactions with other molecules (185). The POZ domain 
was shown to mediate homo- or heteromeric protein interactions and is present in several zinc-
finger proteins and in a subgroup of kelch proteins (184, 185). It has been speculated, that 
proteins containing the BTB domains function as substrate-specific adapters for the cullin-3 
ubiquitin ligase complex (186-189). Consistent with the prediction, the ectromelia virus kelch-
like proteins EVM018, EVM027, EVM150, and EVM167 indeed associate with conjugated 
ubiquitin, when interacting with cullin-3 and the ubiquitin ligase Roc1 (184, 190). Recently, 
EVM150 was identified as an inhibitor of the NF-κB pathway, hence innate immune signaling 
(191). It also has been experimentally demonstrated that a deletion of individual ectromelia 
virus genes, EVM18, EVM27, or EVM167, radically decreases the ECTV virulence in white 
mice, even though the damage of EVM150 gene has no effect on the virulence (192). Deletion 
mutants of four kelch like proteins in CPXV resulted in a significant reduction of weight loss 
in infected mice (193). It is tempting to speculate, that the RatPox09 D7L homologue 
CPXV0284 is also involved in the formation of active CUL3-containing ubiquitin ligase 
complexes and interferes with innate immune signaling in a species-specific fashion. 

The protein encoded by CPXV0030 has 99 % identity with CPXV 7-transmembrane G protein-
coupled receptor-like protein (7tGp) (145), a receptor-like protein of unknown function. This 
ORF coding sequence could only found in two other CPXV virus strains, Ger91-3 and 
FRA2001. Although named after known chemokine receptors featuring 7 transmembrane 
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helices, various secondary structure predictions do not confirm such a topology. Rather, the 
7tGP-like protein, while featuring several hydrophobic helices, likely is more alike to the 
B21R/B22R proteins. Recently the CPXV and MPXV B21/B22R proteins, encoded by the 
genes with the longest sequence of these viruses, were shown to be expressed early in infection 
and cleaved into C - terminal fragments and N- terminal fragments in the case of CPXV 219 
(194). These proteins have a signal peptide and are transited through the secretory pathway 
where extensive glycosylation and proteolytic cleavage occurred. Previous reports have 
indicated, that these proteins make human T cells unresponsive to stimulation by both MHC-
dependent antigen presentation and by MHC-independent stimulation (194, 195). Main 
mechanism that CD4+ T cells use to identify APCs (antigen – presenting cell) and CD8+ T 
cells use for identification and removal of virus-infected cells is indeed the T cell activation 
with peptide and MHC complexes. Not surprisingly numerous viruses are in use of various 
tactics to disrupt antigen presentation or to inhibit the ability of T cells to respond to antigen. 
(196). However, most of MHC-inhibitors are unable to stop T cell activation by MHC-I cross-
presentation or by non-infected APC processing exogenous antigens by MHC-II presentation. 
Interestingly, B22 proteins seem to permit poxviruses to affect the TCR-dependent T cell 
activation no matter what stimulatory pathway is being used. This protein function could be 
even restored in a MPXV197 deletion mutant by its CPXV homologue, CPXV219. The detailed 
function of MPXV197 and its CPXV homologue have not yet been elucidated, but secondary 
structure predictions of the proteins of MPXV and CPXV are strikingly similar to that of the 
7tGP-like protein. However, the authors discuss that the MPXV197 protein is a determinant of 
host specificity (194). We hypothesize that the relative of MPXV197 and CPXV219 has a 
similar immunomodulatory function and is a determinant of host range.  

