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Abstract

Molecular and biological characterization 

of deletion m utants of vaccinia virus 

by

Alexander Chi-Keung Lai 

Advisor: Dr. Beatriz G.-T. Pogo

Although smallpox has been  eradicated, studies with vaccinia virus continue, 

due to the recent advance in vaccinia recom binants. However, before these  

vaccinia-based vectors are used  a s  human vaccines, a  better understanding of: 

a) the molecular basis of virulence; and b) the immune response during 

vaccinia virus infection is required.

Several deletion m utants of vaccinia virus were generated  from a  

persistently infected Friend erythroleukemia cell line. R epeated  plaque-

purification resulted in the isolation of two stable deletion mutants,

designated  Z4 and Z19. The deletion w as m apped to the left terminal

fragm ents Hindlll C and N, and calculated to be 22 kb (or 12% of the

genom e) for Z19. The deletions extended into the tandem  repeats (TR) of the 

inverted terminal repeats (ITR), and the difference in the size of deletions

bew teen Z19 and Z4 is probably due to further deletion of se ts  of TR in Z19.

Also, rearrangem ents in the right terminal fragm ent were found.

Phenotypic characterization of the deletion m utants revealed that they 

w ere similar to the wild-type (IHD-W strain) when com pared in vitro, but

different when com pared in vivo. The deletion m utants were highly

attenuated. Results from experim ents of inoculation by different routes

indicated that the LD^q of the m utants were at least 1000-fold higher than
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the wild-type. Titration of tissue infectivity for mice inoculated with the 

wild-type or with the m utants viruses revealed that the m utants were unable 

to replicate in vivo. Southern blot hybridization of viral DNA with labeled

cloned vaccinia growth factor (VGF) g ene  dem onstrated that this gene  is 

located in the unique region of Hindlll C fragm ent of the wild-type, and 

hence the deletion m utants lack this gene  due to the deletion.

The lack of ability to replicate in vivo may also be the basis for the 

less efficient induction of protective immunity by the m utants after 3 days or 

4 w eeks of primary immunization. However, after 7 and 10 days of 

immunization, 102 pfu of Z19 elicited protective immunity. Specific cytotoxic 

T cells (T-CTL) w ere induced by the wild-type after 7 days of immunization, 

but not by Z19 at both low (103 pfu) or high (106 pfu) inocula although 

protective immunity w as elicited. Induction of delayed-type hypersensitivity 

(DTH) w as readily dem onstrated  with both the wild-type and the mutant,

suggesting that T-DTH may be associated  with protection. T hese results also 

sugg ested  that T-CTL plays a  minor, if any, role in protection.

Another orthopoxvirus, Indiana virus, w as found to have two copies of 

the VGF gene, one at each  of the terminal fragm ents and to be more virulent 

than the wild-type IHD-W. R escue of the deletion mutant Z19 using IHD-W 

wild-type Hindlll C fragment resulted in isolation of recombinant viruses with

the VGF gene. The partial recovery of virulence of these  recom binants, and

the results obtained with Indiana, strongly indicated that the expression of 

the VGF gene is correlated with virulence.

The significance of this study is that it provides information for the 

design of a  safe  vaccinia-based recom binant (more attenuated), and of a 

better protocol for immunization.
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I. Introduction

Vaccinia virus, the best studied member of the poxviruses, is unique in 

human history, since it had been  used as a  safe and effective vaccine to 

eradicate smallpox. Ancient C hinese used scab material from smallpox patients 

and inoculated naive recipients to induce protection. Although this practice of 

variolation resulted in 1/10 c ase  fatality rate of the naturally acquired 

disease, it caused about 1% mortality in the recipients. Also, the recipients 

were capable of spreading the virus and could start an epidemic in a  

previously uninfected community. It w as Jenner who first dem onstrated that 

inoculation of material from persons infected with cowpox, which caused  a  

mild disease, resulted in protection against smallpox (Jenner 1798). In fact, it 

was Pasteur (1881) who used  the term ’vaccination’ to denote preventive 

inoculation a s  a  way to induce a  resistant state to other pathogens.

Smallpox has now been eradicated (W.H.O. 1980), and therefore, vaccinia 

is the first agent to date to have been  used to eradicate a  human d isease.

The demonstration of genetic recombination in poxviruses by Fenner and 

Comben (1958, Fenner 1959) and  later by Sam and Dumbell (1981) and Nakano 

et al (1982) paved the way for the construction of vaccinia recombinants in 

which foreign DNAs are inserted into vaccinia genom e. These recombinants 

have been used as  eukaryotic expression vectors and possibly a s  candidates 

for human vaccines. R esearch in vaccinia virus has been since then re­

invigorated, and in Fenner’s  word: ’resurrected’ (Fenner 1985).

II. C lassification

The poxviruses, of which vaccinia is a  prototype virus, is a  large group 

of viruses that infects both the vertebrates and invertebrates.
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Earlier classification schem es were based  on symptomatology. Molluscum 

contagiosum and myxoma viruses were grouped into a  different genus from 

that of other poxviruses by Holmes (1948) in the sixth edition of Bergey’s  

Manual of Determinative Bacteriology. However, histopathology of poxvirus- 

infected tissues demonstrated distinctive inclusion bodies, which led 

Goodpasture (1933) to propose the grouping of vaccinia-variola, fowlpox, 

horsepox, sheep-pox, goat-pox, swine-pox and molluscum contagiosum viruses 

into the sam e genus. It was Fenner and Burnet’s  short description of poxvirus 

a t the Sixth International Congress for Microbiology that provided the basis 

of subsequen t classification with respect to the criteria used and subdivision 

adopted (Fenner and Burnet 1957).

The current classification is based  on the proposal by the International 

Committee on Taxonomy of Viruses (Matthews 1982). Poxvirudae are divided 

into two families: the Chordopoxviruses (poxviruses of vertebrate) and 

Entomopoxviruses (insect poxviruses). The criteria for classification of the 

poxvirudae include cytoplasmic site of replication, genom e of large double­

stranded DNA and large oval-shaped virions. The vertebrate poxviruses all 

share a  group-specific nucleoprotein (NP) antigen (Takahashi et al 1959; 

Woodroofe and Fenner 1962) and are able to rescue other heat-inactivated 

m em ber by non-genetic recombination (to be described later) (Fenner and 

Woodroofe 1960; Hanafusa et al 1959). The m em bers of the sam e genus usually 

are more related antigenically, have similar morphology and host range, and 

a s  added recently, have similar restriction patterns (Esposito et al 1978; 

Mackett and Archard 1979; Schnitzlain et al 1988) and DNA homology (Black 

e t al 1986).
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III. General characteristics

A. Morphology

The poxviruses are large brick-shaped particles 200 to 400 nm long with 

axial ratios of 1.2 to 1.7, and  are surrounded by a  lipid m em brane. They are 

the largest of animal viruses. Although they could be seen  by light

microscopy, detailed morphology w as not well characterized until the

introduction of electron microscopy (EM). Green e t al (1942) observed a  dense  

internal structure of the unstained elementary bodies (EB). Peters employed 

metal- shadowing and mild enzymatic treatm ents which allowed observation 

for the first time many of the subviral components (Peters 1956). Negative 

staining revealed that the virions are covered by tubular structures (Gold and 

Dales 1968). Thin sections show  that the virion consists of a  biconcave core 

which contains the viral genom e, two lateral bodies and an outer m em brane 

(Pogo and Dales 1969). Virions released spontaneosly from cells also contain 

an outer envelope which is of host cell origin, however, it also contains viral 

polypeptides (Payne and Norrby 1976).

B. Virion composition

The principle com ponents of vaccinia virus virions are protein, lipid and 

DNA comprising 90%, 5% and 3.2% of the dry weight, repectively (Zwartouw 

1964). Traces of RNA may be detected (Joklik 1962). B ecause of the 

cytoplasmic site of replication (Dales and Pogo 1981), vaccinia virus carry 

enzym es to initiate its replication. There are more than 100 structural

polypeptides (Essani and Dales 1979) constituting the virions, a  num ber of

which are identified a s  virion associated enzym es (Moss 1986). In fact, a  

DNA-dependent RNA polym erase w as the first enzyme of this kind identified 

in viral cores by Kates and McAuslan (1967). These enzym es can complem ent
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other members of the group and reactivate co-infected heat-inactivated 

poxvirus (Fenner and W oodroofe 1960). Since no DNA recombination takes 

place (Joklik et al 1960), this phenom enon w as termed non-genetic 

reactivation.

C. DNA genome

i. Structure

The genom e of vaccinia is linear double-stranded DNA of about 187 

kb. The terminii contain unpaired hairpin loops of 104 nucleotides (Baroudy et 

al 1982), thus the two strands of the DNA are covalently linked (Geshelin and 

Berns 1974). Sequence data  from Baroudy et al (1982) indicated that the loops 

exist in two forms, and probably flip-flopped during DNA replication. There 

are two inverted terminal repeats  (ITR) of variable size (Garon et al 1978, 

Wittek et al 1978, Mackett and  Archard 1979). Within the ITR, at the terminal 

3 kb non-transcribed region, there are se ts  of tandem  repeats of 70 and 125 

base-pairs (bp) which are interrupted by spacers  (Wittek and Moss 1980). The 

tandem  repeats allowed unequal cross-over (Baroudy and Moss 1982) and may 

be the basis of the instability and heterogeneity of the vaccinia genom e (Moss 

et al 1981a). Similar DNA structures have recently been found in raccoonpox 

virus (Parsons and Pickup 1987) and in fowlpox virus (Campbell et al 1989).

Restriction analysis and DNA homology studies (Mackett and 

Archard 1979; Black et al,1986; Muller e t al 1977) indicated that the central 

part of the poxvirus genom es is highly conserved, suggesting that this region 

is critical for functions that are essential for viral replication. Physical 

mapping of temperature-sensitive mutants further support this view (Thompson 

and Condit 1986, Drillien and  Spehner 1983). By contrast, the terminal 

portions of the genom e are m ore variable (Mackett and Archard 1979). These
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regions contain g en es  coding for non-essential functions, host range and 

pathogenicity.

ii. Genetic m ap

A restriction map of the WR strain w as constructed by DeFilippes 

(1982). The use of a  variety of mutants, either in temperature-sensitivity, 

drug resistance, host range or deletions have helped to m apped many loci. A 

detailed genetic m ap of vaccinia has been provided recently by Earl and Moss 

(1987). Cloning of the various fragments (Niles et al 1986, Rosel et al 1986), 

hybrid arrest (V enkatesan et al 1982) and sequencing resulted in accumulation 

of DNA sequence  data. This approach also lead to the discovery of a  vaccinia 

growth factor (VGF) gene  which has a  domain with 35%  aminoacid identity to 

human epidermal growth factor (EGF) (Reisner 1985, Brown et al 1985, 

Twardzik et al 1985, Stroobant e t al 1985). Similar g en es  were also found in 

Shope fibroma virus (Chang e t al 1987), in myxoma virus (Upton et al 1987) 

and in Molluscum contagiosum  virus (Porter and Archard 1987). More 

recently, seq u en ces  homologous to the platelet-derived growth factor (PDGF) 

gene has been  identified in fowlpoxvirus (Campbell et al 1989). Coding 

sequences similar to other proteins such a s  a  com plem ent C4b binding protein 

(Kotwal and Moss 1988a), and two plasm a serine protease inhibitors (Kotwal 

and Moss 1989) w ere also identified by comparing DNA sequences with data 

banks.

IV. Replication

The replication of poxviruses takes place exclusively within the host 

cytoplasm (Dales and  Pogo 1981). Involvement of the host nucleus is 

controversial, a s  recently reviewed by Moyer (1987). Prescott et al (1971)
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dem onstrated the occurrence of vaccinia DNA replication in enucleated m ouse 

L cells, however, Penington and Follett (1974) showed that no infectious 

progeny resulted from enucleated BSC-40 cells.

Hruby et al (1979) observed that although early functions of vaccinia 

virus w ere not affected by ultra-violet (uv) irradiation and alpha-amanitin 

treatm ent of BSC-40 cells, assem bly of progeny virions was suppressed . The 

authors suggested  that there w as active involvement of host transcription 

apparatus for viral replication. Experiments performed by Silver et al (1979), 

however, indicated that only host nuclear DNA-dependent RNA polymerase 

(Pol II) w as required. This interpretation has recently been further supported 

by the observation that viral replication depended  on the relative availability 

of Pol II in different types of cells (Wilton and Dales 1989).

Recently, Moyer’s  group dem onstrated that during vaccinia replication, a  

large subunit of cellular Pol II (Morrison and Moyer 1986) a s  well a s  a  lamin- 

like protein (Bloom et al 1989) were recruited from the host cell nucleus to 

the virosomes where replication of the virus occurred. The significance of 

th ese  findings is not clear at the moment, since other cell com ponents can be 

found in purified viruses (Franke and Hruby 1987, Obom et al 1988). However, 

current evidence indicates that som e host functions are required for viral 

replication during late stages.

Vaccinia can infect a  large range of cells. The isolation of host range 

m utants (Drillien et al 1981) and  the use of specific fragments in marker 

rescue experiments helped to identify DNA seq u en ces  required for the virus to 

infect human cells (Gillard e t al 1985, Gillard et al 1986). Infection of 

vaccinia in m acrophages had been  shown to be abortive, although certain viral 

polypeptides were found presen t on the host m em brane (Natuk and Holowczak
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1985). In our laboratory, it w as found that the abortive infection of 

hemopoietic cell lines such  a s  HL60 can be reversed by differentiation (Pogo 

et al 1988), implying that factors present in differentiated cells are required 

for replication. Although there  was evidence of early viral transcription in 

untreated infected ceils, no viral polypeptides were detected (Pogo et al 

1988).

A. Adsorption and penetration

It w as generally acccep ted  that vaccinia virus enters host cell by 

’viropexis’ or phagocytosis (Dales 1965). However, recent studies suggested 

that fusion events might also  be responsible for viral penetration. The rapid 

dispersion of viral proteins into host cell membrane soon after infection 

suggested  a  fusion event (Chang and Metz 1976). Indeed, a  14 kDa virion 

polypeptide has been identified as  a  fusion protein (Rodriguez et al 1987), 

although monoclonal antibodies (Mab) to this protein did not neutralize virus

infectivity. Mab to epiderm al growth factor (EGF) receptors (Marsh and 

Eppstein 1987) or p resence  of free EGF (Eppstein et al 1985) decreased  the 

yield of progeny virus suggesting that EGF receptors may be a  portal of 

entry for the virus. Therefore, viral entry could be via several mechanisms.

B. Uncoatinq

The uncoating of poxviruses has been  studied by Dales (1963) and Joklik 

(1964a, 1964b). Following entry of the virion into host cytoplasm, the lipid 

m em brane is released leaving the nake core. The first s tage of uncoating 

involves the rapid hydrolysis of som e virion proteins and viral phopholipids. 

