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PREFACE

The use of viruses as vectors for expression of heterologous antigens

in mammalian cells in vivo exemplifies an exciting recent advance in the

application of recombinant DNA technology for vaccine production. In many

respects vaccinia virus is highly suited for this purpose. Vaccinia virus

vaccines were used extensively world-wide during the smallpox eradication

campaign, and were generally very well tolerated, highly i mmunogenic, easily

manufactured and readily applied in mass vaccination efforts. Even with

its outstanding performance record, however, the possibility of reintroduc-

ing the use of this virus on a wide scale in man or animals raises many

public health and ethical concerns. Although very rarely, serious or fatal

complications of vaccinia virus infections did occur, and they occurred in

contacts of vaccinees as well as in vaccinees themselves. The potential

occurrence and significance of similar complications must be evaluated

in considering approaches to devel¢_ment of recombinant vaccinia virus

vaccines. Even if there were no known risks, the reintroduction of the

virus into populations that are not: exposed currently should be done only

after careful consideration of the benefits to be achieved. Other major

questions that must be addressed at: the outset include: What strain(s)

of vaccinia virus should be used? How should vaccines be manufactured?

What tests should be done to assure acceptability of vaccines for use in

field trials? What biologic propezties of vaccine strains should be

evaluated? In whom should vaccine trials be performed?

This book represents the proceedings of a Workshop on Vaccinia Viruses

as Vectors for Vaccine Antigens, cosponsored by the United States Public

Health Service, the World Health Organization, and the National Institute

for Biologic Standards and Control, London, held November 13 and 14, 1984,

in Chevy Chase, Maryland. The purpose of the Workshop was to begin devel-

oping answers to the questions indicated above. The data presented and

relevant to these questions emanate both from studies performed during the

smallpox eradication campaign and from exciting recent laboratory work on

molecular biology, expression of foreign genes, determinants of virulence,

and immunology of vaccinia virus infections. It is evident from these

data that there are unlikely to be any insurmountable objections to the

use of recombinant vaccinia virus vaccines, and that they offer great

promise for use as safe and effective immunogens. Work on developing can-

didate strains for human administration will hopefully progress rapidly.

The use of vectors other than vaccinia virus may also prove feasible.

This Workshop was followed by a meeting of consultants to the World

Health Organization with the purpose of advising on evidence relevant to

the public health, ethical and scientific concerns about these recombinant

vaccines, and formulating draft requirements for the use of recombinant

vaccinia virus vaccines. These draft requirements will be under continued

development for many months. However, the intent of the World Health

Organization to publish them should be viewed as an indication of the

enthusiasm with which this approach has been greeted. The list cf human

and veterinary diseases against which vaccines of this type might be used

is long and the death and suffering that might be prevented are great.

The process of developing any vaccine is an arduous one, and it is

never certain at the outset that any specific approach will result in a

safe and effective product. It is clear that the long history of vaccinia

virus is far from over and there are many opportunities ahead.
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PART I

BIOLOGY OF VACCINIA AND OTHER ORTHOPOX VIRUSES

Chairpersons: G. Schild and J. Nakano



VACCINIA VIRUS

DERRICK BAXBY*

*Department of Medical Microbiology, University of Liverpool, Liverpool,

United Kingdom

Vaccinia is a member of the genus Orthopoxvirus. Table I lists

the other members, and indicates which are human pathogens. In some

cases reliable information is lacking, and ectromelia virus is the only

Orthopoxvirus species known not to be a human pathogen. Genetic and sero-

logical relationships within the genus are very close and recombinants and

hybrids may occur [I].

TABLE I. Orthopoxviruses.

Species Reservoir Other hosts Human infection

Variola (Man) None (Yes), eradicated

Vaccinia None See Table III Y_

Cowpox Rodent? Cattle, Cats Yes

Monkeypox ? Monkeys Y_3

Camelpox Camel None No?

Raccoonpox Raccoon ? ?

Taterapox Gerbil ? ?

Ectromelia Lab. mouse ? No

Definition of Vaccinia

When compared to e.g. polio or rubella vaccines, any definition of

smallpox vaccine is inadequate. This is because the vaccine strains

used this century were introduced in the 19th century before licensing

procedures were necessary.

The usual working definition of vaccinia virus is that it is a

virus of unknown origin, not found naturally, which is maintained in

vaccine institutes and research laboratories.

Origins of Vaccinia

Possible origins of vaccinia virus are listed in Table II and have

been discussed at length elsewhere [2]. Derivation has usually been

proposed from smallpox and/or cowpox viruses. Some vaccines were

probably derived from cowpox in the early 19th century, but there are

fundamental reasons for believing that no surviving vaccine was derived

TABLE II. Origins of vaccinia.

I. From smallpox, by arm-to-arm passage.

2. From smallpox, by adaptation to animals.

3. From cowpox.

4. From smallpox and cowpox, by hybridization.

5. From horsepox.

_1985 Elsevier Science Publishing Co, Inc.



from smallpox or cowpox viruses. Polio or measles vaccine strains are

attenuated variants of the virulent parents, and are very closely

related to the parents. In fact, it is sometimes difficult to distinguish

between vaccine and wild-type.

The situation with vaccinia is quite different. For vaccinia to

have been derived from smallpox or cowpox would require considerable

changes in the genome; in fact, the transformation of one virus into

another. This is most unlikely. The genomes of vaccinia virus strains

are very similar to each other but different from those of smallpox and

cowpox viruses [3], and the suggestion that one Orthopoxvirus species

may be transformed easily and quickly into another has been discounted [4].

Smallpox vaccines were developed from horsepox virus in the 19th

century but horsepox is now extinct. However, it is possible that the

clinical suitability of horsepox vaccines led to their retention, and

to the rejection of cowpox vaccines. This would explai n the survival

of a closely related collection of vaccine strains, not found naturally,

which were not obviously derived from cowpox or smallpox.

The problem of the origin of vaccinia is not purely academic at a

time when we are considering not just reintroducing human vaccination

but also considering extending its use to animals. As recently as 1980

it was claimed that vaccinia virus was attenuated smallpox virus, and

the death of a fetus, in fact from generalized vaccinia, was cited as

evidence that reversion to virulence can and does take place [5]. This

suggestion was correctly criticized as absurd [6]. However, at a time

when pressure groups are becoming increasingly vocal, we should take

every opportunity to establish that, whatever its origins, vaccinia now

represents an independent stable species with no tendency to "revert"

to a more virulent form.

Vaccinia as a Typical Poxvirus

Vaccinia virus is easily grown and has been widely used as a typical

poxvirus [7]. The assumption that the structure and replication of all

Orthopoxviruses is essentially the same is justified, and so data

obtained on vaccinia virus could be transferred to smallpox virus.

The complex structure and large size of the virion facilitates

analysis by electron microscopy of uncoating, replication and assembly,

and the inhibition of cellular protein synthesis in infected cells

facilitates the biochemical analysis of these events.

One of the features that attracted molecular biologists to vaccinia

virus is the fact that it is a DNA virus which replicates in the cyto-

plasm. This led to an appreciation of the importance of virion-associated

enzymes in poxvirus replication. These factors, and an appreciation of

the role played by smallpox vaccination in the control and eradication

of smallpox, are more or less responsible for the holding of this

Workshop.

Pathogenesis of Vaccinia

Vaccinia is a dermotropic virus which usually requires inoculation

into the superficial layers of the skin in order to infect. Infection

is usually localized. However, there are virus strains, originally

called rabbitpox but now more properly considered as variants of

vaccinia, which produce generalized infection in rabbits, and which may

infect by the respiratory route [8].



Infection produces a lesion caused by epidermal hyperplasia and

proliferation, and inflammatory infiltration which progresses from a

papule through a vesicle and pustule to a crust. A transient viremia

probably occurs. Generalized lesions are rare in the immunocompetent

person but serious complications can occur in the immunodeficient and

eczematous individual [9]. Vaccination induces an adequate humoral and

cellular immune response. Studies during the early 1970s showed that

an antigen on the envelope of virions released naturally from infected

cells was the important inducer of humoral immunity [10].

Host Range of Vaccinia Virus

Vaccinia has a wide host range (Table III) but we may need to

distinguish between hosts which become infected naturally, and those

which are susceptible only to experimental infection.

TABLE III. Host range of vaccinia virus.

Man a Cow a Buffalo a

Pig a Camel a Rabbita, b

Elephant Monkey Sheep

Rodents ? ?

a. Naturally-acquired infections occur.

b. Only reported in laboratory animals.

There is no good evidence that vaccinia virus becomes established

in animal populations. Smallpox vaccination has been conducted on a

massive scale in both developed and developing countries. In addition,

particular attention has been paid to possible animal reservoirs of

smallpox virus. If vaccinia had any tendency to become established in

an animal population it would have certainly been recognized.

