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INTRODUCTION The latter half of the 19th century saw the 
emergence of microbiology and immunology 

By the year 1900 vaccination was in as scientific disciplines. Because of their 
widespread use throughout the industrialized familiarity with vaccination, many of the 
countries as well as in some cities in what were pioneers in these new sciences used vaccinia 
then the colonies of various European virus for their studies (see Chapter 2). In 
powers. Although variolation was no longer consequence, the empirical practices of Jenner 
practised in Europe and North America, it and his early followers were placed on a more 
was still widely employed in many parts of scientific basis. Vaccine production was no 
Africa and Asia. Smallpox persisted as an longer the province of the local physician, 
endemic disease in virtually every country of who had maintained the virus by arm-to-arm 
the world (see Chapter 8, Fig. 8.16), although transmission, and small local "vaccine parks", 
its incidence in the industrialized countries but was taken over by factory-type lab- 
was lower than in previous centuries. oratories, the precursors of the great bio- 
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Cowpox Virus and Vaccinia Virus l 
All orthopoxviruses exhibit cross-protection in laboratory animals. Among the 

orthopoxviruses that infect humans, cowpox and vaccinia viruses usually produce only 
local lesions, with minimal systemic disturbance, whereas variola and monkeypox viruses 
cause serious systemic diseases. Jenner's original "variolae vaccinae" was cowpox virus, and 
during the 19th centurv. on manv occasions. virus for vaccination was derived from lesions " , , 
in cows and sometimes horses in several European countries. Since the description of the 
biological characteristics of cowpox virus by Downie (1 939a,b), it has been recognized that 
smallpox vaccines in use then, and probably for many years before the 1930s, consisted not 
of cowpox virus, but of another orthopoxvirus which had long been called "vaccine virus", 
but was shown by Downie to have biological properties different from those of cowpox 
virus (see Chapter 2). Although some smallpox vaccines were still said to  be made from 
cowpox virus during the 1960s, it is doubtful, in the light of evidence from contemporary 
virological studies, whether this was so. 

The o r i ~ i n s  of vaccinia virus are unknown. It  mav have arisen as a hvbrid between 
(7 

cowpox virus and variola virus, it may have been derived from cowpox virus or some other 
orthopoxvirus by serial passage under artificial conditions of culture, or, as Baxby (1 981) 
has suggested, it may be the laboratory survivor of a virus that is now extinct in nature. 
whatever its origin,-vaccinia virus is dearly a distinct species of Ortbopoxvirtls, and DNA 
maps of different strains of vaccinia virus are remarkably similar to each other and 
different from those of all other orthopoxviruses, including cowpox and variola virus (see 
Chapter 2, Fig. 2.7,2.9 and 2.10, and Chapter 29, Fig. 29.1). However, like cowpox virus in 
the hands of Jenner and his followers, it provided inoculated subjects with a high degree of 
protection against smallpox, with little risk to either the individual or the community. 

logical products supply houses of the 20th 
centurv. 

There was a steady improvement in the 
quality of the vaccine, the methods for its 
distribution. and the ~ u b l i c  health infrastruc- 
ture, whichhad reacked such a level that by 
the early 1950s endemic smallpox had been 
eliminated from the industrialized countries 
of Europe and North America (see Chapter 8). 
In the decade after the end of the Second 
World War. several maior advances were 
made in the productioi and methods of 
delivery of the vaccine, but further change 
and innovation were necessary before global 
eradication was feasible.  his cha~ter-sum- 
marizes the state of the art of vaccine produc- 
tion and inoculation, and the results of 
investigations into the complications of vac- 
cination, as these stood in the period between 
the end of the Second World War and 1967, 
when the Intensified Small~ox Eradication 
Programme was initiated. 

During the middle years of the 20th 
century quarantine measures, which had ear- 
lier operated on a national basis in some 
countries (see Chapter 6), were elaborated and 
applied on a global scale, with the develop- 
ment of the International Health Regulations 
by the World Health Organization. The 

present chapter concludes with an account of 
the introduction and eventual demise, in 
1981, of the International Certificate of 
Vaccination or Revaccination against 
Smallpox. 

