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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 immunogenic, 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 development 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 properties 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 develcping 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 c¢f 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 cne, 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 Microbiclogy, University of Liverpcool, Liverpool,
United Kingdom

Vaccinia is a member of the genus Orthopoxvirus. Table I lists
the other members, and indicates which are human pathogens. 1In 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 {1].

TABLE I. Orthopoxviruses.

Species Reservoir Cther hosts Human infection
Variola (Man) None (Yes), eradicated
Vaccinia None See Table III Yes
Cowpox Rodent? Cattle, Cats Yes
Monkeypox ? Monkeys Yes
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.

1. 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 explain 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, BAs 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 reguires inoculation
into the superficial layers of the skin in order to infect. Infection
ig 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.

Mand Cow?@ Buffalo?
Pigd Camel? Rabbitdsb
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, 1In 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. Howeveyr, 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 El 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:

1) 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) 1In 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 previcusly 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 Kenya,
Africa., It is a skin disease in horses, and it is 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 vaccinia 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 pecssibility
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.



ASPECTS OF THE BIOLOGY OF ORTHOPOXVIRUSES RELEVANT TO THE USE OF
RECOMBINANT VACCINIAS AS FIELD VACCINES
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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
immunogens 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 variant of
vaccinia [1].

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 monkeypcx [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 orthopoxviruses is a linear,

double-stranded DNA

molecule, some 180-220 kilobases long and closed with a hairpin loop at
Digestion of the DNA with restriction endonucleases gives
profiles of DNA fragment sizes which are characteristic of the different
Linear maps have been constructed, showing the relative
locations of the cleavage sites for three endonucleases on representative

either end.

species [5].

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
ZOO0S .
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 Burope and USA.
Camelpox Middle East, Camel Narrow Apparently confined to
East Africa camel. Human infection
probably does not occur.
Variola Formerly Man Narrow Now eradicated.
wor 1dwide
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
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 monkeypox, 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. [11}, 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 involved 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 pclarity.
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 subcloning.
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 individuals of every million vaccinated, The cutaneocus 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 vaccinia 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 reasocnably 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 immunogen should be
available which is both equally efficient and is affordable by the
health authority concerned.
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MOLECULAR BIOLOGY OF VACCINIA VIRUS: STRUCTURE OF POXVIRUS DNA
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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 {(CHWV),
rabbitpox virus (RPV) and ectromelia (mousepox virus). These viruses
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 [1].

The basis of the relatedness of orthopoxvirus genomes became apparent
when their restriction endonuclease sites were mapped. Figure 1 illus-
trates this point., It represents the cleavage maps for two enzymes,
HindIIT and SmaIl. 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 1 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 which probably
originated from the genetic material of eukaryotic 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 MFV are rearranged, with long stretches of DNA being

@ 1985 Elsevier Science Publishing Co.. Tnc.
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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 T T T T T —
VACCINIA: DIE rr— Tt T r ~
Hi T T LA s o e T S
Ls rr— T T s v
WR r T T A
MONKEYPOX:  MPL ot vr 13 —r——rrT— v .
MPD v ™r it T T s —r
MPE  +—yr r 4 Tttt v y
VARIOLA: BUT rrp—clr T T —tr— v
HAR r—l —r—rrr—r T i v
COWPOX: AR —rrr— —r—rrr— r — r—r
B8R —y e I —— — —
RR v v rrr—Lt Ty T —T T
OR ~ T —rr—_t T T — —r——t
ECTROMELIA: EM s —rrr— T T —t——r—
EM o= rrr—i T T —t——r——t——
"oKbp
HIND Il ~—y— SMA | ——

DATA FROM WITTEK ET AL ,1977; MACKETT AND ARCHARD, 1979

FIG. 1. Physical map locations of the HindIII and Smal 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; CPV red strains Austria, Brighton, Ruthin angd
Daisy; and ectromelia virus strains Hampstead and Moscow.
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FIG. 2. The genome of CPV-BR. The locations of the Smal 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 genomes possess inverted terminal repeats [11,12]
that way differ enormously in length; the ITRs of some viruses, such as
those of variola virus, are no more than 1-2 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 ather;
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 orthopoxvirus 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
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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 104 residues cannot form basepairs. They exist in the wvaccinia
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.



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
CPV —BR = Set1 Dfiel Alul Set2 Sall
-138 1502 32 547 20
NA1 NR2 NR3
VACCINIA=WR  _ Sett Ddal Al Set2 i Sall
138 -960 325 ~1300 T o0 .

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 1) 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 Atul 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 Sall 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 CPV-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 1 and 18 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 TYPE A UNIT CCATCAGAAAGAGCTTTAATATITTTGTIGAGA
VACCINIA REPEAT DNIT CCATCAGAAAGAGG'!TTAATATTTT‘IGTGAGACCAT(_:GAAGAGAGAAAGAGA—TAAAA(;?TTTTTACGACT
COWPOX TYPE B* UNIT CCATTGAAGAGAGAAAGACAATAAAATATTTTTACGACT

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
CCATTGAAGAGAGAAAGAGAAAGACAATAAAAATATTTTAGTGACT
B¥ CCATTGAAGAGAGAAAGAGAA------T- AAAATATTTTTACGACT

—————— GTAAAACTTTTTTATGAGA

FIG. 6. Sequence composition of the four repeat subunits 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 [10].

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 repesat 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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NUMBER OF REPEATS: 12 2 3 “ 5 6 1
TYPE: ~w——XB KB ACCB* AXCCE® ACCB* ACCB* ACCE® ACCR® ACB¥ A 3+ 4 B/A B —j
BASE PAIRS: 95 78 78 177 IETNY 3 177 17 176 123 32 38 32 38 22
1502
2 3 sal 1
V= A/B/B* ACB® ACB* A CCC Cv  Av ——

312 33 1235 125 32 162 40 30 269
547 —

FIG. 7. Structure of the two repeat sets in the terminal Sall fragment
of CPV-BR DNA. They are flanked by NR (nonrepeated sequence region) 1
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 heterogenecus. Wwhen 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 genome 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 1 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 et al., [19]. Nor has this tendency toward
length heterogeneity been noted for other orthopoxvirus genomes.

The ITRs of Orthopoxvirus Genomes

Orthopoxvirus genomes possess long inverted terminal repeats (ITRs).
The length of these ITRs varies in the various orthopoxvirus prototype
strains. Phus, 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

region 1-1TR TCGTAGCTAAAACTCAAGTAAGAGGCTTTITATTATCTCCGTCATACGTAAATGCCTICTTAAGCTATTTG

region 2-178 CCTTAAAGCTTCTCATCGTAACYGTCTTACATGTGCTCCOTCATACGTAAATGCCYTCYTAAGCTATTTG

FIG., 8. Nucleotide sequences at the junctions between the ITRs and unique
region DNA in regions 1 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 seguences 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 1 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 genome 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 1, 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 1
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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 being that 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 discussed above that the sequences in
regions 1 and 2 do not encode functions essential for orthopoxvirus
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. 1In all others the ITRs are enlarged, in some only
slightly, in others enormocusly. Thus, it seems clear that ITRs are
generated by the same mechanism that 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 which ITRs are generated. There are several reasons for
this. First, Pickup et al. [13] isolated the junction regions of

23
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FIG. 10. A possible mechanism for generating deletion/duplication
variants, and therefore ITRs, by crossover between sequences in regions
1 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 W10.

three of the deletion-substitution variants (W5, W6 and wW8) 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. Wwhile 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 CPV-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 1 and 2 of orthopoxvirus genomes occur with high freguency.
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 1 percent per progeny virus particle)}, the overall
frequency of such rearrangements involving the roughly 80 kbp of regions
1 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 wtt 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 orthopoxviruses; 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 segquences, 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 bioclogy 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 1 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 {e,71.

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.
Puhliahad 1985 bv Flsevier Science Publishinag Co. . Inc.
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ENZYME COMPONENTS OF THE VIRION

Two-dimensional gel electrophoresis of virions disrupted with
sodium dodecyl sulfate suggest that there are at least 100 polypeptides
[20]. These include structural proteins as well as enzymes involved in
transcription, mRNA modification and possibly other functions. The
list of isolated enzymes includes a multisubunit DNA-dependent RNA
polymerase [12,21], a two—subunit poly(A) polymerase [22], a two-subunit
enzyme complex containing RNA triphosphatase, RNA guanylyltransferase
(capping enzyme), and RNA guanine-7-methyltransferase activities [23,24],
an RNA (nucleoside-2'-) methyltransferase [25], a 5'-phosphate polynucleo-
tide kinase [26], a DNA-dependent ATPase [27], a nucleic acid dependent
nucleoside triphosphatase [27], an endoribonuclease [28], two deoxyribo-
nucleases [29,30], a DNA topoisomerase [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 1)

uncoating Il DNA replication

_. mcozil'ng 1 2 - 5h

N

late mRNA

late enzymes
*
late virion proteins
.- cleavage
,»*  glycosylation
“ phosphorylation

FIG. 1, Vaccinia virus growth cycle.

DNA-RNA hybridization studies indicate that about half of the genome is
expressed at this early or pre-replicative stage [34,35]. There appears

to be about 100 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. 1In addi-
tion, several RNAs were found to be initiated at the mature 5' ends [40].
Most 1f not all vaccinia 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 several vaccinia 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]. 1In 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 My 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 [1]. 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 golgi membrane and are external-
ized [4,5,56].

CLONING AND EXPRESSION OF FOREIGN GENES

Consideration of the biclogical 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 VACCINIA
DNA ™ ONA

FOREIGN
DNA

VACCINIA VIRUS

" NUCLEUS

FIG. 2. Formation of vaccinia virus recombinants by homologous
recombination.
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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 selected 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 [57,59,611].

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 inteo 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, 7,5000 (7.5K), and the
late promoter from a structural polypeptide of M, 28,000 (28K). The
time courses of CAT expression in cells infected with these recombinants
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
{391].
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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
2BK.

CONCLUSION

With proper engineering, it appears that virtually any gene 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 thymidine kinase {57,59] and herpes
simplex virus glycoprotein D [62,66]; from RNA viruses, e.g, influenza
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virus hemagglutinin [67,61]; vesicular stomatitis virus glycoprotein [68]
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and rabies virus glycoprotein [69,70]; and from Protozoan parasite,
e.qg. 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 labcratory 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 choricallan-
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 1%, 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 [15-17] have characterized net DNA
deletions at ends of the genome (Figure 1), 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 10® 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 Bind III restriction enzyme site which separates
fragments O 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-1,
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. 1In 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 plagque. These secondary
plaques are thought to result from the 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 seguences 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 in the central
portion of the genome [23,24,31].

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.
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FIG. 4. The physical map of ts mutants of vaccinia virus. The vertical
broken and solid lines indicate the cleavage sites on the vaccinia virus
DNA genome of the restriction endonucleases Hind IITI and Sal I, respec-—
tively. Marker rescue experiments using Sal I were only Carried out in
reference 34. The horizontal broken thick lines indicate the cloned
vaccinia virus DNA fragments which were used in the marker rescue experi-
ments. The arabic numbers denote the number of mutant isolates rescued
by each DNA fragment.

Insertional Inactivation of Vaccinia Virus Virulence Genes

Foreign DNA has been inserted into several regions of the vaccinia
virus genome in order to create infectious vaccinia virus recombinants
which have been evaluated as eucaryotic expression vectors [39,40].

One segment of the genome used for insertion of foreign DNA mapped to

an Eco RI/Ava I fragment contained in the 9 kb sequence proximal to the
left terminus of the genome which is defined b by the 6/2 deletion (Figure
2). This region of the vaccinia virus genome is non-essential for repli-
cation in tested cell lines, but appears to be important for virus
virulence in the mouse [19,22]. The site used most extensively in the
construction of vaccinia virus recombinants (which have been evaluated

as candidate vaccines) is located in the thymidine kinase gene (Hind III J
fragment)., The role of the virus-coded thymidine kinase (TK) is to

41
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provide a sufficient pool of thymidine triphosphate for virus DNA
synthesis in host cells which are not actively dividing, and therefore
have lower endogenous levels of the precursors for DNA synthesis [41-43].
Thymidine kinase minus (TK~) vaccinia virus strains, which have been
isolated either by chemical mutagenesis or by insertional inactivation
of the TK locus, showed a marked reduction in virulence for the mouse
by the intracerebral and intraperitoneal routes of inoculation [22,44].
This attenuation of the vaccinia virus recombinants can be attributed
totally to the thymidine kinase negative phenotype. Similarly, TK™ HSV
type 1 and 2 and marmoset herpes viruses showed a reduced virulence in
mice compared to that of wt virus [45,46].

To further examine the effect of a TK™ phenotype on vaccinia virus
virulence, two distinct strains of vaccinia virus and their respective
recombinants were used to inoculate New Zealand white rabbits. The
Wyeth strain is the New York City Board of Health (NYCBH) strain used
extensively in the U.S. and elsewhere for smallpox vaccination. The WR
strain was derived from the NYCBH strain by multiple passage in mouse
brain [47). The virulence of TK~ vaccinia virus recombinants (constructed

TABLE I. The response of rabbits to varying doses of wild-type and
thymidine kinase minus vaccinia strains.

Rabbit Virus Virus Lesion character
inoculatedd dose Ulcer diameter (mm)
1 WR -wt 1.5 x 107 - =
1.5 x 102 + 4
1.5 x 103 + 7
1.5 x 104 + 8
1.5 x 105 + 10
1.5 x 106 + 1
WR-vHBs 4 2.1 x 101 - -
2.1 x 102 - -
2.1 x 103 - -
2.1 x 104 + 2
2.1 x 109 + 2
2.1 x 108 + 4
2 NYCBH(Wyeth) -wt 8 x 107 - -
8 x 102 - -
8 x 103 - -
8 x 104 + 3
8 x 107 + 7
8 x 108 + 8
NYCBH(Wyeth) -v55 7 x 101 - -
7 x 102 - -
7 x 103 - -
7 x 104 + 1
7 x 105 + 2
7 x 106 + 7

aThe backs of two New Zealand white rabbits were shaved. To rabbit
one, increasing doses of WR-wt and WR-vHBs4 virus were inoculated
subcutaneously on the left and right sides of the dorsal midline,
respectively. Similarly, rabbit two was inoculated with NYCBH(Wyeth)-wt
and NYCBH(Wyeth)-v55. At eleven days post-inoculation the site of
inoculation was scored as ulcerated or not, and a lesion diameter was
recorded.
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by inserting DNA coding for the HBsAg into either the WR [48,49]) or NYCBH
{(Wyeth) strain of vaccinia virus) was compared with parental wt wvirus

by measuring the diameter of the lesion at the site of inoculation

(Table I). The dose of virus required to ulcerate the skin was 1.5 x 102
and 2.1 x 104 pfu for WR-wt and WR-vHBs4 viruses, respectively. Further-
more, the diameter of the lesion was greater with the WR-wt than recomb-
inant at comparable doses. The results with the NYCBH(Wyeth) strain of
virus were similar, although the magnitude of the difference between TK™
recombinant and TK' parental virus was not as great as seen with the WR
strain. In both NYCBH(Wyeth)-wt and v55 recombinant similar doses of virus
were needed to detect ulceration of the skin, although the diameter of
the ulcer was larger with the NYCBH(Wyeth)-wt virus at all doses tested.
The NYCBH(Wyeth)-wt lesion also appeared to have more protuberant charac-
ter than the comparable lesion caused by the recombinant virus. Although
both the WR and Wyeth strains were derived from the NYCBH strain, the
former appeared to be far more virulent for the rabbit (Table I).

Experiments carried out in chimpanzees indicated that the animal
inoculated with WR-wt virus developed a larger primary lesion (diameter
37 mm) than that seen with the two animals inoculated with the recombinant
WR-vHBs4 virus {(diameter = 22 and 24 mm) [49]. In summary, TK~ recom-
binant viruses appeared less virulent than wt in the three animal species
tested.

DISCUSSION

The data is consistent with a model where functions coded in the
DNA from the left~-hand and right-hand terminal regions of the orthopoxvirus
genome are not essential for replication of the virus fn certain tissue
culture cell lines, but are concerned with host range and virus virulence
in the animal. The TK™ recombinant viruses, which have been shown to
protect animals from subsequent challenge with the appropriate infectious
agents [48-54], where examined, have been shown to be less virulent for
mice, rabbits and chimpanzees than the TK positive non-recombinant
parental virus [22,44,49]. This may suggest that a general feature of
TK™ vaccinia virus will be an attenuated virulence pattern in the host.
The relative importance of the thymidine kinase gene product to virus
pathogenesis will become clearer as we gain more information on the number
and function of the remaining vaccinia virus virulence genes.
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DISCUSSION

Dr. Quinnan: Have you had an opportunity to look at all, at any other
strains such as CV-1, to begin to define the genetic basis of attenuation
and would you comment more on the relevance of the mouse neurctropism
model to human disease?