Human Vaccinia. By historical precedent and common consent, man

is the principal, if artificial, host of vaccinia virus. Other contribu-

tors to this Symposium will discuss the morbidity and mortality associated

with smallpox vaccine. However, it is important to note that the problem

is not confined to complications in vaccinees but also extends to

infection in contacts. Avoidable incidents still occur. As recently as

April 1983 a young girl in Nevada was vaccinated mistakenly and trans-

mitted infection to seven friends at a slumber party [11].

Smallpox vaccine was intended to prevent smallpox, and there is

doubt about its ability to provide long-term protection against revaccin-

ation. On revaccination the lesion is usually more superficial and

transient than a primary vaccination, and complications are virtually

non-existent. Nevertheless, an infection does occur on revaccination

and may be transferred to eyes, genitals, etc., or to contacts.

Now that smallpox has been eradicated it might be reasonable to

regard any transfer of vaccinia to a contact as a complication of the

original vaccination.

Bovine Vaccinia. Cowpox is the Orthopoxvirus usually associated

with bovine infection. However, although bovine cowpox does Occur, it

is rare and the virus is probably not enzootic in cattle [12]. Vaccinia

virus infects cattle producing lesions indistinguishable from those



caused by cowpox virus, and laboratory studies are needed to identify

the infecting virus. Bovine vaccinia is introduced into cattle by

contact with a recently-vaccinated individual.

In Holland Dekking investigated a number of outbreaks of teat

infection in cattle, and isolated vaccinia virus from eight of them

[13]. Bovine vaccinia mammillitis has also been reported in Russia [14]

and Egypt [15] and doubtless other incidents have occurred, both reported

and unreported.

Once animals are infected with vaccinia there is a risk that

infection may spread from them to farmworkers. This was illustrated by

a large outbreak in E1 Salvador. There, an outbreak involved about 450

cows and also 22 farmworkers.

Other Hosts. Occasional outbreaks of vaccinia have been reported

in camels [16], buffaloes [17], and pigs [18]. However, no information

is available about the incidence of vaccinia infection in animals.

Smallpox vaccine was produced in sheep in some countries but no evidence

has been found of natural infection occurring.

A wide range of animals can be infected experimentally with vaccinia

virus and it is possible that the range of animals susceptible to natural

infection is also wide.

DISCUSSION

In considering the possible use of smallpox vaccine as a vector

for other genes, certain general points should be considered:

l) Because vaccinia does not occur in nature, its distribution is what

health authorities choose to make it.

2) The risks of smallpox vaccination were accepted when smallpox was a

problem [9]. However, the eradication of smallpox meant that

smallpox vaccination complications should no longer occur. Their

risk will now need to be reconsidered, and compared to the risk

presented by each infection it is hoped to control.

3) In the context of this Workshop the wide host range of vaccinia virus

is both an advantage and a disadvantage.

An advantage because its infectivity for the major livestock species

such as cattle, sheep, pigs, camels, and buffaloes offers the prospect

of using recombinant vaccines to control important veterinary infec-

tions.

A disadvantage because, although vaccinia does not establish in

animals, widespread use in a particular species may cause spread to

other species.

Widespread use in animals may also lead to appreciable levels of

human infection. Such infections, even in previously vaccinated

individuals at inconvenient sites, or transmitted to contacts, may

prompt objection to the use of recombinant vaccines.

4) The above comments are based on the behaviour of established vaccine

strains, and it may be possible that the use of suitably attenuated

strains may overcome these objections.
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DISCUSSION

Dr. Nakano: But there is a disease called Uasin Gishu in Kemya,

Africa. It is a skin disease in horses, and it _s a pox virus, and the

consensus is that it is probably not one of the orthopox viruses that we

are familiar with. Would you comment on whether this is an orthopox

virus?

Dr. Baxby: All the information I know is in the literature. It

was compared in terms of histology in the infected horse and some,

traditional biological characteristics to vacclnia and cowpox. It does

seem to be orthopox virus, but in many respects differs from the other

orthopox viruses which are in existence.

Dr. Moss: I do not think you meant at the very end, Dr. Baxby,

that a vaccination does not protect against infection with vaccinia

virus. We all know that it does protect, that there is a local infection

which occurs at the site of inoculation, but there is very little

evidence for complications or spread with the secondary vaccination.

Dr. Baxby: Well, I think the point you make is valid, but in fact

it is possible to revaccinate on an annual basis or even more often.

We do need to be concerned that if in the future we vaccinate animal

populations and the animal handlers have had the traditional smallpox

vaccine, then if they get infected on their fingers with vaccinia, they

are going to get an infection, a mild one, yes, but there is a possibility

that they were going to transmit it to eyes, genitals, or elsewhere.



Dr. Dumbell: It is sure when you revaccinate you can produce a

visible, local lesion, but if you were to do a growth curve on a primary

vaccination and a revaccination, you would get vastly different results.
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Vaccinia virus is a minor human pathogen. It was a successful and

acceptable vaccine for the prevention of the much more serious disease,

smallpox, for as long as smallpox remained endemic. The eradication of

smallpox removed the need for, and was a strong contraindication to any

further immunizations with vaccinia virus.

A new situation has arisen with the development of a growing range

of genetically engineered, recombinant vaccinias that are potential

i mmunogens against serious infections not only of humans but also of

animals. Closed laboratory studies may demonstrate the efficacy of

these new recombinants as immunogens; consideration of the prevalence

and morbidity of the corresponding diseases may justify the use of

minor pathogens to combat them. When however, the minor pathogens are

engineered recombinants it is also necessary to consider the distribution

and life histories of those natural agents with which the recombinants

might interact.

The background information on the Orthopoxoviruses may be obtained

from any major textbook of Virology and will be reviewed briefly and

incompletely. Two aspects seem to warrant closer attention; these are

the stability of the genome which is being manipulated as a vector of

new immunogens and the assessment of pathogenicity.

The orthopoxviruses are grouped as one genus within the subfamily

of poxviruses of vertebrates. The principal members, each represented

by many isolates are: vaccinia, variola, cowpox, monkeypox, camelpox

and ectromelia. Three other members of the genus are each represented

by only one or a few isolates; they are raccoon pox, taterapox and a

poxvirus isolated from the Uasin gishu disease of horses. The natural

distributions of these viruses are shown in Table I, which indicates the

separate transmission cycles of the main species. Little can be said

about the distribution and consistency of species represented by single

isolates.

The origins of vaccinia are obscure, but in recent times it: has

been produced in large quantities as smallpox vaccine and liberally

distributed in this way. Limited circulation of vaccinia virus has

been detected in some outbreaks of "cowpox" in Holland, and in "buffalo

pox" in India, though one isolate of buffalo pox was a minor vaziant of

vaccinia [I].

The important antigens of the orthopoxviruses are unrelated to

those of other genera of poxviruses; within the genus there is little

antigenic diversity and the members are differentiated primarily by the

characters of the pathological effects they produce in a variety of

laboratory animals and cell culture systems. Although the principal

orthopoxviruses have been given species status, the antigenic overlap

is almost complete: there are no species-specific neutralizing anti-

bodies such as are found in most virus groups. Profiles of the size

distribution of intracellular virus polypeptides are characteristic for

four of the main species, vaccinia, variola, cowpox and monkeypox [2].

_1985 Elsevier Science Publishing Co., Inc.
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Cross absorption of antisera has revealed a few single reactions that

are specific enough to identify certain species [3,4].

The genome of orthopoxvlruses is a linear, double-stranded DNA

molecule, some 180-220 kilobases long and closed with a hairpin loop at

either end. Digestion of the DNA with restriction endonucleases gives

profiles of DNA fragment sizes which are characteristic of the different

species [5]. Linear maps have been constructed, showing the relative

locations of the cleavage sites for three endonucleases on representative

TABLE I. Distribution and host-range of orthopoxvirus species.

Geographical Maintenance Experimental

Species source host(s) host range Comments

Cowpox Europe Unknown Broad Detected in sporadic

infections of man, cows,

cats, also outbreaks in

zoos.

Monkeypox West and Unknown Broad Detected in sporadic

Central human infection in rain-

Africa forest belt of Africa &

by imported outbreaks in

zoos & primate colonies

in Europe and USA.

Camelpox Middle East, Came] Narrow Apparently confined to

East Africa camel. Human infection

probably does not occur.

Variola Formerly Man Narrow Now eradicated.

worldwide

Vaccinia Laboratories Broad Some natural maintenance

& vaccine as e.g., buffalopox in

institutes India. Sproadic isolates

occur but may well de-

rive from wide use of

q vaccine.