VACCINE PRODUCTION A N D  
QUALITY CONTROL BEFORE 1967 

Jennerian vaccination was the tool with 
which the incidence of smallpox was reduced 
and the disease eliminated from many coun- 
tries of Europe and the Americas during the 
first half of the 20th century. However, at 
some time during the 19th century, for 
reasons which are obscure, the nature of the 
virus used for vaccination changed, in most 
parts of the world, from cowpox virus to 
another orthopoxvirus, which came to be 
known as vaccinia virus. 

As scientific virology developed during the 
20th century, it was applied to the study of 
smallpox vaccine and vaccination, and new 
methods of preparing, distributing and ino- 
culating the vaccine were developed. The 
descriptions which follow refer to  the best 
methods and procedures in use for vaccine 
production before 1967. However, because 
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Vaccine Pulp and Vaccine Lymph 

By the end of the 19th century arm-to-arm vaccination had been made illegal in many 
countries and smallpox vaccine was obtained from animal skin. However, technical 
knowledge of vaccine production was still extremely poor. For example, even in an 
advanced industrialized country it was recommended that seed lymph could be obtained 
from (l)  "smallpox direct", (2) cowpox, (3) horsepox, sheep-pox, goatpox, swinepox, or (4) 
vaccinia in the human body (England and Wales, Ministry of Health, 1928a). 

Looked at with modern eyes, the production of smallpox vaccine, even in 1966, was a 
primitive operation. The method of production, in animal skin, made bacterial 
contamination inevitable, something that would not have been tolerated in a new viral 
vaccine in the 1950s. 

A number of traditional expressions were used to describe the product obtained at 
different stages of the process: the animal in which the vaccine was produced was called the 
vaccinifer, the material used for its inoculation the seed, the material reaped from the scarified 
skin the uaccinepu@, and the clarified suspension obtained from this the vaccine !$~mph. The 
pulp was a mixture of epidermal cells and leukocytes, plasma, hair, bacteria and the virus. 
Clarification removed some of the coarser debris, but the vaccine lymph was milky in 
appearance on account of contamination with fragments of cells and bacteria. Purified 
virus, at the concentration found in the lymph, would have been a water-clear suspension. 

smallpox vaccine was produced in many World War, the Lister Institute of Preventive 
countries, in which there were wide differ- Medicine, in Elstree, Hertfordshire, England, 
ences in the degree of scientific and industrial introduced the use of sheep, a practice subse- 
experience and skill, the procedures employed quently adopted in some other countries. 
in some countries were much less satisfactory Because of their ready availability, water- 
than those described here. Modifications to buffaloes were sometimes used in India, 
traditional production and assay methods, Indochina and Indonesia, and W. A. Collier 
and-most important-the international (1953) considered them to be superior to 
quality control of vaccines, were introduced other species for vaccine production. At- 
shortly after the Intensified Smallpox Eradi- tempts were made in several countries to 
cation Programme began operations in 1967 produce smallpox vaccine in chick embryos 
(see Chapter 11). and in cultured cells, to avoid the bacterial 

contamination that was inevitable when pro- 

Production of Vaccine Lymph duction was carried out by scarification of the 
skin of large animals. However, chick embryo 

During the first half of the 19th century vaccines were produced on a commercial scale 
vaccine was usually made available by arm-to- only in Brazil, Sweden and the state of Texas 
arm transfer but was sometimes dispatched in the USA, and only in Brazil were they in 
over long distances dried on threads, ivory widespread use in an eradication campaign 
tips, or glass slides (see Chapter 6). Cows were (see Chapter 12). Except on a very limited 
first used for the production of vaccine in scale, tissue culture vaccines were never 
Italy early in the 19th century; this practice produced commercially. 
gradually spread around Europe and was During the 1920s the concept was de- 
universal by the end of the century. Over the veloped that biological products prepared for 
years, changes were made in the mode of use in man should be bacteriologically sterile. 
preparation of both liquid and dried vaccine, Legislation was introduced in some of the 
but the initial production of vaccine pulp was industrialized countries to regulate the pro- 
the same for each. duction of vaccines and similar products. At 

that time smallpox vaccine grown on the 

Choice of vaccinzfer flank of calves was already in wide use. 
Inevitably, it contained some bacteria, but 