ATI and the p4c gene are shorter in RatPox09 in comparison to BR which is unique to CPXV 
strain RatPox09. ATIs are composed of multiple copies of the ATI viral protein (64). The 
embedding of mature virions (MV) within ATIs, that leads to their occlusion and possibly 
ensures extra-host survival, requires the p4C protein (197, 198). P4C is a protein anchored in 
the mature virions membrane by interactions with the A27-A17 complex (62, 199). 
Kastenmayer and coworkers (200) constructed and characterized ATI and p4c deletion mutants 
of the GER1991_3 CPXV strain. Mice inoculated intranasally with the ATI deletion mutant 
lost significantly more weight, indicating that ATI may be a virulence determinant. In previous 
studies, both CPXV strains were shown to be capable of composing ATI’s but not directing 
IMVs to ATI, probably due to deletions in p4C gene (62, 119). Moreover, the C-terminal part 
of BR and RatPox09 p4C remains intact, and most possibly functional. Chang and colleagues 
have showed that a synthetic A26 peptide, containing the C-terminal coiled-coil region of the 
A26 protein, can partially inhibit cell fusion, when it is induced by WR A26L deletion mutant 
infections in a dosage-dependent manner (63). This implies that the A26 protein can inactivate 
viral fusion through modulation of the coiled-coil interaction with the A27 protein even in the 
absence of the A25 protein (63).  

Markerless en passant Red recombination, a technique developed by Tischer et al (162, 163), 
was used to generate mutants with individual and multiple RatPox09 genes introduced in BR 
genome (Figure 10). One of the main advantages of en passant Red recombination is that the 
marker cassette is removed from the final construct and integrity of the mutated region is largely 
restored. Moreover, this technique allows the introduction of very small and larger 
modifications, keeping the overall sequence changes and bystander effects low (162, 163). With 
the help of this method, all of the previously discussed genes were successfully inserted in the 
BR genome. This allows the analysis of the impact of individual putative virulence factors, 
combination of putative virulence factors for the overall pathotype of the virus. All mutants 
were analyzed by full genome sequencing. Thenceforth, the mutants constructed correctly were 
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characterized in vitro. In vitro growth curves did not reveal any significant differences between 
RatPox09, BR or generated mutant viruses, that were later used in animal experiments (Figure 
19). 

4.2. Generation of chimeric viruses.  

Besides these six analyzed genes we found small genetic modifications of unknown impact 
scatter all over the RatPox09 genome. To make an analysis of the impact of minor genetic 
change in parts of genome on the increase of RatPox09 virulence possible, we used a novel 
approach to generate BR-RatPox09 chimeric viruses in which blocks of 20 to 40 kbp genome 
segments or combinations of multiple genome segments from RatPox09 replaced the authentic 
BR sequences (Figure 15). This was accomplished by combining seamless en passant Red 
recombination and homologues recombination in cell culture. Red recombination was used for 
deletion of segments of interest from pBRF and recovery of segments of interest from partial 
RatPox09 BACs. Unfortunately, there was no full length RatPox09 BAC available and the 
partial RatPox09 BACs, used in this study, didn’t cover the sequence of the segments A and G 
(Figure 11). Poxviruses do not produce a circular form of virus genome during replication, what 
makes the transfer of the recombinant poxvirus constructs into E.coli a significant challenge. 
To overcome this issue, infected cells were treated with isatin-β-thiosemicarbazone, that 
promotes accumulation of nonresolved, genomic concatemers (155-157). However, this 
strategy were not completely successful, and only partial BACs were generated. Another 
strategy, reposition of mini-F closer to the inverted terminal repeats, were implied as well. 
However, this didn’t provide expected results either (Xu, unpublished data). With the partial 
BACs without the A and G segments, we were not able to generate chimeric viruses with these 
segments exchanged. Nevertheless, the four genes, that represent the major genetic differences 
in these two segments, were separately introduced into the BR genome as discussed in the 
previous section. Since the attempts to insert 20 kb to 40 kb fragment to CPXV BR genome via 
Red recombination were not successful due to the high amount of mutations in the large PCR 
products, for the generation of chimeric viruses the final modifications were made in the cell 
culture. The Vero cells were transfected with pBRF deletion mutants and RatPox09 genome 
segments. Chimeric viruses were recovered using fowlpox virus or shope fibroma virus as a 
helper. Later, miniF vector sequences present in pBRF were removed and the thymidine kinase 
gene repaired by transfection with a TK-containing plasmid. Before further experimentation, 
all mutant viruses were confirmed by whole-genome sequencing. Interestingly, nearly 20 % of 
the mutants had to be corrected or repeatedly generated, demonstrating the need of NGS 
confirmation. Even though BAC technology was used, the last step of chimeric virus generation 
was recombination in the cell culture and all identified sequence modifications were located 
within the less conserved and less stable terminal part of the CPXV genome, where higher 
mutation rates are expected and often seen (201). 