Ectromelia Laboratory Labora- Narrow

mice tory mice

Raccoonpox Eastern USA ? Raccoon ? The only new-world

orthopoxvirus

Taterpox West Africa - - A single isolate from a

gerbil (tatera kempi)

Uasin East Africa - Narrow A few isolates from

gishu horses in Kenya. This

is not the extinct

'horsepox' of Europe.
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strains of cowpox, vaccinia, monkeypox, variola and ectromelia viruses

[6]. These maps can be aligned to show remarkable conservation of

restriction sites between the species in the central half of the genome.

The outer quarters cannot be so aligned but there is extensive cross-

hybridization between DNA fragments from these outer regions of the

various species. DNA sequences, unique to a particular species have

not been demonstrated (except for cowpox, which has a substantially

longer genome than the others), but any such sequences must be fairly

short, in view of the hybridization results. It would seem that the

total gene pool of the orthopoxvirus genus is largely represented in

each of the species, that there is a fairly consistent arrangement of

functional genes in the central part of the genome and that rearrangements

of sequences in the outer quarters of the genome characterize the

different species. The functions of this, as of any viral gene pool,

can be divided into two main classes. There are firstly, the functions

associated with self replication of the genes and secondly, functions

associated with their dissemination, encapsulted in virions, through

the body of the current host and between one host and the next. The

conditions imposed on successful dissemination must be subject to

continual variation, whereas the necessities for replication in vertebrate

cytoplasm would be relatively constant. It might be expected that the

central conserved region of the genome would harbour the functions

concerned with replication and the outer regions those functions more

concerned with dissemination. In support of this general division may

be cited the genome structure of the deletion mutants. Substantial

deletions of 20-30 kilobases have been found near either terminus of

the genome of viable mutants [7-9], showing that the unique sequences

in these regions are not essential to replication.

Variola, camelpox and ectromelia viruses each have a very narrow

host range in nature; cowpox and monk eypox, on the other hand can infect

spontaneously a wide range of host animals. Vaccinia will infect a

variety of experimental hosts and it is probably not a coincidence that

it is in vaccinia, cowpox and monkeypox that major genetic mutations

have been detected as frequent occurrences.

The striking white-pock mutants of cowpox result from a major

deletion of DNA sequences which maps near the right terminus of the

genome map [10]. The white-pock mutants of rabbitpox (a vaccinia virus)

may have major deletions at either the right hand end (the u mutants)

or the left hand end (the p mutants) of the genome map [7]. The full

genomic structure of these cloned and stable mutants was later elucidated

by Moyer et al. [I_], for the rabbitpox p mutants and by Archard et al.

[9], for the cowpox mutants. In each case the mutant contained an

inverted terminal repeat, much larger than that of the parent. This

restored, approximately, the original length of the genome and the

terminal hairpin loop and involv_ duplication of additional sequences

mapping at the opposite end of the parental genome. As Moyer et al.

[11] pointed out, this structure could be derived by a single recombina-

tion event between two wild-type genomes aligned in opposite polarity.

The true situation is likely to be more complex. Williamson and Mackett

[12] made a partial analysis of DNA taken at the earliest possible

stage after the generation of white-pock mutants of cowpox. All their

mutants showed the expected deletions of wild-type DNA, but the endo-

nuclease digests showed a more complex set of fragments than that found

in fully established whitepock mutants. The mixture was not therefore

simply due to failure to separate the mutant from wild-type virions but

to an unresolved complex of mutant DNA. Further, a stable population

with a constant genome structure could be derived by further subclonlng.

Now "cloning" is not a natural phenomenon in the transmission of
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poxviruses. As far as we know they are contact diseases and it is

likely that normally infection will be transmitted by a cluster of

virions. Cowpox, monkeypox and vaccinia may thus infect each new host

with some immediate availability of genetic diversity, and may thus

enable these viruses to establish infection in an abnormal species of

host. This hypothesis is open to test by analysing the DNA of poxviruses

adapted to different hosts, but so far this has not been done.

The relevance to the present objectives is that the ideal poxvirus

vector for foreign immunogens should be one in which the capacity for

spontaneous variability has been greatly reduced or eliminated.

It is almost invariably true that virulence is a multifactorial

phenomenon. The virulence of orthopoxviruses has a strong component

related to the host species. Ectromelia and smallpox, for example, are

highly virulent to mouse and man respectively. But these viruses have

a limited host range as judged by infectivity alone. The wider infective

spectrum of vaccinia, cowpox and monkeypox enables these viruses to

express virulence characteristics in different species of host.

Rabbitpox, a vaccinia virus, is virulent for mice and rabbits; variola

virus is virulent for neither. Yet when recombinants were prepared

from rabbitpox and variola minor, it was found [13] that some were

virulent for mice and others for rabbits. If virulence for two different

species of rodents can so easily segregate, it would seem unwise to

draw conclusions about human virulence from observations on experimental

animals.

Primary vaccination normally produces a local skin lesion, some

inflammation of regional lymph nodes and a transient fever. Yet, as

Dr. Arita will detail, there are rare and serious complications in a

few indi viduals of every million vaccinated. The cutaneous complications

appear to depend on natural or induced defects in cell-mediated response;

these complications could, to an extent, be reduced by excluding from

vaccination those people with appropriate contraindications. The

etiology of postvaccinial encephalitis and encephalopathy is not

understood though the incidence was shown to be affected by the particular

strain of vaccinia used [14].

In planning what vaccinia to use as a vector for immunizing people,

there would seem to be no adequate experimental substitute for the

extensive experience gained with those strains which have been widely

used. The vaceinia strains that were extensively used to control

smallpox may not be the ideal poxvirus vectors for foreign immunogens.

Many questions need to be answered about the pathogenic mechanisms, and

about host responses to them before a substantially improved vector

could be designed and constructed. In the meantime, clinical application

might proceed cautiously on the basis of present information. The

strains of vaccinia which have given the most favourable field experience

against smallpox could be used as vectors. The expected number of

complications could be reasonably well predicted, and there are areas

where the present morbidity from hepatitis, for example, would considerably

outweigh the morbidity to be expected from the appropriate recombinant

vaccinia given as an immunizing agent. Justification for the use of

vaccinia also presupposes that no safer alternative i mmunoge_ should be

available which is both equally efficient and is affordable by the

health authority concerned.
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The genus Orthopoxvirus of the family Poxviridae comprises a group

of rather closely related viruses, the best known of which are variola

virus, monkeypox virus (MPV), vaccinia virus, cowpox virus (CPV),

rabbitpox virus (RPV) and ectromelia (mousepox virus). These _ruses

possess a similar morphology, they share a variety of antigenic determin-

ants, their protein components resemble each other in relative amount and

size, and they possess ds DNA-containing genomes that are about 200 kbp

long (about 125 million daltons) and exhibit 70-90 percent homology,

depending on which viruses are being compared [I].

The basis of the relatedness of orthopoxvirus genomes became apparent

when their restriction endonuclease sites were mapped. Figure I illus-

trates this point. It represents the cleavage maps for two enzymes,

HindIII and SmaI. It is clear that the genomes of all six principal

members of the genus Orthopoxvirus resemble each other closely in their

central portions, where almost all restriction sites have been conserved;

but that they vary both in size and cleavage site distribution (and

therefore in sequence) in their terminal regions. A great deal of

additional and more extensive work has led to the following model for

Orthopoxvirus genomes as exemplified by the CPV genome (Figure 2). Ortho-

poxvirus genomes consist of a central region about 120 kbp long which

is flanked by two regions, region I and region 2, each about 40 kbp long.

Presumably the central region of the orthopoxvirus genome encodes func-

tions related to virus multiplication, while the two flanking regions

contain information related to type-specificity and to the interaction

of orthopoxviruses with their host cells, particularly as it relates to

host range, the effect of infection on host functions, and the extent

of the ability of each virus to multiply.

The molecular structure of the orthopoxvirus genome exhibits

several interesting features. For example, none of the orthopoxvirus

mRNAs examined so far are spliced. This may be yet another reflection

of a possibly fundamentally different origin of herpesviruses, adeno-

viruses and papovaviruses on the one hand, the genomes of whic]h probably

originated from the genetic material of eukaryctic cells, and poxviruses

on the other, which by this criterion may have originated from a pro-

karyotic genome. Further, like other large DNA-containing viral

genomes, the orthopoxvirus genome encodes numerous genes, the expression

of which is regulated according to a very complex temporal pattern, the

simplest and best known manifestation of which are the early and late

multiplication cycle periods [2]. Clearly a large portion of the

orthopoxvirus genome has regulatory functions. It is also clear that

the orthopoxvirus genome contains genes that are not necessary for

ability to multiply in all cell types. An example is the thymidine

kinase (TK) gene, expression of which is not necessary in cells that

express this enzyme themselves; as a result, foreign genes can be cloned

into the TK gene, as Moss and Paoletti and their colleagues have demon-

strated. It is the practical application of this circumstance to the

production of vaccines for both humans and animals that provides the

raison d'etre for the present workshop. However, this is clearly not

the only region of the orthopoxvirus genome into which foreign genes

may be cloned. It is known that: the genomes of many white pock variants

of CPV, RPV and MPV are rearranged, with long stretches of DNA being

_1985 Elsevier Science Publishina Co.. Inc.
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deleted and others duplicated, yet these variants are capable of multi-

plying in a variety of cultured cells, as well as in the cells of the

chorioallantoic membrane (CAM) of the developing chick embryo [3-6].