The input genom e is still DNase resistant. Early viral transcription occurs and 

an ’uncoating protein’ is m ade. This uncoating protein can m ediate non- 

genetic reactivation (Pedley and  Cooper 1987). W hether input viral DNA is
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released from the core rem ains uncertain. The DNase sensitivity of input DNA 

(Joklik 1962, 1964a) sugg ested  that the viral DNA dissociated from the core 

early in infection. However, Dahl and Kates (1970a, 1970b) showed that viral 

DNA could be protected from DNase, and suggested that the parental DNA 

associated  with cellular com ponents. More recently, Zaslavsky (1985) 

dem onstrated that the core polypeptides were associated with input DNA in 

the cytoplasmic structures of infected cells, and that both transcription and 

DNA replication took place in these  structures, suggesting that viral DNA was 

not released from the virion during uncoating.

C. Transcription and translation

The transcription of vaccinia DNA is temporally regulated. That is, it 

can be divided into immediate early, early, delayed early, and after DNA 

replication, late transcription. About half of the genom e is transcribed before 

DNA replication and classified a s  early genes. They are distributed throughout 

the genom e (Belle e t al 1981). Transcription and translation mapping of the 

Hindlll D fragment indicated that both early and late genes are present and 

are closely packed. Potential interference of expression of these  closely 

spaced  genes is minimized by intercalation of the early and late genes, and by 

the difference in direction of transcription (Lee-Chen and Niles 1988).

The transcripts are capped  (Venkatesan and Moss 1981), polyadenylated 

(Nevins and Joklik 1975) and  there is no evidence for splicing (Wittek and 

Moss 1982). Early g en es  have AT rich regions upstream of the coding 

sequences, and using a  transient functional assay, Yuen and Moss (1987) found 

a  TTTTT(N)T terminator motif downstream. Sequence analysis of late genes 

indicated a  conserved TAAATG sequence at the transcription and translation 

initiation site (Rosel e t al 1986). Therefore, it appears that the temporal
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regulation of vaccinia transcription utilize different regulatory seq u en ces .

Late transcripts are synthesized discontinously (Bertholet e t al 1987) and 

contain a  5 ’poly(A) leader seq u en ce  which is not encoded in the genom e 

(Schwer et al 1987, Patel and Pickup 1987). The poly(A) head  perhaps 

enhances stability of th ese  late m essages. Interestingly, in vitro transcription 

of late g en es  also contained the 5 ’poly(A) head  (Wright and Moss 1987, 

Schw er and S tunnenberg 1988), suggesting a ’slippage’ model of the RNA 

polymerase.

Although vaccinia virus u ses  the sam e translation apparatus a s  the host, 

host protein synthesis is shutoff early in infection. The selective inhibition of 

host protein synthesis h as  been  shown to be by the virus-core-synthesized 

poly (riboadenylic acids) (Bablanian et al 1987).

D. DNA replication

The replication of viral DNA occurs between 2 and 5 h after infection 

and is completed before m ature progeny virus is formed. B ased on EM 

observations of ds DNA loops at one end, Esteban et al (1977) proposed a  

model of replication in which DNA replication initiated at one terminus by 

RNA primers which w ere probably synthesized by a  viral DNA-dependent RNA 

polym erase. DNA synthesis proceeded until both parental strands were 

replicated and the terminal cross-links formed after completion of DNA 

replication.

Pogo et al (1981, 1984) had shown that initiation and termination sites 

were located a t both ends, these  results were compatible with the model 

proposed by Moyer and G raves (1981) in which the terminal hairpin loops 

were utilized a s  self primers for DNA replication. This model also can explain 

flip-floping of the hairpin seq uence  (Baroudy et al 1982). Detection of
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concatam eric terminal fragments and resolution into mature viral terminii have 

recently been  shown (Merchlinsky and Moss 1986, 1989). The presence of head 

to tail concatam ers suggested that recombinational events ocurred during DNA 

replication (Merchlinsky and Moss 1989).

E. Assembly and release

The assembly process followed by EM indicated that the lipid m em brane 

w as first assembled, then DNA and late proteins were inserted to form the 

core and lateral bodies. The p rocess appears to be dependent on the rigidity 

of the membrane, which in turn w as provided by spicules (Nagayama et al 

1970). The spicules were later replaced by surface tubular elem ents (STE) 

(Stern and Dales 1974, 1976).

Assembly of viral structural proteins depends on late gene sequences, a s  

dem onstrated recently by Huang et al (1988) who showed that fusion of 11 

kDa late gene 5’ to E. coli LacZ gene resulted in incorporation of the fusion 

protein into virions. Beta-galactosidase activity was easily assay ed  with 

purified virions. Removal of the vaccinia sequence resulted in non­

incorporation. However, other cellular com ponents may be packaged non- 

specifically (Franke and Hruby 1987, Obom et al 1988).

EM work also revealed that release of mature virions take place by a  

mechanism of budding (Tsutsui 1983). Only 1 to 10% of the progeny virus is 

released  (Appleyad et al 1971), acquiring an extra envelope from host cell. 

The extracellular virus had been  shown to penetrate and dissem inated better 

into new host cells (Payne and Norrby 1978, Payne 1980).

F. Inhibitors of replication

The replication cycle of vaccinia is complex, therefore, there are  a  few 

inhibitors with activity a t different stage  of the replication cycle.
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Hydroxyurea (HU) inhibits DNA replication, leading to the accumulation of 

early transcripts. Overproduction of viral encoded ribonucleotide reductase 

conferred HU resistance (Slabaugh and Mathews 1986). Rifampicin is a  specific 

inhibitor for viral assem bly (Moss et al 1969) and the gene for rifampicin- 

resistance has been  m apped to the Hindlll D fragment (Tartaglia and Paoletti 

1985, Baldick and Moss 1987) which encodes a  late gene product of 63 kDa 

(Tartaglia et al 1986). Detection of a  phosphonoacetate-resistant enzyme 

provided evidence for a  viral encoded DNA polymerase (Moss and Cooper

1982) and the locus had been  m apped to the Hindlll E fragment (Jones and 

Moss 1984, Traktman e t al 1984).

Replication of vaccinia virus in L cells is resistant to interferon (IFN), 

however, the treatm ent resulted in defective progeny viruses which have 

decreased  phosphorylation of the core polypeptides (Esteban 1984). Although 

high level of 2 ’-5’ linked adenylate oligomers (2-5 A) w as detected in IFN 

treated infected cells in the absence  of other inhibitors, viral replication was 

not affected (Rice et al 1984), Specific kinase inhibitory factors had been 

shown to be induced by vaccinia virus which specifically interferes with the 

IFN-induced ds RNA-dependent protein kinase (Whitaker-Dowling and 

Youngner 1983).

V. Pathogenicity and immunogenicity

A. Cytolytic poxviruses

The most virulent of poxviruses is of course the smallpox virus. An 

excellent description of the clinical course of the d isease  was recently 

published by Fenner e t al (1988). Other poxvirus infections such as  monkeypox 

(Ladnyi et al 1972) and parapoxvirus such a s  orf virus (Robinson and Peterson
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1983) have occasionally been reported to infect hum ans.

Although vaccinia is considered non-pathogenic for hum ans, the high 

complication rate reported in immunocompromised vaccinees (Fulginiti et al 

1968) and the recent case  of generalized vaccinia in a  patient with the human 

immunuodificiency disease virus (HIV) (Redfield et al 1987), have changed this 

perception.

B. Tumoriqenic poxviruses

i. in vivo

All poxviruses (including vaccinia) induce an initial hyperplasia 

response in early infection in vivo, which has been  shown to be due to the 

expression of the VGF gene (Buller et al 1988b). Molluscum contagiosum 

causes benign tumors in human and has not been  cultured in vitro. Yaba 

monkey tumor poxvirus and Shope fibroma virus induce benign tumors in their 

respective hosts. The weak tumorigenic nature of Shope fibroma virus w as 

illustrated by the fact that SFV produces malignant d isease  in neonates or in 

adult rabbits treated with immunosuppressive drugs (Smith et al 1973, Allison ~ 

and Friedman 1966), w hereas only benign, transient tumors are induced in 

immunocompetent adult rabbits (Shope 1932).

ii. in vitro

The transformation of mouse embryo cells by vaccinia virus has 

been reported (Koziorowska et al 1971). Y aba monkey virus (Rouhandeh and 

Vafai 1982) and Molluscum contagiosum (Barbanti-Brodano et al 1974) can 

transform cells in vitro. Obom and Pogo (1988) recently showed that infection 

with uv-inactivated Shope fibroma virus in vitro resulted in a  transient 

transformation, a s  the malignant phenotype of the transformed cell w as lost 

after serial p a ssag es  in vitro. Some of the observations described above can
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be explained by the expression of the viral growth factor.

C. Mechanism of pathogenicity

Most of the studies on poxvirus pathogenicity were performed with 

ectromelia (mousepox)(Fenner 1948). The attenuated phenotype of vaccinia 

recom binants (Buller et al 1985) and the recent demonstration of correlation 

betw een mutation of the VGF gene and attenuation (Buller et al 1988a) 

suggested  that an understanding of the molecular basis of virulence is 

possible.

D. Adaptation of poxvirus

The intioduction of myxoma virus, a  highly virulent poxvirus in rabbits, 

into the Australian bush to eliminate wild rabbits illustrated the rapid 

evolution of both the virus and the host (Mykytowycz 1953, Marshall and 

Fenner 1958, 1960, Fenner and woodroofe 1965). The appearance of myxoma 

viruses less virulent in laboratory rabbits, and the em ergence of rabbits 

resistant to the virus made this kind of biological control less desirable.

Earlier workers used to p assag e  vaccinia virus in different tissues or cell 

cultures to select for more ’mild’ strains to be used  as  vaccine. A much 

attenuated variant, LC16m8, w as selected by Hashizume et al (1985) from the 

Lister (Elstree) strain. No severe complications were observed in a  field trial 

of more than 100,000 children in Japan , a s  oppose to its parental Lister strain 

[approximately 10-20 post-vaccinal encephalitis per million (Arita and Fenner, 

1985)]. However, the eradication of smallpox and the cessation of vaccination 

halted further studies of this vaccine strain.

E. Immunoqenicitv

All m em bers of the orthopox genus share  a  common nucleoprotein (NP) 

antigen (Takahashi et al 1959; Woodroofe and Fenner 1962), and that w as the
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basis of cross protection by vaccinia against variola. However, not all strains 

of vaccinia induced the sam e degree of immunity. CV-1, developed by River 

and Ward (1933) w as less virulent, however, it w as less potent (McIntosh

1985), as  compared to the Lister or Copenhagen strains which were incidently 

more virulent. Since uv-inactivated viruses had been shown to be less 

effective to elicit protective immunity (Boulter et al 1971), therefore, live 

viruses have to be used  to induce protective immunity.

An immunodominant antigen Ag35 identified by Gordon et al (1988) has a  

domain highly homologous to the G glycoprotein of respiratory syncytial virus 

(RSV). The significance of this finding has not been delineated. Maa et al 

(1987) have identified another structural 39 kDa immunodominant protein, 

however, Mab to it did not neutralize virus infectivity.

VI. R ecom bination

A. Homologous recombinations

Experiments by Ball (1987) indicated that poxviruses have high frequency 

of homologous recombination. Evans et al (1988) showed that in poxvirus 

infected cells, high frequency of recombination could be induced to 

heterologous DNA in a  trans-acting manner, suggesting a  putative recom binase 

with trans-activity. The cytoplasmic mode of replication and the easin ess  by 

which heterologous gene(s) can be inserted by homologous recombination 

(Panicali and Paoletti 1982), m ade vaccinia virus a  useful vector.

B. Recombinants

i. Construction

Most of the vaccinia recombinants have been constructed utilizing 

the thymidine kinase (TK) g en e  a s  an insertion site. A general schem e
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(Mackett et al 1982) is described below. Foreign gene(s) with complete open 

reading frame (ORF) are first ligated downstream of a  vaccinia promoter. The 

construct is then inserted into a  cloned Hlndlll J  fragment which contains 

the TK gene. The plasmid is then transfected into cell culture infected with 

wild-type vaccinia. W hen homologous recombination occurs, the TK gene of 

the wild-type is interrupted and isolation of the recombinants is carried out 

by selection of TK- virus. Chakrabarti et al (1985) and Panicali et al (1986) 

incorporated beta-galatosidase gene in the TK vector, so that the 

recombinants were easily isolated by the blue color of the plaques.

Other loci, such a s  the Hindlll F fragment (Panicali and Paoletti 1982), 

the hemagglutinin in Hindlll A fragment (Siomi e t al 1988), and the locus 

determining plaque size (Rodriguez and Esteban 1989) had been used. Recently, 

fowlpox recombinants had been  constructed and  used a s  poultry vaccines 

(Boyle and Coupar 1988).

ii. Expression vectors

Most recom binants were constructed to be  used as  expression 

vectors, that is, to elicit immune response to the recombinant expressing the 

heterologous antigen. Excellent reviews had been  published by Mackett and 

Smith (1986), Piccini e t al (1987), Moss and Flexner (1987). It is worth 

mentioning the susscessfu l vaccination against rabies by oral administration 

(by bate) with vectors expressing the rabies glycoprotein (Tolson et al 1988, 

Blancou et al 1986) in foxes, and in raccoons (Rupprecht 1986). More exciting, 

a  vector expressing an  oncogene has been shown to elicit protective immunity 

against the tumor (Bernards e t al 1987).

Not all recom binants are immunogenic. A recombinant expressing feline 

leukemia virus env g en e  (gp70) w as found to be non-immunogenic (Gilbert et
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al 1987), the lack of anti-gp70 antbodies w as specific, since neutralizing

antibodies to vaccinia virus w as detected in the inoculated mice. Similarly, a

vaccinia recombinant expressing dengue fever viral polypeptide w as found to 

be weakly immunogenic (Zhao e t al 1987).

Vaccinia recom binants were also used a s  a  tool to study other biological 

functions. For example, Thom as et al (1986) and Edwards and Rutter (1988) 

used a  vector to study the processing of a  neuropeptide; Coupar et al (1986) 

studied cytotoxic T-cell reponse to influenza virus and Smith et al (1987) 

studied the synthesis and  cellular location of influenza viral polypeptides in 

cells infected with recom binants virus; Rodriguez e t al (1988) used a  vector 

expressing luciferase to follow the dissemination of vaccinia virus in the host

during an infection; Gowda et al (1989) and Flexner et al (1988) studied the

processing of gag and pol genes of the human immunodificiency virus type 1 

(HIV-1); Falkner et al (1988) studied the synthesis, intracellular location and 

activities of the trans-activation protein of HIV expressed in vaccinia 

recombinants.

In general, the heterologous protein expressed  in these recombinants 

behaved a s  the native protein. This approach is particular useful when the 

protein being studied is rare, or the protein is from a  hazardous pathogen 

such a s  HIV or dengue fever virus.

VII. Deletion m u tan ts

Several deletion m utants of vaccinia have been  previously described. A 

host range mutant w as isolated by Drillien e t al (1981) after nitrous acid 

m utagenesis of the parental Copenhagen strain. This mutant had lost its 

ability to replicate in hum an cell lines. By using marker rescue technique, the
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sam e authors subsequently located a  short region in the Hindlll M and N 

fragm ents which is responsible for replication in human cells (Gillard et al

1986).