4.3. Cowpox virus replication in a three-dimensional skin model 

We tested the suitability of a 3D skin model to assess CPXV replication and virulence 
prediction by investigating the tissue damage, cell cycle status and regulation in the Phenion® 
Full-Thickness Skin Model infected with CPXV BR and RatPox09 strains. The Phenion® Full-
Thickness Skin Model resembles native human skin in its histological organization. This model 
consists of human primary fibroblasts and keratinocytes from single donor origin. Organotypic 
epithelial raft cultures has been already described as a substitute for animal models (203). 
Moreover, the pathogenesis of several different viruses, including papillomaviruses, 
adenoviruses, parvoviruses, poxviruses and herpesviruses were tested onto 3D skin substitutes 
(202, 204). In the case of poxviruses, they were used to test pharmacokinetics of antiviral drugs 
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for CPVX and VACV infections (205, 206). The previous studies have shown, that he 
cytopathogenic effects of poxvirus infected organotypic skin raft cultures are comparable to 
those seen in clinical lesions induced by poxviruses (205, 206). This makes the skin model 
preferable model to CAM, which is often used in CPXV research. Even though, chicken (Gallus 
gallus domesticus) is not a natural host to CPXV and the CAM composed of chorionic 
epithelium, the mesenchyme and the allantoic epithelium doesn’t represent mammalian tissue.   

In this thesis, the cells were infected with 105 TCID50 of CPXV BR and RatPox09. CPXV 
infection of the 3D skin model caused cytopathic effects, including ballooning keratinocytes 
and intracytoplasmic Guarnieri bodies as seen in histological sections of infected mammal skin 
after systemic or local in vivo infection. Productive CPXV infection of the 3D skin model was 
confirmed by anti-A27 antibody staining (Figure 17). Interestingly, there were no differences 
in tissue damage recognized between CPXV RatPox09 and Brighton Red infected 3D skin 
models (Figure 16).  

Previous research has documented, that two well-known poxviruses, VACV and Myxoma 
virus, alter the cell cycle progression (207- 209). To analyze the impact of CPXV BR and 
RatPox09 infection on the cell cycle status in a 3D skin model, cell cycle markers were indicated 
with monoclonal and polyclonal antibodies. As a marker of M phase cells, anti-Histone H3 
phospho S10 antibody was used (210). Histone H3 phospho S10 was strongly expressed in 
infected cells; interestingly, not only in the nucleus of infected cells, but also in the cytoplasm 
(Figure 17). Apparently, phosphorylation of the serine residue at position 10 of histone H3 is 
not only linked to highly condensed mitotic chromosomes and relaxed chromatin of some genes 
activated during Interphase (211). H3 S10 phosphorylation also occurs, when cells are exposed 
to various death stimuli (212). Another tested cell cycle marker, Cyclin B plays a role in control 
of the M phase while Cyclin E is important for G1-S phase transition (213). Both cyclins were 
expressed similarly in CPXV infected and non-infected cells of the 3D skin model (Figure 18). 
As a marker for progression from G0 to G1, anti-Cyclin D1 antibody was used. Cyclin D1 was 
slightly down-regulated in infected cells (Figure 18). Although little is known about cyclin D1 
down regulation during CPXV infection, previous reports have shown that shorter murine 
Schlafen (Slfn) gene, m-slfn1, encodes a protein that causes arrest of fibroblast growth by 
inhibition of cyclin D1 in vitro (214). It has been demonstrated that a single copy of Schlafen 
gene is present in all sequenced OPVs, CPXV included (215, 216). Phylogenetic analyses have 
shown the CPXV (BR and Ratpox09 alike) v-slfn genes to be most closely related to the mouse 
and rat Slfn genes, including m-slfn1 (215). Therefore, it would be tempting to speculate, that 
the expression of CPXV Schlafen homolog may cause a slight reduction of cyclin D expression, 
as seen in CPXV infected skin model. However, future studies will be necessary to either 
confirm or deny it. 