No doubt foreign genes could be inserted there also.

In fact, considerable attention has been focused in recent years

on the nature of the terminal regions of orthopoxvirus genomes. Three

aspects of their molecular structure are particularly interesting.

First, it has been found that the two strands of the orthopoxvirus

genome are covalently crosslinked at their ends [7] and that it possesses

at its extreme ends a 104 nucleotide long sequence that is not perfectly

base paired and that exists in two forms, the so-called flip-flop loops

[8]. Second, very close to these loops, or, more precisely, within 90 bp

RABBITPOX: RP ' , , , , ,, , , , , , , ! , I

VACCINIA: DIE ' , , • , ,. , , , , , , I , i

HI l ,, , , ,, , , , , I , ,

LS ! ,, , ,, , ,, , i , ,

i ,WR ! ,, • , ,, , ,, , , ,

MONKEYPOX: MPL , ,, . , I J ,. , , , , I, .., ,

MPO , ,, ., I1 ,, , ,, , I , .. ,

MPE , .... II ...... I.... ,

VARIOLA: BUT . . ,, I . .. , ...... 1.

HAR , , , I • ., .... , , , I, ,

COWPOX: AR _ , .. • I ) ,, ......

s_,.s ,, ,,, i I .........

RR i' . ,, • I .I ,, , • , , , ,

ECTROMELIA: EH I . , , , I ,I ., , , . , I , , I , • ,

EM i , ,,, I_ ,i • ,, , , , I ,, I , , i

10KBP

HINDIll "1--" SMA I "_
DATAFROMWlTTEK ET AL,1977; MACKETTAND ARCHARD,1979

FIG. I. Physical map locations of the HindIII and SmaI restriction endo-

nuclease cleavage sites in the genomes of various strains of RPV, vaccinia

virus, MPV, variola virus, CPV and ectromelia virus. The strains are:

RPV strain Utrecht; vaccinia virus strains DIE, HI (Hall Institute), LS

(Lister) and WR; MPV strains Congo, Denmark and Espana; variola virus

strains Butler and Harvey; C PV red strains Austria, Brighton, Ruthin and

Daisy; and ectromelia virus strains Hampstead and Moscow.
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Sine 1

\ / \ /
Region I Region 2

FIG. 2. The genome of CPV-BR. The locations of the SmaI cleavage sites

are indicated, and the two flanking regions are designated region 1 and

region 2 depending on their location relative to them. The black rec-

tangles represent the ITRs. The size of each flanking region is about

40 kbp [13].

from them in the case of vaccinia virus and CPV DNA, there exist two

sets of sequences that are composed of tandemly repeated short (about

50 bp long) "repeat units." These repeated sequence sets are 500-1500 bp

long and are separated by a unique sequence about 300 bp long [9,10].

Third, orthopoxvirus qenomes possess inverted terminal repeats [11,12]

that may differ enormously in length; the ITRs of some viruses, such as

those of variola virus, are no more than I-2 kbp long, while those of

others, like those of some of the white pock variants of CPV-BR, are

50 kbp long [13]. Typically, the two ends of the orthopoxvirus genome

are about 10 kbp long, identical, and inverted relative to each other;

their terminal 2 kbp contains the repeaated sequence sets described

above; and at the very ends of the ITRs there are the two identical

crosslinked flip-flop loops.

Our present purpose is to discuss, in turn, the nature, genesis

and significance of these three sequence elements of orthopoxvirus

genomes. Most of the information that will be discussed relates to

vaccinia virus and CPV, and to a certain extent also to RPV and MPV.

It is likely, however, that all orthopoxvlrus genomes possess sequence

elements similar to those to be discussed, though no doubt there will

be many individual variations.

The Flip-flop Terminal Loops

A very unusual feature of the orthopoxvirus genome is that its two

DNA strands are covalently joined at their ends; thus, if orthopoxvirus

genomes are melted, single-stranded circles result, the circumference

of which is twice their length [7]. The nature of the terminal cross

links and of the sequences near each end was investigated by Baroudy et

al. [8] who isolated the restriction endonuclease fragment containing

the ends of vaccinia DNA and sequenced it. The vaccinia virus genome

is a continuous single DNA strand collapsed into a linear configuration

in which the two opposing single strand sequences are perfectly basepaired
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throughout their length except for 104 nucleotides at each end. This

104 nucleotide region exists in two forms which are inverted complementary

versions of each other (Figure 3). These so-called "flip-flop" loop forms

S

110 |0 10 C A
A-Am-G-T-T- A-G"T-A-A-A-T-T A_T-A_T-A_T_A-T-A-A_T_T_T_T_A-T_A_A-T_T_A_A_T-T-T-A-A-T`T-T_T_T_-T_T-TC-T_A°T-T-T-A_`G-T-G_-3"
I ..........................................................
A-T-C-A-A-T-C A-T-T-T-A-AT-A T-A-T-A-T-A'T-T A-A'A-A-TA-T T A-A-T-T-A A-A-TT-A_A-A-A-TA-T-A-A-A'A-1--A'A-A-T-('-4_('-A-S"
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f ..........................................................
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FIG. 3. The two forms of the flip-flop terminal loop structures at the

ends of vaccinia virus DNA. Both forms, which are the inverted comple-

ments of each other, are shown with maximum base-pairing. The nucleotides

of the divergent 104 nucleotides are numbered. The sequence in italics

on the right is that of the body of the vaccinia virus genome [14].

are not perfectly basepaired since even in their optimum configuration 10

of the 904 residues cannot form basepairs. They exist in the vaccinia

virus genome in approximately equal amounts. The manner in which they

are generated is not known, but would be expected to involve a site-

specific nuclease that cleaves where the flip-flop sequences are joined

to the bulk of the vaccinia virus genome. There is no reason to doubt

that flip-flop loops are present at the ends of the genomes of all

orthopoxvirus genomes.
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The Repeated Sequence Sets

The regions adjacent to the flip-flop loops have been cloned and

sequenced for vaccinia virus [14] and for CPV-BR [10]. The arrangement

of these sequences is shown in Figure 4. Next to the flip-flop sequences

NR1 NR2 NR3

Set1 j_e, AI_, _t2 sa.
CPV -BR __4 _ ,._-, J

-138 1502 312 547 269

NR1 NR2 NR3

VACCINIA -WR _....__. Set1 I_el A_ul Set2 Sa(I

138 -960 325 -1300 -1800

FIG. 4. Comparison of the regions adjacent to the flip-flop loops in CPV

and vaccinia virus WR DNA. The numbers represent base pairs [10,14,13].

there is a unique region of 86 nucleotides (NRI) in which CPV-BR and

vaccinia virus differ in only 2 residues. This is followed by (i) a

region (Set I) that is composed of tandemly repeated sequence elements

that are about 50 residues long (see below); (ii) a unique region, NR2,

about 300 residues long that is very similar for the two viruses, being

97% homologous and containing identically situated DdeI and A1uI restric-

tion endonuclease cleavage sites; (iii) a further set of tandemly repeated

sequence elements (Set 2); and (iv) unique sequences specific for each

virus (NR3). There is a SalI restriction endonuclease cleavage site

269 residues downstream from the end of Set 2 in the case of CPV-BR and

about 1800 residues in the case of vaccinia virus. These regions are
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also very similar for the two viruses, at least the first 100 residues

or so, which are 98% homologous [10,15].

The tandemly repeated sequence elements of C PV-BR and vaccinia

virus DNA, that is, their repeat subunits, are related, but their

arrangement is different. In the case of vaccinia virus there are only

two repeated sequence elements, A and B (Figure 5), which are repeated

as AB units 13 times in repeat set _ and _8 times in repeat set 2 [9,8].