Panicali et al (1981) noticed that in their serially propagated wild-type 

stock of the WR strain of vaccinia virus, submolar quantities of certain 

restriction fragments were detected. On repeated plaque-purification, they

isolated two ’variants’, a  large DNA variant (L) and a  small DNA variant (S). 

Restriction analysis revealed that the S-variant had a  deletion of 6.3 MDa. 

The deletion was m apped to a  site 6.8 MDa from the left terminus, just

beyond the ITR. The additional DNA in the L-variant was found to be unique 

viral seq uences which w ere transcribed in vitro and in vivo. In spite of the 

large difference in their genom e, there were no major difference in the 

phenotype of the variants. A similar heterogeneity of the left terminal 

fragment w as observed by M oss et al (1981a) in their wild-type stock of WR 

strain. However, these variants with the shortened terminal fragm ents were 

unstable since about 20%  of them  reverted back to the longer and stable form 

just after one round of plaque-purification. Even after repeated plaque- 

purification, these variants still gave an array of terminal fragm ents with

differences in length of 1.65 kb increments, probably due to variations in the 

num ber of copies of a  reiterated sequence. Restriction analysis of the stable 

variants showed that there w as also a  deletion of 9000 bp in th ese  variants. 

The deletion w as also m apped just beyond the terminal repetition in the left 

terminus (Moss e t al 1981b). In fact, the deletion might be similar to, if not 

exactly, to the variant of Panicali e t al (1981).

Kotwal and Moss (1988b) have recently shown that the deletion of the 

short variant designated 6/2 w as actually more than 9 kb, because  part of the
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right terminal fragm ent w as translocated to the left. Since the mutant has a  

ITR of 12 kb, a  model in which the remaining of the Hindlll C fragment in 

the mutant w as from the Hindlll B fragment (10 kb of the ITR plus 2 kb 

unique s e q u e n c e ) w as proposed by the authors.

In a  Friend erythroleukemia cell line persistently infected with vaccinia 

virus (Pogo and  Friend 1982), we have reported the isolation of deletion 

mutants of vaccinia, of the IHD-W strain (Lai and Pogo 1989). Using a  similar 

cell system  but a  different strain of vaccinia (WR), Paez e t al (1985) 

previously reported the isolation of vaccinia mutants with a  8 MDa deletion at 

the left terminus. The generation of these deletion mutants seem ed  to be 

regulated by interferon, although the precise mechanism rem ains to be 

determined (Paez and E steban  1985).

The m echanism  by which deletion mutants of vaccinia were generated  is 

unknown. However, they could be useful for genetic mapping, such as  the 

host range mutant of Drillien e t al (1981), and for the construction of 

expression vectors (Panicali and Paoletti 1982, Rodriguez et al 1989) In fact, 

double deletions have been  constructed from the S-variant by Perkus et al 

(1986) in which the DNA w as manipulated in vitro first, then by in vivo 

recombination. Thus a  larger deletion of ’non-essential’ regions w as created. 

This facilitate insertion of more foreign genes in the construction of 

expression vectors.

VIII. Goal of re sea rc h

The molecular basis  of virulence of poxvirus infection is poorly 

understood. Since the deletion m utants isolated in our laboratory are highly 

attenuated, they provide a  good system  to study the molecular basis of
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virulence of vaccinia virus.

Since more than 21 kb of DNA of the mutants had been deleted, a  

num ber of genes must have been affected. A comparison of the deletion 

m utants published so  far (Fig. 1, chapter 6) suggested that gene(s) residing in 

the region where the deletion occured is(are) important for virulence.

The goal of this dissertation research w as first to identify which gene(s) 

is/are missing in these  mutants, and to investigate what effects the lack of 

th ese  g en es  have on the mutants. And finally, to test which gene play an 

important role in virulence by insertion of the test gene into the mutants by 

m arker rescue technique or by site specific homologous recombination.

T hese deletion m utants are also less immunogenic than the wild-type, 

thus providing a  system  to study the immune response during poxvirus 

infection. Utilizing the m utants as  a  tool, the immune response could be 

d issected  to a ss e s s  their relative importance in protection. Understanding of 

these  responses will facilitate the formulation of strategies for immunization 

with vaccinia-based recombinants.

It is expected that the results from this study will provide significant 

information for the construction of a  more attenuated vaccinia vector (thus a  

safe vaccine) and a  better protocol for immunization.
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Summary

Persistent viral infections in vitro are useful to study the evolution of 

virus populations in the absence of immunological pressure. Several deletion 

mutants have been isolated in this laboratory from Friend erythroleukemia 

cells persistently infected with vaccinia virus strain IHD-W, designated 

SQAvac- Tw0 °f the mutants, which remains stable after serial passag e  in L 

cells, have been characterized. The deletion which range between 20 to 22 kb, 

has been localized at the left terminus comprising Hindlll C and N. In 

addition, Hindlll B fragment lost the sequences that hybridize to pAG5, a  

plasmid containing the 3.5 kb terminal seq uences and acquired different 

restriction sites. Phenotypic characterization of these  mutants revealed that 

they were not replication defective since they grew in all cell lines tested  

and produces plaques of the sam e size a s  the wild-type. However, they were 

less effective in suppressing host protein synthesis. The LD5Q for the mutants 

titered in NIH-Swiss female mice w as greater than 10® PFU a s  com pared to 

10° PFU for the wild-type, indicating reduced virulence in vivo. These 

mutants, which display different properties to previuosly described mutants 

with deletions at the left terminus, provide another valuable system  to study 

the molecular basis of virulence of vaccinia.

Keywords: Vaccinia virus, deletion mutants
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Introduction

Persistent viral infections are of extrem e medical importance because  of 

their implications in chronic and recurrent d isease(s). Persistent viral

infections |n vitro provide a  unique system  to study the evolution of the virus 

population in the absence  of immunological pressure a s  well a s  the 

modifications suffered by the cells which are chronically infected

We have previously reported that vaccinia virus, a  highly cytolytic 

poxvirus, can establish p e rsistent infections in Friend erythroleukemia (FEL) 

cells which are  transform ed by a  retrovirus (Pogo and Friend, 1982) and in a  

hum an hematopoietic cell line (Pogo et al., 1988). During the course of the 

persistent infection, genetic changes in the vaccinia virus population resulting 

in the generation of m utants w ere observed (P aez et al., 1985, Dallo and 

Esteban, 1987). Furthermore, changes in the properties of the host cells such 

a s  high level of spon taneous differentiation, decreased  tumorigenicitiy and

resistance to superinfection w ere recorded (Pogo and Friend, 1982, Obom et 

al., 1986).

In addition to a  previously described mutant with a  deletion of 8 MDa at

the left terminus (P aez e t al., 1985), we have observed that m utants with

larger size deletions are  generated  in a  different FEL cell line designated 

SQA (Friend e t al., 1984) when it is persistently infected with vaccinia virus. 

In this communication we report the isolation and characterization of these  

mutants.

Material and M ethods 

Cells and Virus

The establishm ent and m aintenance of SQA cells were already described
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(Friend e t al., 1984). L cells, BSC-1, SIRC, and HeLa cells from the ATCC 

collection were propagated a s  monolayers in minimum essential medium (MEM) 

from Flow Laboratories, supplem ented with 5% fetal bovine serum (FBS). 

Second p assag e  chicken embryo fibroblast, a  generous gift from Dr. Peter 

Palese, w ere propagated in F10 medium (Gibco Laboratories) and 10% FBS.

The IHD-W strain of vaccinia virus w as used to initiate the persistent 

viral infections. Virus infectivity w as monitored in L cells (NCTC clone 929) 

according to published procedures (Dales, 1963). Virus purification was 

performed following the method described by Stern and Dales (1974).

Analysis of viral DNA bv restriction enzym es. Southern blotting and 

hybridization

DNA w as extracted from purified virus and digested  with the restriction 

enzym es following the conditions recom m ended by the manufacturer 

(Boehringer Mannheim Biochemicals). In general 1 ug of viral DNA was 

digested with 5 units of enzyme in a  20 ul reaction mixture for 4 b  a t 37 C. 

Restriction fragments were separated  by electrophoresis in 0.5% or 0.2% 

agarose  gels for 18 h at 50 V in a  buffer containing 90 mM Tris-HCI pH 8.2, 

90mM boric acid and 2.5 mM EDTA. After denaturation, the DNA fragments 

w ere transferred to nitrocellulose paper by the Southern procedure (Southern, 

1975). Prehybridization and hybridization reactions w ere carried out 

according to the conditions described by Maniatis e t al. (1982). Vaccinia 

virus, pAG5 and lambda DNA w as labeled with [thio-3^S]dATP by nick- 

translation reaction (Rigby et al., 1977). Restriction fragm ents of vaccinia 

DNA cloned in pBR322 and pAG5, which contains the terminal 3.5 kb of the 

molecule, w ere kindly provided by Drs. E. Paoletti and B. Moss, respectively.
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Preparation of labeled virus

2 2 P-labeled vaccinia virus w as prepared by growing the virus in 

phosphate-free Eagle’s medium supplem ented with 2% FBS and 5 uCi per ml of 

[2 2 P] phosphate. Virus w as purified, DNA extracted, digested with restriction 

enzym es and electrophoreses in agaro se  gels a s  described above. The gels 

w ere dried and exposed to Kodak-X-Omat-R film at -70°.

Virus labeled with [2^S]methionine w as prepared by growing the virus in 

cells cultured in m ethionine-less medium supplem ented with 3% FBS and 5 

uCi/ml of [2 ^S]methionine (Stern and Dales, 1976). The virus w as purified 

and  aliquots were resuspended  in Tris-HCI buffer pH 7.6 with 1% SDS and 1% 

B-mercaptomethanol boiled for 5 minutes a t 100° before loading onto 12% 

polyacrylamide slab gels containing SDS (Laemmli, 1970). Electrophoresis w as 

carried out for 3 h a t 100 V or for 8 h at 50 V. G els were dried and 

exposed  to films a s  described above. 14C-labeled proteins of known molecular 

weight were u sed  a s  s tandards to calculate the Mr of the bands.

Results

Analysis of vaccinia virus DNA bv restriction enzym es

SQA cells (Friend e t al., 1984) w ere persistently infected with vaccinia 

virus and designated SQAvac. O nce the persistent infection w as well 

established, the cells w ere subcloned into two populations designated  SQAvac 

Z and SQAvac Y and p a ssa g ed  independently (Obom et al., 1986). The viruses 

produced by th ese  two cell lines were purified and their DNA digested with 

restriction enzym es. Viral DNA from the virus grown in SQAvac Y cells

show ed a  typical deletion of the left terminus, resulting in the ab sen ce  of the
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Hindlll C fragment and the ap p earan ce  of an extra fragment, F’. The size of 

this deletions, around 9 kb, is similar to those previously described by 

Panicali et al., (1981), Moss e t al., (1981) and P aez  et al., (1985) in the WR 

strain.

The virus isolated from the Z line w as grown in L cells in the presence 

of [32P]phosphate and the labeled viral DNA w as com pared with the labeled 

DNA of the wild-type by digestion with five restriction enzym es followed by 

electrophoresis and radioautography. Differences in the restriction pattern

betw een the wild-type and  the mutant DNA were observed in all five digests

a s  shown in Fig. 1. The ab sen ce  of som e of the restriction fragments 

(indicated by open triangles) and the presence of several extra fragments 

(closed triangles) in the sam e  digest suggest that within the Z virus there

w as a  mixed population of virions probably with different size deletions.

After several rounds of plaque purification, several clones of vaccinia 

m utants were isolated. O ne of them , designated Z116-4 (Z-4), w as used  to map 

the deletion. As shown in Fig.2, comparison of Hindlll (A, lanes 1 and 2) and 

Bgll (A,lanes 3 and 4) digest of wild-type (lanes 1 and 3) and Z-4 (lanes 2 

and 4) DNAs revealed that the mutant lacks Hindlll C and Bgll C fragments 

(23.5 kb) but it has an extra Hindlll fragment close to K, designated K’ (4.4 

kb) and a  larger Bgll D fragm ent (12.5 kb). To m ap the deletion this gel w as 

transferred to nitrocellulose paper and hybridized to pAG5, which comprise 

the 3.5 kb terminal the molecule. As shown in Fig. 2B, the pobe hybridized to 

both Hindlll terminal fragm ents B and C of the wild-type as  expected, but 

only to fragment Hindlll K’ and Bgll D of the mutant. When cloned Hindlll N 

fragment w as used  as  a  probe, it hybridized to fragm ents Hindlll N and Bgll 

D of the wild-type and  to fragm ents Hindlll K' and Bgll D of the mutant.
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These results indicated that the deletion of Z-4 mutant involves fragments 

Hindlll C and N, or Bgll C. The position of these fragments is shown in the 

map represented in Fig.2. From the size of the missing fragm ents and the 

resulting fragment K’ this deletion was calculated to be 21 kb.

The DNA of ano ther viral isolate designated Z-116-1-19 (Z-19) was 

compared to Z-4 DNA a s  shown in Fig.3. The size of the resulting Hindlll K’ 

fragment w as smaller in Z-19, indicating a  larger deletion of about 22 kb, or 

12% of the genom e. Hybridization with pAG5 and Hindlll N gave similar 

results to those illustrated in Fig.2 (data not shown). Since both Z-4 and Z- 

19 deletion extended into the tandem repeats, it is highly probably that the 

difference betw een them  reside in the number of tandem  repeats present at 

the left boundary, a s  shown schematically in Fig.3. The lack of hybridization 

of the B fragment with pAG5 probe in the DNA of the mutant a s  seen  in 

Fig.2 w as an unexpected finding. To investigate the possibility of a  deletion 

at the other terminus, the d igests were electrophoresed in 0.2% agarose gel 

that allow a better separation  of the large MW fragments. As shown in 

Fig.4A, there are no apparen t difference in the migration of the fragments B 

between wild-type an d  the Z-19 mutant. However, when fragm ents B were 

electroeluted from the gels and  subjected to digestion with EcoRI, it w as 

found that the m utant DNA contained different restriction sites (Fig.4B, lane 

2). The EcoRI fragm ents from the wild-type Hindlll B (Fig. 4B, lane 1) are 

indicated in the figure according to the size reported by McFadden and Dales 

(1979) from the IHD-W strain. Extra bands are the result of unavoidable 

contamination with fragm ent C. Similar findings were observed with Z-4. The 

restriction pattern of both m utants have remained unchanged after serial 

p assage  in L cells.
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Phenotypic characterization of the deletion mutant

The isolation of virus population with large deletions prompted us to 

investigate the phenotypic properties of these  variants. The multiplication 

rate of the deletion mutant Z19 in L cells w as compared to the wild-type. 