In conclusion, this study has shown that, while CPXV skin replication can be successfully 
modeled using this in vitro system, an evaluation of overall virulence of different CPXV strains 
is not possible, likely because key steps in the pathogenesis such as development of viremia 
and innate or non-specific immune response is absent.  

4.4. Animal experiments 

Previous infection experiments with CPXV BR and Ratpox in Wistar rats were conducted and 
published by Hoffmann et al, Kalthoff et al and Breithaupt et al (119, 158, 160). The 
experimental design of this thesis complied with these experiments published previously. An 
infectious dose of 105.5 TCID50 per animal was chosen and 5 -week old Wistar rats were infected 
with mutant viruses with Ratpox09 NMDAr and CrmE, ORFs with homologs of known 
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function in VACV, inserted and genomic segment F chimera virus. As well the segment F 
chimera were selected for animal studies. The segment F contains ATI and p4c genes, the 
sequence of these two genes differs between BR and Ratpox09. Moreover, control groups 
infected with either RatPox09, wild type BR or BAC derived BR, were included. Furthermore, 
two additional rats served as noninfected negative controls. Over a period of 21 days, the rats 
were monitored daily and nasal swabs were taken every other day. Rats infected with the CPXV 
BR and segment F chimera showed only mild symptoms: nasal discharge, moderate activity 
and rough fur. These results are consistent with clinical signs described for CPXV BR infections 
in rats in previous studies (119). Furthermore, most animals infected with Ratpx09, CrmE and 
NMDAr mutant viruses exhibited more severe symptoms: inflated stomachs, moderate to 
severe respiratory distress and body weight loss. Similar clinical signs were registered in 
previous RatPox09 infection (158, 160). Nevertheless, Kalthoff et al previously described the 
development of pox like lesions in all RatPox09 infected Wistar rats, when during this study, 
only one, BR_RatPox09 CrmE infected, rat developed pox like lesion (160). This might be 
explained, rats with severe course of the disease were euthanized early in this study and pox 
like lesions were shown to develop in later stages of disease. Similarly, in the study of 
Breithaupt et al, intranasally RatPox09 infected rats were euthanized 8 dpi and only 1 out of 5 
animals developed pox like lesion. Unsurprisingly, 6 of the 8 RatPox09 infected Wistar rats had 
to be euthanized as their health deteriorated dramatically. In previous reports, up to 100 % 
mortality rates of rats infected with RatPox09 were described (158, 160). Additionally, 2 out of 
10 with BR_RatPox09 NMDAr and 1 out of 10 BR_RatPox09 CrmE infected rats succumbed 
to the disease. When no CPXV BR and BR_RatPox09 sF rats were euthanized before the end 
of the experiment. (Figure 20 B). Moreover, the RatPox09, NMDAr and CrmE mutants, but not 
segment F chimera, infected rats attained significantly higher clinical scores than BAC derived 
BR or wt BR infected rats (p ≤ 0.05, Anova) (Figure 20 A).  

Somewhat counterintuitive, a study by Gubser et al have shown, that mice infected with a 
VACV vGAAP (98 % similarity with RatPox09 NMDAr) -negative mutant had more severe 
illness and higher virus titer in lungs (92). However, there were quite a few differences in the 
experimental design in comparison with our study. First of all, the mutants were generated 
homologues recombination in cell culture, when in this study RatPox09 NMDAr gene was 
inserted using en passant Red recombination and the final generated viruses were confirmed by 
full genome sequencing. Secondly, the contribution of GAAP to VACV virulence were tested 
in VACV background and a murine model. Whether the reason of this different observation is 
related to the different virus and animal model or differences of method used for generation of 
the mutants, remains an open question. 