Dr. Esposito: I just did a limited analysis of CvV-1. It looks like
it has a deletion at the left-hand end compared to the New York Board of
Health and Lister strains.

Dr., Buller: With regard to the question concerning the relevance
of mouse neurovirulence, the biclogy of these viruses is such that each
animal model is of limited use. One might point out in this case,
however, that the TK gene function may be important for neurovirulence
in all species, since neural cells are resting cells.

Dr. Ada: Dr. Blandon has studied the susceptibility of different
inbred strains of mice to ectromelia virus. There are two effects, one
linked to H2, the other not., Susceptibility linked to H2 genes varied
over 1,000~fold range. The genes that were not H2-linked were associated
with variations in susceptibility over a 100,000-fold range. He corre-
lated susceptibility with ease or the rapidity of spread of the virus
from the skin to internal organs. That is, the slower the virus pene-
trated into the animal, the more resistant the animals were to the
virus.

Dr. Buller: That's right, It seems to be a race between the
virus reaching the target organ and replicating to a high enough titer
to destroy it, the liver in this case, and the immune system responding.
The initial observations were made by Schnell. He studied crosses of
different mouse strains and found that the C57Bl mouse had an autosomal
dominant resistance locus when crossed with outbred mice. Blandon
followed that by crossing the C57B1/10 mouse with the A mouse and found
essentially the same thing, in that cross resistance was mainly dependent
on the non-H2-linked genes.

Dr. Dumbell: Dr. Mackett and I have mapped the DIS mutant of the
Japanese vaccinia strain. That has a left end deletion which starts in
the K fragment, includes the M and the N fragments, and extends out to
the terminal repetition. We did marker rescue experiments with a
fragment which stops at the left-hand end of M and N, and found that
its ability to grow in human and rabbit cells had been restored. Even
though the host range of the virus was restored, however, the rescued
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virus continued to produce small pocks in the egg membrane, like the DIS
mutant.

Dr. Boyle: Would you mention again the markers you use for
measuring or guantitating the amount of extracellular virus in your
ectromelia system?

Dr. Buller: There were three measures. One was comet formation,
the tail extending away from the primary plaque. It is a very clear
and dramatic effect. If extracellular virus is not produced, you just
get a round lytic center only. The second was titration of virus in
the extracellular fluid of an infected culture. The third was to separate
intracellular and extracellular virus particles by gradient centrifugation.

Dr. Boyle: Have you looked at the rates of growth of TK plus and
TK minus vaccinia in serum starved cells? 1In the case of herpes simplex
virus there is a difference in the ability of the plus and minus viruses
to grow in the serum-starved cells.

Dr. Buller: We haven't examined growth in serum-starved cells.

Dr. Boyle: Are viruses with inserts in other regions, for example
the F region, attenuated?

Dr. Paoletti: In trying to understand attenuation in terms of
reduced capacity to cause central nervous system disease, I think a
more critical issue may be the blood-brain barrier. Dr. Kato described
a variant strain that was attenuataed in ability to cross that barrier.
I am curious to know whether that particular strain is TK plus or TK minus.

Dr. Kato: BAs far as I know, it is TK plus.

Dr. Buller: I think it is important to understand the pathogenesis
of central nervous system disease, and it is not clear in my mind
whether it is caused by virus replication in the central nervous system
or an autoimmune reaction.



PART II
SMALLPOX VACCINES

Chairperson: G.V., Quinnan, Jr.



49

COMPLICATIONS OF SMALLPOX VACCINATION
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INTRODUCTION

One of the important benefits that flowed from the success of the
global smallpox eradication programme was that routine smallpox vaccina-
tion could be dispensed with in all countries, Of 162 WHO member states,
all except Albania had ceased smallpox vaccination of the general public
by November 1984. The resulting savings, including the costs of vaccina-
tions, port health inspections and the medical treatment required for
complications of smallpox vaccination, is estimated to be US$1000 million
annually.

While national health authorities and the world scientific community
are gratified with this situation, a new scientific development, namely
the use of vaccinia vector vaccines for the control of communicable
diseases other than smallpox, necessitates a reappraisal of the situation.
If the efficacy of new vaccines based on genetically engineered vaccinia
virus is proved, is it justifiable to use them in national immunization
programmes? Such vaccines would have four advantages: (1) production is
easy, (2) production costs are low, (3) freeze-dried vaccine is very
heat stable, and (4) it is easily administered. If suitable genes can
be inserted and are adequately expressed, such genetically engineered
vaccines have great potential to control severe and widespread diseases
such as malaria or hepatitis B, especially in Third World countries.

The major disadvantage could be the return of postvaccinal complications.
In order to make rational decisions, the advantages of such vaccines
must be weighed against the disadvantage of complications. Recently we
reviewed the literature on the complications of vaccination, and to
facilitate your appraisal of this matter, we would like to try to
present here as clear a picure as possible of the complications of
vaccination with vaccinia virus., In making this analysis we have
ignored the use of attenuated vaccines. The few that were tested on a
large enough scale multiplied so poorly in man that they were not
sufficiently immunogenic for use as a protection against smallpox.
Others that were more recently developed are G9 strain in China and
LC16m8 strain in Japan. More information is required to evaluate their
efficacy and their liability to produce complications.

Types of Complications

Three types of complications occurred among vaccinated subjects:
(1) abnormal skin eruptions, (2) disorders affecting the central nervous
system, and (3) a variety of other less severe complications.

Abnormal skin eruptions. This group included four syndromes with
different predisposing factors and different prognoses (Figure 1):

Progressive vaccinia (Figure 1A) was the most severe complication
of vaccination. The local lesion at the vaccination site failed to
heal, secondary lesions appeared elsewhere on the body and all lesions
spread progressively until the patient usually died two to five months
later, It occurred only among persons with a deficient cell-mediated

Published 1985 by Elsevier Science Publishing Co., Inc.
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immune mechanism, either because of a congenital deficiency or a lympho-
proliferative disorder, or from immunosuppressive treatment. The case-
fatality rate was extremely high, treatment by vaccinia-immune globulin
rarely being effective.

Eczema vaccinatum (Figure 1B) was much more common, and occurred
among persons with eczema who were vaccinated (although eczema was a
contraindication to vaccination in many countries) and alsoc among
eczematous contacts of newly-vaccinated persons. Either coincident
with or shortly after the development of the local vaccinial lesion (or
after an incubation period of about five days in unvaccinated eczematous
contacts) a vaccinial eruption occurred on areas of skin that were
eczematous at the time or had previously been so. These areas became
intensely inflamed and sometimes the eruption spread to healthy skin.
Constitutional symptoms were usually severe., The reported case-fatality
rates varied greatly in different series of cases, but according to
Kempe, 30% to 40% died. Treatment with vaccinia-immune globulin reduced
the case-~fatality rate to 7% [2].

Generalized vaccinia (Figure 1C) followed hematogenous spread of vac-
cinia virus, with the production of pustular lesions on many parts of the
body. The course of the individual skin lesions resembled that at the
vaccination site, but if the rash was profuse the lesions sometimes varied
greatly in size. It did not seem to be associated with immunological defi-
clencies, and had a good prognosis. Vaccinia-immune globulin was effective
in hastening resolution of the lesions.

Accidental infections (Figure 1D) could occur both in vaccinees and
contacts, the most serious being those affecting the eyes or the perineum.
Vaccinia-immune globulin was helpful in treatment.

Treatment

Several drugs were tried for the treatment of these complications,
including cytosine arabinoside, rifampicin, urea derivative of diphenyl
sulphone and methisazone. None was as effective as vaccinia-immune globulin,
which was useful for all skin complications except progressive vaccinia.

Prevention

In countries with well-developed medical services, progressive
vaccinia could be reduced by strictly observing the rule that congenital
or acquired immunodeficiencies, and immunosuppressive treatment, were
absolute contraindications to vaccination. Active eczema or a history
of eczema were regarded as contraindications to vaccination in most indus-
trialized countries, Administration of vaccinia-immune globulin at the
time of vaccination reduced the frequency of eczema vaccinatum in persons
with eczema in whom vaccination was essential [5]. However, if vaccinia
vector vaccines are introduced, these measures are unlikely to be effec-
tive in developing countries, where vaccinia-immune globulin is not read-
ily available and in general contraindications are not applied to immu-
nization programmes, On the other hand, children with congenital immuno-
deficiencies are unlikely to survive other childhood infections.

Accidental or contact vaccinial infections will be a problem if immu-
nization with a vaccinia vector vaccine is applied only to certain risk
groups while the rest of the population remains susceptible to vaccinia,.
Vaccinial infections among contacts of newly vaccinated military recrults
have been reported recently in the USA and Canada.
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FIG. 1. Cutaneous complication of wvaccinia virus infection: A. progress-
ive vaccinia which was fatal, in a child with immunodeficiency; B. eczema
vaccinatum in the unvaccinated contact of a vaccinated sibling; C. gener-
alized vaccinia 10 days after vaccination, benign course, no residual
scarring; D, accidental infection with vaccinia virus. (Photos courtesy of
the late Dr. Henry Kempe.)
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Disease Affecting the Central Nervous System (CNS)

CNS disease was the most serious vaccinial complication, in that
it was associated with a 30% case-fatality rate and, unlike progressive
vaccinia and eczema vaccinatum, its occurrence was unpredictable. In
fact, many industrialized countries contributed to the global smallpox
eradication programme in the hope that with the eradication of smallpox,
the termination of smallpox vaccination programmes would eliminate the
occurrence of postvaccinial encephalitis and encephalopathy.

For diagnosis of post vaccinial complications of the central
nervous system, however, it should be borne in mind that vaccinia virus
was rarely recovered from central nervous systems of fatal cases and
that the diagnosis was principally based on the temporal relation of
central nervous system disturbance to vaccination. The recorded cases
may well have included illness from other causes, the timing of the
encephalitis being purely coincidental to recent vaccination. Neverthe-
less, serious neurological complications were sometimes caused by
smallpox vaccination.

Weber and Lange [6] studied autopsy records of 265 cases of post-
vaccinial CNS disease and demonstrated that the disease in children less
than 2 years of age was usually an encephalopathy, with histological
findings of brain edema and hyperemia. On the other hand, in older
children and adults encephalomyelitis was found, with demyelinisation
similar to that seen in other post—infection encephalitides, such as is
seen after measles. This differentiation of encephalopathy and
encephalitis was consistent with earlier observations made by de Vries
(1960). The distribution of these two types of CNS disease by age and
incubation period is shown in Figure 2.

Encephalopathy started with convulsions, commonly accompanied by
hemiplegia and aphasia. Recovery was incomplete, the patient being
left with cerebral impairment and hemiplegia. On the other hand,
encephalomyelitis was marked by vomiting, malaise, disorientation,
delirium, convulsions and coma. In non-fatal cases, recovery was
usually complete and often rapid. Wilson [7] suggested that the overall
case-fatality rate was about 30%, but encephalopathy appeared to cause
more deaths than encephalomyelitis.

There were no effective treatment and no effective preventive
measures for either type of CNS disease.

Other Complications of Vaccination

Fetal vaccinia occurred as a very rare complication of pregnancy;
multiple sclerosis or malignant skin tumors were said to be related but
their links with vaccination were probably purely coincidental. These
complications were not a public health problem and hence will not be
discussed further.,

Frequency

We start by focussing on the first group of complications--progress—
ive vaccinia, eczema vaccinatum, generalized vaccinia and accidental
infections with vaccinia virus. A great deal has been published regard-
ing these complications, but it is difficult to draw definite conclusions
since the frequencies reported at different times and in different coun-
tries varied greatly, for various reasons. Wilson [7] reviewed ten
different reports from 1931 to 1963 in the United Kingdom, Federal
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FIG. 2. Distribution of incubation
period of 259 cases of post-vaccinial
cerebral damage following primary
vaccination. Solid line indicates
encephalopathy in children <2 years
of age. Dash line indicates post-
vaccinial encephalomyelitis in
children >2 years of age. Reproduced
from Weber and Lange [6].

Republic of Germany and USA (1964) and found that the frequency of eczema
vaccinatum per million primary vaccinations varied from 2.9 in Bavaria
(1945~1953) to 185 in England and Wales in 1962, when mass vaccination

was carried out because of outbreaks of smallpox. This great variation
retlects the care with which eczematous subjects were excluded from vacci-
nation; in earlier surveys (1951-1960) in the United Kingdom the frequency
was 3.2 per million.

Two surveys conducted in the USA in 1968 are worth examining here,
as they provide much the most comprehensive surveys of vaccination compli-
cations of all kinds in a large country over a period of one year. One
was a national survey of smallpox vaccination complications [3] and the
other a ten—-state survey conducted in the same year [4] to assess the
validity of the natiomal survey. The national survey utilized essentially
passive methods for collecting data, finding complications through miscel-
laneous routes such as the distribution of vaccinia-immune globulin and
methisazone, reports of complications from state epidemiclogists or Red
Cross consultants or vaccine producers, and reported cases of encephalitis,
etc. For the other survey physicians were approached directly. Although
the sample numbers were smaller, frequencies of all complications were
greater in the ten-state survey, especially for the less severe complica-
tions. The results of the ten-state survey are summarized in Table I.
For comparison purposes, the results of a national survey are also cited.
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Looking at the total incidence for all age groups may not be
relevant, since each vaccinia vector vaccine, if used, 1s likely to be
targeted at a certain age group in the population, which may be different
from the target populations of the smallpox vaccination programme in the
USA in the 1960s. 1In the ten-state survey, the frequency of eczema
vaccinatum was 14 patients per million primary vaccinations in children
under 12 months of age and 44 patients per million among those of 1 to
4 years of age. Revaccination was rarely carried out in children under
5 years of age, but the incidence of eczema vaccinatum was much lower
in revaccinated subjects. Only one case of progressive vaccinia was noted
after primary vaccination, in an Iinfant with hypogammaglobulinemia. 1In
older persons, most of whom received revaccination, the frequency of
progressive vaccinia was the same as in children (although the cause was
usually a lymphoproliferative disorder, rather than a congenital immuno—
deficiency).

Desplite many studies, there ig still difficulty in assessing the
true incidence of postvaccinial CNS disease. Utilization of a vaccinia
vector vaccine would raise the problem again, if vaccine strains similar
to those used previously were employed. Using data from Wilson [7] and
Lane et al, {3,4], the frequency of this disease is summarized as shown
in Table IT.

There is some evidence that the occurrence of CNS disease is
related to the strain of vaccinia virus. For example, after the Bern
strain, once used in Austria, Switzerland and West Germany, was replaced
by the Lister strain in 1971, the occurrence of complications of the
central nervous system declined. Surveys numbered 1 to 5 showed a high
incidence of this complication, but it is believed that the vaccinia
strain used at that time played a major role. If the Lister or the
New York City Board of Health strains are utilized for vaccinia vector
vaccine, we may expect the magnitude of CNS complications to be about
that found in surveys number 6 or 7. The survey number 6 was the survey
conducted by the Ministry of Health, U.K. from 1951 to 1960 during
which period 39 CNS complications were recorded in 2,661,488 primary
vaccinees of children under one year of age and 17 CNS complications
among 1,158,881 primary vaccinees of above one year of age [1]. We
assume that the survey number 7, of the ten-state survey, provides a
better index of the frequency of complications in the USA than did the
national survey (number 8). In summary, with children under 1 year of
age, between 15 and 42 children per million receiving primary vaccination
may suffer from postvaccinial encephalopathy, and primary vaccination
of persons above 1 year of age, mainly children, may be accompanied by
between 9 and 15 cases of postvaccinial encephalitis per million.

Just as the frequency of CNS complication varied greatly in
different surveys, so did the case-fatality rates. Wilson [7] cites
an average figure of 30%; the review of survey numbers 6, 7 and 8
suggests that although the numbers are small, most deaths occurred in the
age group under 1 year of age (Table III).

CONCLUSION

Past knowledge and experience relating to complications of smallpox
vaccination have been briefly presented to aid in evaluating whether or
not the frequency of such complications would be acceptable should
vaccinia virus be used as a vaccine vector.

The complications involving the CNS are important since they are
severe, unpredictable and therefore cannot be avoided by withholding
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Post-vaccinial complications of the central nervous system

Survey No. 6 UK

Survey No, 7 USA (10 State)

Survey No. 8 USA (National)

Cases (death)

<1 year >1 year Total
39(16) 17(3) 56(19)
3(1) 5(0) 8(1)
4(3) 12(1) 16(4)
80(24)

TABLE 1V.