Both viruses reached maximum titers within 24 to 48 h after infection 

(Fig.5A). O ther properties such as the growth of the mutant in other cell 

types and  tem perature sensitivity were also investigated. To find out whether 

there w as a  limitation in host range, the multiplication of the wild-type and 

Z19 were tested  and found to be identical in human and chicken cells (Fig.5B 

and C). In addition, rabbit and monkey cells were also found to support the 

growth of the mutant. Similar results were obtained with the Z-4 mutant.

The tem perature sensitivity of the Z-19 and Z-4 mutants were also 

explored by comparing the growth of the viruses at 3 9 ' C and at 37° C. The 

ratio of the multiplicity obtained at 39° C and 37° C w as close to 1 for both, 

m utants and  wild-type, indicating that -n o  sensitivity to tem perature was 

involved (data  not shown). The rate of viral DNA synthesis w as also by 

measuring [3 H]thymidine incorporation in the cytoplasmic fraction of infected 

cells. The kinetics of incorporation were similar for both mutants and wild- 

type, although the am ount of thymidine incorporated w as approximately 10% 

less in cells infected with either Z-4 or Z-19 m utants. This decreased  uptake 

may be due to the fact that the genom e of the m utants is 12% smaller than 

the wild-type (data not shown).

Analysis of virion protein by gel electrophoresis

A comparision of the virion proteins from the wild-type, Z-4 and Z-19
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w as carried out by polyacrylamide gel electrophoresis using [35S]methionine- 

labeled virus preparations. Both stained gels and radioautographs revealed no 

major differences between the structural proteins of the wild-type and the 

two mutants (Fig. 6).

Pathogenicity of the deletion m utant

Serial passag e  of viruses may resulted in variants with decreased  

pathogenicity, although the Z m utants replicated in L cells a t the sam e rate 

than the wild-type and produced plaques of similar size, they did not alter 

the growth of SQAvac cells. It is therefore of importance to determ ine how 

host cell functions, mainly protein synthesis, w as affected by the infection of 

these  mutants. Pulse labeling experiments with [35S]methionine were carried 

out in wild-type, Z-4 and Z-19 infected L cells. Infection with wild-type virus 

decreased  [35S]methionine incorporation by 50% between 3 to 4 hours after 

infection and  by 90% at 8 h. Inhibition with both mutants w as only recorded 

late in infection and to a  le sse r extent ( 30% at 8 h after infection). These 

results suggest that both m utants are less virulent than the wild-type in 

vitro.

To find out w hether the lack of cytopathogenicity is also seen  jn vivo. 

Swiss and DBA/2J mice w ere inoculated i.p. with different multiplicities of the 

wild-type , Z-4 or Z-19. The results of three separate  experiments indicated 

that the LD^q of the wild-type w as 10® PFU, w hereas the LD^q of the 

m utants w as higher than 109 PFU, implying that both mutants expressed 

decreased  virulence in vivo.

Discussion
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SQAvac cells generated  m utants with different size deletions at the left 

terminus. One of the m utants (Y) is similar in size to that previously 

described by Panicali e t al. (1981) and Moss et al.(1981) which appears 

spontaneously in stocks of the WR strain and similar to the m utant isolated 

by P aez  et al. (1985) from other lines of FEL persistently infected cells. 

Deletion and rearangem ents near the ends of the genome have also been 

found in mutants of vaccinia virus (McFadden and Dales, 1979), rabbitpox 

(Moyer et al., 1980), cowpox (Archard and Mackett, 1979) and monkeypox 

(Esposito et al., 1981) and are  believed to lead to alterations in the phenotype 

for the host range, cytopathology and virulence.

It is expected that under the dynamic conditions provided by a  

persistent infection, the virus population can be subjected to more profound 

changes than in an acu te  infection. Thus, SQAyac line Z described here has 

generated more than one size deletion from around one kb to a  few hundred 

b a se s  pairs, suggesting th a t se ts  of tandem  repeats may be involved. 

Extensive plaque purification lead to isolation of two mutants Z-4 and Z-19, 

with deletions, calculated to be  21 kb and 22 kb, respectively.

The deletion com prises m ost of the Hindlll C fragment, which in the 

IHD-W strain is 23.5 kb and  the  Hindlll N fragment (1.5 kb). T hese deletions 

are the largest described for spontaneously occurring mutants of vaccinia 

strain IHD-W. A mutant of the WR strain with a  similar size deletion has

been described by Perkus e t al. (1986) although its phenotype has not been

characterized. A host range m utant of the Copenhagen strain of vaccinia w as 

shown to have a  deletion of 18 kb at the left end of the genom e involving

Hindlll fragments C, N and M (Gillard et al., 1986).

The presence of m utations with different size deletions in the sam e cell



44

line can be explained by the loss and accumulation of tandem repeats at the 

terminal ends, a s  have been  recently dem onstrated by Paez and Esteban (1988) 

in deletion mutants isolated from a different FEL cell line. However, in the Z 

mutants, we have failed to se e  accumulation of repeats on the right side 

terminus after serial p a ssag es . On the contrary, this end of the molecule 

seem s to have loss the sequences that hybridized to pAG5 and to have 

acquired different restriction sites. The mechanism by which these changes 

have occurred is not clear at the moment.

Studies on the phenotype of Z-19 and Z-4 revealed that they can 

produce plaques and replicates in L cells to the sam e multiplicity to that of 

the wild-type. However, they inhibit host cell protein synthesis only at later 

times and to a  lesser extent and they are thus less virulent in vitro. In 

contrast to the changes reported by Dallo et al. (1987) in the virion proteins 

of their mutants which are relevent for cytopathology, the Z mutants did not 

show major structural protein changes. This could be attributed by the 

difference in virus strains and cell lines used.

The significance of the findings reported here laid in the potential of 

these mutants for the studies on the identification of genes involved in the 

virulence of vaccinia virus io vivo and jn vitro. The participation of the 

growth factor gene, which is present at both terminal fragments of the 

genom e in vaccinia virus, in virulence has been  recently dem onstrated (Buller 

et al.,1988). Experiments are now in progress to established if this gene is 

involved in the determination of these  mutants phenotype.
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Fig. 1. Autoradiograph of 3 2 P-labeled vaccinia DNA restricted with the

indicated enzym es. Both wild-type and Z viruses were grown in L cells. DNA

w as extracted from purified virions, digested with restriction enzym es, 

electrophoresed in 0.6% agarose gel and radioautographed as  described in

Material and Methods. Letter at the left indicated position of the Bgll

restriction fragments of the wild-type DNA and at the right of the Hindlll 

fragments. Missing fragments are indicated by open triangles, extra 

fragments by closed triangles.
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Fig.2. Southern blot and hybridization of viral DNAs. Panel A: ethidium 

bromide stain. Panel B: hybridization with pAG5, Panel C: hybridization with 

cloned Hindlll fragment N; M: lam bda DNA digested with Hindlll; lane 1:wild- 

type DNA and lane 2:Z-4 DNA digested with Hindlll; lane 3:wild-type DNA 

and lane 4:Z-4 DNA digested with Bgll. The diagram shows the location of the 

probes in the genom e and the approximate boundaries of the deletion in the 

Hindlll and Bgll m aps (DeFilippes 1982). ITR=inverted terminal repeat.
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Fig. 3. Comparison of the restriction pattern of DNAs from wild-type and two 

deletion m utants digested with Hindlll. Panel A: lane 1:wild-type; lane 2:Z-4; 

M: lam bda DNA digested with Hindlll. Panel B:lane 1:wild-type; lane 2 :Z-19. 

ITR= inverted terminal repeats. Fusion fragm ents designated K’ are indicated 

by arrows.
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Fig. 4. C om parison of the Hindlll B fragments of the wild-type and the 

mutant. Pane  A: electrophoresis of Hindlll digest of viral DNA in 0.2% 

agarose. M=lambda DNA digested with Hindlll;lane 1: wild-type DNA; :ane 2, 

Z-19 DNA. The position of fragment B is indicated by the arrow . Panel B: 

EcoRI digestion of fragm ents B electrophoresed in 0.7% agarose gel. M: 1 kb 

DNA ladder, lane 1:wi!d-type DNA; lane 2 Z-19 DNA. The EcoRI fragments of 

Hindlll B fragment from the wild-type and the mutant are indicated by closed 

triangles and open triangles, respectively.

t
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Fig. 5. Growth of vaccinia wild-type (open squares) and m utants Z-4 (closed 

squares) and Z-19 (closed diam onds) in various cell lines. 6A: L cells; 6B: 

HeLa cells; 6C chicken embryo fibroblast. Cells are infected with 5 PFU per 

cell and 24 and 48 h later the cells were harvested, sonicated, and virus 

multiplication w as determ ined by plaque a ssay  in L cells.
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Fig.6. Comparison of labeled virion proteins from wild-type vaccinia and 

mutants. Polyacrylamide gel electrophoresis and autoradiography of 

[^S]m ethionine-labeled virions w as carried out as  described in Materials and 

Methods. Lanel :wild-type; lane 2: Z-4; lane 3: Z-19; M: molecular weight 

markers.
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Abstract

Understanding the molecular basis  of virulence in poxvirus is of great 

importance for the developm ent of recom binant vaccines using vaccinia virus 

a s  a  vector. We have previously described m utants of vaccinia virus with 

deletions ranging from 20 to 21 kb at the left terminus and with attenuated 

phenotype. The virulence of th ese  m utants w as studied, using different routes 

of inoculation, for protection from wild-type challenge in mice and for 

replication m vivo. R egardless of the route of inoculation, the LD5Q of the 

deletion m utants is at least a  1000-fold higher than that of the wild-type. 

Results from protection experim ents using viable and ultraviolet-inactivated 

viruses, and from determination of infectivity in different organs, indicated 

that the m utants were unable to replicate ]n vivo. Southern blot hybridization 

of viral DNA with pSC16, a  plasmid containing the vaccinia growth factor 

(VGF) gene, revealed that in the IHD-W strain of vaccinia virus this gene is 

localized at the left terminus exclusively and that the mutants lack this gene. 

The results suggest that ab sen ce  of the VGF gene is correlated with inability 

to replicate |n vivo and d ecreased  virulence.

Keywords: vaccinia virus;growth factor;replication in vivo;virulenceprotective 

immunity.
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B ecause of the high frequency of homologous recombination 1 and the 

e a se  with which foreign gene(s) can be inserted in and expressed , vaccinia 

virus has becom e a  widely used  eukaryotic expression vector2 ,8 . Many 

recom binants have b een  constructed to da te  (for review, s e e  references4 ' 6 ), 

which are capable of eliciting appropiate immune response, making them 

potential candidates for vaccines. However, the recent case  of dissem inated 

vaccinia in a  military recruit with the acquired immunodificiency syndrome ^ 

is a  cogent reminder of the  potential hazards of using recom binant vaccinia 

a s  a  human vaccine and  provides impetus to current research on the molecular 

basis of virulence of vaccinia virus.

At least two g e n es  ap p ea rs  to be important for virulence, the thymidine 

kinase (TK) g en e  6 and a  gene  or g en es  at the left terminus, since deletion 

at the left terminus have been  shown to exhibit a ttenuated  phenotypes '8 ,9 

Recently, Buller et al. dem onstrated  that deletion of the vaccinia growth 

factor (VGF) g en e  d ecreased  virulence 10. We have previously reported the 

isolation of m utants with deletions at the left terminus with reduced virulence 

both jn vitro and in vivo, in a  persistently infected Friend erythroleukemia 

cell line.11 In this communication, we present evidence that indicate that 

th ese  m utants lack the VGF gene and are defective in replication in vivo, 

which may explain their a ttenuated  phenotype.

Results

Determination of LD5q of wild-type virus and of deletion mutants

It has been  reported that deletion at the left terminal fragm ents in vaccinia 

8,9 and  in rabbitpox 12 resulted in an attenuated  phenotype. Since two 

m utants isolated in our laboratory, designated Z-19 and Z-4 11, have been
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shown to have deletion of around 21 kb involving the Hindlll C and N 

fragm ents at the left terminus of the genom e, the LD^q of these mutants w as 

com pared to the wild-type by different routes of inoculation. As shown in 

Table 1, the LD50 by intracranial (i.e.) inoculation of Z-19 mutant w as 

2.6x10^ pfu, w hereas the wild-type w as less than 101 pfu, indicating that the 

m utant has reduced neurovirulence. When inoculated intraperitoneally (i.p.) 

mice survive a s  much a s  109 pfu of the mutant, a s  com pared to LD5Q of 

1.2x10® pfu of the wild-type. Also by intranasal inoculation, the mutant LD^q 

is 1000-fold higher than the wild-type (data not shown). Thus, regardless of 

the route of inoculation, the deletion m utant displayed an attenuated 

pheotype. Identical results w ere obtained with the mutant Z-4.

Determination of protective immunity by wild-type virus and by deletion 

mutants

To test if the mutants can elicit immunological protection, groups of three 

adult female mice were inoculated i.p. with increasing am ounts of infectious 

or ultra-violet (uv) inactivated viruses and 3 to 4 w eeks later they were 

challenged with 10 to 15 LD^q of the wild-type by i.p.route.

As shown in Table 2, 10^ pfu of the wild-type elicit full protective 

immunity, w hereas at least 10® pfu of the m utant (Z-19) are required for 

com parable protection. W hen uv-inactivated viruses were used, 10® pfu of the 

m utant and 104 of the wild-type were required for protection. Since uv- 

inactivated virus does not replicate and 10® pfu of the m utant w as needed to 

elicit full protection in both cases, it seem ed  likely that the mutant is 

unable replicate ]n vivo, although its rate of growth |n vitro is similar to 

that of the wild-type.
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Growth of the wild-type and the mutant viruses in vivo

To further a s s e s s  the ability of the m utant to replicate in vivo, the virus in 

different organs w as titered after i.p. inoculation. Groups of three adult 

fem ale mice were inoculated i.p. with 10^ pfu of the wild-type or of the

m utant (Z-19) and sacrificed a t 2, 3 and 6 days post-inoculation. The livers

and spleens, the major sites of replication, were removed and tested for 

infectivity. As shown in Fig. 1, virus infectivity w as detected in both organs 

of the wild-type inoculated mice, reaching a  peak  titer at 2 to 3 days after 

inoculation. Although the mice in the surviving group were febrile and 

moribund, the virus titer d ecreased  after 6 days of infection. By contrast, 

infectious virus w as not de tec ted  in the livers of the group inoculated with 

the m utant viruses and only very low concentrations were detected in the 

sp leens after 3 days, m ost probably due to residue virus from the inoculum. 

The mice in this group show ed no sign of illness. In other experiments using 

higher and lower d o ses  of virus, similar and reproducible results were 

obtained (data not shown). Mutant viruses also were not detected in other 

organs in which low titers of wild-type virus w ere docum ented.

Finally, intradermal scarification of the m ouse tail with 107 pfu of wild- 

type resulted in the appearance  of necrotic lesions in the site of inoculation

w hereas none were observed w hen 10^ pfu of Z-19 w as scarified, suggested

again that the mutant failed to replicate ]n yjyo. Collectively, these  findings 

indicated a  block in replication for the m utant viruses. W hether the block is 

in replication in the organs per se , in dissemination, or because  the mutant is 

extremely sensitive to non-specific immunity in the peritoneal cavity has not 

been  determ ined. The latter possibility, however, is unlikely since in
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protection experim ents using intravenous inoculation the results were similar 

to those in Table 2 (data not shown).