In the case of CPV-BR there are four repeated sequence elements [10]

(Figure 6). There are two noteworthy features concerning them. First,

cowpox TYPU A UNIT UCATCAGAAAUACGTTTAATATTTTTGTGAGA

V_UCINIA REPEAT UNiT CCATUAGAAACAGGTTTAATATTTTTGTGAGAUUATUGAAUACAUAAAGACA-TAA*ACTTTTTTAUG*CT

COWPOXTYP_ B _ UNIT CCATTGAACACAGAAA_AU*ATAAA*TATTTTTACGACT

FIG. 5. Relation between the 70 bp repeat unit of vaccinia virus WR DNA

(which can be thought of as being composed of two subunits, A and B) and

repeat subunits A and B* of CPV DNA [10].

A CCATC ...... AGAAAGAG ..... GTTT--~AATATTTTTGTGAGA

E* CCATTGAAGAGAGAAAGAGAA ...... T-AAAATATTTT_A6GACT

C CCATTGAAGAGAGAAAGAGAA ...... TAAAAATATTTTT ...... GTAAAACTTTTTTATGAGA

FIG. 6. Sequence composition of the four repeat subuni ts in CPV DNA. The

sequences are aligned to reveal homology. Colons indicate mismatches.

The 19 residues at the righthand end of the A and C subunits share 75%

homology [_0].

they are very closely related and no doubt arose from each other by dele-

tion and unequal crossover events; it is likely that the original

primordial element from which the others are derived is the A element.

Second, the two vaccinia virus repeat elements are very similar, in

fact almost identical, to CPV-BR elements A and B*; in fact, they are

96% homologous. As for the arrangment of the four CPV repeat elements,

it is clearly more complex (Figure 7) than that of the two vaccinia

virus repeat elements.

Thus, very close to the ends of the orthopoxvirus genome, there

are sets of repeated sequence elements that do not encode proteins, yet

have been highly conserved. No doubt the function of these repeated

sequence elements relates to regulation of replication and regulation of
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FIG. 7. Structure of the two repeat sets in the terminal SalI fragment

of CPV-BR DNA. They are flanked by NR (nonrepeated sequence region) I

and NR3, and are separated by NR2 [10].

transcription. Studies are currently underway in our laboratory to

determine, using recombinant DNA techniques, whether these repeated

sequence elements can be modified and what effect such modification

has on the ability of orthopoxviruses to replicate.

The presence of repeated sequence elements at the termini of

orthopoxvirus genomes explains a puzzling feature of the vaccinia virus

genome. It was noticed some time ago that the length of the terminal

restriction endonuclease cleavage fragment of certain orthopoxviruses,

for example, those of a particular isolate of the WR strain of vaccinia

virus, was highly heterogeneous. When the virus is cloned or plaque-

purified, the fragment becomes homogeneous; upon passaging, it again

becomes heterogeneous [16]. Clearly, there is a mechanism that renders

the terminal region of the vaccinia virus qenome heterogeneous. Moss

et al. [17] suggested that this was due to the fact that unequal

crossover occurs between two vaccinia virus genomes aligned so that

repeated sequence Set I is lined up with repeated sequence Set 2; upon

homologous crossover, one of the products would then contain three

repeated sequence sets rather than two, and this process would continue

until genomes are formed that contain up to twelve repeated sequence

sets and are up to 12 kbp larger than the original parent strain. This

tendency toward heterogeneity is genetically determined, since some

vaccinia virus strains exhibit it, while others do not. This type of

heterogeneity is not exhibited by cowpox virus, at least by the strain

of CPV-BR studied by Pickup eta], [19]. Nor has this tendency toward

length heterogeneity been noted for other orthopoxvirus genomes.

The ITRs of OrthopoxvJrus Genomes

Orthopoxvirus genomes possess long inverted terminal repeats (ITRs).

The length of these ITRs varies in the various orthopoxvirus prototype

strains. Thus, the ITRs of vaccinia virus, CPV and MPV are about 10 kbp

long, while those of RPV and ectromelia virus are about one-half this

length, and those of variola virus are very short (less than 2 kbp) [18,19].

The reason why orthopoxvirus genomes possess ITRs is probably related to
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their mode of replication; it should be noted that adenovirus and

herpesvirus genomes also possess ITRs. Models for the replication of

poxvirus genomes have been discussed by Moyer and Graves [20] and

Baroudy et al. [8].

The manner in which ITRs are generated has been examined in some

detail for CPV-BR by Pickup et al. [13]. The ITR in this virus strain

is about 9.7 kbp long. The junctions of both ITRs with the remainder

of the viral genome have been identified and sequenced; the sequences

are presented in Figure 8. There are no statistically significant

resion l-ITE TCCTAGCTAAAACTCAAGTAAGAGGGTTTTATTATCTCCGTCATACGTAAATGCCTTCTTAAGCTATTTG

Tes_om 2_ITB ¢¢TTAAAGCTTCTGATGGTAACTGTGTTACATGTGCTCCGT¢_TACCTAAATGCCTTC_TAAGC_

FIG. 8. Nucleotide sequences at the junctions between the ITRs and unique

region DNA in regions I and 2 of the genome of CPV-BR. Both sequences

are shown in a 5' to 3' orientation, such that the 5' end would correspond

to the inner end of that sequence in the genome [13].

direct or staggered homologies between the ITR sequences and the adjoin-

ing genomic sequences, nor any significant alternate purine/pyrimidine

stretches indicative of ability to assume the Z configuration, nor any

significant dyad symmetries. Thus the sequences around the junctions

of ITRs and the remainder of the genome possess no features that would

provide a clue as to why the ITR sequences should be joined at those

two particular locations.

Insight into the genesis of ITRs came from an unexpected quarter,

namely analysis of the genomes of a series of white pock variants of

CPV-BR. CPV-BR produces red ulcerated hemorrhagic pocks on the CAM of

developing chick embryos. About I percent of pocks, however, are white.

The white pock producing variants can be isolated; many are stable geneti-

cally in that they never revert to producing red pocks. These features,

namely their very high rate of generation and their total lack of

reversion, together with the ease with which they can be selected and

isolated, make them attractive objects for studies of the nature of

their genomes. Pickup et al. [13] isolated a large number of such

variants and selected ten for detailed study. Restriction endonuclease

analysis of their DNAs revealed that they lack some regions of the

genomes of parental wild-type red pock producing virus, that they

possess two copies of other regions of which the wt strain possesses

only one, and that they possess some restriction endonuclease fragments

that are not present in the qenome of wt virus, which is due to the

presence of rearranged sequences. However, they all contain the entire

wt virus ITR.

Detailed restriction endonuclease analysis revealed that the

genomes of the ten variants could be represented schematically as

depicted in Figure 9. All variants possess an intact region I, but in

all of them, with one exception, 32-38 kbp of the terminal region of

the about 40 kbp long region 2 were deleted and replaced by a region of

variable length that is identical with the terminal portion of region I
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FIG. 9. Structures of region 2

of ten white pock variants of

CPV-BR. The genomes are aligned

at a coordinate that maps at 40

kbp from the right terminus of

CPV-BR DNA. Horizontal lines 45 s.0 t0 _ 0 kb

correspond to nonrepeated CPV-
wBR DNA; black rectangles corres-

pond to the ITR. Open rectangles

correspond to region I DNA se- Wl Ji

quences inverted relative to
w2

their orientation at the other R

end of the genome. Double w3
vertical lines atthe left-

hand end of open rectangles w4

correspond to the location of II

novel junctions between region I ws

and 2 DNA sequences; single [

vertical lines represent novel we
E

junctions that were sequenced

(see text). The broken line w7
EJ

in variant w10 corresponds to

the sequences deleted in this ws [
variant. W + indicates the

genome of CPV-BR [13]. w9

w10

inserted in the opposite direction. Thus all these variants possess

new ITRs: in all cases the new ITR is longer than that of wt virus,

the shortest beingthat of variant W9 (12 kbp) and the longest that of

variant W7 (50 kbp). In all these variants the lack of 22-28 kbp

(actually 32-38 kbp, but 10 kbp correspond to the wt ITR) does not

affect their ability to multiply either in the CAM or in BHK cells.

This agrees with the notion d_scussed above that the sequences in

regions I and 2 do not encode functions essential for orthopox_drus

multiplication, but that they encode functions concerned with the

interaction of orthopoxviruses with their host cells.

The reason why in all variants the amount of material that is

deleted is about the same, namely 32-38 kbp long, is probably that it

cannot be shorter because the gene that causes pocks to be red is

located about 30 kbp from the end of the CPV genome (Pickup et al.,

unpublished results), and that it cannot be longer because a gene that

is essential for virus multiplication is apparently located about 40

kbp from the right end of the CPV-BR genome.