Vaccinia vector vaccine hazards:

Estimated frequency of

complications using Lister or New York City Board of Health strains

Type of complication

Cases per million primary vaccinations
hge < one year

Age > one year

Central nervous system

Abnormal skin eruptionsa)
(progressive vaccinia,
eczema vaccinatum)

Accidental infection

Other
(generalized vaccinia,

erythema multiforme, etc.)

10 - 40 10 - 20

10 50

? ?
1,000 1,000

a) All would be eczema vaccinatum

vaccinia.

except for a few cases of progressive
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vaccination from high-risk subjects, and there is no effective treatment.
With the least pathogenic strains of vaccinia virus widely used in the
smallpox eradication campaign, such as the Lister or the New York City
Board of Health strains, between 10 and 40 children under 1 year of age
might be expected to suffer in every 1 million primary vaccinees (Table
V).

Progressive vaccinia would be very rare, but eczema vaccinatum
might be expected at a rate of 10 per million primary vaccinations of
children under 1 year old, the rates of each complication being dependent
on the specified contraindications to vaccination and the care with
which these were excluded, or if cases of eczema, given vaccinia-immune
globulin.,

Accidental vaccinia infection among contacts might cause some
unpleasant social problems but it is hard to estimate its freguency.
31l other complications including generalized vaccinia, erythema
multiforme, bacterial infections, etc. are grouped together as they are
mild and may not be necessary to include in an evaluation of risks and
benefits, Perhaps 1000 such cases might occur among each million
primary vaccinations of children under 1 year of age.

The figures for complications presented in the tables for subjects
over 1 year of age also vary, but are of the same order of magnitude as
in infants.

The frequency of complications in the United Kingdom and the USA
occurred in well-nourished populations with good medical care services,
including availability of vaccinia-immune globulin. The application of
these incidence estimates of case-fatality rates, especially, to popula-
tions in developing countries should be made with caution.

These estimated hazards must be weighed against the public health
importance of the target disease, taking into consideration the advantages
of vaccinia vector vaccine, namely, ease of production, ease of adminis-
tration, low cost and heat stability. If any further attenuation of viru-
lence can be made, without loss of immunogenicity, so much the better.
Field trials to determine the frequency of serious complications would
require very large groups of subjects, since the incidence of such import-
ant complications as CNS disease may well be less than one in 100,000
primary vaccinations.

The hazards from use of vaccinia vector vaccine appear to be much
smaller than those of diseases such as malaria or hepatitis B, where
these are common. Benjamin Franklin wrote in his autobiography:

"In 1736, I lost one of my sons (Francis Folger), a fine boy of
four years old by the smallpox. I long regretted bitterly and
still regret that I had not given it to him by inoculation. This
I mention for the sake of parents, who omit the operation on the
supposition that they should never forgive themselves if a chilad
died under it: my example shows that the regret may be the same
either way, and that therefore the safer should be chosen."
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DISCUSSION

Dr. Burke: I have three related guestions. First, what is the
background rate of encephalitis in that same age group less than two
years old? Second, what is the relative risk for an individual who has
recently received a vaccination? And third, how do you define an
encephalomyelitis or central nervous system disease as being due to
vaccinia? What were the case definitions?

Dr, Arita: I will address the last question first, I am not
expert at pathology. However, in the old literature, there is a report
by Weber and Lange who studied about 250 autopsy records in Germany.
They found a difference in the type of pathology observed above and
below the age of two years, Below the age of two years the picture was
more typical of encephalopathy, characterized predominantly by brain
edema. Above the age of two years, the pathology was more typical of
encephalitis with demyelinization., There is no adegquate case definition
to define which cases were actually due to vaccinia. Reports of
isolation of vaccinia from the central nervous system have been very
rare. The best indication that some of these cases may have been due
to vaccinia is the apparent clustering of cases with these types of non-
specific pathology within a finite period of time after vaccination.

Your first question related to the background rate of the encephalitis
under two years of age. In fact, I do not know, Estimates have been
made in the past by others that the rate in some European countries is
20 per million. The accuracy of these estimates is uncertain.

With regard to your second guestion, the relative, attributed
risk of encephalitis in vaccinees compared to nonvaccinees is unknown.
All we can say is that the incidence of central nervous system compli-
cations is 10 to 40 per million in primary vaccinees under two years of
age.

Dr. Buller: I wanted to add that I think the background rate of
central nervous system disease from vaccinations is a very important
number to define. If one goes back to the literature that Dr. Arita
has summarized so well, one finds that there were no isolations of virus
from the central nervous system. The only indication that vaccinia
virus may have been a causative was a temporal association with vaccina-
tion. There is a high probability, therefore, that the incidence of
vaccinia virus encephalitis is actually much less than 10 to 40 per
million.,
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Dr. D.A. Henderson: I think it is very hard to come up with estimates
that have any reliability here. The European studies are really very un-
certain. Very few of them have any denominators at all, and their methods
of surveillance were poor. The only really good studies were the couple
that were done here in the United States. One who conducted those is
Dr. Neff whose data you have. I wondered how he reacts to estimates that
were presented here.

Dr., Neff: Well, there are several points that have been made that
are correct, It is extraordinarily difficult in doing these studies to
make the diagnosis of post-vaccine encephalitis, because of those cases,
only about one percent would be deaths. When you have a death, what you
look for is perivascular infiltration and demyelinization, so that you
have to use a clinical diagnosis of encephalitis and use it in a temporal
pattern following vaccination., But in all these studies, there really
was a very clear temporal pattern which made these illnesses very similar
to the parinfectious type of encephalopathies that you would see, for
example, after measles and varicella., It did seem to have a ten times
higher inc¢idence in children under the age of one than older children.
There have alsc been a few recent, isolated case reports in the
literature, predominantly from England, where the virus was isolated
from the central nervous system. By and large, however, the disease
mechanism was probably a post-infectious or parinfectious type of
encephalitis.

It is very difficult to be able to say what the background level
of encephalitis is, because that varies tremendously from season to
season and area to area. About all that you can say when you look at
individual cases, is that these cases of parinfectious encephalitis fit
very neatly into a timeframe following vaccination and are therefore
most likely related to it.
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Immunization is potentially the most cost-effective procedure for
disease control, its efficacy and practicability being governed by the
characteristics of the antigen which is available, Vaccinia virus,
although not ideal, is one of the best., It possesses a number of charac-
teristics which, for the smallpox program, make it unusually suitable for
developing countries--where trained personnel are few in number, where
ambient temperatures are high and refrigeration is scarce and where funds,
especially foreign currency, are limited.

Among the attributes of vaccinia virus, five were of particular impor-
tance. Had any one of these been lacking, the ultimate success of the
program would have been seriously jeopardized. The attributes are as
follows: (1) the vaccine was easy to administer; (2) it was comparatively
simple to produce; (3) it was stable for long periods at ambient tropical
temperatures; (4) it conferred remarkably durable immunity even after a
single application; and (5) it was widely accepted, producing few recog-
nized serious reactions.

Ease of Administration

A vaccine which can be readily administered to large numbers of
persons with minimally trained staff and little eguipment is especially
advantageous in conducting a vaccination program in a developing country.
Oral vaccine preparations are perhaps the easiest to administer but at
present, few antigens can be administered successfully by this route.
Most vaccines require percutaneous application but, other than for
smallpox vaccine, they require the use of either needles and syringes
or jet injectors,

Disposable needles and syringes would appear to be an obvious solu-
tion for large-~scale vacination campaigns, but even when purchased in
bulk, their cost is prohibitive. If syringes and/or needles are reused
after sterilization, the costs for supplies may be reduced but the logis-
tics and effort required to do this are formidable,

Jet injectors offer an advantage where large numbers are vaccinated
during the course of a day, but the injectors now available experience
mechanical problems with distressing frequency and require skilled person-
nel to maintain and repair them. They are not usually practicable even
when a few hundred persons can be vaccinated daily. During the global
smallpox eradication program jet injectors were used throughout western
and central Africa and in Brazil, the first programs to be initiated. 1In
these countries, it was possible to train or to provide sufficiently
skilled personnel to repair and maintain the injectors over the three-to-
five year period during which large numbers of vaccinations were performed.
To continue the programs for a longer period would have been problematical
given the difficulties in sustaining distribution systems for spare parts
and an interest on the part of donor countries in providing necessary
replacement eguipment and, in many instances, foreign technicians.

In 1968, the functional and elegantly simple bifurcated needle became
the instrument of choice for multiple puncture vaccination [5]. The
© 1985 Elsevier Science Publishing Co., Inc.
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needle was developed by Dr. Benjamin Rubin of Wyeth Laboratories [7], and
the needle design was made available to WHO free of patent charges. We
anticipated that the needles would be repeatedly sterilized and reused
and so we altered their metallic content to make them more durable.
They were produced by a German manufacturer at a cost of $5,00 per
1000, Field tests revealed that each needle was fully effective for
200 or more inoculations, whether sterilized by boiling or by heating
over an open flame. Experience showed that village workers, with 15 to
30 minutes training, could satisfactorily reconstitute the vaccine and
perform multiple puncture vaccinations. A vaccine vial containing 0.25
ml of reconstituted vaccine, the smallest quantity of vaccine which was
technically feasible to freeze-dry in a container, served to vaccinate
approximately 100 persons. Such a vial of vaccine cost less than $1.00
to produce.

Multiple puncture vaccination, employing the bifurcated needle,
was eventually used in all countries, displacing all other techniques
and instruments. It remains, by far, the most practicable method for
percutaneous inoculation.

Vaccine Supply and Production

In an immunization program, personnel costs constitute the principal
expenditure, the costs of vaccine usually representing only a fraction
of the total. For a developing country, however, foreign currency cost
rather than overall cost is the principal constraint. If vaccine cannot
be produced locally, the principal foreign currency cost is for vaccine.
Presently, in most immunization programs in developing countries, vaccines
are donated or their costs are met largely by bilateral or multinational
agencies, Provision of vaccines in this manner is not a satisfactory
long-term solution, however, because it is difficult to sustain the inter~
est of donors in continuing to make donations of substantial quantities
of vaccine over long periods. Thus, local production of vaccine is pre-
ferred where the quantities of vaccine which are used warrant it.

Smallpox vaccine was able to be produced in many developing countries,
but even with this effort, it was difficult to assure the continuing
availability of adequate quantities for the global eradication program
[8]. 1In most instances, donations were obtained only with difficulty
and because laboratories in most industrialized countries had small
capacities, contributions were proportionately small. Fortunately,
during the early years of the program, two major contributors provided
most of the vaccine which was needed. Approximately 140 million doses
annually were provided by the Soviet Union through bilateral and multi-
lateral contributions and 40 million doses were provided by the USA to
countries in western and central Africa. The balance of perhaps 20 to 30
million doses was initially provided through contributions of other
industrialized countries and through production in developing countries.

Support was provided by WHO and UNICEF to laboratories in developing
countries to produce their own vaccine. 1In these laboratories, vaccinia
virus was harvested from the skin of calves or water huffalo and, after
a comparatively simple of series of steps to purify and concentrate it
and to reduce the bacterial content, it was freeze-dried in vials or
ampoules. Some laboratories were able to embark on large~scale production
within a period of two years, although most required somewhat longer.

By 1971, more than 250 million doses of vaccine were produced in the
developing countries, most of which met accepted international standards
as determined by independent assay in WHO collaborating laboratories
(Table I) [1].
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TABLE I. Estimated quantities of freeze-dried vaccine produced in
developing countries--1971.

Millions of doses

Argentina 12
Bangladesh 30
Brazil 45
Burma 15
Colombia 4
Ecuador 2
Guinea 5
India 80
Indonesia 30
Iran 15
Kenya 10
Peru S
Thailand __15

268

People's Republic of China
Mozambigue ?

-~

Experience showed that for most laboratories, a more complex produc-
tion technology, such as one involving tissue cultures, would not have
been possible. 1Indeed, not until the 1970s did any laboratory in any
country succeed in producing a heat stable, freeze-dried vaccine employing
vaccinia virus grown in tissue culture [4]. Nevertheless, early in the
programme some concerned with biological standards proposed, as a matter
of principle, to modify the international standards to require that
vaccine for the jet injectors be bacterioleogically sterile. The vaccine
then in use had a very low bacterial count and was required to be free of
pathogens but a sterile vaccine would have required production in tissue
cultures. Fortunately, the application of these standards was able to be
forestalled; otherwise, vaccine for the jet injectors would not have been
available. No known complications are known to have occurred, however,
as a result of use of the non-sterile but pathogen-free preparations,

Vaccine Stability

The logistics and problems involved in maintaining antigens at a
proper temperature from the time of production until inoculation have been
well documented by those concerned with the WHO Expanded Program on Immun-
ization., The provision and maintenance of refrigerators and insulated
boxes for transport are formidable problems for most developing countries.
Many imaginative approaches and solutions have been devised in recent
years, but despite highly commendable efforts and numerous training pro-
grams, maintenance of the "cold chain" has proved to be one of the
Program's most vexing challenges. For the smallpox eradication program,
however, the problem was much less difficult.

Commercially acceptable techniques for producing an exceptionally
heat stable vaccine were elucidated by Collier at the Lister Institute
in the 1950s [2]. One of the criteria for an acceptable vaccine was
that it exhibit a potency of 108.0 pock forming units (pfu) when assayed
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on chick chorioallantoic membrane after incubation at 37°C for one month.
This concentration of vaccinia virus was about 50 times greater than that
required to obtain vaccine take rates of more than 95% in primary vac-
cines. Some laboratories, in fact, substantially exceeded these standards,
both in vaccine titer and stability. Some vaccines contained more than

109 pfu and retained titers of 108 pfu or greater for as long as 6 to 12
months at high ambient temperature.

Standard procedures in the smallpox eradication program called for
the vaccine to be stored and shipped in such a manner that it was exposed
to temperatures of greater than 4°C for no longer than one month. 1In
most programs, this implied storage of the vaccine in conventional refrig-
erators or freezers only in the capital city and provincial or state
capitals. In these cities and towns, working refrigerators as well as
electricity and/or kerosene were more readily available. From these
depots, the vaccine was distributed to health centers and field staff
once each month, a comparatively simple logistical problem. Even so,
there were a number of documented failures in the system and, unguestion-
ably, many undocumented ones. Nevertheless, repeat titrations of improp-
erly stored vaccine, when conducted, usually revealed an adequate level
of potency, the margin for permissible error in handling being so great.
No other vaccine available today approaches smallpox vaccine in its
stability.

Durability of Immunity

In 1967, conventional wisdom held that revaccination every three to
five years was essential to sustain adeqguate levels of vaccinal immunity.
However, this assumption was soon called into guestion by surveillance
data which showed that 80% to 90% or more of cases occurred among those
with no vaccination scar and no history of vaccination. The reason for
this was revealed in studies by Heiner and his colleagues [3], who found
that many who were partially protected by immunization experienced sub-
clinical infections with a subsequent substantial increase in antibodies,
In the endemic countries, therefore, immunity was a composite of responses
to prior infection with both vaccinia and variola viruses., A single
primary vaccination provided remarkably durable protection in such areas,
sample surveys showing vaccine efficacy ratios of 80% or greater among
those vaccinated 20 years or more previously. Unfortunately, similar data
are not available from non-endemic areas.

Although successful vaccination prior to exposure was remarkably
effective in preventing naturally acquired smallpox infection, it was far
less effective in preventing vaccinia virus replication in the skin when
revaccination was performed. 1In fact, most individuals to whom a high
titered vaccinia virus was administered experienced a so-called "major
reaction," i.e. erythema and induration at the vaccination site at the
sixth to eighth day, even when as little as 6 to 12 months had elapsed
since their previous vaccination.

Administration of Vaccine and Acceptance of Vaccination

Vaccine was administered to all persons in the population irrespective
of age, illness or other conditions. The only stated contraindication to
vaccination was serious illness which appeared likely to result in death
of the vaccinee within a few days and whose death might be attributed to
smallpox vaccination. These policies differed from those in industrialized
countries where vaccination was not usually administered to those under
6 to 12 month of age, to pregnant women or to those with eczema, Vaccin-
ation from the time of birth was initiated on the basis of Rao's studies
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in Madras, India, which showed this practice to be efficacious and safe
[6]. Possible pregnancy was disregarded because of the unusually high
risk of death from smallpox among pregnant women and the rarity of compli-
cations following vaccination. Eczema likewise was not considered a
contraindication because of the widespread occurrence of skin infections
in many developing countries and the difficulty which vaccinators, as well
as trained clinicians encountered in differential diagnosis of skin condi-
tions.