For historical reasons, calves were first used there was no other practicable method of 
for vaccine production. During the First production. Thus smallpox vaccine was the 
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Plate 7.1. The preparation of smallpox vaccine at the Vaccine Production Institute. Dhaka, Bangladesh. 
A: Calves to  be used for vaccination were held in quarantine for 7 days. B: Four days after scarification, the 
skin was scraped with a sharpened stainless-steel spoon and the vaccine pulp collected in a jar, for subsequent 
grinding and centrifugation to  yield the vaccine lymph. 

only vaccine for which both the public and 
the health authorities accepted the fact of 
contamination by exogenous microorgan- 
isms. Since bacterial contamination was inevi- 
table, the aim in preparing vaccine lymph was 
to exclude pathogenic bacteria completely 
and reduce the level of contamination with 
the normal skin bacteria of the vaccinifer. 
Choice of a healthy vaccinifer was clearly of 
major importance. The requisite veterinary 
inspection was practised in some countries, 
but in others animals were bought in the 
market, or even rented-to be returned after- 
wards to their owners. This last procedure 
circumvented one of the important precau- 
tions recommended by producers in de- 
veloped countries-namely, that a thorough 
postmortem examination should be conduct- 
ed when the animal was killed at the end of 
the incubation period and the pulp discarded 
if serious disease was found. 

Under optimum conditions, every animal 
used for vaccine production was subjected to 
an examination by a veterinarian to ensure 
that it was free from tuberculosis, skin 
infection and ectoparasites. Only animals 
which had been free of fever and any sign of 
disease for at least 2 weeks were used, and 
during this observation period the animals 
were clipped and washed. 

Preparation o f  the uaccinzfer 

The proper preparation of the skin of the 
vaccinifer was one of the most important 
steps in obtaining a vaccine of low bacterial 
content. After being anaesthetized or tran- 
quillized, the animals were washed on an area 
on the flank or belly, preferably one not liable 
to soiling by excretions, and then shaved 
extensively enough to permit a reasonably 
large area to be scarified. Some producers 
treated the skin with an efficient skin disin- 
fectant, such as a quaternary ammonium 
compound, and before vaccination the pre- 
pared area was well rinsed with sterile dis- 
tilled water. 

The skin was prepared for vaccination by 
scarification, using the same principle as for 
the vaccination of humans (see below)- 
namely, to bring the virus into contact with 
cells in the Malpighian layer of the epidermis. 
However, the operation was on a much larger 
scale, the aim being to produce a confluent 
take on a large area of the flank and abdomen. 
The usual procedure was to make a series of 
parallel scratches about 1 cm apart on the 
cleansed flank and abdomen of the vaccinifer, 
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followed by a similar series of scratches at 
right angles to the first. A wide variety of 
instruments was used in different laborato- 
ries, sufficient force being exerted to produce 
obvious erythema of the skin, but not bleed- 
ing. The prepared skin was then inoculated by 
rubbing seed virus of high infectivity into the 
superficial scarifications. Practical consider- 
ations limited the extent of the area scarified, 
because in some countries animals in rather 
poor health were used, and too extensive 
scarification might have caused their death. 

Two important features which were subject 
to a great deal of variation in different 
countries, and sometimes even among differ- 
ent producers in the same country, were the 
choice of the strain of vaccinia virus and the 
mode of preparation and maintenance of the 
seed virus (see below). 

before scraping ensured a less blood-stained 
product; if they were not killed, they were 
usually anaesthetized before scraping. Har- 
vests from individual animals were kept 
separately in sterile containers closed tightly 
enough to prevent drying by evaporation, 
and stored below 0 "C except when being 
processed. 