Determination of VGF gene in wild-type virus and in the mutants

The correlation of deletion in the left end of the genom e and attenuated 

phenotypes clearly su g g ests  that gene(s) within this region play a  role in 

virulence.8,9 The dem onstration that a  mutation in the VGF gene resulted in 

decreased  virulence10 prom pted us to look for alteration of this gene  in the 

m utants. DNA from wild-type and from the m utant (Z-4) w as digested with 

Hindlll, Bgll, Sail and Kpnl, electrophoresed in 0.5%  agarose gel and blotted 

onto nitrocellulose filters. The transferred fragm ents were probed with pSC16, 

a  plasmid containing the whole VGF gene  10. As shown in Fig. 2(b), the 

probe hybridized only to the wild-type DNA (lanes 1, 3, 5, 7) indicating that 

the mutant lacks this gene . The complete ab sen ce  of the VGF gene in the 

mutant w as an unexpected finding. In the WR strain, the VGF gene is within 

the inverted terminal rep ea ts  (ITR) 13 and there are two copies of it, one in 

each of the terminal fragm ents. However, the parental strain IHD-W used in 

our laboratory has only one copy of the gene, since hybridization with the 

VGF gene is only seen  in fragm ents Hindlll C or Bgll C [Fig.2(b)]. A 

deletion comprising th ese  fragm ents results in total absence  of the VGF gene 

as  it is also shown in Fig.3(b) for the DNA of Z-19. Preliminary results using 

anti-epidermal growth factor (EGF) specific serum  and immunoprecipitation of 

virus-infected cells indicated that the m utants do not produce secreted  nor 

non-secreted VGF gene product (data not shown).

Discussion
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Results from the experim ents described here indicate a  correlation between

d ecreased  virulence, lack of the VGF gene  and failure to replicate jn vivo.

The VGF gene has been  shown to play a  role in virulence in vaccinia,

although the m echanism  involved has not been  estab lished .10 As postulated

by Brown et al. 14 and and  Spriggs 15, secre ted  VGF might prepare

surrounding un-infected cells for the replication of progeny viruses by

stimulating growth or activating the metabolism of th ese  cells. Higher

metabolic sta te  of host cells may facilitate productive virus infection. This
1 ninterpretation could explain the results of Buller et al. in which the yield

of VGF- m utants is lower in resting Swiss 3T3 cells. The rate of growth in

vitro of the Z m utants and of VGF- mutant of Buller et al., 10 is similar to

that of their respective wild-type,but it is significantly lower when com pared

in vivo. This could be explained by the fact that the cells jn vitro are

metabolically more active than cells in the organs. Indeed, VGF has recently

1 fi 17been shown to induce cell proliferation jn vitro D and jn vivo. Another

proposed mechanism is that m em brane-bound VGF serves as a  ligand for

attachm ent to EGF receptors in un-infected cells. This seem s unlikely, because

1 ftalthough occupancy of the EGF receptors by EGF °  or by monoclonal 

antibodies to EGF receptors 10 inhibit virus replication, vaccinia can infect

90NR-6 cells which lack detectab le EGF receptors . Moreover, if binding to 

the EGF receptors is indeed a  m ode of entry for the virus, it is probably not 

the only one.

The LD5q by i.p. inoculation of the wild-type (IHD-W strain) used  in our 

laboratory is at least 100-fold less than that reported for the WR strain.0 

This could be due to the difference in the host m ouse strain used. However, 

the finding that the VGF gene in the IHD-W strain is p resen t only at the left
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side of the genom e,suggests tha t the difference in LD5Q may be related to the 

am ount of gene  expressed . This assum ption is supported by the recent finding 

the the LD50 of another orthopox virus used  in our laboratory which 

p o sse sse s  two copies of the growth factor gene  is only 104 pfu (unpublished 

results).

O ther g en es  located in the Hindlll C and N fragm ents may also

contribute to the attenuated  phenotype. Two other secretory polypeptides are

encoded by g en es  p resen t a t the left terminus.21 O ne is related to the

superfamily of com plem ent control proteins and may be involved in helping to

91counteract host immune d efenses. Their role in virulence still remains to be

proven. Experiments are now in progress to insert the VGF gene into the

mutant and to test recovery of virulence and ability to grow jn vivo.

In conclusion, the deletion m utants described here provides a  good

system  to study virulence. First, the VGF- phenotype results from complete

ab sen ce  of the gene due to a  naturally generated  deletion and not to a

partial replacem ent of the g e n e ;10 second, the genotype is stable a s  opposed

to other deletion m utants in which the num ber of tandem  repeats have been
99shown to undergo changes; and, third, the size of the deletion (21 kb) 

which allows insertion of gene(s) w hose effect on the phenotype can be 

tested .

Materials and methods

Cells and viruses

L cells were propagated a s  monolayers in minimum essential medium (MEM) 

supplem ented with 5% fetal bovine serum (FBS). Virus infectivity was 

monitored in L cells according to published procedures.23 The IHD-W strain of
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vaccinia w as used  when indicated. The isolation of the deletion m utants Z19 

and Z-4 from persistently infected cells has been described.11 Wiid-type and 

mutant viruses w ere purified following published procedures.24 For uv- 

inactivation, suspension of the wild-type or the mutant of know titers were 

sp read  in 60 mm sterile p lates and exposed to uv-light (GE-iS) at a  30 cm 

distance with constant agitation at 4 C for 60 s. The titers of the irradiated 

viruses were found to be 3 to 4 logs lower than the original titers.

Southern hybridization

Viral DNA w as extracted from purified virions as  previously described 26 and 

digested with restriction enzym es according to the m anufacturer’s 

recom m endations. Restricted fragm ents were separated  by electrophoresis in

0.5% agarose gel. Southern blotting and hybridization w ere performed 

according to standard  procedures.26 . A plasmid that contained the entire VGF 

gene, pSC16, kindly provided by B. Moss from the NIAID, w as labeled with 

[thio-35S]dATP by nick-translation as  described by Rigby 27

Mouse inoculation

For intraperitoneal inoculation, virus stock of known titer w as thawed and 

sonicated for 60 s, then diluted with MEM. Aliquots of 0.2 ml containing 

appropiate pfu were inoculated into the peritoneal cavity using a  27-gauge 

needle and a  tuberculin syringe. Groups of four to five female NIH-Swiss mice 

of age  ranging from 6 to 8 w eeks old randomly chosen from different siblings 

were used. They were monitored for signs of illness or mortality for at least 

2 w eeks. For intracerebral inoculation, 0.05 ml of the appropiate virus dilution 

w as injected intracerebrally into 3-days old suckling mice using a  27 gauge
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needle. They were monitored for at least 2 weeks. Results of three separa te  

experim ents were pooled and LD^q w as calculated by the Reed-M eunch 

m ethod.28

Determination of infectivity in vivo

6-8-week-old NIH-Swiss fem ale mice were inoculated i.p. with 107 pfu of the 

wild-type or the m utants and sacrificed in groups of 3 at days 2, 3 and 6 

post-infection. The sp leens and livers were removed, weighed, and 100 mg of 

the sam ples were w ashed with cold saline solution, hom ogenized with a  

□ounce hom ogenizer under sterile conditions, sonicated, and assayed  for 

infectivity (by plaque assay).
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TABLE 1

COMPARISON OF LD5Q OF VACCINIA WILD-TYPE AND MUTANT (Z-19) IN 

SWISS-NIH MICE BY INTRAPERITONEAL AND INTRACEREBRAL 

INOCULATION

PFU INOCULUM AT LD5Q 

]P* ]C**

WILD-TYPE 1.2X106 <101

Z19 >109 2.6X102

Groups of four, six- to eight-weeks-old female NIH-Swiss mice, were 

inoculated intraperitoneally (i.p.), and groups of three, three-days-old suckling 

mice, were injected intracerebrally (i.e.), a s  described in the Materials and 

m ethods section. Results of three separa te  experiments were pooled and LD50 

w as calculated by the reed-M eunch method.
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TABLE 2

Determination of protective dose  of live or uv-inactivated viruses against 

challenge with wiid-type virus

A. LIVE VIRUSES 

PFU INOCULUM 

CONTROL 

WILD-TYPE

Z19

B. UV-INACTIVATED VIRUSES: 

SURVIVAL/TOTAL PFU INOCULUMSURVIVAL/TOTAL

0/3 CONTROL 0/3

101 3/3 101 0/3

102 3/3 102 0/3

103 3/3 103 1/3

104 ND 104 3/3

o on ND 105 3/3

106 ND 106 3/3

101 ND 101 ND

102 0/3 102 ND

103 0/3 103 0/3

104 0/3 104 0/3

105 3/3 105 3/3

106 ND 106 3/3

Groups of three adult NIH-Swiss female mice were inoculated i.p. with 
increasing am ount of pfu of live (A) or uv-inactivated viruses (B). After 3-4 
w eeks, they were challenged with 10 to 15 LDgg of wild-type a s  described in 
the Materials and m ethods section.

ND: NOT DONE
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Fig.1 Determination of viral replication jn vivo. Mice were inoculated i.p. with 

107 pfu wild-type or m utant (Z-19) viruses. Infectivity w as determ ined in the 

organs by plaque assay . The results represent average of titers of three mice 

a t the days indicated: (open squares), spleen; (closed squares), liver of wild- 

type inoculated mice; (open diamonds), spleen and (closed diamonds), liver of 

m utant inoculated mice.
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Fig.2. Southern hybridization of viral DNA with VGF. DNA from the wild-type 

(lanes 1, 3, 5, 7) or mutant (Z-4) (lanes 2, 4, 6, 8) w as digested with Hindlll 

(lanes 1, 2), Bgll (lanes 3, 4), Sail (lanes 5, 6) and Kpnl (lanes 7, 8) and 

separa ted  in 0.5%  agarose  gel. (b) Southern blot of A hybridized with labeled- 

pSC16. Note that this probe hybridized only to the left terminus of the wild- 

type (Hindlll C or Bgll C fragm ents). M=lambda DNA digested with Hindlll.
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Fig. 3. Southern hybridization of Hindlll restricted viral DNA. Conditions a s  

in Fig.2. (a) Ethidium bromide stain; lane 1, wild-type; lane 2, mutant (Z-19). 

(b) Hybridization with labeled-pSC16. (c) Hybridzation with labeled wild-type 

total DNA. M=lambda DNA digested with Hindlll.
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Abstract

A better understanding of the m echanism  of immunity to vaccinia infection is 

required before the utilization of vaccinia recom binant-based vaccines. We 

have isolated a  deletion mutant which d oes not replicate in vivo and is 

defective in eliciting protection against lethal challenge with the wild-type. 

For the wild-type, since it can initiate a  productive infection, immunization 

with 101 pfu is protective. However, 10^ pfu of the m utant is required for 

protection for 3 days and 4 w eeks immunization. When the duration of 

immunization w as 7 days, 10 pfu of the mutant w as protective. This 

protection w as not due to cytotoxic T cells (T-CTL), since the mutant did not 

stimulate T-CTL. By contrast, delayed-type hypersensitivity (DTH) w as elicited 

by both the wild-type and mutant viruses. The association of DTH with 

protective immunity despite the absence  of T-CTL response suggested  that 

protection against vaccinia may be m ediated by T-DTH at 7 days post­

infection.
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Introduction

Vaccinia, the prototype of orthopoxvirus, is the largest of animal virus ( for 

reveiw se e  (1)). Its genom e consists of double-stranded DNA of 187 kb, which 

can code for more than 200 g e n es  (2), of which more than 100 are structural 

proteins (3). The replication cycle occurs exclusively in the host cytoplasm 

(1). B ecause of the e a s e  of insertion of foreign gene(s) by homologous 

recombination (4,5), vaccinia recom binats have been  used as  expression vectors 

(for review s e e  6-8). T hese  vectors have been  shown to induce appropiate 

immune response, even in the p resence  of pre-existing immunity (9). In 

addition, the relatively low production cost and the experience in m ass 

vaccination gained during the smallpox eradication program coordinated by the 

World Health Organization (WHO) in the early 1970’s, m akes vaccinia 

recom binants good candidates for hum an vaccines. This is especially relevant 

in the Third World countries where communicable d iseases  are still g reat 

public health problem s (10).

Despite the fact that vaccinia has been  used  a s  a  human vaccine for a  

long time, its immunology is not well understood (11). Earlier work had shown 

that cellular immunity is important becau se  people with thymic deficiency or 

other cellular defects have poor response to vaccination (12). Ultra-violet (uv) 

inactivated virus is less effective than live virus to induce protective 

immunity (13), again suggesting that cellular immunity is important. However, 

passive transfer of hyperimmune serum  is protective, indicating that humoral 

immunity also plays a  role. The case  of generalized vaccinia in a  military 

recruit with hum an immunodificiency d isease  (14) raised concern of safety in 

using vaccinia recom binant-based vaccines, and provided an impetus for better 

understanding of immune response  during vaccinia infection.
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We have previously described the isolation of several deletion m utants of 

vaccinia virus with a ttenuated  phenotype (15). They are unable to replicate in 

vivo and  are less efficient in eliciting protective immunity (16). Using one of 

th ese  m utants, experim ents w ere performed to elucidate which type of cellular 

immunity is important for protection. Evidence are presen ted  in this 

communication that delayed-type hypersensitivity (T-DTH) response in the 

ab sen ce  of cytotoxic T cell (T-CTL) response is sufficient to protect against a  

lethal challenge with the wild-type.

Materials and Methods

1) Mice.

Swiss-NIH and DBA/2J fem ale mice, age  6 to 8 w eeks were inoculated as  

previously described and were m aintained in pathogen-free conditions (16).

2) Viruses

The IHD-W strain of vaccinia virus and one of the deletion mutants, Z-19 

previously described (15), w ere used. Viruses w ere propagated in L cells, 

purified, and infectivity determ ined by plaque a ssay  a s  in previous publications 

(15,16). Uv-inactivation w as carried out a s  described in (16).

3) Protection Experiments

G roups of 3, 6 to 8 w eeks old fem ale mice were inoculated

intraperitoneally (i.p.) with increasing am ount of either wild-type or mutant 

virus and later challenged with 10 to 15 LD^g of wild-type. Mortality w as 

monitored for at least 2 w eeks.

4) T-CTL assay

Immunized DBA/2J mice w ere sacrificed 7 days after inoculation. Spleen 

cells w ere prepared a s  described by Byrne et al (17) and resuspended  in RPMI 

1640 medium supplem ented with 10% bovine serum  (FBS) and
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penicillin/streptomycin. P815, the target cells for the a ssay  were prepared 

according to Braciale e t al (18) with som e modifications. Briefly, the cells 

w ere infected with 1 pfu per cell either the wild-type or the mutant for 18 h 

at 37 C, then w ashed  once with PBS, and counted with trypan blue to 

determ ined viability. The target cells were then labeled with 250 mCi ^ 1Cr for 

1 h a t 37 C, w ashed twice with Hank’s  salt solution, followed by addition to 

the effector (spleen) cells a t a  ratio of 100 or 50 effector to target cells and 

incubated in a  96 round-bottom plate for 4 h at 37 C. The radioactivity in 

the supernatan t w as m easured  and the percent specific cytotoxicity w as 

calculated by the formula : [(experimental release - spontaneously release)/( 

total re lease  - spontaneously  release)] x100%.