Vaccination was generally well-received, Aside from the expected
reaction of a lesion on the arm and a short-lived fever, few vaccine
complications were ohserved. Resistance to vaccination was uncommon
although sometimes occurring among those who objected for religiocus
reasons and among some rural Asian populations who feared any incapacita-
tion during the harvest or planting season. Infrequent but serious
complications such as post-vaccinal encephalitis are well-documented in
industrialized countries and undoubtedly occurred in developing countries
as well. However, with encephalitic symptoms due to other diseases being
so widely prevalent, the frequency of those due to vaccinia virus could
not be documented and were rarely noted. That vaccination was so widely
accepted, indeed sought by most, became evident when government authori-
ties endeavored to stop vaccination following eradication. Popular demand
caused many governments to continue the practice for a number of years
even though it was no longer needed.

SUMMARY

The availability of a protective antigen against smallpox with the
characteristics of vaccinia virus was critical to the success of smallpox
eradication. WHO staff and collaborating scientists in many laboratories
expended considerable time and effort in assuring the adequacy of supply
of smallpox vaccine and, through a variety of quality control measures,
of its potency, stability and purity. To meet demand, however, required
expanded production in the developing countries themselves. If inter-
national standards had required a sterile vaccine produced in tissue
culture, such production would not have been possible. The vaccine itself
had unique properties of stability, the best of any antigen available
today, which greatly facilitated its use in the field and because vaccina-
tion left a permanent scar, assessment of vaccinal immunity in a community
was comparatively easy. Finally, for a percutaneously administered anti-
gen, the multiple puncture technique was by far the simplest and least
expensive, If it were possible to utilize vaccinia virus as a carrier for
other antigens, the difficulties intrinsic to providing adequate guantities
of vaccine for developing countries and of conducting immunization program-
mes would be greatly minimized.

REFERENCES

1, 1. Arita in: International Symposium on Smallpox Vaccine (Bilthoven,
The Netherlands 1973). Basle, Kargar, Symposium Series in Immuno-
biological Standardization, pp. 79-87.

2. L.H. Collier, J. of Hygiene (London) 53, 76-101 (1955).

3. G.G. Heiner, N. Fatima, R.W. Daniel, J.L. Cole, R.L. Anthony, and
F.R. McCrumb, Amer. J. Epidemiology 94, 252-268 (1971).

4, A.C. Hekker, J.,M. Bos, and L. Smith, J. Biol. Standardization 1, 21-
32 (1973).

5. D.A., Henderson, I. Arita, and E. Shafa, WHO (unpublished document,
Studies of the bifurcated needle and recommendations for its use).

6. A,R. Rao in: Smallpox (The Kothari Book Depot, Bombay, 1972).



66

7. B.A. Rubin, WHO Chronicle 34, 180-181 (1980).

8. World Health Organization,_Ehe Global Eradication of Smallpox: Final
Report of the Global Commission for the Certification of Smallpox
Eradication (Geneva, 1980).

DISCUSSION
Dr. Moss: Can you tell us something about the age of the vaccinees?

Dr. Henderson: Originally, I think most countries believed that
one should not vaccinate younger than three months or six months or
nine months of age. Rao, in Madras, pioneered the work of vaccinating
at birth and found this to be safe and effective, fully effective, and
so progressively the principle of vaccinating at birth, or as soon there-
after as possible, was used., Good primary takes occurred as frequently
as with older children, and the protection seemed to be good.

Dr. Arita: Albania is the only one country who continues vaccina-
tion, France and Egypt stopped.

Dr. Henderson: Dr. Arita corrects me, France and Egypt have now
ceased vaccination. Only Albania continues it.

Dr. Jordan: Do you have an estimate of what percent of the world's
population you had to immunize to eradicate smallpox?

Dr, Henderson: It's kind of an embarrassing guestion. We do have
data from a great many countries as to what percentage of the population
had received vaccinia virus at some time, as measured by vaccination scar.
I think we should note, however, that the eradication could not be corre-
lated with the percentage vaccinated, in that in some countries we were
able to terminate transmission with only 40 or 50 percent vaccinated.
However, I think we found that it was comparatively easy to establish
programs which reached 80 percent or more of the population, as measured
by having a vaccination scar, and that in well organized programs one
could reach 90 percent fairly well. So that in the countries where
there were really effective vaccination programs, I would say we were
dealing with something in the 80 to 90 percent range when transmission
was interrupted, but interruption of transmission was not directly
correlated with the level of vaccination, Surveillance contributed
greatly to containment.

Dr. R, Henderson: I think some discussion of current objectives
of the Expanded Program on Immunization (EPI) is relevant here. Eradica-
tion of the targeted diseases is not a realistic expectation in the near
future. Our principal objective is the setting up of a delivery system
that will continuously reach the youngest segment of the population.
Our focus is on children less than a year of age. Those children are
very difficult to reach, and even in the smallpox program where 80 or
90 percent of a total population was vaccinated, there was often a
tendency to selectively miss the youngest age groups. Our emphasis in
the EPI is on the delivery systems to assure that that vaccine is
getting to the children before they are exposed to these diseases.

One of the perspectives that is beginning to change in my mind is
the emphasis on production of vaccines in developing countries. We are
approaching a world situation where there are established permanent
delivery systems. I do not see in the next 20 to 30 years many developing
countries being able to pay on their own behalf the costs for those
systems, and we are facing a world where either the developed countries
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are willing to come forward with long-term support, which has not been
available in the past, or we are going to see our hopes and dreams
collapse because countries are not going to pay for the gasoline to get
trucks out. They are not going to pay for the training. They are not
going to pay for the supervision. They are not going to pay for any of
of the coaching that is needed, and I think the emphasis on the need
for a vaccinia virus which can be produced in developing countries, at
least for the short-term future, should be a major consideration for
the people who are designing the vaccine.
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Origins of Vaccinia

Very little is known about the origin of smallpox vaccine., Vaccina-
tion was established long before there was any knowledge concerning the
nature of the virus. Little also was known about the number of poxviruses
that were circulating in the 18th and 19th century. Even during Jenner's
life there was controversy over the origins of his vaccine virus. He felt
that it came from a horsepox ("grease") and became more suitable for
human use after passage through cows. Others felt that the virus came
from cows, but the current vaccine strains are quite different from
cowpox, and for that matter, other poxviruses, Also, early drawings of
the pox lesions produced by vaccinia were quite different when compared
to those produced by cowpox. There also is a remote possibility that
the current vaccine strains may have been derived from variola or were
some sort of hybrid with variola that resulted from variolation and
strain mixing as the strains were propagated from human arm to arm
transmission during the 19th century [(1].

variation of Pathogenicity of Different Vaccinia Strains

Regardless of the origins of vaccinia, by the 20th century there
were many strains used throughout the world. During the early part of
the 20th century it was quite evident that from country to country
there was a great variation of the incidence of complications to smallpox
vaccination, particularly post-vaccinal encephalitis [2]. The high
incidence of this complication was most marked in the Netherlands where
it was noted to be as high as 1 per 4000 primary vaccinees in certain
groups. In contrast, the incidence of this complication in the United
States has been estimated to be 2 to 6 per 1,000,000 primary vaccinees
{3]. One of the explanations for differences in observed rates of this
complication could be the fact that the incidence of the complication
was dependent on the strain of vaccinia used. 1In the early 1960's
there were several attempts to study and measure the pathogenicity of
these strains. In the Netherlands where the complications of post-
vaccinal encephalitis were high, the strain that was implicated was
the Copenhagen strain. The pathogenicity of this strain was compared
to the Bern strain (Germany), the Ecuador strain (South America), and
the Elstree strain (Lister-Great Britain) [4]).

They measured the index of pathogenicity as calculated by the
number of febrile days (>38.7°C) in 100 vaccinations and demonstrated
that this was considerabliy nigher for the Copenhagen (100), and Rern
strain (94), than for the Ecuador (54-58) or Elstree strain (23-24).
As a result of this and other evaluations the strains that were most
highly pathogenic were abandoned hy vaccine producers, so that by 1972
most of the vaccines used in the WHO eradication program were derived
either from the Elstree (Lister Institute) strain or the New York Board
of Health strain [5). The strain from the Moscow Institute of Virus
Preparation, EM-63, was used to some degree. That strain in all
probability had its origin from Ecuador and from there originally from
the Massachusetts strain [6). Thus that strain resembles to a great

© 1985 Elsevier Science Publishing Co., Inc.
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degree the New York Board of Health strain which is similar to the
lassachusetts strain.

Up through the successful campaign to eradicate smallpox, the
vaccine strains were almost all produced from calf lymph. One noted
exception was Brazil, which used a chorioallantoic membrane grown (CAM)
vaccine for 90% of their vaccinations [7}., The standards established
by the WHO were that the vaccine had to produce more than 95% major
reaction takes for a primary vaccination, and 90% after revaccination
of subjects vaccinated ten or more years previously. Such a vaccine
also had to have a titer of 108 pock-forming units (pfu) per ml after
incubation at 37°C for one month (8].

These were the principal strains and the standards that were used
during the campaign that successfully eradicated smallpox. During the
late 1960's and 1970's, however, there was interest in developing tissue
culture vaccines which, because of their increased purity over calf
lymph, and their further attenuation, could not only be used successfully
to prevent smallpox, but also would have fewer complications. Because
smallpox was successfully eradicated by the use of the freeze-dry calf
lymph vaccine, there has been little recent work in developing the
concept of the utilization of further attenuated tissue culture vaccines.
Now, however, because of the possibility of utilizing the vaccinia
virus as a vector for vaccine antigens, there may be renewed interest
in developing tissue culture vaccines for these endeavors,

Rivers Attenuated Tissue Culture Vaccine

Some of the earlier work on the development of further attenuated
tissue culture vaccine was initiated by Thomas Rivers in 1930, who used
the New York Board of Health vaccine strain in tissue culture experiments.
The New York Board of Health vaccine strain was the strain which was
derived directly from England shortly after Jenner's work, and is now
the major strain used in the United States. The original material that
Rivers used for this vaccine was passed initially four times through
rabbit testes, and then passed on tissue culture of minced chick embryo.
After 34 passages of the chick cells the virus gradually dropped its
potency, as measured by the decreased percentage of takes in primary
vaccinees. In order to raise the titer it was passed six more times
through rabbit testicles., The virus derived from the sixth rabbit
passage was called the first revived strain, CV-I [9], This virus was
then passed 31 times through chick embryo fibroblasts and again through
rabbit testes three times to increase potency. This was called the
second revised strain, or CV-II., This second revised strain caused a
benign pox-like lesion in humans on percutaneous vaccination [10].

CV-II Vaccinia Strain

In the Netherlands, because of the high incidence of post-vaccinal
encephalitis, in those who received the calf lymph Copenhagen strain,
there was interest in using the second revived strain of Rivers, or CV~
II, for vaccination. The original strain from Rivers was obtained and
passed 170 times on chick embryo explants, 13 times on chick embryo
fibroblasts and finally on choreocallantoic membranes with the subsequent
development of a titer of 108 pfu/ml, This vaccine was used in 60,000
adult military recruits, and within this group only one case of post-
vaccinal encephalitis occurred and there were no deaths. In contrast
there were 53,044 recruits who received the Copenhagen strain. They
demonstrated 13 cases of post-vaccinal encephalitis and one death.

When gamma globulin, however, was given with the calf lymph Copenhagen
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strain, there was a marked reduction in the cases of post-vaccinal
encephalitis., In the 53,630 primary vaccinees who received the gamma
globulin modified Copenhagen strain, there were only three cases of
post-vaccinal encephalitis and one death. The gamma globulin also was
used with the Rivers CV-II vaccine trials. Thus, it is difficult to
account for the decrease in cases of post-vaccinal encephalitis on just
the use of the Rivers vaccine alone. The other aspect of this study
was that there were much lower post-vaccinal neutralizing antibody
titers in those who received the modified Rivers strain, CV~II, as
compared to those who received the more reactive Copenhagen calf vaccine.
This suggested that the CV-II strain might not be as protective against
smallpox as the Copenhagen calf lymph strain [111].

There was another reason why the decrease in post-vaccinal
encephalitis could not be attributed solely to the change in the gtrain
in the Netherlands. Although there was a decreased incidence of post-
vaccinal encephalitis when the Netherlands changed from the Copenhagen
to the Estree strain, there was not a sharp decline in the incidence
of complications but only a gradual decline suggesting other factors
than just the change of the strain alone may have contributed to the
decline in the incidence of post-vaccinal encephalitis [12].

Van der Noordaa also looked for a laboratory marker for CV-~II as
an index of pathogenicity. He compared the Copenhagen, the Elstree and
the CV-II strain in human amnion (U) cells and human embryonic lung
(HEL) cells. He was able to demonstrate a direct correlation between
strain pathogenicity for man and between plaque size and multiplication
rates in tissue culture. These measurements, especially multiplication
rate, decreased in order of decreasing pathogenicity for the three
vaccine strains. Copenhagen was the most pathogenetic, Elstree was in
between and finally Rivers CV-II the least pathogenic [13]. He could,
however, find no differences in temperature and pH sensitivity. Virus
multiplication for all three strains were enhanced at 37°C as compared
to 40°C and inhibited at a low pH [14].

CV I-78 Vaccinia Strain

In the United States, Henry Kempe revived an interest in the first
revised strain of Rivers, or CV I. This renewed interest came about
because of the number of cases of eczema vaccinatum that occurred in
the United States as a result of the widespread use of vaccinia virus
(New York Board of Health strain) in children. The first revived strain
of Rivers (CV I) was passed an additional 39 times in chick embryo
exglﬁnts and 19 times in chorecallantoic membranes obtaining a titer of
10°° TCIDSO/ml. This virus was called the CV I-78 strain. This veccine
has been one of the most extensively studied attenuated vacciness [15]).

A total of approximately 9,000 primary vaccinations were given,
including 3,446 eczematous children. In all instances, systemic
responses were milder in those who received the CV I-78 vaccine, and in
the eczematous children there were no cases of eczema vaccinatum [16].
The clinical modification of this strain was also demonstrated in a
small study by Neff and a multicenter NIH study that compared the
pathogenicity and immunological response among three vaccine strains,
Elstree, New York Board of Health, and the CV I-78 [17,18]. In both
studies the individuals who received the CV I-78 vaccine had a modified
clinical response as compared to the other vaccines and a lower
postvaccinal neutralizing antibody response even after revaccination
with the New York Board of Health vaccine. After revaccination about
65% of the CV I-78 as compared to 100% of the New York Board of Health
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vaccine group had positive neutralizing antibodies to vaccine after
revaccination with the New York Board of Health vaccine [17].

It was evident from the studies of the CV I-78 vaccine that the
vaccine was considered to be less reactive than the New York Board of
Health vaccine or the Elstree strain, and it was considered to be too
attenuated for protection against smallpox. Since then there have been
no further clinical studies of this particular vaccine.

Now that there is a possibility of using vaccinia as a vector for
vaccine antigens, we must consider once again the possibility of
utilizing CV I-78 vaccine as that vector. In comparing its attenuation
to that of the New York Board of Health vaccine strain, it is not
certain that the use of the CV I-78 will decrease the incidence of
serious complications to vaccination over the New York Board of Health
strain. Although Kempe used CV I-78 as a primary vaccine in over 3,000
children with eczema, without a case of eczema vaccinatum, the true
incidence of that complication in children who are vaccinated and who
have eczema is not known. In a retrospective study in Maryland in 1965
Neff detected 197 children with eczema who also had received primary
vaccinations with the New York Board of Health vaccine (19]. None of
these children developed eczema vaccinatum. The U.S. data of the early
1970's and 1960's would indicate that the complications of eczema
vaccinatum occurs at the rate of approximately 1 to 5 per 100,000 normal
primary vaccinees [3]., Also, it is uncertain whether the use of CV I-78
strain will reduce the incidence of post-vaccinal encephalitis as that
complication occurs in about 2 to 6 per 1,000,000 primary recipients of
the New York calf lymph vaccine {3]. The number who have received CV I-
78 nowhere near approaches that number.