Nevertheless, the induction of stronger symptoms with CPXV BR with RatPox09 CrmE 
inserted was in line with data published for VACV. VACV CrmE is a well described virulence 
factor. Deletion of CrmE in VACV strain USSR in intranasal mouse infection model resulted 
in a lower weight loss in mice, whereas overexpression of the protein led to an increased 
virulence (103). Nevertheless, all analyzed symptoms were of a more general nature: severe 
clinical signs, such as pox lesions, were not detected in wild type and mutant virus infected 
animals.  

Summing up the results, it can be concluded that, insertion of sequence of putative RatPox09 
genes, NMDAr and CrmE, but not the genomic segment F, into strain BR, results in increase 
of pathogenicity. However, the insertion of these individual ORFs is not sufficient to recreate 
the pathological effect of RatPox09. It is tempting to speculate, that combination of these two 
ORFs or/and addition of putative genes D7L and 7tGp leads to the increase of pathogenicity of 
RatPox09.  
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5. Outlook 

So far, only a couple of generated mutants were used to assess the effect of the putative newly 
recognized virulence factors on the course of the disease in the in vivo model. Since the putative 
genes CrmE and NMDAr were identified to contribute to increase of RatPox09 virulence, but 
not sufficient to recreate RatPox09 pathotype, mutants with combination of these ORFs and 
other putative virulence markers inserted, will be tested in rat model.  

Moreover, it would be interesting to investigate the antiapoptotic function of CPXV NMDAr 
protein. This could be achieved by apoptosis essays adapted from the work of Carrara and 
colleges (216). Additionally, the putative CPXV BTB/kelch protein D7L could be tested for 
interactions with cullin-3 and inhibition of NF-κB signaling. This could be evaluated by 
assessing the interactions between cullin-3 and the virus-encoded BTB/kelch protein by means 
of co-immunoprecipitation and co-localization using confocal laserscan microscopy. 
Intracellular localization of NF-κB (nuclear translocation of p65) can be determined by indirect 
immunofluorescence and live cell imaging after stimulation with recombinant human, murine 
and rat TNF-α or IL-1α. In the future experiments, the subcellular localization of D7L in 
infected cells can be determent. For that purpose, Vero cells as well as rat and vole fibroblasts 
can be transfected with eGFP-expressing RatPox09-D7L and pcDNA-Flag-cullin-3 expression 
plasmids and half of the cells subsequently infected with parental CPXV RatPox09.  

To functionally characterize the CPXV 7tGP, the subcellular localization using a specific 
polyclonal antibody that we are currently generating should be determined. Using various 
truncated versions of the proteins and mutants in which the one prominently predicted C-
terminal transmembrane domain is deleted, combined with cell surface biotinylation the 
putative topology of the protein in membranes can be determined. To monitor the hypothesized 
subversion of T cell responses by CPXV 7tGP, the protocol developed by Alzhanova and 
colleagues can be adapted (193). We also predict that the function of 7tGP in inducing T cell 
anergy may be species-specific, such that 7tGP may only be active in a rodent (vole) setting as 
a major factor of adaptation. 

In summary, I have identified CPXV genes that contribute or might contribute to CPXV 
virulence and generated mutants that can be used for further investigation. Further studies 
should be directed at addressing the role of these proteins.  
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Summary 

 