5) T-Helper a ssay

1x105 , 5x105 and 106 spleen cells from immunized mice were dispersed in 

96 flat-bottom plate, 5 pfu per cell of uv-inactivated viruse were added and 

incubated for 5 days at 37 C. Cell proliferation w as m easured by adding 0.1 

uCi of [3H]thymidine and  further incubated for 18 h a t 37 C, cells were then 

harvested using a  cell harvestor and radioactivity determ ined with Beckman 

LS scintillation counter.

6) T-DTH assay

Groups of 4, of age 6 to 8 w eeks female NIH-Swiss mice w ere inoculated

i.p. with 102 and 106 pfu wild-type or m utant virus, after 7 days, uv- 

inactivated wild-type w as injected into the left footpads while the right 

footpads were injected with the equivalent volume of Minimum Essential 

Medium (MEM). Footpad thickness w as m easured after 24 and 48 h with a  

circular calliper. The results were expressed  a s  % incresed thickness of the left 

footpad over the right. The mice were lightly anaesthetized  with ether during
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all manipulations.

Results

11 Protection in vivo

Table 1 show s the results of protection experim ents with different 

durations (3, 7, 10 and 28 days) and dose  of immunization. With the wild-type,
1 91 0 ' to 10^ pfu w ere already sufficient to elicit full protection, regardless of 

the duration of immunization. However, when mice w ere challenged with a  

lethal dose of wild-type virus after immunization with the m utant for 4 

w eeks, 10® pfu w as required to be protective. W hen immunization w as only 7 

and 10 days long, 102 pfu w as sufficient to protect. Larger dose  w as required 

(105 pfu) when the time of immunization w as shortened to 3 days. Thus, the 

m utant is less efficient to elicit immunity in long term (4 weeks) or in short 

term (3 days) immunization. But after 7 to 10 days of infection, coincident 

with the activation of cellular m ediated immunity (CMI) (19), less amount of 

the mutant is required.

2) T-CTL and T-helper a ssay s  in vitro

To investigate if the mutant elicits CMI, T-CTL and T-helper assay s  were 

performed. Fig. 1 show s that the wild-type at 10® and 10® pfu elicited 

significant cytotoxicity. By contrast, the mutant did not induce T-CTL

response, even though the immunization d o ses  were protective a s  shown in

Table 1. Similar results w ere obtained when the target cells were infected 

with the m utant (data not shown), therefore, both the wild-type and the

m utant infected target cells w ere recognized by the T-CTLs in the wild-type

immunized mice, but no T-CTL w as induced by the mutant. The T-CTLs were 

specific for vaccinia virus infected target cells, since influenza virus A/PR/8 

infected target cells were not lysed (data not shown).
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To se e  if the lack of T-CTL induction w as due to a  defect in T-helper 

cells induction, T-helper a ssa y s  were performed. As shown in Fig.2, both the 

wild-type and the m utant elicit T-helper cells after 5 w eeks of immunization. 

T-helper a ssay s  w ere also performed after 3 and 7 days of immunization. 

Although the controls wells show ed high incorporation, probably due to the 

general proliferative s ta te  of the the spleen cells and not due to specific 

response to the antigens, there were no significant differences betw een the 

wild-type and the m utant immunized group (data not shown).

3) Footpad swelling a ssay

To delineate what cell type of the CMI w as induced by the mutant after 7 

and 10 days of infection, DTH assay s, by m easuring specific footpad swelling, 

were performed. As shown in Table 2, in all immunized mice, the m ean 

thickness of the left footpads at 24 and 48 h after injection with uv- 

inactivated virus were significantly larger than the right footpads, where 

medium w as injected. The swelling w as specific since no increase in thickness 

w as observed in the control mice. The swelling subsided quickily and w as not 

detectable by 96 h. Therefore, all immunized groups elicited T-DTH.

Discussion

The results presen ted  here indicated that primary immunization with the 

m utant for 7 days, even though no T-CTL w as detected, rendered the mice 

resistant to lethal challenge with the wild-type. This protection is unlikely to 

be humoral since antibodies will not appear until late in the infection. Rather, 

detection of T-DTH response su ggests  a  role for these  cells in protection.

The requirement of 105 pfu of the mutant to protect after 4 w eeks of 

immunization suggested  that there is a  ’threshold’ dose. For the wild-type, 

since it can initiate productive infection, even at 10^ pfu.it would eventually
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reach that threshold. The protection induced by 102 pfu of the m utant after 7 

and 10 days of infection w as unexpected. It w as not due to T-CTL, and this 

ag rees  with the general notion that non-replicating virus, for exam ple, uv- 

inactivated or subunit vaccines, do not induce T-CTL. Although normal T- 

helper response  w as observed, this a ssay  cannot differentiate T-helper from 

T-DTH resp o n ses  (20). Finally, an in vivo footpad swelling test indeed 

indicated that the mutant, even a t 102 pfu, induce significant T-DTH. This 

association of T-DTH with protection suggested  that after 7 and 10 days of 

infection, even  though T-CTL response  w as observed in the wild-type 

immunized mice, it is probably not responsible for the protection in vivo.

Lysis of viral infected target cells by T-CTL is major histocompatibility 

(MHC) restricted (21). With ectromelia virus infected mice, G ardner et al 

(22,23) detected  specific cytotoxic cells a s  early a s  2 days post-infection, 

reaching a  peak  at day 6. Similar kinetics of cytotoxicity in vaccinia virus 

infected mice w as observed by Novembre et al (personal communication, 24). 

The induction of T-CTL by the wild-type vaccinia virus (described here) after 

7 days of immunization ag rees  with the previous observations. The inability to 

elicit T-CTL by the m utant is not due to the lack of co-expression of viral 

antigen with H-2 histocompatibility antigen, since mutant virus infected target 

cells w ere lysed by wild-type immunized spleen cells (data not shown). The 

m utant does not replicate in vivo (16), however, w hether there are som e early 

gene  expression has not been  determ ined. It will be interesting to see  

w hether complete virus replication, or just at som e stage  during the 

replication cycle is required to induce T-CTL in the host.

Blanden (19) show ed that delayed-type hypersensitivity could be 

transferred with spleen cells of ectromelia virus infected mice a s  early a s  day
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6. Hutt (26) de tec ted  T-DTH activity in mice immunized with vaccinia for 

more than 60 days. The requirem ent for 105 pfu of the mutant to protect 

against the wild-type after 4 w eeks (Table 1) suggested  that even though T- 

DTH can be detected , th e se  cells may not be  protective. The loss of 

protection may be due to the activity of suppressor T (Ts) cells which 

ap p ears  concurrently with humoral response (25).

Unlike the vaccinia m utants described by Esteban e t al (27,28,29) which 

have alterations of their structural polypeptides, the deletion m utant used in 

this study d oes not differ from the wild-type (15), rendering it to be less 

suitable for identification of neutralizing epitopes. However, the recent 

findings that vaccinia virus sec re te s  a  polypeptide highly hom ologous to the 

hum an com plem ent C4b binding protein (30) and encodes two polypeptides 

homologous to p lasm a serine p ro tease  inhibitors superfamily (31) suggest that 

non-structural proteins may play a  role in evading host immune responses, and 

that the failure of the m utant to produce such inhibitors may render it 

susceptible to m echanism s such  a s  com plem ent m ediated cytotoxicity. The 

mutant, Z-19, which h as  a  deletion spaning the open reading fram es (ORF) of 

th ese  secretory polypeptides, provides a  suitable system  to study the role of 

th ese  proteins in the immune response.

Further experim ents are required to define the specificity and mechanism 

of the protective immune response  elicited by the mutant 7 and 10 days after 

immunization. If the immune response is specific, adoptive transfer 

experim ents in which different populations of lymphocytes are separa ted  and 

transferred to naive anim als would help to define which subpopulation of T 

cells are responsible for protection in vivo. T hese experim ents are in 

progress.
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Table 1

Determination of protective d ose  of vaccinia wild-type and Z-19 mutant in 

primary immunization by i.p. inoculation

Duration of Immunization

3 days 7 days 10 days 4 w eeks

Survival/Total

Control 0/3 0/3 0/3 0/3

Wild-type 101 2/3 2/3 3/3 2/3

102 3/3 3/3 3/3 3/3

COo

3/3 3/3 3/3 3/3

104 ND ND ND ND

105 ND ND ND ND

106 ND ND ND ND

Z-19 101 ND ND ND ND

102 0/3 3/3 3/3 0/3

103 0/3 3/3 3/3 0/3

104 0/3 3/3 3/3 0/3

105 3/3 3/3 3/3 3/3

106 ND 3/3 3/3 ND

ND: not done
Groups of 3 Swiss-NIH fem ale mice, age  6 to 8 weeks, were inoculated with 
the wild-type or with Z-19 a s  described in Materials and Methods. At times 
indicated post-infection, they were challenged with 10 to 15 LD5Q of wild- 
type and mortality monitored for 2 weeks.
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Fig.1. T-CTL a ssa y  of primary immunized DBA/2J female mice. Six to 8 w eeks 

old female DBA/2J mice w ere inoculated i.p. with 103 or 106 of the wild-type 

or Z19. At 7 days post-infection, groups of 3 mice were sacrificed and spleen 

cells were prepared and mixed with P815 target cells. They were incubated for 

4 h a t 37 C, and %cytotoxicity w as calculated a s  described in Materials and 

Methods.
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Fig.2. T-helper a ssay  of primary immunization. Six to 8 w eeks old NIH-Swiss 

fem ale mice were inoculated i.p. with 10® PFU of the wild-type or Z19. After 

5 w eeks, the mice w ere sacrificed and spleen cells were prepared. 104 to 105 

cells w ere cultivated in 96 wells microtiter plate. The cells were stimulated by 

uv-inactivated viruses at m.o.i. of 5 for 5 days and stimulation w as monitored
q

by [°H]thymidine uptake. Z19/wt: immunization with Z19 and stimulated by 

uv-inactivated wild-type; Z19/Z19: immunized with Z19 and stimulated by Z19; 

wt/wt: immunized with wild-type and stimulated by wild-type; wt/Z19:

immunized with wild-type and stimulated by Z19.
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Table 2

Footpad swelling a ssay  in primary immunization with vaccinia wild-type and 

Z-19 mutant

% increase in thickness +/- s.d.

24 h 48 h

control 3.1+/-2.7 0.0+/-5.0

wild-type 102 pfu 34.5+/-50.8 7.5+/-6.1

106 pfu 28.1+/-12.0 12.2+/-10.2

Z-19 102 pfu 27.2+/-19.1 12.8+/-5.7

106 pfu 17.9+/-9.8 14.1+/-4.1

Groups of 4, of age 6-8 w eeks old NIH-Swiss female mice were injected with 
the viruses i.p.. 7 days later, 0.05 ml of uv-inactivated wild-type virus w as 
injected into the left footpads and equivalent volume of medium injected into 
the right footpads. Footpad thickness w as m easured 24 and 48 h later, and 
increased thickness of the left footpad w as expressed  as  the % thickness of 
the right footpad. s.d .=standard  deviation.
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Unpublished results
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I. In troduction

This chapter will describe experimental da ta  that were not included in the 

previous chapters. They w ere ad d ressed  to answ er the following questions: A) 

To com pare the in vivo growth characteristics of the wild-type and the 

mutant viruses; B) to find out w hether the m utants interfere replication of 

the wild-type; C) to determ ine w hether the m utants produce any growth 

factors; D) to characterize another orthopox virus, Indiana, regarding the 

p resence  of VGF gene and virulence; and finally, E) to re-insert the VGF 

gene into the mutants, so  that a  better understanding of the m echanism  of 

virulence can be attained.

II. R esu lts  a n d  D iscu ssio n

A. Comparison of in vivo growth

i.Animal inoculation

It w as previously shown (chapter 3) that the deletion m utants did not 

replicate in the livers and sp leens of inoculated mice. It w as therefore of 

interest to investigate their growth in other tissues and in younger mice. It 

has been  shown that vaccinia virus induced pox in young suckling mice after 

intradermal (i.d.) inoculation. To find out w hether the m utants also induce pox 

in suckling mice, groups of 3, 3 to 4 days old suckling mice were inoculated

i.d. with 10^ and 10® pfu of the wiid-type or the mutant Z-19. Two out of 3 

mice injected with 10 pfu of the wild-type died; one at 8 days p.i. and the 

other at 9 days p.i.. All mice died in the group injected with 10° pfu of the 

wild-type (at 5 and 6 days p.i.), and typical pox appeared  in th ese  mice as  

shown in Fig.1. All the mice injected with the m utant (at both inocula) 

rem ained healthy.
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Scarification of adult m ouse tails with 106 pfu of the wild-type resulted 

in characteristic necrotic lesions, a s  shown in Fig.2A, and in som e mice, the 

part of the tail w as so  necrotic that the tip of the tail fell off a s  shown in 

Fig. 2B. None of th ese  effects were observed in mice inoculated with mutant 

viruses.

ii. Sensitivity to interferon

Vaccinia virus h as  been  shown to be resistant to interferon (Youngner et 

al 1972, Esteban 1986). However, the possibility that the m utant w as 

susceptible to interferon, thus affecting its replication in vivo w as considered. 

To test this hypothesis, in vitro interferon sensitivity a ssay s  were performed. 

As shown in Fig. 3A and 3B, the mutant replicate to the sam e extent in the 

ab sen ce  or p resence of interferon. Similar results were obtained even at 

interferon concentrations a s  high a s  2000 units. Therefore, even though it has 

such a  large deletion, it rem ains resistant to interferon. T hese results suggest 

that the gene(s) responsible for interferon resistance in vaccinia virus d oes 

not reside in this region of the genom e. This also rule out the possibility that 

the m utants do not replicate in vivo b ecau se  of sensitivity to interferon.

Taken together, the results described in section A indicate that the 

inability of the m utants to replicate in vivo is not due to particular 

susceptibility to host immunity, but rather to a  block in replication per se . 

W hat stage  of the viral replication cycle is blocked, remains to be determ ined.

B. Interference a ssay s

Defective interfering (Dl) m utants are common in many viruses, mainly 

negative stranded RNA viruses. To test if the deletion m utants were able to 

interfere with replication of the wild-type, L cells were coinfected with both
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the wild-type and the mutant. Fig.4, show s that the replication curve is the 

sam e a s  either of the viruses. Although no effort w as m ade to identify the 

progeny viruses, it w as assum m ed that both the wild-type and the mutant 

were present. Similar results w ere obtained a t different m.o.i. with either the 

wild-type or the m utant viruses.