In variant 10, the length of the ITRs is exactly the same as those

of the wt virus. In all others the ITRs are enlarged, in some only

slightly, in others enormously. Thus, it seems clear that ITRs are

generated by the same mechanism _at generates deletion/duplication

variants. The simplest mechanism to account for the generation of such

variants is by a single crossover recombinational event such as is

illustrated in Figure 10. However, this is probably not the actual

mechanism by whichITRs are generated. There are several reasons for

this. First, Pickup et al. [13] isolated the junction regions of
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FIG. 10. A possible mechanism for generating deletion/duplication

variants, and therefore ITRs, by crossover between sequences in regions

I and 2 on two genomes aligned in opposite direction. Crossover between

region 2 sequences aligned in the same direction would yield simple

deletion variants like variant w_0.

three of the deletion-substitution variants (W5, W6 and W8) and of the

straight deletion variant W10, and sequenced them. As is the case for

the ITR junction regions in wt virus depicted in Figure 8, no homology

was found among the sequences that would have to recombine. Recombina-

tion would therefore have to be of the type generally referred to as

nonhomologous or illegitimate. While evidence that joining of non-

homologous sequences occurs frequently is accumulating rapidly--

examples being the highly efficient manner in which fragments of retro-

virus proviral DNA are reconstituted [21,22] and the ends of unrelated

DNAs are joined after transfection into eukaryotic cells [23]--its

detailed mechanism is not known. Second, this type of recombination

would be expected to yield roughly equal numbers of deletion-substitution

and straight deletion variants; but analysis of the genomes of white

pock variants of C PV-BR, MPV and RPV [3-6] indicates that the frequency

of deletion-substitution variants is roughly ten times that of straight

deletion variants. A mechanism that would generate deletion/duplication

variants with those frequency ratios is the nonreciprocal transfer of

genetic information between the terminal regions of different genomes

or of the same genome, that is, a mechanism involving strand invasion

and gene conversion. If, for example, a double-stranded break or a

single-stranded nick were introduced into an ITR, the resulting free

3'-end might be able to invade the duplex at the other end of the genome

and either repair or replace the gapped end with a newly synthesized

copy of the intact end. The loop structure at the DNA terminus would

facilitate the synthesis of a double-stranded replica of the template

terminus. Intramolecular exchanges of this type would produce deletions/

duplications, while intermolecular exchanges would produce both dele-

tions/duplications and simple deletions, depending on the ends involved.

This mechanism would tend to yield an excess of deletions/duplications

over simple deletion variants; therefore, it may resemble more closely

the actual mechanism that generates white pock variant genomes.
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While details concerning the precise mechanism of formation of

ITRs remain to be worked out, it is clear that genetic rearrangements

in regions I and 2 of orthopoxvirus genomes occur with high frequency.

Because of the nature of the selection involved, the system studied

here, namely the formation CPV-BR white pock variants, involves only

6-10 kbp of region 2. Judging from the frequency of generation of such

variants (about I percent per progeny virus particle), the overall

frequency of such rearrangements involving the roughly 80 kbp of regions

I and 2 may amount to about 10 percent of virus particles produced.

Clearly the length of ITRs in the wt strain of CPV-BR is not fixed in a

genetic sense; in fact, the length of ITRs in various red pock producing

and therefore phenotypically wt + strains of CPV-BR may be quite different.

It is not known at this time whether pressures exist that cause ITRs of

certain lengths to be selected; in other words, whether there are

pressures that tend to stabilize ITR length.

However that may be, the significance of ITRs is that they increase

the genetic potential of orthopoxw[ruses; for the generation of new

ITRs could produce new orthopoxvirus strains, that is, strains with

altered virus-host cell interactions. Among the consequences of the

generation of new ITRs are deletion of large segments of DNA, alteration

of the relationship of control sequences to coding sequences, and the

creation of novel coding sequences by changing reading frames. In

fact, it seems that there must be pressures that limit the generation

of new ITRs, since if the rate of generation of ITRs is as high as that

suggested from this study of white pock variants of CPV-BR, namely 10

percent of progeny virus particles, new virus strains should be generated

more rapidly than actually appears to be the case. On the other hand,

it must be pointed out that no one has yet tested whether new orthopoxvirus

strains are not actually produced at such a high rate; such studies

could only be carried out by examining appropriate and as yet unspecified

genetic markers. However that may be, the genetic potential for

generating new orthopoxvirus strains is clearly very great, and this is

a factor that must be kept in mind when considering the use of orthopox-

viruses as vectors for vaccine antigens.
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INTRODUCTION

The objectives of this chapter are to review aspects of the

molecular biology of vaccinia virus that are most relevant to the

development of vectors for expression of foreign genes, and to consider

some of the strategies that have been used to create recombinant

viruses. More comprehensive treatment of the biology of poxviruses may

be found elsewhere [1,2]. Poxviruses, of which vaccinia virus is the

prototype, are distinguished by their large size and complex morphology,

high molelcular weight DNA genome, coding for enzymes needed for DNA

and RNA synthesis, packaging of the latter within the infectious virus

particle, and cytoplasmic site of replication.

VIRON STRUCTURE

Poxviruses are the largest and most complex of all animal viruses.

Two infectious forms of vaccinia virus exist. The intracellular one,

which is predominant, contains a lipoprotein envelope, a biconcave

core, and lateral bodies fitted into the concavities. The extracellular

form, the amount of which may vary from less than I percent to more

than 20 percent of the total infectious virus depending on the vaccinia

virus strain and cultured cell used [3], has an additional lipoprotein

envelope apparently acquired from golgi membrane [4,5]. Although a

minor commponent in vitro, the intracellular form is thought to be

important for virus dissemination in vivo [6,7].

GENOME

The genome of vaccinia virus consists of a linear double-stranded

DNA molecule of approximately 185,000 base-pairs [bp) located within

the core structure [8]. The DNA has several characteristic features in

addition to its large size. The sequence at the two ends of the genome

are identical for about 10,000 bp [9,10]. This very long inverted

terminal repetition contains sets of tandem repeats that are 54, 70 and

125 bp long [11,12] as well as several complete genes [13]. Perhaps

most unusual is the covalent linkage of the two DNA strands [8] by

incompletely base-paired hairpin loops at each end of the genome [14].

The 104 nucleotide hairpin structure exists in two isomeric forms that

are inverted and complementary in sequence. It seems likely that the

hairpins are necessary for replication of the ends of the linear DNA.

The length of the vaccinia virus genome can vary appreciably while

maintaining its ability to be replicated or packaged. For example, a

viable 9,000 bp deletion mutant of vaccinia virus has been isolated

[15,16] and rabbitpox mutants with even larger deletions have been

found [17]. The vaccinia virus genome also can be expanded by at least

25,000 bp [18]. The ability of different lengths of DNA to be packaged

may be related in part to the non-icosahedral structure of the virion.

Although intact vaccinia virus DNA molecules can be isolated, the

DNA is not infectious [19]. Evidently, additional virion components such

as the enzymes described below are needed to start the infectious cycle.
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ENZYME COMPONENTS OF THE VIRION

Two-dlmenslonal gel electrophoresls of virlons disrupted with

sodium dodecyl sulfate suggest that there are at least i00 polypeptldes

[20]. These include structural proteins as well as enzymes involved in

transcription, mRNA modification and possibly other functions. The

llst of isolated enzymes includes a multisubunit DNA-dependent RNA

polymerase [12,21], a two-subunlt poly(A) polymerase [22], a two-subunlt

enzyme complex containing RNA trlphosphatase, RNA guanylyltransferase

(capping enzyme), and RNA guanlne-7-methyltransferase activities [23,24],

an RNA (nucleoslde-2'-) methyltransferase [25], a 5'-phosphate polynucleo-

tide klnase [26], a DNA-dependent ATPase [27], a nucleic acid dependent

nucleoslde triphosphatase [27], an endorlbonuclease [28], two deoxyribo-

nucleases [29,30], a DNA topolsomerase [31], a protein kinase [32], and

an alkaline protease [33]. For a description of these enzymes and

additional references see Moss [2].

EXPRESSION OF THE GENOME

Following adsorption and penetration of host cells, the virus core

is released into the cytoplasm where transcription occurs (Figure I)

DNA

_ uncoati'lgI 2 - 5hJ uncoatingI DNA repication

J - ",,,
early mRNA ,'" ...""" late rnRNA

early y late ,er_nnes

.-" cleavage
.'" glycosylation

I phosphorytat_n

_
rnc_hogenesis 4 - 20h lipids

FIG. i. Vacclnla virus growth cycle.

DNA-RNA hybridization studies indicate that about half of the genome is

expressed at this early or pre-repllcatlve stage [34,35]. There appears

to be about i00 early genes distributed throughout the length of the DNA

[36]. Some of these genes have been precisely mapped and several have

been sequenced [37-39]. All of the genes thus far examined have continuous

coding segments and no evidence of RNA splicing has been found. In addi-

tlon, several RNAs were found to be initiated at the mature 5' ends [40].