Other Attenuated Vaccinia Strains

There have been other strains developed. There is the Yugoslavian
strain (HDC), WI-38 strain which was derived from the Bern strain and
grown and passed 12 times through human diploid cells [20). This strain
was used in the 1972 smallpox epidemic in Yugoslavia where 724 individuals
received the vaccine as primary vaccinees., The take rate for this
vaccine was 100% with clear evidence of modification. The reactivity
(fever indices} to the vaccine increased with the age of the vaccinees,
but in general was lower in those who received the human diploid cell
vaccine,

In the Netherlands a freeze-dried vaccine was prepared by Hekker
in monolayers of primary rabbit cells {21]), There have been limited
field trials of this vaccine, but when compared to calf lymph vaccines
in terms of take rate, antibody titers and vaccination illness, there
seems to be very little difference. 1In Munich the MVA strain was
developed from their vaccinia virus. This virus was passed 523 times
through chick embryo fibroblasts. Like CV 1I-78, this vaccine produced
a very modified local reaction, but also only sporadic humoral antibodies
[22]. 1In Japan the Darien I (DEI) mutant strain has been developed from
white mutants from the DEI strain by identifying smaller pox lesions on
CAM on serial passage of vaccinia virus through 1 day eggs. The mutant
has been found to grow on human embryonic cells and is highly attenuated
in cynomologus monkeys [23].

CONCLUSION

In addition to the above, there are other vaccinia strains that have
been developed in tissue culture and there is no question that there
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are available strains of vaccinia that are more attenuated than the
standard Elstree (Lister) and New York Board of Health strains, They
do seem to produce less systemic reaction and perhaps may not have as
high a rate of serious complication as the standard vaccines. This,
however, has not really been tested since serious complications occur
very infrequently and there would have to be studies involving more
than a million primary vaccinees to determine whether or not the
complications, such as post-vaccinal encephalitis, vaccinia necrosum or
eczema vaccinatum are decreased as the result of using these new
attennated strains. There also is some guestion whether or not these
strains are as protective against smallpox, as the accepted Elstree or
New York strain. This is not a relevant question now. What is more
relevant is the question of how much they protect against vaccinia
since any reduction in the multiplication of the vaccinia virus at the
time of revaccination may diminish the use of vaccinia virus as a vector
for multiple vaccinations in the same host. In conclusion, there is no
question that it is possible to develop more purified strains through
tissue culture and other techniques than through the older, time~honored
method of growing the vaccine in calf lymph. The two as yet unanswered
questions remain: (1) will any new strain provide a significantly
lower incidence of the serious complications than the Elstree or New
York strain, and (2) which strain will maximize the immunological
response to the antigens that are incorporated into vaccinia virus
either as a part of single or multiple innoculations?
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DISCUSSION

Dr, Deinhardt: Dr. Neff, would you like to speculate? You said
that the more attenuated vaccinia viruses do not induce such a strong
immune response. Our concern is not immune responses to the vaccinia
genome products, but the foreign antigens. I would be very much afraid

that expression of both types of antigens would run in parallel.

Dr. Neff: I think that is a good point, and there is also the
concern regarding which immune responses are important, neutralizing
antibodies, the hemagglutination inhibition antibodies, or others. The
revaccination response to the attenunated viruses is reduced but it is
not clear what that means in terms of the protection against smallpox.
Probably, in protection against smallpox, the most critical function is
T cell immunity, and the evidence of the take on the arm may be the
best indicator of that. But you are absolutely right. They are not as
antigenic as the New York Board of Health strain.

Dr. Henderson: I would like to make two points for clarification.
First, you referred to the three strains: Elstree, EM-63 and Lister.
I think the only two of interest for recombinant vaccinia vaccines are
the Elstree and New York Board of Health strains. The EM-63 actually
stands for Ecuador-Moscow, 1963. It was thought to have come from
Ecuador, and to have originally been a New York Board of Health strain.
In fact, it was dropped, because it did not give a very good yield in
the laboratory. The Soviet Union primarily produce their vaccine from
the Elstree strain.

Second, there was an important study done by the Centers for
Disease Control on complications., It was in 1965, before the St. Louis
record center burned down. We looked at all illnesses coded as
encephalitis and as vaccine complications among all military forces in
World War IX. We found there were no cases whatsoever in this group.
The estimate was that there were , based on five percent of soldiers
being primary vaccinees, one to two million primary vaccinees during
this period, and no evidence whatsoever of post-vaccinal encephalitis,
These population-based statistics give a lower estimate of frequency
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than the other data sources.

In trying to acquire population-based statistics in developing
countries there are great difficulties. We did a study in Indonesia
involving the tissue culture vaccine developed by Dr. Hekker in the
Netherlands. That was really a first passage Lister strain vaccine.
There were 50,000 children vaccinated. They were followed up at 30
days to assess whether there were severe complications following
vaccination, and indeed there were. There were an enormous humber of
deaths due to just about everything one can imagine. When we went back
to calculate what the normal death rate was in young children in
Indonesia, it was no different than what occurred in the vaccinees.

The death rate was also the same whether they received a tissue culture
vaccine or the ordinary vaccine. There were cases of encephalitis,

there were cases of all sorts of diseases, and it was very difficult to

do any sort of study in that situation. We could not draw any conclusions.
So doing a study like this in a developing country would be very

difficult,



A COMPARATIVE STUDY OF FOUR SMALLPOX VACCINES IN CHILDREN
KENNETH McINTOSH*
*Children's Hospital, Boston, Massachusetts 02115

In the late 1960's, as the gradual (and eventually successful)
eradication of smallpox was becoming evident, it was clear that there
was a need to define the optimal vaccination technique for those parts
of the world which were free of smallpox, a technique which would be
essentially without morbidity but would at the same time offer partial
or full protection against smallpox should the need for this arise. The
National Institute of Allergy and Infectious Diseases therefore sponsored
a large, multicenter** trial of smallpox vaccines which was designed to
answer this need. The study compared the effect of three different
vaccinia strains (one of them in two different forms), administered by
two different routes, each in three different concentrations. Each
child, after receiving this experimental vaccination, returned at six
months for a revaccination "challenge," performed by the usual percutan-
eous route with the standard dose and strain of vaccine.

The three strains of vaccinia virus used were (1) the New York
City Board of Health strain, administered as either a calf-lymph prepara-
tion {(NYC-CL) or as a choriocallantoic membrane-grown vaccine (NYC~CAM);
(2) the Lister, or Elstree, strain, prepared as sheep lymph; and (3) the
CV-1 vaccine of Rivers, which had been deliberately attenuated by passage
through avian cells (both in the egg and in tissue culture}, and which
was prepared for this trial in the choricallantoic membrane of hens
eggs. Each of the four vaccines (NYC-CL, NYC-CAM, Lister, or CV-1) was
administered by either the percutanecus or the subcutaneous route, and
each was prepared in three different doses. The doses used for percutan-
eous vaccination were 109, 107, and 108 pock~forming units (pfu)/ml,
and those used for subcutaneous administration were 103, 104, and 103
pfu/ml. The vaccines were all labelled under code, and the study was
performed double-blind. Many clinical parameters were measured,
including daily temperatures, the size of any skin lesion (ulcer and
erythema), swelling or edema, the rate of development of the skin
lesion, skin rashes and systemic reactions. In addition, blood was
drawn one month after primary immunization and immediately before and
one month after revaccination. The serum thus obtained was examined
for vaccinia hemagglutination inhibiting (HI) and neutralizing antibody.
A total of 1,746 children took part in the studies, of whom 786 received
primary percutaneous vaccination and are analyzed here. This study has
been extensively analyzed and reported in full [1-6].

Ironically, as the study was beginning the recommendation for
discontinuation of routine smallpox immunization was made by the Red
Book Committee and the Advisory Committee on Immunization Practices of
the U.S. Public Health Service. Nevertheless, extensive and detailed
data were obtained on the comparative infectious doses, local and systemic
reactivity, antibody responses, protection against percutaneous challenge,
and complication rates for each of the four vaccines. Details are
given in the original publications. For the purposes of this meeting,

**The principal investigators at the four centers participating in this
trial were Abram S. Benenson, James D. Cherry, James D. Connor, and
Kenneth McIntosh. Overall coordination was performed by George J.
Galasso, and statistical analysis by David W. Alling. Many other individ-
uals participated in the trials and are recognized in the original publi-
cations.

@ 1985 Elsevier Science Publishing Co., Inc.
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comments will only be made about the data on primary percutaneous
vaccination and the subsequent revaccination of these same children.

Infectious Dose

Figure 1 shows the rate of primary "take" after each of the percutan-
eous vaccinations with each vaccine dose. It is evident that the IDgg
of the two NYC vaccines was virtually identical, very slightly over
107 pfu/ml administered by multiple puncture, and that the IDg, for the
Lister strain is very similar. 1In contrast, the IDgg for the CV-1
vaccine was about 10-fold higher, somewhat more than 107 pfu/ml, Moreover,
even at the highest concentration tested, 108 pfu/ml, the take rate for
the CV-1 strain was only about 75%, with no evidence presented that a
higher rate would be achieved by using a higher dose. From the point
of view of infectivity, then, the CV-1 strain appeared to be truly
attenuated.

NYC-CL NYC-CAM cv-1 LISTER
100 218} {159) (199) (145)

50 |-

PERCENT TAKE

25

7B,

i 3 2 P> ;
106 107 108 106 107 108 106 107 108 106 107 108
APPROXIMATE VIRUS CONCENTRATION IN VACCINE {PK FU/m))

PIG. 1. Rate of major reaction and serologic response
to primary percutaneous vaccination with four smallpox
vaccines. Figures in parentheses indicate number of
children in group. EZ? = major reaction; RY. =
neutralizing antibody and/or HI antibody present in
serum taken at 28 days; pfu = pock-forming units.

Reactivity

Table I shows the fever measured during days 4-14 after primary
inoculation with each of the four vaccines, Data for those with primary
takes are evaluated separately from those without, While there was no
placebo control group included in this study, the group without takes
probably represents a fair estimation of the background rate of fever
in this age group at this time.

It is clear that the two preparations of the NYC strain were, once
again, virtually identical. Surprisingly, the Lister strain produced
significantly more frequent fever {(53% over 101°F, as opposed to 38~
40%) than the two NYC strains., The CV-1 vaccine, in contrast, produced
this degree of fever in only 26% of children, while the “no-take"
control had fever in 20%.
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TABLE I. Fever during days 4-14 after primary percutaneous vaccination
with four smallpox vaccines.

Percentage with indicated maximal

Vaccine (no. of temperature (F) on days 4-14
children) <100 >100 >101 >102
Takes
NYC-CL (146) 30 70 40 18
NYC-CaM (105) 38 62 38 21
cv-1 (78) 4 59 26 13
Lister {85) 33 67 53 25
No takes (349) 16 54 20 10

This evidence for the attenuation of the CV-1 strain carried over
to the size of the cutaneous reactions seen (Figure 2). As before, the
two NYC strains were identical. The Lister strain produced slightly
smaller central lesions than these, particularly at the two lower doses,
and the CV-1 strain lesions were even smaller, at all dose levels
tested. The same data were found if surrounding erythema was measured,
rather than central lesion size.

10

s
Ve
4 -
o VACCINE TYPE:
/”

— A& NCY-CL
2F &—& NYC-CAM
Omme0 CV-1
O~--0 LISTER

ol

MEAN CENTRAL LESION DIAMETER {mm}

L ]
108 107 108
PK FU/ml IN VACCINE

FIG. 2. Mean size (+ SE) of central lesion
10 days after primary percutaneous vaccina-
tion, as a function of the type of vaccine
used and the potency (pock-forming units,
pfu/ml) of the vaccine.

Antibody Response to Primary Vaccination

The antibody response seen 28 days after primary percutaneous
vaccination is shown in Table II. There were a number of important
differences between the vaccines, although the two NYC preparations
again behaved identically. First, in those children with primary takes
there were small but significant differences in the ability of the
three strains to induce HI antibody. The reciprocal geometric mean
titer (GMT) of HI antibody following the CV-1 vaccine was 30, as opposed
to 41 and 56 for the two NYC vaccines and 46 for the Lister. In contrast,
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however, the differences in neutralizing antibody induced by the three
strains were striking. Only 30% of CV~1 vaccinees with clinical takes
developed any neutralizing antibody at all, while the rate was 82-85%
in the other three groups. Moreover, the titers achieved in those with
measurable responses to CV-1 vaccination were very much lower, The
difference seen between the CV-1 strain and the others could not be
attributed to the difference in the sizes of either the central lesion
or erythema, although there was a somewhat higher GMT neutralizing
antibody achieved in the children with the largest local reactions to
the CV-1 strain.

Response to Revaccination

Percutaneous revaccination was performed 6 months after primary
vaccination, and the highest dose (108 pfu/ml) of the NYC-CL vaccine
was used for this purpose in all the children., Considerable weight was
given to the rate at which a cutaneous response developed in response
to revaccination, as an index of induced immunity. A “"primary-type
response" to revaccination, that is, the development of a Jennerian
central vesicle with surrounding erythema reaching a maximum on or
after the seventh day after revaccination, was judged to represent a
failure of the primary vaccination to induce immunity. As shown in
Table III, even in those children who had a major reaction after their
first vaccination, 21% of those initially receiving the CV-1 vaccine
showed such a "primary-type response,” as opposed to 8-12% with the
other three vaccines. Moreover, 62% of CV-1 vaccinees who had developed
only antibody and no major reaction to their first vaccination had a
primary-type response to revaccination. This table also shows that
there was a somewhat reduced take-rate even in those children who had
shown no detectable response at all to their primary vaccination and
who should therefore have reacted exactly like primary vaccinees, In
Figure 1 it was shown that 97% of those receiving the NYC-CL vaccine at
the full 108 dose level reacted initially. Thus, it seems likely that
a small proportion of those with no measurable response to primary
vaccination did indeed develop some level of immunity.

Complications

The study was too small to allow for the measurement of the rate
of serious complications. Nevertheless, there were 410 children who
had primary takes with the first vaccination attempt, and these could
be analyzed. Nineteen developed satellite lesions surrounding the
primary take site, 1 developed an accidental infection, 11 had minor
rashes which were classified as either roseola vaccinatum or erythema
multiforme, and one had mild generalized vaccinia. ¥o serious
complications were seen.

Summary

A multicenter trial of four smallpox vaccines was performed in
1,746 children in four university centers in the early 1970's. Of
these, 786 received primary percutaneous vaccination with one of the
four vaccines in one of three doses. Both the NYC Board of Health
strains and also the Lister strain were found to have IDgg's of about
10° pfu/ml, whereas the CV-1 strain had an IDgy of about ten times
that. Moreover, the CV-1 strain, even when it did produce a primary-
type take, produced less fever than the other three vaccines. The
local lesions produced by the CV-1 strain were also significantly
smaller, both with regard to central lesion and also erythema. While
all four vaccines produced fairly consistent HI antibody responses
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28 days after vaccination, the neutralizing antibody response to the CV-1
vaccine was clearly deficient. Moreover, there was less clinical
immunity to revaccination at 6 months after a "take" with the CvV-1
vaccine. These collaborative studies thus demonstrated that two
preparations of the NYC strain, one prepared in calf lymph and one in
the chorioallantoic membrane, behaved identically; that the Lister
strain was very similar to the NYC strain, with minor differences in
induction of fever and size of cutaneous reaction; and the CV-1 was
clearly attenuated for man, producing fewer "takes" with a given dose,
smaller cutaneous lesions, far lower levels of neutralizing antibody
after primary vaccination, and a lower level of protection against
revaccination six months later.
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DISCUSSION
Participant: When was revaccination performed?

Dr. McIntosh: After six months, so it was obviously at a time of
maximal immunity.

Participant: How was vaccine potency established?

Dr. McIntosh: The vaccines were titered in pock-forming units.
The neutralization test was quantitated in plague~forming units.

Participant: Was there a boost in neutralizing antibodies on
revaccination?

Dr. McIntosh: The hemagglutination inhibiting antibody did not
boost well, and that has actually been known for a long time. The
neutralizing antibody does boost reasonably well, but if they are high
to begin with, you do not get a boost.

Dr. Neff: There was an interesting feature of the neutralizing
antibodies responses. Those that received CV-178 vaccine first and
then had revaccination with the standard calf lymph vaccine, still did
not develop the same frequency of neutralizing antibodies as those who
had received the standard vaccine first, seeming as if there was some
kind of a blocking effect. I think it was the same in the large study.

Dr. McIntosh: Yes. There is something funny about the CV-1
vaccine in its ability to induce neutralizing antibody in the first
place, as shown on my slides, and also if you boost with a regular
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vaccine. But that may have nothing to do with effectiveness of the
strain as a vector for foreign antigens.

Dr. Arita: Do you conclude that the CV-1 or CV-2 strains are good
candidates for use as vectors?