To investigate if interference takes place in vivo, coinoculation 

experim ents w ere perform ed. Coinjection of 10® pfu of the m utant Z-19 with 

10® pfu of the wild-type ap p ears  to interfere the virulence of the wild-type, 

since the LD^q of the wild-type is 10® pfu , half of the mice w ere expected 

to be killed. However, all 4 mice survived, a s  indicated in Table 1. The 

interference seem ed  to take place in the spleen, since no protection occurred 

in the splenectom ized mice, although th ese  mice were not more susceptible to 

the wild-type.

Interpretation of the results on inteference in vivo should be m ade with 

caution since the num ber of mice used  in these  experim ents w as small. 

However, together with the results of in vitro interference, they suggested  

that the mutant probably w as not interfering replication of the wild-type per 

se , but rather inducing stronger immune response in the host. In chapters 2 

and 3, it has been shown that the m utants do not replicate in vivo, however, 

protective immunity w as elicited after 7 to 10 days of primary immunization. 

After inoculation with 10® pfu of the wild-type, the majority of inoculated 

mice died after 7 to 10 days later. The protection observed by coinoculation 

may be due to immunity elicited by the mutant. This may be similar to what 

occurs with other viruses, for exam ple, Dimmock et al (1986) had shown that 

protection by Dl m utants of influenza virus w as not due to interference of 

the replication of the wild-type, but rather to modulation of the immune
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response.

C. Detection of VGF gene  expression by immunoprecipitation

Experiments w ere also carried out to find out if the mutant produce 

secre ted  or non-secreted VGF g en e  product.

When the non-structural polypeptides isolated from the cytoplasm of 

wild-type or m utant {Z-19) infected L cells shortly after infection were 

com pared by electrophoresis in SDS-polyacrylamide gels, specific viral peptides 

appeared  and increased to about the sam e level a s  shown in Fig.5. Since VGF 

is an early gene and h as  been  shown to be translated and secreted  early 

(Stroobant et al 1985) , immunoprecipitation of the sam e cytoplasmic extract 

using rabbit anti-epidermal growth factor (EGF) polyclonal antiserum w as 

performed. As shown in Fig.6B (lane 3), a  specific band of MW 25 kDa, 

which corresponds to the m em brane-associated  VGF (Chang et al 1988) w as 

precipitated in the wild-type infected cells extract at 5 h p.i., w hereas none 

w as observed in the mutant infected cells. It is concluded that the mutant 

does not produce any VGF gene product, confirming experiments in which the 

cloned VGF gene did not hybridized to the mutant DNA.

D. Characterization of Indiana

Studies were extended to another orthopoxvirus used  in our laboratory, 

designated Indiana, which w as originally isolated from a  tumor in a  rabbit 

(Chan and Hodes 1973). It h as  been found to be highly cytolytic in vitro, 

however, it does not produce cytopathic effects (CPE) nor prominent plaques 

in L cells. Hybridization of Indiana DNA with labeled VGF gene (pSC16) 

revealed that it has two copies of the VGF gene, a s  the WR strain of
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vaccinia, since the probe hybridized to both Hindlll B and C fragments 

(Fig.7). In addition, the hybridization signal w as much stronger than the wild- 

type of IHD-W strain although similar quantities of DNA were employed.

T hese results suggest that Indiana is more related to the WR strain of

vaccinia than to the IHD-W strain.

To investigate how the p resence of VGF g ene  affects the biological

activity of the virus, the LD^q in NIH-Swiss female mice w as determined. As 

shown in Table 2, Indiana w as found to be highly virulent. In fact, its LD5Q 

is significantly lower than tha t of the IHD-W wild-type for both i.p. or 

intranasal (i.n.) inoculation.

The finding that Indiana contains two copies of the VGF gene was

interesting. Although Indiana w as found to be tumorigenic in rabbits, it is 

highly cytolytic for several cell lines in culture, but do not produce CPE nor 

distinct plaques in L cells (Pogo et al 1982). However, careful examination of 

plaque a ssay s  carried out in L cells indicated that very tiny plaques were 

produced. O ne interpretation of this finding, a s  proposed by Buller et ai 

(1988), is that the VGF activates surrounding uninfected cells, thus the 

’p laques’ becom e sm aller b ecau se  uninfected cells divide and occupied the 

a rea  previously occupied by the lysed infected cells. The observed induction 

of subcutaneous tumors in rabbits after inoculation with Indiana could also be 

explained by the expression of the VGF gene.

E. R escue experim ents

The ab sen ce  of VGF, inability to replicate in vivo and attenuated 

phenotype of the m utants a s  shown in chapter 3 w as only a  correlation. To 

have a  better understanding of the mechanism of virulence and to find out if
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other gene(s) play a  role, rescue experim ents in which DNA fragm ents from 

the wild-type were transfected into L cells infected with the m utants were 

performed. Attempts w ere also m ade to clone the mutant terminal fragm ent so 

that it can be used  a s  a  specific insertion vector for cloned VGF gene or 

other genes.

i.Marker rescue with wild-type Hindlll C fragment

Since VGF resides in Hindlll C fragm ent of the wild-type, this fragment 

w as electroeluted from agarose  gel and after phenol extraction, w as used  in 

rescue experiments. After selection of recom binants in mice (described in 

Materials and Methods), two recom binants, designated Z19HC2M1 and Z19N6M1 

were obtained.

Fig.8 show s the results of southern blot hybridization of DNA extracted 

from the recom binants with the labeled VGF gene. The probe hybridized only 

to Z19HC2M1 DNA (Fig 8B, lanes 1 and 2). The restriction pattern of this 

DNA suggests a  mixed population, although retaining the restriction pattern of 

Z19, the hybridization pattern resem bles that of the wild-type Fig. 1, chapter
Q

3). Nevertheless, inoculation of 10° pfu of this recombinant into mice resulted 

in death , suggesting that virulence w as partially recovered.

ii. Cloning of terminal K' fragment

It has been  shown that in the Hindlll C fragment other viral g en es  are 

present, therefore, the results of rescue experim ents should be interpreted 

with caution. To provide specific insertion of test gene and facilitate site 

specific homologous recombination, cloning of the K’ fragment of Z-19 mutant 

w as attem pted.

The protocol in initial attem pts to clone the Hindlll K' fragment of Z19 

w as essentially that of Pickup e t al (1983). Briefly, the K’ fragment w as
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electroeluted from agarose  gel after electrophoresis, it w as then treated  with 

S1 nuclease, flushed blunt-end with T4 polym erase and ligated to pUC19 

linearized with Sm al. However, no clones with inserted fragm ents w as 

recovered.

Later experim ents employing the protocol of Campbell et al (1989) with 

slight modification, a s  described in Materials and Methods, resulted in 

isolation of several clones. DNA extracted from four of such clones were 

transferred to nitrocellulose filter and probed with labeled wild-type DNA. As 

shown in Fig.9, lanes 1 to 8 contain DNAs from the four clones, digested 

with EcoRI or Bglll. Lanes 9 to 12 contain DNAs from pSC16 and pAG5 used 

a s  positive controls. Only the positive control DNAs (pSC16 and pAG5 ) were 

hybridized to wild-type DNA. The absence  of hybridization of labeled wild- 

type DNA to the 4 clones suggested  no viral DNA were p resen t in these  

plasm ids.

Results of rescue experim ents using Hindlll C fragment prove to be 

promising. However, a s  d iscussed  earlier, the p resence  of other g en es  

com plicates the interpretation. Cloning of the K’ fragment which would 

facilitate insertion of the VGF gene into the mutant has been  so far 

unsuccessful. O ne of the reasons why cloning w as unsuccessful could be due 

to peculiar properties of this terminal fragment. For example, the structure of 

the terminal hairpin loop may be different from the wild-type, and may 

require different conditions for enzymatic treatm ents. It is worth mentioning 

that th ese  deletion m utants differ from other deletion m utants because: 1) 

they are the largest spontaneously  generated  deletion m utants described to 

date; 2) the size of the deletion remains stable after serial p a ssag es ; 3) there 

are additional alterations in the right terminal fragment. Cloning of the K’
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fragm ent will help to have a  better understanding of genom ic structure of 

this mutant, a s  well a s  allowing re-insertion of g enes.

In conclusion, results with Indiana and from rescue experim ents strongly 

suggested  that VGF is important for virulence in vivo. Further experim ents 

are necessary  to delineate the m echanism  of this g ene  and virulence.

III. M aterials an d  M ethods

A.Materials

Procedures used to grow L cells, vaccinia virus wild-type and two 

deletion m utants w ere described in chapter 2. Mouse interferon alpha and be ta  

( 4.2X105 International Units /mg protein) were purchased from Sigm a and 

rabbit anti-EGF polyclonal antiserum  were from Collaborative R esearch . S1 

and Micrococcus N uclease w ere purchased from Boehringer Mannheim. 

M ungbean nuclease w as purchased  from BioLabs, New England. Protein A- 

S epharose  b ead s  were obtained from Pharm acia. pUC19, DH5-alpha cells, T4 

polym erase and T4 ligase w ere obtained from BRL. Swiss-NIH mice were bred 

in our laboratory and m aintained in pathogen free condition. Two plasm ids, 

pSC16 and pAG5, containing the entire VGF gene  and the 3.5 kb termini 

fragment of the wild-type (WR strain), respectively were gifts from Dr. B. 

Moss of NIAID.

B. Methods

i. Preparation of labeled cytoplasmic extract

Monolayers of infected L cells w ere incubated with 5 uCi/ml of 

[^S ]m eth ion ine for 60 min. at 37 C. At the times indicated, cells w ere 

scrapped with a  rubber policemen,centrifuged, w ashed once with phosphate
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buffer, resuspended  in 0.5 ml lysis buffer (1% Triton in 10 Tris-HCI, pH 8.0, 

100 mM NaCI and 1 mM EDTA with 1 uM PMSF ) kept in ice for 20 min., 

and then hom ogenized with a  Dounce homogenizer. The nuclear fraction w as 

separa ted  by centrifugation.

ii. Immunoprecipitation

Aliquots containing 100 ul of cytoplasmic extracts, prepared a s  described 

above, w ere incubated with 10 ul pre-immune serum  for 18 h at 0 C. Then 50 

ul of a  protein A -Sepharose b ead  suspension in 10% Tris-HCI pH 7.8 w as 

added, the mixture further incubated for 1 h at 4 C and then micro­

centrifuged for 15 min. and 10 ul of the antiserum  w as added to the 

supernatan t and incubated for 2 h at 4 C. Immune com plexes were then 

precipitated by adding 50 ul of protein A -Sepharose suspension, centrifuged, 

and the precipitates w ashed  3 times with a  solution containing 50 mM Tris- 

HCI, pH 7.5, 1 mM EDTA, 100 mM NaCI, 1% Triton, 0.5% Na deoxycholate and 

0.1% SDS. Finally, the precipitates were resuspended  in 50 mM Tris-HCI, pH7.5 

with 1% SDS and 0.5% beta-m ercaptoethanol, boiled for 5 min. at 100 C before 

loading in 12% polyacrylamide gel. Electrophoresis w as carried out at 100 V 

for 3 h.

iii. Marker rescue

Approximately 10 ug of the wild-type Hindlll C fragm ent w as 

electroeluted from agaro se  gels and phenol extracted. Marker rescue 

experim ents were carried out a s  described by Panicali et al (1982) Although 

there are no selectable m arkers for th ese  recom binants, previous results 

indicated that only the wild-type virus which contains the VGF gene can 

replicate in the livers of inoculated mice. Therefore, to select for 

recom binants that acquired the VGF gene and express the wild-type
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phenotype, recom binants w ere selected  in vivo as  illustrated in Fig.10. 

Recom binants w ere then screened  by a  rapid screening protocol described 

below.

iv.Rapid screening of recom binants

Confluent m onolayers of L cell plates were infected with the 

recombinant at m.o.i. of 5. After overnight incubation at 37 C, the cells were 

scrapped, centrifuged, w ashed  once with PBS, resuspended in 450 ul hypotonic 

buffer (10 mM Tris-HCI. pH 7.8 and 12 mM KCI) for 20 min a t 0 C, 

hom ogenized with a  Dounce homogenizer, and transferred to a  1.5 ml 

Eppendorf tube. 50 ul of 10X reaction buffer (50 mM Tris-HCI,pH 7.9, 10 mM 

NaCI, 1 mM EDTA, 0.5 mM DTT, 0.1% NP-40 and 50% glycerol), 0.5 ul of 2.0 

M CaCI2 and 10 ul of Micrococus Nuclease (15 units per ul) were added. The 

reaction w as carried out for 1 h at 25 C and stopped by adding 2 ul of 0.5 M 

EGTA.

Viral DNA w as extracted by adding 50 ul of 5% Sarkosyl and 10 ul of 

proteinase K ( 1 mg/ml) and incubated for 1 h at 25 C, followed by treatm ent 

with phenol and ethanol precipitation. About 2 to 5 ug of viral DNA from a 

50 mm infected L cells plate w ere recovered.

This procedure utilize the digestion of cellular DNA in situ. B ecause 

viral DNA is protected by the virion polypeptides, it can be extracted after 

the enzymatic treatm ent with the Micrococus Nuclease.

v. Cloning of Hindlll K' fragm ent

The cloning strategy of Campbell et al (1989) to clone the terminal 

fragm ents w as followed with few modifications. About 10 ug DNA from the 

m utant Z19 w as first treated  with S1 nuclease, or in som e cases, with 

m ungbean nuclease. Incubation w as for 30 min. at 50 C a s  recom m ended by
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the manufacturer, followed by phenol extraction and finally digestion with

Hindlll for 2 h at 37 C. 1 ug of the vector, pUC19, w as digested with Hindlll 

and Hindi for 2 h a t 37 C. After restriction, both the mutant and vector 

DNAs w ere phenol extracted. They were then recombined in a  20 ul ligation 

reaction mixture containing 2 units of T4 ligase and incubated for 16 h at 15

C.

vi. Minipreparation for plasmid screening

A slight modification of the alkaline lysis method of plasmid DNA

extraction described by Birnboin and Dolly (1977) w as performed. Briefly, 1.5 

ml of a  bacterial culture grown overnight w as microcentrifuged for 20 s, then 

resuspended  in 100 ul alkaline lysis solution I ( 50 mM glucose, 25 mM Tris- 

HCI,pH 8.0 and 10 mM EDTA). 200 ul of alkaline solution II ( m ade from 20 

ul 10 N NaOH and 50 ul 20%  SD S in 1.0 ml H20  ) w as added  and the mixture 

incubated for 5 min. at 0 C. Then 150 ul of 5 M potassium  aceta te, pH 6.0 

w as added, mixed by inversion and incubated for 5 min. at 0 C. The mixture

w as then microcentrifuged for 3 min., 250 ul phenol w as added to the

supernatan t and mixed, followed by addition of 200 ul of chloroform. The 

aq u eo u s phase  w as saved  after centrifugation for 1 min., and the DNA 

precipitated with 0.9 ml absolute ethanol. About 5 to 10 ug DNA were 

recovered from 1.5 ml of bacterial culture.
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Fig.1. Induction of pox in young suckling mice by vaccinia virus. The m ouse 

w as inoculated at the right footpad with 10® pfu wild-type, it died 5 days 

post-infection. Arrow indicates the site of pox.
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Fig.2. Necrotic lesion formation after scarification of m ouse tails. A) post­

infection 4 days: 1, control; 2, inoculated with 10® pfu of Z19; 3, inoculated 

with 10® pfu wild-type. Arrow indicates the lesion in the wild-type inoculated 

tail. B) post-infection 28 days: tail scarified with 10® pfu wild-type.
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Fig.3. Effect of Interferon alpha and b e ta  on replication of vaccinia virus in 

vitro. L cells were infected with either the wild-type of with Z19 at m.o.i. 

of 5. A) Interferon added  a t 0 h post-infection; B) Interferon added to L cells 

24 h before infection.
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Fig.4. Effect of co-infection of vaccinia viruses in L cells. Cells w ere infected 

with either wild-type at m.o.i. of 5, or co-infected with Z19, also at m.o.i. of 

5.
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Table 1

Effect of co-inoculation intraperitoneally of vaccinia virus in vivo. 