New cowpox virus (CPXV) infections occur naturally in Germany in increasing numbers. It is 
striking that an infection of the pet rats with these newly occurring CPXV strains often leads to 
a lethal outcome. Likewise, a CPXV isolate from a pet rat that as well caused human infection 
in Southern Germany, RatPox09, causes severe disease in Wistar rats, whereas infection of rats 
with the well-characterized strain Brighton Red (BR) results only in mild symptoms. 
Nevertheless, these two strains are highly similar on genomic level: the calculated sequence 
identity between RatPox09 and BR is 92%. However, with the help of proteome similarity plots, 
six products with major differences between RatPox09 and BR were identified. Though, minor 
sequence modifications of unknown impact were found dispersed all over the genome too. The 
thesis at hand, concentrates on genomic differences between the two CPXV strains, mentioned 
above. First of all, we analyzed the sequence of the genes of major differences and we generated 
gain of function mutants with single or multiple genes exchanged. Secondly, for identification 
of additional virulence factors, we used a novel approach to generate BR-RatPox09 chimeric 
viruses with approximately 20-40 kbp genome segments exchanged. This was achieved by 
combining markerless en passant Red recombination and a classical method, homologous 
recombination in infected vertebrate cells. Since, these CPXV strains of different pathogenic 
potential in vivo; shows similar growth characteristics in vitro, animal model seems to be the 
only suitable method to test the virulence of the recombinant viruses. Nevertheless, in vivo 
models, are not favorable experimental models due to many reasons, including: aspects of 
animal protection, their long duration and high requirement of labor. In search of a way to 
reduce the need for animal experiments for testing new recombinant viruses, we evaluated a 
three-dimensional (3D) skin model as a possible surrogate for animal experiments. We 
monitored CPXV lesion formation, viral gene expression and cell cycle patterns after infection 
of 3D skin cultures with RatPox09 and BR. Infected 3D skin cultures exhibited histological 
alterations that were similar to those of mammal skin infections, but there were no differences 
in gene expression patterns and tissue damage between the two CPXV strains in the model 
system. To be brief, 3D skin cultures reflect the development of pox lesions in the human skin, 
but seem not to allow differentiation between more or less virulent virus strains, a distinction 
that is made possible by experimental infection in suitable animal models. Therefore, in vivo 
infection model was applied. CPXV RatPox09 and NMDAr and CrmE mutants, but not 
segment F chimera, infected rats attained significally higher clinical scores than BAC derived 
BR or wt BR infected rats (p ≤ 0.05, Anova). However, 6 out of the 8 RatPox09 infected Wistar 
rats had to be euthanized as their health deteriorated dramatically. Although only 2 out of 10 
with BR_RatPox09 NMDAr and 1 out of 10 BR_RatPox09 CrmE infected rats succumbed to 
the disease. But none of CPXV BR and BR_RatPox09 sF infected rats did. Summing up the 
results, it can be concluded that, insertion of sequence of putative RatPox09 genes, NMDAr 
and CrmE, but not the genomic segment F, into strain BR, results in increase of pathogenicity. 
However, the insertion of these individual ORFs is not sufficient to recreate the pathological 
effect of RatPox09. 
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Zusammenfassung 

 

Die Virulenzfaktoren des Kuhpockenvirus 

 