Dr. McIntosh: Yes, I think they would be good choices. However,
if vaccine takes are important, as I think they probably are, then you
would have to use more than 108 pfu/ml of the CV~1 strain to get more
than 75 percent takes.,



LOW NEUROVIRULENT VARIANT OF LISTER STRAIN OF VACCINIA VIRUS
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*Research Institute for Microbial Diseases, Osaka University, Suita,
Yamadaocka, Japan

The eradication of smallpox in Japan was achieved in 1955. Conse~
quently, the incidence of postvaccinal encephalitis mostly due to the
primary vaccination became a very serious social problem in Japan.
Responding to the social requirement, a temperature-sensitive and low
neurovirulent clone named LC16m8 derived from Lister strain of vaccinia
virus was isolated by Hashizume [1]. The unique characteristics of
this clone having extremely low neurovirulence in monkeys made the
Japanese government decide to use the clone for the primary vaccination.
Before the abolition of vaccination against smallpox in 1976 in Japan,
about 50,000 children were primarily vaccinated with this clone without
any seriocus complications. Althcugh the number of people vaccinated
with this clone was not large, it may be a noteworthy fact that the
original Lister strain had been used extensively in the world. The
only disadvantage of this clone as well as the original Lister strain
so far noticed seems to be the delayed crust formation which may cause
more chances of secondary infections. This is probably because of the
lack of the vaccinia virus induced-early cell surface antigen [2,3] in
cells infected with Lister strain [4].

I believe that it is worthwhile to give this clone (LC16m8) careful
reconsideration as a vector for recombinant vaccine because of the low
neurovirulence of this clone in primates,

Since the papers of the LC16m8 have not been published in English,
an English paper of the detailed characteristics of this clone was
prepared by Hashizume et al. for this meeting.
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PROPERTIES OF ATTENUATED MUTANT OF VACCINIA VIRUS, LC16m8, DERIVED
FROM LISTER STRAIN
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SUMMARY

The further attenuated mutant, LC16m8, was established from Lister
strain of vaccinia virus. The virus was obtained by passage in rabbit
kidney cells at 30°C and by selecting the clone by temperature sensitivity
and with small pock size on the CAM of embryonated eggs.

The mutant virus showed markedly lower neurovirulence in monkeys
and rabbits than the parent virus (LO)} and other vaccinia viruses of
vaccine strains. The immunogenicity of the mutant exhibited, however,
was almost the same as that of IO virus or Lister's calf lymph vaccine.
The clinical reaction to the LC16mB8 vaccine after primary vaccination
was very mild; the rate of appearance of fever was only 7.7% and no
other severe complications were observed in more than 10,000 children
during the field trials. The ILC16m8 virus has been authorized for use
in Japan as a vaccine strain against smallpox for primary vaccination
since 1975,

INTRODUCTION

Recently, the production and selection of infectious vaccinia
virus recombinants expressing foreign genes has been achieved by two
groups {1,2]. The recombinant vaccinia virus will be probably used for
the production of live vaccines. However, those vaccinia viruses of
vaccine strains previously used against smallpox were highly neurovirulent
[3,4) and their use sometimes resulted in severe complications after
vaccination, i.e. postvaccinal encephalitis or encephalopathy. The
vaccinia virus for using as a vector of the recombinant vaccines should
be a further attenuated vaccinia virus rather than the previously used
vaccine strains.

The further attenuated vaccinia virus mutant, LC16m8, was established
from a Lister strain of vaccinia virus. The virus was less neurovirulent
and the vaccine of the virus showed lower side effects after vaccination
than the calf lymph vaccine of the Lister strain, but the immunogenicity
was almost the same as that of the Lister strain. The present paper des-
cribes properties of the mutant and some other clones derived from Lister
virus,

Materials and Methods

Virus Strain. Lister strain (Elstree) which was used for preparation
of vaccine against smallpox in Japan, served as the parent virus (LO)
of the mutant. The virus which was prepared from infected calf lymph and
purified partially by fluorocarbon, was inoculated and was passaged in
primary rabbit kidney (PRK) cells at 30°C.

CV1-~78 strain virus was prepared with the CAM with the approval of
Dr. Kempe and was used as control virus in some experiments.,

Cell Culture. PRK cells were prepared from the kidneys of infant
rabbits less than 14 days old.

Published 1985 by Elsevier Science Publishing Co., Inc.
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Virus Titration. Titrations of infectivity were mostly performed
on the basis of TCIDgg with Vero cell cultures, but titrations of the
1£16m8 were done by the pock count method on the CAM of embryonated
eggs, For reproductive capacity of temperature (rct) marker test, the
plaque count method on PRK cells was employed; appropriate dilutions
were made in 199 medium and inocula were 0.2 ml for 2 oz culture bottles.
Following adsorption for one hour at 37°C, the cultures were overlaid
with 6 ml of agar medium (Eagle's MEM with 7% calf serum, 0.15% bicarbon-
ate, and 1.5% agar). After the incubation period (2 days for cultures
at higher temperatures, and 3 days at 37°C culture), 4 ml of second
overlay medium (Eagle's MEM with 7% calf serum, 0.15% bicarbonate,
1:20,000 neutral red, and 1.5% agar) was added and cultured for an addi-
tional day.

Neutralization Test

Vero cells cultured in 24 wells plastic dishes (Limbro, FB-16-24)
were used for the assay system of neutralization. L5 virus, which was
LO virus passaged 5 times in PRK cells, was used as the challenge virus.
The L5 virus fluid was diluted to contain 400 to 600 PFU in a volume of
0.1 ml of 199 medium containing 0.2% gelatin. To 0.1 ml of appropriate
diluted serum were added 0.1 ml of 5% fresh rabbit serum solution and
0.2 ml of the challenge virus. The serum-virus mixture was incubated
for 2 hours at 37°C, then overnight at 4°C. After incubation, 0.05 ml
of the serum-virus mixture was incculated into Vero cell cultures and
each dilution of the samples was inoculated in 4 wells. The mixture
was adsorbed for 30 minutes at 37°C, 1 ml of 199 medium containing 2%
calf serum was added to each well and cultured at 37°C. Following 2
days incubation, the cells were fixed with methanol and were stained
with crystalviolet solution to enable counting focuses of the virus
growth to be counted. The neutralizing antibody titer was calculated
by a 50% reduction of the focus.

Hemagglutination Inhibition Test

HI antibody titers were measured as described in Nakano's report
[S]; chicken erythrocytes were used for the test and nonspecific
hemagglutinins in sera were removed by adsorption with 50% of chicken
erythrocytes,

RESULTS

Selection of the Virus Clones

LO virus was passaged in primary rabbit kidney (PRK) cells at
30°C. At the 26th passages, the growth of the virus at 40°C was somewhat
poorer than that of the virus which had been passaged at 37°C., Then
the low temerature culture was continued a further 10 times. The 36th
passaged virus was cloned by plaque method and 50 plaques were picked
off and suspended in one ml of 199 medium.

After each virus fluid was propagated one time at 30°C, 25 clones
of those clone viruses were tested rct marker in Vero cells., The titer
of 5 clones displayed 101-5 or less, 9 clones more than 103:5, and the
other 11 clones between 101-8 and 102.8 TCID/0.2 ml in 40°C culture,

One of the clones, designated LC16, showed the lowest titer at
40°C, among the clone viruses. Compared with LO strain, the LC16
strain had rather enhanced growth in rabbit skin, but much reduced



growth in the CNS of rabbit and monkey as compared with that of highly
attenuated strain DIs., Following these results, a small scale (34
children) inoculation test was done. The rate of appearance of fever
was 14% but crust formation was delayed notably, 2 children had not
formed crust by later than 14 days after inoculation.

To prevent complication of auto-inoculation, a mutant which had
lower capacity of growth in the skin was selected by using pock size
marker on the CAM of embryonated eggs. Following 6 passages in PRK
cells at 30°C, a single plague which produced medium size pocks (2-3 mm)
on the CAM was isolated and referred to as LC16mO. After a further
3 additional passages of LC16m0 virus, the cloning was done in PRK
cells, a small pock (0.5-1.0 mm) clone, LC16m8, was selected.

Susceptibility of the Virus Clones to Various Cells

As shown in Table I, when titrated on CAM, Vero, PRK, and primary
chick embryo fibroblast (CEF) cells at 37°C, the 1O, LC16, and LC16mO
showed no difference in Vero cells and the CAM, but the titer in PRK
and CEF cells was 1 to 1.5 logs lower than in Vero or the CAM.
Conversely, the LC16mB virus showed 2 logs lower in Vero cells, and 1
log lower in PRK cells, than the CAM.

TABLE I, Comparison of results with different titration systems for
Lister virus and its clones.
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Titration System

Virus vero CcaM PRK CEF
(TCIDg ) ® (pFu)? (pFU)@ (pru)?@

Lister 8.2 8.2 7.1 6.8

1C16 7.8 8.3 6.3 nd

LC16mO 7.8 7.7 6.6 6.2

LC16m8 5.2 7.2 6.0 6.2

CAM: chorioalantoic membrane; PFU = pock forming unit,

PRK: primary rabbit kidney; PFU = plague forming unit.

CEF: chick embryo fibroblast cells; PFU = plaque forming unit.
a: 100

Reproductive Capacity of the Viruses at Different Temperature

The reproductive capacities of the viruses, LO, ILC16, IC16mO,
LC16m8, and CV1-78 was compared by the plagque method on PRK cells at
different temperatures: 37°C and 40,5°C, or 37°C and 41°C, The ceiling
temperature of the LC16m8 was 40.5°C and that of the LC16 and LC16m0
was 41°C, but the LO and CV1-78 grew even at 41°C (Table II).
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TABLE II. Rct-marker tests with rabbit kidney cells.

Virus Test 1 Test 2

Strain 37.0°C _ 40.5°C 37°C/40.5°C 37.0°C  41.0°C_ 37°C/41°C
Lo 2.4x10®  7,0x104  3.4x10! 5.0x105 6.0x103 8,3x10!
IC16 1.0x105 2.4x10¢  4.2x100 4,0x103 - 4,0x105¢
1C16m0 8.0x105 3.0x104  2.7x10) 3,0x105 - 3.0x105¢
1C16m8 1.0x105 - 1.0x105¢< 2.0x105 - 2.0x105¢
cvi-78 1.0x105% 3.5x104  2.9x10° 3.5x105 1.5x104  2,3x10!

Titer: PFU/0.2 ml
- : non-detectable per 0.2 ml

The thermal stabilities of the ILC16, LCtém0O, and LC16m8 viruses at
40°C were almost identical, although the ILC16m8 was slightly more heat
labile than the other viruses.

Intracerebral Inoculation of the Clone Viruses into Rabbits

Rabbits, weighing about 2.5 kg, were inoculated intracerebral%y with
10°*7 or 10%*7 TCID (/0.5 ml for IO, LC16, and LC16mO; and with 10°°
or 108-7 PFU/0.5 ml for LC16m8.

The rabbits inoculated with the LO developed clinical signs of
encephalitis at 4 to_5 days after inoculation and one of the rabbits
inoculated with 10°° TCIDg, died. No clinical symptoms were observed
in any of the rabbits inoculated with the LC16, LC16m0, and LC16m8 viruses.

A 10% rabbit brain homogenate was prepared after sacrifice at 5 or
6 days post-inoculation, or just after the animal died, to assay the
virus titers. No significant difference was observed in the rabbits
inoculated with the LC16 and LC16mO. In the cases of the LC16m8, only
a small amount of virus was detected in the brains, even though the
rabbits were inoculated with 1067 of the virus. The 1O virus was the
most virulent of the clone viruses, It was suggested that the LC16m8
had a lower capacity of multiplication in the rabbit brain than the
other clone viruses (Table IXI).

Intracerebral Inoculation of the Virus into Cynomolgus Monkeys

Previous reports [3,4] showed that CvV1-78 virus was highly neuro-
virulent, Lister virus was slightly less virulent than CV1-78, and the
ILC16 virus obviously less virulent than the other vaccine strains of
vaccinia virus based on from the comparative studies of several vaccinia
virus strains by intrathalamic inoculation into cynomolgus monkeys.
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TABLE III. Virus recovery from the rabbits inoculated into the cerebrum

Virus Inoculum Days p.i. Clinical Virus recovery
strain dead or symptom from the brain
sacrificed
Lo 106+7 re1pg, 5 +++(D) 10%+4 1c1Dg)
106.7 5 ++ 105.6
105.7 5 + 105.0
105.7 6 + 105.6
1C16 106.7 6 - 104.6
105.7 6 - 102.0
105.7 6 - < 100.2
LC16m0 106.7 5 - 104.8
106.7 5 - 103.2
105.7 5 - 102-4
105.7 6 - 1004
wctémg  108:7 pru 5 - < 100-2 ppy
106.7 5 - 102.0
103-7 s - 101+2
105.7 5 - 10140
(D): Death

Neurovirulence of the LC16m0O and IC16m8 was compared by the same
method as in the previous report {4). Two monkeys for each group were
inoculated intrathalamically with 0.5 ml of 108:0 pFU of the LC16m8 or
107*" TCIDgq of the LC16m0 virus. One monkey in each group was sacrificed
on the 6th day and other was sacrificed on the 14th day after inoculation
for histological examination and for virus isoclation from the CNS.

None of the monkeys did not show any clinical symptoms. 1In the
monkey inoculated with the LC16mO, virus was isolated from the brain
following sacrifice on the 6th day after inoculation, and the titer was
10°° TCIDSO/ml. The specimens taken from the monkey inoculated with
the LC16m8, which was sacrificed on the 6th day after inoculation,
contained only a small amount of virus, 100.3 PFU/ml in the cervical
cord and 10042 PFU/ml in the lumbar cord.

The histological findings were that all the monkeys inoculated
with both viruses showed very mild leptomeningitis, and the changes were
localized as compared with the previous results with other vaccinia
viruses [4]. The monkey with LC16m8, sacrificed on the 6th day post-
inoculation, showed milder changes than the monkey inoculated with the
LC16mO, with respect to infiltration of polymorphonuclear leucocytes and
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edema. The neurovirulence of the LC16m0 and LC16m8 was not significantly
different from the LC16 when compared with the previous data for that
virus (Table IV),

TABLE IV. Virus isolation and histological findings of the CNS of
monkeys inoculated with LC16m0 and LC16m8.

Strain LC16m0 LC16m8

Inoculum 1x108 TCIDg, 1x10~ PFU

Clinical symptom - - - -

Days p.i. 6 14 6 14
Virus isolation B: 3,24 - B : - -
CC: - cc: 0,32
IC: - ILC: 0.2
Change in
Leptomeninges ++ + + +
Choreoid plexus + - + +
Softening - - - -
Perivascular edema + - + -
Hemorrhage in brain - - - -
Degeneration of - + - -

nerve cells

Glia proliferation - - -~ +
Perivascular cellular - + + +
cuffing
Spongy degeneration - - - +
B : Brain
CC : Cervical cord
LC : Lumbar cord
a : 10%/mi

Intraperitoneal Inoculation of the Viruses into Mice

To establish a property of spreading of the virus to the CNS via
the blood, groups of mice were inoculated intraperitoneally with 107+3 pry
of 1C16m8 and 1073 TCIDg, of either CV1-78, LO, LC16, or LC16m0, and
divided into 2 subgroups to either receive, or not receive subcutaneous
administration of each 2 mg of cortisone, Five mice of each group were
sacrificed every day after inoculation to determine the virus titer in
the blood and the brain., The virus titer in the brain and blood is ex-
pressed in the Figures as the average titer of the 5 mice.
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In the mice inoculated with the IO virus, the viremia was recognized
from 1st to 6th day post-inoculation. The virus was detected from the
brain on only one day (on the 6th day) for the group that were not
injected with cortisone, but on 3 days (on 4th to 6th day) for the group
injected with cortisone (Figure 1),

Mice inoculated with CV1-78 virus also had the virus which was
isolated from the brain in two groups, i.e. with or without cortisone.

Among the mice inoculated with the LC16 virus, the virus was
recovered only from the brain of the mice treated with cortisone and
not from the mice which were not injected with cortisone, but the
viremia was observed in both groups (Figure 2).

log 4 TCIDBO/mI
8 5

-
o

FIG. 1. Virus recovery from the blood _and brain of mice which were
inoculated intraperitoneally with 10°°7 TCIDg, of LO virus and divided
into 2 subgroups to either receive, or not, subcutaneously administration
of each 2 mg of cortisone. The virus titer is expressed as the average
titer of the 5 mice. Symbols @———@, titer in the blood, without
cortisone group; O ==—=w=- o titer in the blood with cortisone group;
¥————% titer in the brain, without cortisone group; @--~-- v

titer in the brain, with cortisone group.
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inoculated intraperitoneally with 10"

of each 2 mg of cortisone.

with cortisone,

In the groups inoculated with LC16m8,
cortisone,

the viremia was observed

but from 1st to 7th day in the mice injected with

Inoculation

The Skin Reaction and Antibody Response of Rabbits After Intradermal

Serial decimal dilution of each virus,

Lol
was intradermally inoculated in 0.1 ml amounts into rabbits' back skin.
Each rabbit received two serial injections; one side was injected in
order of decreasing concentration from the shoulder to the rump, and
other was from the rump to the shoulder.
each virus dilution. The skin reaction,

Four rabbits were used for
measured every day for a week after inoculation.

erythema and induration, was
A diameter of the
erythema which exceeded 10 mm was scored as a positive reaction and
LC16.

erythema dose (ErDgg) was calculated by the Reed and Muench method.