PFU inoculum Survival/total

wild-type 105 4/4

106 2/4

107 1/4

Z19 106 4/4

wild-type 10^ + Z19 10® 4/4

wild-type 10® + Z19 10® 4/4

wild-type 107 + Z19 106 0/4

wild-type 107 + Z19 107 0/4

Splenectom ized mice: 

wild-type 10® + Z19 10® 2/4
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Fig.5. SDS-PAGE of cytoplasmic extract of vaccinia virus infected L cells. L 

cells were infected with the wild-type or Z19 a t m.o.i. of 5, and cytoplasmic 

extraction were performed a s  described in Materials and Methods. Lanes 1 to 

3, control; lane 4 to 6, wild-type and lanes 7 to 9, Z-19 infected cells. Lanes 

1, 4 and 7, a t 2 h p.i.; lanes 2, 5 and 8, a t 4  h p.i.; lanes 3, 7 and 9, at 8 h 

p.i.. Arrows indicate viral specific polypeptides.
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Fig.6. Immunoprecipitation of cytoplasmic extract from infected L cells with 

anti-EGF polyclonal antiserum . A) Without immunoprecipitation. Lane 1, 

control; lane 2 and 3, wild-type infected cells; lane 4 and 5, Z19 infected 

cells. Lanes 2 and 4, post-infection 2 h; lanes 1, 3 and 5, p.i. 5.5 h. B) 

Immunoprecipitation of A.
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Fig.7. Southern hybridization of Indiana DNA with VGF. A) Ethidium bromide 

stain. M: lam bda digested with Hindlll. lane 1 to 3, viral DNA digested  with 

Hindlll; lane 4 to 6, d igested with Pstl. IHD-W wild-type: lane 1 and 4; 

Indiana: Z19: lane 2 and 5; Indiana: lane 3 and 6. B) Hybridization of A with 

pSC16.
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Table 2

Comparison of LD50 of vaccinia wild-type (IHD-W), mutant z19 and Indiana in 

NIH-Swiss female mice

virus PFU inoculum at LD^q

L&. i.n. i.e.

WT 1.2x106 3.2x104 <101

z19 >109 >106 5.6x10:

Indiana 1.8x104 1.6x103 <101
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Fig.8. Southern hybridization of recom binants from rescue experiments with 

VGF. A) Ethidium bromide stain. M: 1 kb DNA ladder; lanes 1 and 2, 

Z19HC2M1; lanes 3 and 4, Z19N6. Lanes 1 and 3, viral DNA digested with 

Sail; lanes 2 and 4, viral DNA digested with Kpnl. B) Southern blot 

hybridization of A with labeled pSC16.
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Fig.9. Southern hybridization of plasm ids from cloning of Z19 K’ fragment. A) 

Ethidium bromide stain. M: 1 kb DNA ladder. Lanes 1 and 2, clone #1; lanes 3 

and 4, clone #2; lanes 5 and 6, clone #4; lanes 7 and 8, clone #5; lanes 9 and 

10, pSC16; lanes 11 and 12, pAG5. Plasmid DNAs were digested with EcoRI 

(lanes 1, 3, 5, 7, 9, 11) or with Bglll (lanes 2, 4, 6, 8, 10, 12) and separa ted  

by electrophoresis in a  0.6%  agarose  gel. B) Southern blot hybridization of A 

with labeled wild-type DNA.
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Fig.10. G eneral schem e of isolation of recom binants in rescue experim ents.
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Discussion
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The results of the studies on the deletion m utants described here provide an 

insight into :A) the evolution of deletion m utants of vaccinia virus and the 

effect of the deletion in virulence; B) the role of the VGF gene in viral 

replication in vivo; C) the immunological response during infection and D) the 

effect of rescue of the deletion m utants with the restriction fragment 

containing the VGF gene.

As shown in chapter 2, a  deletion of 12% of the genom e at the left side 

had no major effect on the in vitro properties of the m utant viruses. 

However, it affected their in vivo properties significantly, a s  indicated by 

lack of replication and pathogenicity in mice. A comparison of published 

deletion m utants generated  spontaneously  is sum m arized in Fig. 1. The 

correlation betw een deletion and virulence suggested  that gene(s) located in 

the genom e w here the deletion occurred are involved in virulence. Indeed, one 

of the gen es , the VGF gene, has recently been  shown to play a  role in 

virulence (chapter 3, Buller et al 1988). Other genes, which are located at the 

left terminus, such a s  a  com plem ent C4b binding protein (Kotwal and Moss 

1988a) and two plasm a serine p ro tease inhibitors (Kotwal and Moss 1989) may 

also play a  role in virulence.

Deletion m utants are not uncommon in poxviruses. Fenner noticed that 

after inoculation of cowpox or rabbitpox viruses into chorioallantoic m em brane 

(CAM) of eggs, white pock variants occurred frequently and might represent 

up to 1% of the cowpox virus progeny (Fenner 1958). T hese white pock 

variants had been exam ined recently and found to have deletions and 

duplications in their genom e (Moyer et al 1980, Pickup et al 1984). The 9 kb 

deletion mutant described by Moss et al (1981), which w as originally thought 

to be a  simple deletion, has recently been  found to have a  duplication as  well
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(Kotwal and Moss 1988b).

The m echanism  by which deletions are generated  is not understood at 

the moment. Several models have been  proposed. Moyer e t al (1980)

suggested  that deletions resulted from a  single nonhom ologous recombination, 

and duplication w as due to unprecise unit length deletion of head  to head or 

tail to tail concatam eric replicative intermediates. Pickup et al (1984) 

proposed a  model of nonreciprocal transfer of DNA betw een the terminal

fragments. Intramolecular exchange would result in deletions and duplications, 

while intermolecular exchange would also form simple deletions. The view of 

Panicali et al (1981) that the unique seq u en ces  in the L variant w as from 

cellular DNA w as provocative at that time. However, recent findings of 

sequence  homology of g en es  located in this region with cellular g en es  may 

shed  light on that interpretation.

The Z mutants described here were generated  in a  Friend 

erythroleukemia cell line (FEL) persistently infected with vaccinia virus (Pogo 

and Friend 1982). Although vaccinia DNA w as found in the nucleus of the

persistently infected host cell (Obom et al 1986), there w as no evidence for

interactions between the host genom e and the viral DNA. It w as concluded 

that viral DNA w as simply 'trapped ' in the nucleus due to rapid host cell 

division.

P aez  et al (1985) reported that generation of a  8 MDa deletion mutant 

of vaccinia virus in a  similar persistently infected FEL cell line, w as 

suppressed  by interferon (IFN) (Paez and Esteban 1985). They proposed that 

either IFN had direct effects on the m echanism  generating the deletion, or 

IFN selected  against the deletion m utants. The latter possibility is unlikely. 

Results from experim ents conducted in our laboratory indicated that the
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deletion m utants w ere not sensitive to interferon (chapter 5), implying that 

the gene(s) responsible for resistance to interferon in vaccinia virus is 

unlikely to be located in the region spaning the deletion. This ag rees  with the 

fact that IFN did not ’cure’ the persistent infection of FEL cells by the 

deletion mutant (Paez and Esteban 1985)

The Z m utants w ere isolated form the persistently infected cell line that 

had been  serially p a ssag ed  in vitro. In another subclone of the original 

persistently infected cell line, a  m utant with a  smaller deletion w as isolated 

a t an earlier p assag e . However, after serial p a ssa g es  in L cells, the 

restriction pattern of this m utant becam e similar to that of the wild-type. 

W hether it w as a  true revertant or the mutant population w as originally 

contam inated by the wild-type is not clear. Mutants with different size 

deletions could be isolated from different subclones of the persistently 

infected cell line. Larger deletion m utants were isolated a t later p a ssag es  

suggesting that evolution of deletion m utants may be a  continous process. 

Experiments with cloned persistently infected cell line followed by constant 

monitoring of the restriction pattern of vaccinia virus isolated would help to 

understand the m echanism  of generation of th ese  deletion m utants.

The finding that the lack of the VGF gene correlated with inability to 

grow in vivo and hence the attenuated  phenotype (chapter 3) implied that 

comparison of properties in vitro may not necessary  correlated with those 

observed in vivo. To show that the lack of VGF gene in the m utant affects 

the growth in vitro, the use of tissue culture medium without addition of 

growth factors is required. Growth factors are usually p resen t in the bovine 

calf serum  that supplem ent the medium. However, a  minimum am ount of serum 

is necessary  for the wild-type to replicate, suggesting that the expression of
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the VGF gene alone is not sufficient to support growth of the virus.

Although vaccinia had been  used as  a  human vaccine for almost two 

centuries, the immune response  to vaccination is not fully understood. The 

m utants were found to be less efficient to elicit protective immunity after 3 

days and 4 w eeks of primary immunization. However, after 7 and 10 days of
p

immunization, 10 pfu of Z19 induced protective immunity (chapter 4). Results 

from in vitro T-CTL a ssay s  (chapter 4) indicated that T-CTLs were elicited by 

the wild-type, and that they w ere specific for vaccinia virus, since they did 

not lyse A/PR/8 influenza virus infected target cells. No T-CTL w as elicited 

by the m utant Z19 a t both low (103 pfu) or high (106 pfu) inocula, even 

though protective immunity w as induced. The lack of T-CTL induction by Z19 

can be explained by the inability of this mutant to replicate in vivo. However, 

delayed-type hypersensitivity (DTH) w as readily dem onstrated by both the 

wild-type and the mutant, suggesting that T-DTH may be associated with 

protection.

Hypersensitivty w as first observed by Jen n er himself (Fenner 1979). The 

association of T-DTH with in vivo protection described in chapter 4 agrees 

with the results of others (Bladden 1971, Hutt 1975, Aoyama et al 1986) that 

suggested  the activation of T-DTH by vaccinia virus may be important for 

protection. T-DTH w as elicited by the Z mutants even though they were 

unable to replicate in vivo, implying that T-DTH induction may not require 

productive viral infection, a s  oppose to T-CTL induction. Also, th ese  results 

suggested  that T-CTL plays a  minor, if any, role in protection.

At what stage  the replication of the m utants is blocked in vivo has not 

yet been  determ ined. W hether there is early transcription of the Z m utants in 

vivo, or the viral structural proteins are able to elicit T-DTH, rem ains to be
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determ ined. The answ er to th e se  questions will be helpful in the design of 

vaccinia-based expression vectors. It is important to determ ine w hether the 

foreign antigen has to be placed under an early or a  late transcriptional 

control elem ent to be effective in inducing immunity.

Several attem pts to engineer safe vaccinia recombinant vaccines have 

been  reported. Shida e t al (1988) used  the LC16mO strain, an attenuated 

strain of vaccinia virus isolated from the parental Lister (Elstree) strain (LO) 

with tem perature-sensitivity and lower neurovirulence. Rodriguez e t al (1989) 

employed the attenuated  deletion m utants isolated from a  persistently infected 

FEL cell line a s  d iscussed  earlier. Ram shaw et al (1987) and Flexner et al 

(1987) incorporated murine and hum an interleukin-2 (IL-2) gene, respectively, 

in vaccinia virus to m odulate the immune response of the host. The activation 

of host cellular immunity by this approach resulted in protection. Taylor et al 

(personal communication) u sed  fowlpox virus recom binants to vaccinate non- 

avian species. Protective immunity w as elicited. Fowlpox virus do not replicate 

in spec ies  other than avian, therefore, the results indicate that first, no virus 

replication is required to induce immunity, and second, this approach would 

circumvent the obstacles of vaccinia-based vectors, that is, virulence and 

sp read  of the virus from vaccinees.

The interference effect observed by coinoculation with the Z mutant and 

the wild-type (chapter 5) suggested  another approach to reduce the virulence 

of vaccinia. That is, by coinjection of the Z mutants with recombinant 

vectors, the immune response specific for vaccinia is enhanced, reducing the 

virulence of the virus while the induction of immunity to the heterologous 

antigen should not be affected.

Finally, the high virulence displayed by in Indiana virus, which is
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probably due to higher expression of the VGF gene, and the results of the 

rescue experiments, in which virulence w as conferred to the deletion mutants, 

indicated that the VGF gene  plays an important role in virulence. The finding 

of a  growth factor g ene  in a  cytolytic virus w as ’a  surprising catch’ as 

expressed  by Spriggs (1986). Similar gen es  had been found in Molluscum 

contagiousum  (Porter and Archard 1987), myxoma (Upton et al 1987), Shope 

fibroma (Chang et al 1987), and fowlpox (Campbell et al 1989). Growth factors 

have been detected  in other viral infections such a s  those produced by 

cytomegalovirus (Gonczol and Plotkin 1984), and simian sarcom a virus (Klein 

and Thiel 1988). EGF-like dom ains were also identified in the DNA sequence  

of the surface protein of the sporozoite of Plasmodium falciparum, the 

causative agent of human malaria (Kaslow e t al 1988). Therefore, it seem s 

that growth factors are widely spread  am ong pathogens, and that 

understanding their m ode of action could lead to better ways of controlling 

pathogenicity.

B ecause of the extensive genomic relatedness between vaccinia and 

variola (Esposito and Knight 1985), a similar VGF gene is expected to be 

p resen t in variola. However, experim ents to find out if variola virus also 

encode and express the VGF gene  may not be possible. At present, only two 

W.H.O. Collaborating C enters still have the smallpox virus, one is the Center 

for D isease Control (CDC) in the United S tates, and the other is the 

R esearch Institute of Viral Preparations in Moscow, Soviet Union. Since there 

w ere suggestive evidence indicating smallpox w as used as  a biological weapon 

in the past (Poupard et al 1989), the destruction of the remaining stocks of 

variola virus seem s justified. However, this will deprive any future study of 

the virus.
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Fig.1. A comparison of deletion m utants of vaccinia virus. Only the left 

terminal portion is shown.



145

Deletion mutants of vaccinia
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Lai and Pogo 1989 21
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Gillard et al 1981 18
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