Die Zahl der Kuhpocken Virus Infektionen in Deutschland steigt beständig. Dabei ist 
auffallend, dass die Infektionen bei als Haustier gehaltenen Ratten mit den neu auftretenden 
Kuhpocken Stämmen oft einen letalen Verlauf nehmen. Das Kuhpocken Isolat von einer 
Haustierratte, RatPox09, hat in Süddeutschland auch zu Infektionen beim Menschen geführt. 
Gleichzeitig verursacht es bei Experimenten ernsthafte Erkrankungen bei Wistar Ratten, 
wohingegen die Infektion von Ratten mit dem gut charakterisiertem Brighton Red (BR) Stamm, 
nur zu schwachen Symptomen führt. Dabei ist anzumerken, dass diese beiden Stämme sich 
genetisch stark ähneln: Die berechneten Übereinstimmungen der Sequenzen von RatPox09 und 
BR ist 92%. Wie in vorheriger Publikation beschrieben, wurden sechs Genprodukte mit 
gravierenden Unterschieden zwischen RatPox09 und BR identifiziert. Zusätzlich wurden 
geringfügige Sequenz Modifikationen, mit unbekannten Wirkungen, über das Genom verteilt 
gefunden. Diese These konzentriert sich auf die genetischen Unterschiede der beiden 
Kuhpocken Stämme. Im ersten Schritt wurde die Sequenzen der möglichen Virulenz Faktoren 
analysiert, dann Brighton Red Einzelgen Knock-in Mutanten konstruiert, die die mögliche 
Virulenz Faktoren tragen. Im zweiten Schritt, zur Identifizierung zusätzlicher Virulenz 
Faktoren, wurde ein neuer Ansatz gefunden um BR-RatPox09 Chimäre Viren herzustellen, 
indem annähernd 20-40 kbp Genome Segmente ausgetauscht wurden. Das wurde mit Hilfe 
einer zweistufigen Red-Mutagenese erreicht. Zusätzlich wendeten wir noch eine klassische 
Methode an, die homologe Rekombination in infizierten Vertebraten Zellen. Dadurch, dass 
diese Kuhpocken Stämme mit sehr unterschiedlichem pathogenem Potential in vivo; welche 
aber sehr ähnliche Wachstumscharakteristiken in vitro zeigen, scheinen Tiermodelle die einzige 
angemessene Methode zu sein, die Virulenz der rekombinanten Viren zu testen.   
Aus unterschiedlichen Gründen sind Tiermodelle nicht zu bevorzugen: einerseits des 
Tierschutzes wegen, aber auch ihre langen Laufzeiten und der hohe Bedarf an Laborkapazitäten 
sind ungünstig. Auf der Suche nach einer Methode den Einsatz von Tiermodellen bei den Tests 
neuer rekombinanter Viren zu reduzieren, haben wir ein dreidimensionales(3D) Hautmodell 
getestet, als einen möglichen Ersatz für in vivo Versuche. Es waren Kuhpocken Läsionen zu 
beobachten, wie auch virale Genexpressionen und Muster im Zellzyklus, nach der Infektion 
von 3D Hautkulturen mit RatPox09 und BR. Infizierte 3D Haut Kulturen zeigten histologische 
Veränderungen, ähnlich der infizierten Haut von Säugetieren, aber es gab keinen Unterschied 
in den Genexpressionsmustern und Gewebeschäden zwischen den zwei Kuhpocken Stämmen, 
in diesem Modellsystem.  
Kurz gesagt, 3D Hautkulturen spiegeln die Entwicklung der Schädigung durch Pockenviren in 
der Menschlichen Haut wieder, erlauben aber keine Differenzierung zwischen mehr oder 
weniger virulenten Stämmen, eine Unterscheidung die durch experimentelle Infektion bei 
Tiermodellen aber möglich wird. Deswegen wurde die BR Mutanten in einem Infektionsmodell 
in Wistar Ratten in vivo getestet. Mit Kuhpocken RatPox09, NMDAr und CrmE Mutanten, aber 
nicht die Segment F Chimära, infizierte Ratten erzielten signifikant höhere klinische Werte als 
BR infizierte Ratten (p ≤ 0.05, Anova). 
Dabei ergab sich das 6 von 8 RatPox09 infizierte Wistar Ratten eingeschläfert werden mussten, 
da ihr gesundheitlicher Zustand sich dramatisch verschlechtertet. Obwohl nur bei 2 von 10 mit 
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BR_RatPox09_NMDAr und bei 1 von 10 mit BR_RatPox09_CrmE infizierten Ratten der 
Ausbruch der Krankheit zur Einschläferung führte.  
Zusammengefasst kann die Schlussfolgerung gezogen werden, dass RatPox09 Gene NMDAr 
und CrmE, aber nicht das genetische Segment F, dazu beisteuern die pathogene Wirkung des 
CPXV RatPox09 Stamm zu verstärken. Es hat sich aber herausgestellt: Das Insertion dieser 
individuelle offenere Leserahmen in CPXV BR ist nicht ausreichend, um die pathologische 
Wirkung von RatPox09 zu erreichen.  
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