Most if not all vacclnla virus mRNAs are polyadenylated [41], but it is
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not known whether this occurs at the site of transcriptional termination

or cleavage.

Following the onset of DNA replication, the late class of genes is

expressed and many of the early genes are no longer functionally active.

Late genes, which include the major structural proteins, also are

distributed throughout the genome, however they appear to be concentrated

in the central region [36]. The nucleotide sequence of the one late

gene reported thus far also contains a continuous coding segment [39].

Although late mRNAs have discrete 5' ends, their 3' ends are extremely

heterogeneous and can apparently extend thousands of nucleotides past

the 5' coding portion [42,43,39]. Because of this unusual feature, the

late transcripts are overlapping and complementary to each other and to

early mRNA [44-46]. However, the biological significance of the length

heterogeneity is not known.

For most RNA polymerases that have been studied, the transcriptional

signals are located upstream of the initiation site. Although the

nucleotide sequences upstream of vaccinia virus genes do not correspond

closely to prokaryotic or eukaryotic signals, a consensus sequence for

early genes was proposed [38]. This consensus sequence was not: found

upstream of a late gene that was examined [39].

The promoter regions of sew_ral vaccini_ virus genes have been

identified by functional methods. A cell extract obtained from vaccinia

virus infected cells was shown to transcribe DNA fragments that contain

200 bp or less of DNA upstream of the RNA start site of vaccinia virus

genes [48]. Moreover, these extracts were unable to transcribe DNA

segments containing promoter regions from other sources.

Functional promoter regions also were identified by transient

expression of chimeric genes introduced into cells infected with vaccinia

virus [65]. In this assay, a fragment of vaccinia virus DNA was ligated

to the coding segment of the easily assayable chloramphenicol acetyl-

transferase (CAT) gene within a plasmid. When the recombinant plasmid

was transfected into uninfected and vaccinia virus infected cells, CAT

expression only occurred in the latter. In vitro deletion mutagenesis

has been used to delimit the promoter region [49].

A third method used to analyze promoter regions is by the introduction

of chimeric genes into the genome of vaccinia virus. This is essentially

the procedure used to prepare recombinant viruses for vaccine purposes

and will be described in a later section.

REPLICATION OF VACCINIA VIRUS DNA

The cytoplasmic site of DNA replication is a special feature of pox-

viruses. There is evidence that vaccinia virus codes for its own DNA

polymerase of approximate M r 110,000 [50,51] and presumably for a

variety of other replication factors including a DNA topoisomerase

[31]. Although the details of DNA replication are not understood, the

available data suggest that synthesis starts near the ends of the genome,

involves a strand displacement mechanism, and concatemeric forms [52-55].

VIRUS ASSEMBLY, MATURATION AND RELEASE

Vaccinia virus assembly is a complex process that occurs within

specialized areas of the cytoplasm [I]. Mature particles are moved out

of the assembly areas and transported to the cell periphery. Some of the
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particles become wrapped in modified golgJ membrane and are external-

ized [4,5,56].

CLONING AND EXPRESSION OF FOREIGN GENES

Consideration of the biological properties of vaccinia virus is

necessary for this agent to be used effectively as a cloning and

expression vector. Because vaccinia virus has a unique transcriptase,

the enginering of chimeric genes with vaccinia regulatory signals fused

to the foreign protein coding sequence is required for efficient

expression [57]. The large size of the vaccinia virus genome precludes

the simple insertion of foreign DNA. In addition, the non-infectious

nature of the DNA would prevent its propagation by transfection of

uninfected cells. These difficulties have been overcome by allowing

homologous recombination to occur in cells infected with vaccinia virus,

a process originally used for marker rescue [19,58,47]. As depicted in

Figure 2, this is carried out by flanking the foreign DNA with vaccinia

virus DNA sequences and then transfecting this recombinant DNA into

vaccinia virus-infected cells [57,59]. The site of insertion of the

foreign gene is determined by the flanking vaccinia DNA. To preserve the

infectivity of the virus, the insertion must not destroy an essential

gene. Several non-essential regions including those in the 9,000 bp

region proximal to the left inverted terminal repetition [57], the

FORMATION OF VACCINIA VIRUS
RECOMBINANTS

RECOMBINANT PLASMID

VACCINIA VIRUS _ VACCINIA _ VACCINIA
\ DNA _"'l I _l-- DNA

9 _ _ FOREIGN

,f / _ DNA

FIG. 2. Formation of vaccinia virus recombinants by homologous
recombination.



31

thymidine kinase gene [57] and a site within the HindIII F fragment

[59] have been used for this purpose. Since the recombinants comprise

only a small percentage of the total progeny virus, a method of selection

or screening is necessary. One general selection method has been to

insert the foreign DNA into the thymidine kinase gene and, in that way,

disrupt its function [57]. The TK- recombinants are then select_ by

plaque assay in the presence of 5-bromodeoxyuridine. A similar approach

was previously used to make rearrangements and deletions within the

herpesvirus genome [60]. Alternatively, recombinant plaques can be

screened by hybridization to the foreign DNA [59] or by expression of

the foreign gene product [57,59,61].

Two approaches that use some or all of the above features for

expression of foreign genes have been developed. The first consists of

inserting foreign DNA into available sites within non-essential regions

of the vaccinia virus genome [59,62]. Although technically simple,

this procedure limits the promoters used, makes optimization of expression

difficult, and can lead to the formation of fusion proteins with unpre-

dictable properties. The second method involves the translocation of

defined promoters from essential or non-essential genes and readily

lends itself to optimization of expression, the synthesis of authentic

or fusion products as desired, and the development of a general expression

vector system [57,63]. To implement the latter procedure, a series of

special plasmid vectors were constructed [63]. These plasmids contain

a vaccinia virus promoter region, including the RNA start site and

engineered restriction endonuclease sites for introduction of the

foreign DNA, inserted into the coding region of the vaccinia thymidine

kinase gene (Figure 3). The plasmids differ with regard to the vaccinia

promoter and the restriction endonuclease sites. The foreign DNA

segments that have been introduced typically have their natural

translational initiation and termination codons so that authentic gene

products will be formed.

Both the level and regulation of expression of the foreign gene

are determined by the promoter used. These promoters fall into at

least three classes: early, early/late, and late. In order to develop

and evaluate vaccinia virus as an expression vector, a prokaryotic gene

that encodes CAT was used. The assay for this enzyme is simple and

quantitative and there is virtually no background since this activity

is absent from eukaryotic cells [64]. Using the methods outlined in

Figure 3, vaccinia virus recombinants containing the CAT gene regulated

by early, early/late and late promoters were constructed [63,39]. The

early promoter was excised from the TK gene, the early/late promoter

from a gene that encodes a polypeptide of M r 7,5000 (7.5K), and the

late promoter from a structural polypeptide of M r 28,000 (28K). The

time courses of CAT expression in cells infected with these recomblnants

are shown in Figure 4. When the TK promoter was used, CAT activity was

detected within 2 hr and peaked at about 6 hr. Cytosine arabinoside,

an inhibitor of DNA replication, had little effect on CAT expression as

expected for an early gene. with the 7°5K promoter, CAT expression

occurred early but continued for a longer period than with the TK

promoter. Moreover, cytosine arabinoside inhibited CAT expression by

approximately 50 percent. Further analysis indicated that the 7_5K

promoter contains tandemly arranged late and early transcriptional

signals with separate RNA initiation sites [49]. The pattern of

transcription appeared to be significantly different when the late 28K

promoter was used. No CAT activity was detected until about 6 hr after

infection and that was completely suppressed by cytosine arabinoside

[39].
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Vaccinia Promoter Restriction Sites

f/
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ATG _ TAA
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FIG. 3. System for insertion and expression of foreign genes in vaccinia

virus. TK, thymidine k_nase gene; ATG, translation initiation codon;

TAA, translation termination codon; BudR, bromodeoxyuridine.
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FIG. 4. Expression by vaccinia virus recombinants of chloramphenicol

acetyltransferase (CAT) under control of 3 types of vaccinia virus

promoters. Cells were infected with vaccinia virus recombinants in

presence (+AraC) or absence of (-.AraC) of cytosine arabinoside, an

inhibitor of DNA replication. The promoters were isolated from the

thymidine kinase (TK) gene or from genes expressing proteins of 7.5K or

28K.