Seed virus used for inoculation 

The seed viruses used in various laborato- 
ries differed with regard to the strain of virus 
employed and the titre of the inoculum, as 
well as the methods by which they were 
maintained. 

Strain of vaccinia virus. With a procedure 
that had been in use in many countries for 
over a hundred years, and with no effort at 
international standardization. it was not sur- 

Incubation period prising that the strains of virus employed for 
vaccination in different countries differed in 

Methods of maintaining the vaccinifer their biological properties. The choice of a 
until the lesions were ready for harvest particular strain was arbitrary, being based 
differed considerably. Ideally, the scarified on the history of the vaccine production 
area was loosely covered with a cotton cloth, laboratory concerned. An examination of the 
which was changed at least once each day. In 
the better laboratories, the pen in which the 
animal was housed was so constructed that the 
vaccinated animal could not lie down. It  had 
walls that could be washed frequently and a 
hard floor on which was placed a slatted 
wooden platform the length of the animal and 
sloping gently from front to back; the pen 
was cleaned thoroughly and often. In some 
countries, however, the vaccinifers were 
housed in ordinary stables and sometimes 
they were even turned out to pasture. 

The pulp was harvested before crusts 
formed on the vaccinated area, at a time when 
both the viral titre and the quantity of pulp 
were at their maximum. Workers at the Lister 
Institute found in the 1920s that the viral 
yield was about the same on the 4th and 5th 
days after inoculation, but preferred the 4-day 
incubation period because the opportunity 
for bacterial contamination and hair growth 
was reduced by a day. 

Harvest 

The skin was rinsed with warm water, with 
or without soap, and the pulp was scraped 
from the skin with a curette, one form of 
which was made by sharpening the edge of a 
hemispherical stainless-steel spoon (Plate 7.1 
B). If the animals were killed, exsanguination 

situation ;n 1967 showed that man" different 
strains were then in use (see Chapter 11). This 
can be understood when it is realized that 
during the 19th century vaccine production 
was an unregulated activity, undeitaken by a 
large number of "backyard" producers. For 
example, as A. C. Hekker has commented 
(personal communication, 1981), in 1875 
there were about 15 '>arcs uaccinogt;nes" in a 
country as small as the Netherlands, with at 
least 1 in every province. By 1900 the number 
had been reduced to 3-in Amsterdam, Gro- 
ningen and Rotterdam respectively. Finally, 
in 1954, production was centralized in the 
National Institute of Public Health, Bilt- 
hoven. The situation was similar in many 
other countries-for example, in Great Bri- 
tain, where lymph maintained by arm-to-arm 
inoculation was used until the 1890s. 

Since different strains of vaccinia virus 
vary considerably in their biological proper- 
ties (see Chapter 2) and since the properties of 
the viral strain were probably important in 
determining the differences found in the rates 
of occurrence of postvaccinial encephalitis in 
different countries (see Table 7.8), this was 
not a trivial matter. However, no steps were 
taken to recommend internationally which 
vaccinia strain should be used for vaccine 
production until after 1967 (see Chapter 1 l) ,  
although some countries in which postvac- 
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r The Stability of Vaccinia Virus 

Stocks of all viruses, even after cloning (i.e., being grown from a single plaque or pock 
and thus a single viral particle), contain a small proportion of mutant virions (see Chapter 
2). Most attenuated live virus vaccines were developed by selecting for certain of these 
mutants by continued serial passage of concentrated viral suspensions in a novel host. With 
an agent that was suitable to start with, such as vaccinia virus, the reverse sometimes 
occurred. The early vaccinators believed that serial passage in humans "weakened" the 
vaccine, and they resorted to periodic "retrovaccination7'-i.e., passage of the virus in 
cows-to enhance its potency (see Chapter 6). Subsequently, some manufacturers observed 
that continued serial passage in calves led eventually to a fall in the take rates of the vaccine 
in man, although others (e.g., W. A. Collier, 1953) found that potency was maintained 
throughout 35 serial passages in water-buffaloes. 