The reaction of the skin inoculated with LC16 was most severe.
ErDgg of the LO and LC16mO was almost the same and slightly higher than
The LC16m8 showed 103+

of producing erythema than the other viruses (Table V).

ErDso, i.e. the virus had less capacity

Virus recovery from the blood_and brain of mice which were

The virus was not recovered from the brain in both groups
the same as that of the LC16m8 groups.

LC16, LC16mO, and LC16m8

TCIDgy of LC16 virus and divided
into 2 subgroups to either receive, or not, subcutaneously administration

The symbols are the same as in Figure 1,

from 1st to 3rd day post-inoculation in the mice which were not injected
(Figure 3).

The results of the groups inoculated with LC16mO was almost

8
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FIG, 3. Virus recovery from the blood and brain of mice which were

inoculated intraperitoneally with 107-3 PFU of 1LC16m8 virus and divided
into 2 subgroups to either receive, or not, subcutaneously administration
of each 2 mg of cortisone. The symbols are the same as in Figure 1.

TABLE Vv, Skin reaction of rabbits injected intradermally with vaccinia
strains.

Inoculum LO IC16 LC16mO ILC16m8 Cv1-78

106 8/8 8/8 8/8 8/8 8/8

105 8/8 8/8 8/8 8/8 8/8

104 7/8 8/8 8/8 5/8 8/8

103 7/8 6/8 8/8 0/8 6/8

102 1/8 4/8 0/8 0/8 2/8

ErDsq 2.6 2.3 2.5 3.9 2.5

Positive No./Test No.

A n
ErDgg : 10

95
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Pairs of rabbits were inoculated with 108'0 TCIDg, of the LO and
LC16m0, and with 108+0 PFU of LC16m8 virus. The hemagglutination inhibi-
tion (HI) and neutralizing (NT) antibody response in the rabbits
inoculated with LC16m0O was the best. The HI antibody response in the
rabbits inoculated with LO was better than that of the rabbits inoculated
with LC16m8, but the NT antibody response of the rabbits inoculated
with LC16m8 was almost the same as that of the rabbits inoculated with
the LO virus (Table VI),

TABLE VI, Vaccinia antibody levels after dermal inoculations of 1O,
LC16mO, and IC16m8 strains.

HI NT
Weeks p.i. LO LC16m0O LC16m8 LO LC16moO LC16m8
2 26.5 28.0 24.5 44.9 45-7 44,9
4 26,5 27.5 25,0 44.9 46.9 44.7
6 54.5 57.5 25.0 45.0 46.6 44.6
13 3.5 27.0 25.5 45.0 46.8 48.7

10, and IC16m0: Inoculated 108 TCIDso/animal
IC16m8: Inoculated 108 PFU/animal

Clinical Observation of LC16m8 Strain Vaccine

Comparative studies of field trials with Lister, CV1-78, LC16mO,
and LC16m8 strain vaccines were carried out by the Smallpox Vaccine
Research Committee sponsored by the Ministry of Health and Welfare
(1968-1973) [6]. Tables VII to X show the results of those studies.
The LC16m8 vaccine exhibited a high rate of take and a low incidence of
fever, Table VIII shows local and febrile reactions to LC16mB strain
by age groups. No difference in incidence was observed between any age
groups. Many cases of allergic or convulsive constitutions were included
among the vaccinees, but no complications were observed among more than
10,000 persons, other than three cases of febrile convulsions and
several mild skin complications. 1In addition to these carefully
monitored cases, around 20,000 children were inoculated with the LC16m8
vaccine, and more than 90,000 doses of the vaccine were released in
1974 and 1975, but no reports of severe complications were received.

Table IX shows HI antibody response, and Table X shows NT antibody
response, following primary vaccination., The mean HI titer of LC16m8
expressed in terms of log 2 was 3.5 at one to six months after vaccina-
tion.

The mean NT titer of the LC16m8 expressed in terms of log 4 was
2.5 at one to 1.5 months after vaccination. The antibody level was
slightly lower than that of ordinary strains for HI but the same for NT.



TABLE VII.
several strains.

g7

Local and febrile reactions after primary vaccination by

Major Mean diameter Febrile
Strains Duration Number reaction (mm) reaction
tested observed (Take Ery- Indura~ (%)
rate %) thema tion
Lister 1968-71 3,662 93.7 17.6 15.3 26.6
Ccvi-78 1971~-73 22,976 92.4 21.1 16.8 8.5
LC16m0 1973-74 829 94.8 19.6 14.5 12.1
LCi6m8 1973-74 10,578 95,1 18.4 6.1 7.7

TABLE VIII.

Local and febril reaction of LC16m8 wvaccine.
(1974, primary vaccination)

Local reaction

Febrile reaction

Age Number Major Mean diameter (mm) Mean Mean
group observed reaction Ery- Indura- Febrile max. dura-
(%) thema tion (%) temp. tion?
1y 687 97.4 20.8 7.2 10.9 38.5 1.9
2-4y 6,800 95.5 19.0 6.1 7.8 38.5 1.6
S5y 2,040 93.1 18.2 6.7 6.6 38.4 1.5
Total/means 9,527 95.1 18.9 6.3 7.8 38.5 1.6
Observed at 9th day.
Surveyed from 4th to 14th day after vaccination.
a = Day
TABLE IX. HI antibodies after the primary vaccination with several
strains.
Months Number HI Titer Geo~
Strains after of sera metric
vaccin- exam- >4 4 8 16 32 64 128 mean
ation ined titer
Lister 1-2 112 4 19 43 27 13 6 4.7
cvi-78 1-2 187 6 11 35 60 47 28 4.1
3-7 162 12 35 54 46 10 5 3.2
LC16mO 1-2 47 4 23 16 4 4.4
LC16m8 1-2 513 18 100 161 155 72 6 1 3.4
3-6 19 1 6 3 6 6 3.5
Geometric mean titer on
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TABLE X, NT antibodies after the primary vaccination with several
strains.

Months Number NT Titer Geo-

after of sera metric

Strains vaccina- exam- 5>490.9 41.0 41'5 42.0 42'5 43.0 43.5 mean
tion ined titer

Lister 1-1.5 5 3 2 42.4
3-6 12 1 2 2 7 42.2

cvi-78 1-1.5 6 ] 2 2 1 41.9
3-6 1 1 1 4 2 3 42.0

LC16mO 1-1.5 15 6 9 43.0
LC16m8 1-1.5 97 5 10 25 37 18 2 42.5

DISCUSSION

Several strains have been proposed as the best candidate for
attenuated smallpox vaccine strain, e.g. CV1-78 derived from New York
City Department of Health Laboratory (NYCDHL or NYBH) strain (rabbit
testis (RT)/4, chick embryo/34, RT/6, CEF/59, CAM/19); CVII from the
same strain (RT/4, CE/31, CEF/180) [7]; MVA by Stickl et al. from Ankara
strain (CEF/532) [8,9]. They are mostly obtained through a large number
of passages in chick embryo or CEF cells. DIs strain produced by Tagaya
et al. [7,10] was a small pock mutant isolated following 13 passages in
one-day-eggs.,

The cases of polio and measles, attenuated strains especially
those with reduced neuropathogenicity were selected from ts mutants and
variola minor virus (low virulence wild virus) which has a lower ceiling
temperature than that of variola major virus (classical smallpox in
Asia, high virulent virus) [11,12]. These results suggest significant
correlations between attenuation and ts mutants.

Though the pathogenesis of post-vaccinal encephalitis and encephal-
opathy (PVE) have yet to be elucidated, the following three points may
be agreed upon: (a) most PVE cases are related to the primary vaccina-
tion and cases related to secondary or later vaccinations are quite few;
(b) administration of vaccinia immune globulin can reduce the incidence
of PVE; and (c) morbidity of PVE seems to have some relationship with
the virus strain used.

From pathological findings in monkey experiments by Morita et al.
[4] and immuno-fluorescence studies by Aoyama et al. in monkey experiments
and human PVE cases [4,13], the virus grow primarily in the meninges,
choroid plexus, ventricular and vascular walls, but not in the cerebral
matrix, and the perivascular infiltration of microglial cells, demyelina-
tions, and other encephalitic findings may appear secondary by immuno-
pathological process. This seems to support the hypothesis that PVE occurs
by active growth of vaccinia virus in the CNS, rather than that of being
primarily caused by the allergic mechanisms.



Three strains of LC16 series were demonstrated to have a remarkably

reduced capacity to grow in the CNS. Furthermore, CL16mO and LC16m8

had reduced the activity of transversing the blood~-CSF junction in the
meninges or choroid plexus in comparison with the LO or Cv1-78 wvirus.
The LC16m8 strain had a rather lower immunogenicity than the LC16mO.
However, the LC16m8 had an appropriate efficiency of local growth to
induce immunity as strongly as calf lymph vaccine of LO strain, and it
showed slightly lower neurovirulence than that of the LC16mO in the
results of monkey and rabbit experiments, Considering these points,

the LC16m8 strain may become the most practically suitable vaccine strain.
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IMMUNOGENICITY OF VACCINIA VIRUS: RESPONSES TO VACCINATION
J. DONALD MILLAR

*Director, National Institute for Occupational Safety and Health Centers
for Disease Control, Atlanta, Georgia 30333

It is very difficult for me to communicate adeguately my appreciation
for the invitation to be here, Eighteen years ago this month, November
1966, I was appointed Director of the CDC Smallpox Eradication Program,
just after Dr. D. A. Henderson went to Geneva as Director of the WHO
Smallpox Eradication Unit., My major responsibility was to implement the
West and Central African Smallpox Eradication and Measles Control Program.
Field operations in Africa were expected to begin early in 1967; vaccine,
equipment, and people had to be sent to Africa as rapidly as possible,

a thousand-and-one other logistical problems had to be solved before
field operations could begin. Though fregquently hectic, the next 4 years
as Director of that unprecedented regional health assistance program were
the most fulfilling of my professional career ...then in April 1970, on
the very eve of final victory over smallpox in West and Central Africa,
my "commanding officer,” Dr. bDavid J. Sencer, then Director of CDC, asked
me to relinguish the Smallpox Eradication Program, and take charge of a
new organization combining all the domestic disease control activities

of CDC. While I was greatly flattered by his confidence in me, I felt,
as Shakespeare put it, from my "mother's womb Untimely ripp'd."** With
mixed feelings, I turned away from smallpox eradication and assumed my
new assignment,

Since then, Drs. Henderson {(both D. A. and Ralph), Foege, Lane, Mack,
Neff, Wulff, and other compatriots have marched to glory in global smallpox
eradication; meanwhile, my professional path meandered instead through pro-
grams such as urban rat control, fluoridation, and swine flu immunization,
to more contentious spheres of environmental and occupational public health.

To be sure Dr, Sencer, perhaps expiating feelings of guilt, released
me for three further brief stints of duty with smallpox eradication, in
India (1975, as a field epidemiologist during the last days of smallpox
there), and for WHO International Commissions for the Certification of
8mallpox Eradication in South America (1973) and in Somalia (1979). How-
ever, in a very important way, this Workshop is my attempt to return to
a love lost long ago.

Hence, I make no pretense of being expert in any aspect of the
immunogenicity of vaccinia virus. On the contrary, the sciences of
immunology and virology have virtually exploded in the last 25 years,
and T was left, fire-blinded, in the cratered ashes of my outdated
knowledge., Today, much like Rip Van Winkle, I am blinking awake in a
virologic world many years ahead of me!

All of this I told to your Program Chairman when he invited me
here; I offered to attend this meeting as an old warrior and sit quietly
in the corner. However, he insisted that I speak, so here I am, not at
all comfartable on an agenda devoted to space~age issues of molecular
virology.

As a coping mechanism, I have reverted to my past personal experience,
dusted off some golden memories and old reprints, and tried to reacquaint
myself with the lost love. My presentation is an attempt to summarize

**(Shakespeare, W.; Macbeth, Act V, S5c. viii, spoken by MasDuff).

Published 1985 by Elsevier Science Publishing Co., Inc.



102

broadly the results of CDC's work with vaccinia virus, in which I was
personally involved. My conclusion is simple, and I state it at the
outset: Vaccinia virus is a remarkably effective immunogen which has
changed the history of mankind.

Studies of Smallpox Vaccination by Intradermal Jet Injection: 1963-1972

Beginning in 1963, we at CDC conducted a series of studies of
smallpox vaccination (Table I). Our major interest was the interruption
of smallpox transmission by mass vaccination, and we were specifically
interested in evaluating technologic innovations which offered hope of
improved campaigning in the field. Executing these studies led us to
an ever-deeper involvement in, and commitment to, the eradication of
smallpox from the world. These studies culminated in the CDC-directed,
USAID-financed, WHO-sponsored West and Central African Smallpox Eradica-
tion and Measles Control Program which, in my opinion, was the most
spectacularly successful foreign aid program in health ever undertaken
by the United States. During those years, we looked very often and
very closely at the behavior of vaccinia virus as an immunogen in humans.

An important impetus for our work was the development by the United
States Army of a mechanical device for performing inoculations by
intradermal jet injection. Specifically, the device was a nozzle
developed by Mr. Aaron Ismach at the U.S. Army Research and Development
Laboratory, Fort Totten, New York. Jet injector guns had been available
in one form or other since World war II. However, existing models had
nozzles that directed the stream of inoculum straight into subcutaneous
and intramuscular spaces, and were of no use for smallpox vaccination,
which required intracutaneous inoculation. To be sure, Drs., Harry
Meyer and Bennett Elisberg experimented with an adapter cuff which
raised the nozzle from the skin, permitting a greater than ordinary
amount of the inoculum to be trapped in the dermal layers. Ismach,
with strong encouragement from Colonel Abram S. Beneson (well known to
many of you) conceived a specific solution to the problem. He designed
a nozzle which bent the stream of inoculum, directing it into the
dermis. In collaboration with Ismach, we explored the utility of this
nozzle for smallpox vaccination and for fungal skin testing [8].

To evaluate the intradermal nozzle for smallpox vaccination, we
established a study plan which involved tests of intradermal jet
injection vaccipation in study populations of varying age, and with
varying degrees of pre-existing immunity to vaccinia virus. We planned
our progress so as to generally move from smaller to larger numbers of
subjects as we develcped increasing knowledge of the efficacy and safety
of the procedure. We began by testing adult male revacinees in Georgia,
making close and frequent observations and documenting the results.
Opportunities led us to Jamaica, for studies of primary vaccination in
school children; to Tonga, for a large scale trial in an unvaccinated
and smallpox-free population; and finally to Amapa, Brazil, for a large
scale trial in a smallpox-~endemic territory of a major smallpox-endemic
country.

Though smallpox vaccination was 200 years old when we began these
studies, we documented some clinical and immunological events following
vaccination, in ways never previously done. We compared results of
intradermal jet injection with those of the traditional multiple pressure
method of inoculation; employed various log dilutions of smallpox vaccine
by jet injection to determine dose-response relationships; and collected
a lot of information on operational aspects of mass vaccination campaigns
in the developing world. We systematically observed, and documented with
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photography, the evolution of cutaneous results of vaccination and
revaccination, comparing results produced by jet injection with those
by the traditional multiple pressure method., We collected and tested
sera for serologic evidence of response using both neutralizing and
hemagglutination inhibition tests.