CONCLUSION

With proper engineering, it appears that virtually any gone can be

expressed in a vaccinia virus vector. Thus, genes from prokaryotes,

e.g. CAT [63]; from DNA viruses, e.g. hepatitis B virus surface antigen

[72,62]; herpes simplex virus thymidlne kinase [57,59] and herpes

simplex virus glycoprotein D [62,66]; from RNA viruses, e.g. influenza

virus hemagglutinin [67,61]; vesicular stomatitis virus glycoprotein [68]
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and rabies virus glycoprotein [69,70]; and from Protozoan parasite,

e.g. malaria circumsporozoite antigen [71] all have been expressed.

In many cases the polypeptide products have been shown to be indistin-

guishable from the authentic protein, appropriately glycosylated,

transported to the plasma membrane, and highly immunogenic. As our

knowledge of vaccinia virus gene expression increases, the efficiency

of the system will undoubtedly improve. New selection methods may make

isolation of recombinant virus still easier. Since the capacity of the

vaccinia virus genome for added foreign DNA is at least 25,000 bp [18],

there should be no technical obstacle to the insertion and expression

of multiple genes.
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INTRODUCTION

The orthopoxvirus genus contains a highly successful group of viruses

which infect a large number of animal species (see Baxby, Dumbell this

volume). Vaccinia virus, in particular, has a very broad host range in

nature and has been reported to infect cows [1,2], pigs [3], buffaloes

[4], and camels [5]. In the laboratory the virus replicates in a large

number of tissue culture cell lines. Within the vaccinia virus specie,

strains can show distinct differences in pathogenesis in the host. For

example, during the smallpox eradication program a significantly higher

incidence of post-vaccinial encephalitis was noted following vaccination

with the Copenhagen strain of vaccinia virus as opposed to the Lister

strain [6]. The basis of the enhanced virulence of the Copenhagen

strain is most certainly at the level of the DNA sequence in the virus

genome, and the exact region can potentially be deduced from studying

DNA structure and function.

The vaccinia virus functions important to virus virulence in the

host can be investigated by direct analysis of naturally occurring

variants in the virus population, by the induction and isolation of

conditionally lethal mutants or by insertional inactivation of specific

gene functions using recombinant DNA techniques. The following article

is an attempt to integrate recent studies directed towards defining

important vaccinia virus virulence functions with what is known concerning

orthopoxvirus virulence functions as a whole.

Orthopoxvirus Variants

Orthopoxviruses produce two types of pocks in the chick chorioallan-

toic membrane: an ulcerated pock with a hemorrhagic center [U +) and a

white nodular nonulcerated pock (U-) [7,8]. The U- pock variants arise

with a frequency which varies with the parental virus strain examined

but is usually about I%, and exhibit certain characteristics which suggest

they may be deletion mutants [9,10]. Subsequently, restriction endonuc-

lease analysis of the genomic DNAs from U- variants of cowpox [11,12],

monkeypox [13,14] and rabbitpox I[15-17] have characterized net DNA

deletions at ends of the genome i[Figure I). In the case of rabbitpox

virus, net DNA deletions of up to 10 and 20 x 106 daltons have been mapped

to the left-hand and right-hand regions of the genome, respectively. If

these deletions are additive, then 30 x 106 daltons of DNA are not essen-

tial for virus replication in certain cell lines [17]. This represents

approximately 25% of the viral genome. Deletions at the left-hand end

of the rabbitpox genome but not the right-hand end can affect the U-

variants's ability to replicate :in pig kidney (Pk-15) and rabbit cornea

(RC-60) cells [15,16]. Early studies by Fenner and colleagues demonstrated

that certain white pox variants of rabbitpox virus showed reduced viru-

lence for mice and rabbits following intracerebral and intradermal routes

of virus inoculation, respectively [18]. This reduction in virulence

was correlated with DNA deletions at the right-hand end of the genome

[15]. The rabbitpox U- phenotype can be generated by a deletion at

either terminus, but with cowpox and monkeypox viruses compensated dele-

tions have only been reported for the right-hand terminus of the genome

[12,13,14].

Published 1985 by Elsevier Science Publishing Co., Inc.
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FIG. 1. The Hind III map of DNAs from U- variants of cowpox strain

Brighton, monkeypox strain Copenhagen, and rabbitpox strain Utrecht.

The individual DNA maps were aligned with one another by choosing as a

reference point the Hind III restriction enzyme site which separates

fragments 0 and I on the original map of rabbitpox [13]. The cross-

hatched box region delineates the position of the largest deletion

observed in the U- variants examined in the indicated references. An

open-ended box indicates uncertainty with respect to the boundaries of

the deletion.

Variants of vaccinia virus have been characterized by restriction

endonuclease analysis to have large deletions at the left-hand end of

the genome [19-21]. The WR-6/2 virus replicates normally in BS-C-I,

Hela and Pk-15 cells, but has reduced virulence for mice by the intra-

cerebral and intraperitoneal routes [22]. The Copenhagen-hr virus is

unable to multiply in the human cell lines assayed. From the differences

in the lengths of the deletions in WR-6/2 and Copenhagen-hr viruses and

from marker rescue experiments, the function(s) required for replication

in human cells are thought to lie in the Hind III N, M or K fragments

(Figure 2).

One convenient model for defining orthopoxvirus virulence genes

utilizes a natural virus disease of the inbred mouse: mousepox. Mousepox

is caused by the ectromelia virus which shares both DNA sequence [23,24]

and antigenic homology [25,26] with vaccinia virus. In the late 1940s,

Fenner suggested that mousepox was analogous to generalized vaccinia

and inoculation smallpox (Figure 3) [27]. Because ectromelia virus is

an order of magnitude more virulent than vaccinia virus for the mouse,

mousepox is a far more sensitive model system with which to analyze

genes important in vaccinia virus virulence.

Ectromelia virus variants which had an altered pathogenesis in the

BALB/cByJ mouse, have been isolated from T-lymphocyte-derived cell lines
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FIG. 2. The Hind III map of DNA deletion mutants of vaccinia virus. The

thin horizontal line indicates the span of the deletion detected in vari-

ants Copenhagen-hr and WR-6/2. The hatched box denotes the fragment of

DNA responsible for the host range phenotype in Copenhagen-hr as deter-

mined by marker rescue techniques.

which were persistently infected with ectromelia virus [28]. One such

mutant, hr-1, appeared to produce less extracellular virus than wild-

type virus during its replicative cycle as judged by the failure to

show extensive comet formation, a term used to describe a series of

secondary plaques tailing away from the primary plaque. These secondary

plaques are thought to result from tlhe natural release from infected

cells of extracellular enveloped virions (EEV) which may be important

in dissemination of the virus in the infected host [29,30]. BALB/cByJ

mice infected with this mutant by the footpad route did not die and

showed no detectable virus in spleen or liver by day 17 post-infection,

whereas mice inoculated with WT virus died by day 9. Elucidating the

genomic location and function of the genes(s) that are altered in hr-1

is in progress, as is the search for comparable genes in the vaccinia

virus genome.

These data taken together argue that the DNA sequences near the

termini of orthopoxviruses are not essential for growth in the chick

chorioallantoic membrane and in certain cell lines, but are important

for host range phenotypes and pathogenesis in the host. Consistent

with this region of the DNA being important in virus specie specific

virulence functions is the observation that the DNA sequence homology

among orthopoxviruses is lower near the termini than _n the central

portion of the genome [23,24,31]o

Conditional Lethal Mutants of Vaccinia Virus

Three separate laboratories using either vaccinia virus strain WR

or strain Copenhagen have isolated over 123 virus mutants which are

temperature-sensitive [ts) in functions necessary for virus replication

in either primary chick embryo fibroblasts or an African green monkey

kidney cell line, BSC-40 [32,34]. Using marker rescue techniques the

positions of these ts mutants have been determined on the Hind III
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restriction endonuclease map of vaccinia DNA (Figure 4). One striking

feature of the distribution of the vaccinia virus ts mutations along

the DNA restriction maps is the clustering within the central region of

the genome which has been shown to be highly conserved among orthopoxvirus

species [23,24]. However, it must be noted that in Figure 4B the cloned

DNA fragments which were tested for marker rescue of the ts mutants

comprised less than 50% of the vaccinia genome. Furthermore, the large

size of Hind III fragment A used in the marker rescue experiments depicted

in Figure 4C does not permit as accurate an assignment of mutant map

position in this portion of the genome as does the analysis shown in

Figure 4A. As seen previously [Figure 1} the DNA sequences near the

left (Hind III fragments C, N, M) and the right terminus (Hind III

fragment B) do not appear to be essential for replication in certain

tissue culture cells, and therefore ts mutants would not be expected to

be isolated from these portions of the genome.

These data can be interpreted to suggest that the highly conserved

central portion of the genome contains the majority of the basic

functions required for vaccinia virus replication. To date, DNA poly-

merase [35], thymidine kinase [36] and a number of virion structural poly-

peptides [37,38] have been shown to be coded by this region of the genome.