Manufacturers sought to overcome the fluctuations in potency by periodic passage of 
the seed virus in other animals, usually the rabbit but sometimes monkeys, donkeys or even 
human subjects. These manipulations were rendered unnecessary by the development of 
the "seed lot" system. 

cinial encephalitis had been a serious problem 
had changed their production to the less 
pathogenic Lister strain before this. 

Titre ofinoculurn. All authorities agreed that 
it was desirable to use an inoculum with as 
high a titre as possible. Two methods for 
measuring the titre had been used after the 
Second World War : scarification of the skin 
of a rabbit and pock counts on the chorioal- 
lantoic membrane of the chick embryo. The 
rabbit-skin assay, which consisted of a series 
of scarifications of 10-fold or sometimes 3- 
fold dilutions of the material under test, was 
not very precise, hence many producers could 
not make accurate estimates of the titre of 
either their inoculum or their product. Pock 
counting, although early shown to be very 
suitable for the assay of vaccinia virus (Keogh, 
1936), did not come to be widely used by 
vaccine producers until the 1950s. 

Maintenance ofseed vkw.  As recently as 1966, 
many manufacturers still used some of the 
vaccine lymph prepared for distribution as 
the inoculum for the next series of vaccinifers, 
a procedure that over the years involved a 
large but unknown number of serial passages 
of the virus in these animals. Other manu- 
facturers passed the virus in the skin of man or 
the rabbit after a certain number of subcul- 
tures in calves, or alternately in vaccinifer and 
rabbit. Meeting in 1958, a WHO Study Group 
on Requirements for Smallpox Vaccine 
(1959) recommended the use of the seed lot 
system. This involved, in principle, laboratory 
maintenance at refrigerator temperature of 
large stocks of a primary seed lot of a suitable 

preparation of vaccinia virus. From this 
primary seed lot enough virus had to be 
prepared for the production run. Depending 
on its titre, the extent to which it multiplied 
and the number of vaccinifers used, the 
primary seed was passaged once or several 
times by the scarification of single calves to 
obtain the seed lot for the production run. 
The number of such serial passages of the 
virus in the vaccinifer was usually restricted 
to 5. With this method, possible alteration of 
the strain could be limited, the chance of 
extraneous contamination was reduced, and 
the inoculum could be standardized in terms 
of viral concentration and freedom from 
contamination. 

Preparation of Liquid Vaccine 

Traditionally, the vaccine pulp was pro- 
cessed so as to remove some of the extraneous 
material and reduce the bacterial count, and it 
was then dispersed as a liquid suspension 
called vaccine lymph. 

Clar$cation o f  the vaccine pulp 

The semisolid pulp was usually ground into 
lymph by comminuting it in a grinder, or 
later by homogenization in a blending ma- 
chine. For this purpose it was usually mixed 
with 40-6096 glycerol. Storage of the glycer- 
olated homogenate at low temperature over a 
period of months led to  a steady fall in the 
number of viable bacteria, but it was later 
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found that the same result could be more that the final concentration of phenol was 
rapidly achieved by the addition of phenol 0.4%. 
(see below). Periodically bacteriological tests 
were made' to determine when the lymph was 
suitable for distribution. Mode of distribution 

Use o f  gbcerol 

The introduction of glycerol to "stabilize" 
the vaccine virus and at the same time prevent 
bacterial multiplication was regarded as a 
major step forward in lymph production. This 
procedure made it feasible to change from 
arm-to-arm vaccination or the use of an 
itinerant vaccinated cow (see Chapter 6, Plate 
6.12) to the distribution of liquid vaccine in 
capillary tubes. 