Ultimately, we joined together with the ministries of health of 21
countries in West and Central Africa and, using the operational advantages
of jet injection and epidemiologic intelligence, executed a highly
successful regional smallpox eradication program. During the course of
that effort, we made millions of systematic observations of the results
of vaccination in individuals. Moreover, in Africa we thoroughly
documented the success of vaccination in interrupting the transmission
of smallpox in a large and important segment of the smallpox-endemic
world. A1l of these things were accomplished a decade ago, and the
results were long-since published.*

Major Conclusions of the Studies by CDC

One could consume hours presenting the detailed results of these
studies. There seems very little reason to do so, in light of their
prior publication and the pressing contemporary issues which ought to
command our attention during these two days. Therefore, I will broadly
summarize our major findings (and provide the references to the published
papers which may be consulted for details):

1. Commercially produced (Wyeth Laboratories) lyophilized calf lymph
smallpox vaccine with a titre of 10 .3 TCIDso/ml inoculated by the
multiple pressure method, produced cutaneous and serologic evidence
of vaccinial infection in virtually 100% of primary vaccinees and
revaccinees previously vaccinated more than 10 years before. Among
subjects previously vaccinated less than 10 years previously, the same
inoculation produced "major reactions" (WHC definition) in about 70%,
and significant neutralizing antibody responses in approximately
70% of those with initial titres less than 160,

2. Intradermal jet injection of 0.1 ml of diluted vaccine with a titre
of 10°° TCID5 /ml produced cutaneous and serologic results equal to
or better than, those observed with the multiple pressure method using
undiluted vaccine, The cutaneous reactions following jet injection
vaccination differed little from those seen after the traditional
method.

3. Jet injection technology offered distinct operational advantages for
rapid mass vaccination of a large population.

4. Smallpox vaccination, appropriately applied among populations, is
capable of eliminating the transmission of smallpox.**

Jet injection seemed especially well adapted to West and Central
Africa where (particularly in Francophone countries, and in Ghana) there
were rich traditions of mobile health services, and where the gathering

*Dr. Roberto's report on the experience in Tonga is detailed only in his
dissertation for the academic post graduate diploma in tropical public
health at the University of London, London School of Hygiene and Tropical
Medicine on file in the CDC Library.

**Indeed, the 23rd World Health Assembly, on May 8, 1980, declared that
global smallpox eradication has been accomplished.
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together of the population for various reasons was an important cultural
value., The use of jet injection vaccination in "collecting points" was
uniquely appropriate in this setting, making possible rapid execution of
mass vaccination campaigns across the region.

The West and Central African Smallpox Eradication and Measles
Control Program exerted a distinct influence on the remainder of the
global program by discovering an important alternative to mass vaccination
as the foundation of eradication. Epidemiological information developed
principally by Foege [9] in Nigeria, led us to the conclusion that
active surveillance of smallpox coupled with epidemiologically-directed
field operations (vaccinations targeted so as to specifically exploit
seasonal and geographical vulnerabilities in the transmission of
smallpox) was a faster and more efficient way to interrupt transmission
than was mass vaccination. Hence, "surveillance-containment" operations
replaced mass vaccination campaigns as the principal tactic of smallpox
eradication. This development in West and Central Africa became the
backbone of smallpox eradication efforts elsewhere in the world.

The bifurcated needle, a brilliant, yet simple and inexpensive
invention by Dr. B. A. Rubin of Wyeth Laboratories, became the principal
inoculating device used in the global program beyond West and Central
Africa. This virtually fool-proof device in hands of limitless numbers
of indigenous personnel produced the successful vaccinations that
stopped the transmission of smallpox in the rest of the world.

During the course of this exciting era, literally millions of
systematic observations of vaccination produced overwhelming evidence
that in all kinds of settings, in all kinds of populations, in all
kinds of delivery systems, and in the hands of all kinds of vaccinators,
vaccinia virus proved to be a highly effective immunogen. It produced
readily interpretable cutaneous results, and predictable serological
results reasonably consistent with the cutaneous findings and reasonably
well correlated with protection. For me, the net result of this massive
experience is the conviction stated at the outset, "that vaccinia virus
is a remarkably effective immunogen which has changed the history of man."

In a textbook chapter [10] on smallpox and other pox virus infec-
tions, Dr. James Nakano and I wrote "over the years, vaccinia virus
vaccine has proved to be one of the most effective and safest of immuno-~
gens...in every sense smallpox vaccine deserves the title 'noble' agent.”

That this "noble agent," which has eliminated one major scourge of
mankind, should now become a vehicle through which to conguer other
plagues, is a prospect most exhilarating to this aging warrior. 1 eagerly
anticipate the discussions which will occur here.
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DISCUSSION

Dr. Halstead: I would like to express some misgivings about
vaccinia., You quite correctly characterized vaccinia as a remarkable
immunogen, as a live virus vaccine. It is not only a remarkable live
virus vaccine, but it has some characteristics that are quite unique.
With most viral vaccines, it appears that we have recapitulated the
same phenomenon that we see with wild viruses, and that is the permanent
production of sustained antibody and, apparently, sustained protection.
It has been widely accepted that the degree of protection afforded by
vaccinia infection as compared to variola infection, is nowhere near as
complete, I am not sure this is as scientific as it ought to be, but
certainly it was part of conventional wisdom. Whether it is part of
the scientific record, that vaccinia in fact does lead ultimately to a
loss of protective state and the possibility of a repeat viremic
infection is something that certainly needs to be worked out.

If one then takes an immunogen that has those attributes and adds
to it some other DNA, are we not going to produce the same type of
immunity, that is, an immunity that apparently has some attributes of
short-term nature? I wonder if the model that Dr. Buller described of
ectromelia virus in mice is really an appropriate model for vaccinia in
man. As far as I know, vaccinia doesn't generalize even to regional
lymph nodes. Where are the antibodies made following the intradermal
inoculation of vaccinia? Is it local? 1Is it regional? Is it in the
spleen? 1Is that going to be important in terms of inserting measles or
hepatitis genomes into these agents? Do we need to have antibody at
some certain site or at some certain level in order to provide protection
against some of the viruses that we would like to insert onto this? I
think these are key questions that have to be answered before we go
full tilt into the use of vaccinia as a carrier to substitute for living
virus genomes that have highly desirable attributes. I don't think we
want to give up a remarkable immunogen for one that may have less than
remarkable properties.

Dr. Ada: Dr. Fenner has written some things that may be relevant
to that point, in his chapter on the pathogenesis, pathology, and
immunology of smallpox and vaccinia. He states that vaccinia virus
occurs in enveloped and non-enveloped forms. There are two types of
neutralizing antibodies to these. The envelope virus spreads better
than the non-enveloped virus. The antibody to non-enveloped virus is
less effective at passive protection than antibody to the enveloped
virus. Inactivated vaccine does not protect against vaccinia. There
is a short-~lived IgM response and a persistent IgG response to both
types of virus. After vaccination neutralizing antibody has been
detected for up to 20 years. Inactivated antigen induced delayed-type
hypersensitivity (DTH) but no cytotoxic T cell response. The active
virus gives both DTH and a cytotoxic T cell response.
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He claims there are three types of antibody produced, one which is
involved in neutralization, one which relies on the presence of
complement, and those which form immune complexes. He is not at all
sure how important antibody is in recovery from infection. Passive
antibody can prevent infection, but is much less effective in modifyding
the course of the disease. Antibody produced after infection with live
virus is more protective than antibody produced by immunization with
inactive virus. Cell-mediated immunity is almost certainly more important.

In model systems with both ectromelia and vaccinia in the mouse,
after intravenous injection, cytotoxic T cells are first detected about
day four and rise to maximum titer at about day six. DTH can also be
measured at day six. Mice treated with antithymocyte sera die from a
sublethal dose of virus, even though neutralizing antibody and interferon
might be present.

Dr. Blanden did cell transfer studies in the ectromelia system.
He showed that this was a very quick and rapid way of reducing virus
titers. Within 12 hours he detected a difference in virus titers in
liver, and within 24 hours titers of virus in liver were down by three
to four logs, which is a very rapid effect of cytotoxic T cells indeed.

Another point I can mention is that in children with immune
deficiency states, vaccinia replicated without restriction, progressive
primary lesions occurred, and death was often the outcome. Patients
with defects in antibody production were able to mount a cell-mediated
immune response and usually reacted normally to vaccination.

Dr. McIntosh: The incidence of fever in children undergoing
primary vaccination was approximately 40-~50 percent. This rate is
higher than virtually any other vaccine that we now give. It would be
surprising if such febrile reactions could occur purely as a result of
epidermal or dermal reactions. Also, local lymphadenopathy is extremely
common, if not universal. Attempts to isolate virus from blood during
febrile reactions have been, as far as I know, almost universally
unsuccessful. However, we isolated virus from the throat in a surprising
number of infants who had severe reactions to vaccinia in our study.

Dr. Moss: The reason you can revaccinate and get a response is
that you are giving a high dose of virus, and it is replicating right
at the site of inoculation. That is the reason that you get a
revaccination response, not because the animal has lost immunity. If
you try to do the same thing with herpes virus, for example, even though
the animal is immune, you also get replication. If you do it with foot-
and-mouth disease virus, I think you will also see it happen., If you
do it with vesicular stomatitis virus, it is a common phenomenon if the
virus is replicating at the site of inoculation.

Dr, Halstead: The issue that needs resolution is whether vaccinia
provides lifelong immunity against viremic reinfection with variola.
With rubella and rubeola there is a "reinfection phencmenon” in people
who are systemically protected. The pharynx or gastrointestinal tract
can become infected. Virus can be present in the throat or excreted in
the stool, even though there is no risk of developing clinical rubeola
or rubella. It used to be the conventional wisdom that, after a period
of three to five or so years, systemic reinfection was possible with
vaccinia. If that is not true, it would be comforting.

Dr., D.A. Henderson: In trying to determine the duration of immunity
following vaccinia virus inoculation we encountered enormous difficulties.
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Prior to 1967, vaccine potency was rarely in excess of seven or seven
and a half logs of virus, and there were many who had vaccination scars
that were probably the result of a septic process rather than a vaccinial
proliferative process., So it was difficult to measure how many people
have been successfully vaccinated.

The issue was complicated by people in endemic areas having
subclinical infections with variocla. Whether these were viremic
infections or not, I don't know. I suspect they probably were, but it
is not very clear.

So it was very difficult to measure what was the duration of
protection, but I think duration of protection for an individual
vaccinated with a high titer of vaccinia virus vaccine and exposed
subsequently was very high for a long period of time. 1In support of
this assessment, we found that people who were in more remote areas and
were vaccinated with known, high-titered vaccines, did not come down
with the disease when smallpox was introduced. To quantitate the level
and duration of protection was just impossible. So my guess is, it
does protect for a very long period of time.

With regard to protection against vaccinia virus proliferation at
the inoculation site, it obviously depends very much upon the titer of
the vaccine. With the Russian vaccine which had nine-and-a-half logs
of virus per ml, you could get what nearly amounted to primary takes in
people vaccinated one and two years before, I think these people
clearly were protected against viremic smallpox.

Dr. Neff: I think the studies performed by Dr., Thomas M. Mack
(previously with the C.D.C.) were a little purer. They were able to show
during smallpox importation into European countries, that if a person
had been vaccinated at least once in their lifetime, even though they
could get a modified case, it was very, very rare to find a death. You
really did decrease the mortality just by having one bone fide vaccination
in your lifetime.
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SMALLPOX VACCINE EE_!EXQ PRODUCTION AND TESTING

DON P, METZGAR*

*Connaught Laboratories, Inc., Swiftwater, Pennsylvania 18370
INTRODUCTION

Early supplies of "lymph" used for smallpox vaccination were
obtained from "spontaneous outbreaks"” of cowpox in cattle from local
farms or from primary human immunization--harvested "scabs”--with vaccin-
ation carried out until the supply was exhausted. By 1842, vaccine
pulp or "lymph" was being produced in Italy by direct passage and
propagation in cows. Up until 1980, this was the primary means of
manufacturing smallpox vaccine.

The basic manufacturing process has remained virtually unchanged
for the last 140 years or so. Certainly refinements in standardization,
testing requirements and vaccine presentation have been made during
that time, but animal propagation of wvaccinia virus has been the primary
source of smallpox vaccine, While other animals such as sheep and
rabbits have been used to produce the vaccine, the calf has remained
the animal of choice. Not only because large guantities of vaccine
pulp could be produced from a single animal, but also the calf could be
easily housed and controlled during the incubation phase.

It is interesting to note that in the early years, manufacturers
used to rent calves from farmers and then return them when vaccine
production was completed, Only small areas of the calf were used and
only the formed scabs were harvested., More extensive use of the animals’
productive areas in later years required sacrificing the animal.

The manufacture of smallpox vaccine by propagation of vaccinia
virus in calves is a unique process. It is guite different from the
ordinary tissue culture or fermentor-derived product. Only a very few
people have actually manufactured the vaccine and few in the scientific
community have witnessed the process. For this reason, a major portion
of this presentation will be a tilm, produced by Connaught Laboratories
Limited., The film portion will run for about 15 mirutes and will cover
the preparation, inoculation, and harvest phases of swmellpox vaccine
manufacture. The process to be described will be production of smallpox
vaccine in calves, It is reccgnized that vaccinia virus can be propagated
in other species rut rost of the vaccine produced in the past has bheen
produced in bovines.

METHODS OF MANUFACTURE
‘The Calves

The manufacture of smallpox vaccine in calves is a "clean process"”
not a sterile process. The resulting product is often sterile and
process precautions can result in a sterile product about 80% of the
time.

~'he production animal is a heifer (female) ketween 6 months and 1
year of age with black marking of no greater than 50% of the scarification
area and weighing 400 to 500 pounds.

The animal should be in overt good health, free of detectable skin
infections and negative for tuberculosis.

Published 1985 by Elsevier Science Publishing Co., Inc.
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The animal is quarantined (isolated) in the production facility
for a period of 14 days before use. During the last 7 days of the
quarantine, the animal must maintain a normal rectal temperature (102-
103°F).

Animal Preparation

The injection sites of the calf are closely clipped and washed
using an alcoholic-based soap such as tincture of green scap. The calf
is then transferred to the production unit. From this point on, sterile
hospital operating room conditions are exercised.

The clipped and washed calf is strapped to a vertical operating
table which hydraulically lifts the calf to a horizontal position. The
areas to be scarified are washed with soap and then shaved with a
straight razor. The total animal is then rinsed with sterile water for
injection,

The areas for scarification include: exposed back and side; limbs
to the knee (first joint); entire ventral surfaces. The head, neck,
shoulders, udder and umbilicus are not included.

Scarification

The entire washed, exposed area is scarified using a suitable
instrument. The scarification tool should provide continuous skin
lesions spaced about 1/8 to 1/4 inch apart. The scarification should
be deep enough to penetrate the epidermis, but not the corium,

The excess blood is removed with sterile absorbent cloth and the
entire area is bathed with smallpox seed. The application is allowed
to dry and the animal is transferred to a holding stall.

The 7 days between scarifications and pulp harvest are critical to
the quality of the final proeduct.

The animal must be immobilized and is not allowed to lie down.
Feces and urine must be collected and disposed of without animal and
quarters contact. This is usually done by ceiling suspensions and bag
collection.

The animal is monitored daily for temmperature and general conditions

with a veterinarian in attendance.
Harvest of Pulp

After 7 days, the vesicle formation is complete and the animal is
again transferred to the operating room where it is strapped to the
horizontal hydraulic lift table. The animal is sacrificed and
exsanguinated.

The infected areas are washed with a disinfectant and rinsed with
sterile water and covered with sterile dressing.

The vesicles are harvested with sterile curettes and placed in
collection jars and stored at -20°C or lower.

This constitutes the completion of the infection and harvest stage.
The amount of pulp and the quality of the pulp harvested depend upon
the size of the animal, the extent of the "take" and the skills of the



technician. The average yield should be in the range of 250 to 350 grams
of vaccine pulp, with an ultimate yield of several hundred thousand doses
of final vaccine.

Preparation of Vaccine

The crude vaccine pulp is ground in an "eppenback” mill, blender,
or over stone or glass beads with a suitable diluent such as glycerinated
saline or saline alone. The extraction fluid may contain phenol or
brilliant green as a bacteriostatic agent. The pulp may undergo several
extractions or grinding procedures and the final bulk vaccine is devoid
of the spent pulp, which is discarded. The spent pulp is removed by low
speed centrifugation or screening.

The final vaccine presentation can be either a fluid, glycerinated
product, which is applied by needle scarification, or a freeze-dried
product that can be administered by jet gun or needle scarification.

The requirements for product specifications for smallpox vaccines

set by the United States Food and Drug Administration and the World
Health Organization are listed in Table I. They were really quite simple,

TABLE I. Product specifications for smallpox vaccines

Characteristic Specification

1. Potency A minimum of 1x108 viable particles as
measured by titration of the choriocallan-
toic membrane of chicken embryos, as
compared to the U.S. standard

2. Viable bacteria No more than 200 viable organisms per ml
3. Coliforms No allowance
4., Hemolytic strep No allowance
5. Coagulase + staph No allowance
6. Anaerobes No allowance
7. Phenol content No more than 0.5%
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