Glycerol had three advantages: it acted as 
an antibacterial preservative, it helped to 
make the vaccine stick to the skin, and it 
permitted the maintenance of the vaccine in 
liquid form at - 10 "C and thereby ensured 
the long survival of active vaccinia virus. It  
also prevented ice formation, a process which, 
in the presence of phenol (contained in nearly 
all smallpox vaccines), led to the reduction of 
viral infectivity. 

However, although Copeman (1 892,1899) 
had claimed that glycerol was bactericidal but 
not virucidal, subsequent work showed that 
at temperatures above 0 "C it inactivated 
vaccinia virus rather rapidly. The deleterious 
effect of glycerol was of little importance in 
countries with temperate climates, especially 
if good refrigeration was available, but it was 
an important cause of vaccine failure in 
tropical areas. 

Use o f  phenol 

The bacterial count in glycerolated pulp 
stored in the refrigerator fell off very slowly. 
Several months were usually required before 
it was low enough to allow the vaccine to be 
issued for use, and repeated testing was 
necessary during this period. The procedure 
could be greatly accelerated by adding phenol 
to a final concentration of 0.5%, a procedure 
originally recommended by Gins (1 924) 
and Lehmann (1937) and popularized by 
McClean (1949), whose protocol was as fol- 
lows: Material harvested from the sheep was 
ground with twice its weight of a 1 solution 
of phenol in distilled water. After this had 
stood at 22 "C for 48 hours, glycerol, equal in 
amount to the phenol solution, was added, so 

Liquid vaccine was usually dispensed in 
glass or, later, plastic capillary tubes, in single- 
dose lots or in amounts sufficient for about 20 
vaccinations. 

Preparation of Dried Vaccine 

Liquid vaccine was satisfactory in temper- 
ate countries with well-develo~ed health 
services, good transportation networks and 
reliable refrigerator capacity. Endemic small- 
pox was eliminated from Europe and North 
America by vaccination with liquid glycero- 
lated vaccine, even though its potency was 
sometimes lower than desirable. At this time 
many authorities favoured the use of multiple 
sites of insertion (usually 2 or 4), a procedure 
which continued U D  to the 1960s in India and 

I 

which sometimes produced a satisfactorv take 
even with a substandard vaccine. However, 
liquid vaccine was totally unsatisfactory for 
tropical countries, as reports from medical 
officers in those areas attested. In 1919, for 
example, the complaint was made in Africa 
that even for primary vaccination "only 7- 
20% positive results were obtained with the 
best vaccine7' (Tanganyika Territory, 1920). 
Likewise, in Madras, Hobday et al. (1961) 
obtained a 2794 take rate in revaccinations 
with fresh liquid vaccine compared with a 
6376 take rate with freeze-dried vaccine. 
Because of its low heat stabilitv, health , , 
authorities sometimes went to great trouble 
to try to maintain the potency of liquid 
vaccine. In Peru, for example, in 
the period before freeze-dried preparations 
became available, vaccine was carried in the 
field in kerosene refrigerators mounted on 
the backs of mules (C. Quirbs, personal 
communication, 1984). 

Air-dried vaccines 

It was recognized very early that dried 
vaccine often survived far longer than liquid 
vaccine when both were maintained at am- 
bient temperatures, and Jenner himself dis- 
tributed vaccine dried on threads or between 
glass slides. Over the years a variety of 
methods for drying liquid vaccine were em- 
ployed (L. H. Collier, 1954). Among the more 
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Plate 7.2 (facing page). A: Apparatus developed 
by Camus and Fasquelle and used for the preparation 
o f  freeze-dried vaccine f rom 1917 onwards. B: Ap- 
paratus developed by Hornibrook (1949) for  prepar- 
ing freeze-dried vaccine. (From Hornibrook. 1949.) 

Plate 7.3 (above and right). A: Apparatus used by 
O t ten  (1927) fo r  evacuating ampoules containing air- 
dried vaccine before sealing. (From Olivier e t  al., 
1932.) B: Commercial development o f  Hornibrook's 
apparatus used for making freeze-dried vaccine in 
Peru in the early 1950s. 




























































