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INTRODUCTION 

The term pathogenesis is used to describe 
the mechanisms involved in the production 
of disease, including the spread of virus 
through the body and the physiological 
responses of the host organism to the infec­
tion, of which the most important is the 
immune response. The pathogenesis of small­
pox could be studied in three ways: (1) by 
using material from human patients, which 
had the advantage of direct relevance but the 
disadvantage that planned experiments were 
not possible; (2) by conducting experiments 
with variola virus infections of non-human 
primates; and (3) by conducting experiments 
with "model" infcctions--cctromelia (mousc­

pox} in mice, vaccinia (rabbitpox strain) in 
rabbits, and monkeypox in monkeys. Each of 
these approaches had advantages and disad­
vantages. With human subjects, investigation 
during life was limited to the sampling of 
body fluids, skin biopsy (rarely}, and the 
examination of postmortem material. No 
investigations were possible during the incu• 
bation ptriod, when most of the critical 
e\•ents in the spread of the virus through the 
body and the initiation of the immune 
response occurred Monke)'S that developed a 
rash after infection with variola virus by the 
respiratory route probably provided the best 
model SfSltm, but monltC)'S arc cxptnshrc 

animals and such experiments could only 
be undertaken in microbiologically highly 
secure laboratories. For want of a better alter­
native, therefore, most investigations that 
arc relevant to an understanding of the 
pathogenesis of smallpox have been arricd 
out with other orthopoxviruscs, especially 
mouscpox virus, since so much is known of 
the genetics and immune response in mice. 
But mice arc not men and mouscpox is not 
smallpox. Arguments by analogy must there­
fore be developed cautiously. The results of 
these diverse investigations will be summar­
ized in this chapter, and the information 
collated to provide an integrated picture of 
the pathogenesis and immunology of 
smallpox. 

Following the analysis of the pathogenesis 
of smallpox, we proceed to a description of the 
pathology and histopathology of smallpox 
and vaccinia, which have been studied with 
material from autopsies on fatal cases and, in a 
few cases, by taking biopsies from skin lesions. 
Most of this work was carried out early in this 
century; the most recent and most compre­
hensive descriptions of the pathology and 
histopathology of smallpox were publishtd 
by Bras (1952a,b). 

Finally, this chapter presents an account of 
the immune responses in smallpox and nc­
cinia, which provides the rationale of the � 
of the tool that made the cndiation cf 

https://v3.camscanner.com/user/download


l.. PATHOGD."'ESlS, PATHOLOGY AND IMML"NOLOGY 12) 

fflUllpox possible-Jcnnerian vaccination. 
Immunological intervention designed to pre­
\·mt human disesscs began in the 10th 
ttntury, with variolation, and enttted a new 
.. scimtjfic" phase when vaccination against 
'1nlllpox ,·as introduced in 1798 (ICC Oiapter 
6). Ol·cr the past three-quarters of a century 
an enormous literature has accumulated des­
cribing the mechanisms by which vacci­
nation induced immunity to smallpox. Unfor­
tunately, because methods of studying cellular 
aspects of immunity v.·cre developed relative­
ly recently, mo5t of these investigations wttc 
concerned only ,a,.-ith humoral immunity. In 
spite of its long history, the immunology of 
both smallpox and vaccination against it arc 
still impcrf ectly undentood. 

TIIE PORTAL OF ENTRY OF 
V ARIOLA VIRUS 

Infection with variola virus occurred via 
the respintory tnct, by inoculation through 
the skin, or, rarely, via the conjunctjn or the 
placenta. 

The Respiratory Tract 

Epidemiological evidence indicates that 
the usual mode of entry of variola ";rus was 
via the respiratory tract and that exactions 
from the mouth and nose, nther than sab 
material, were the most important source of 
infectious virus. In theory, infection by in­
haled virus could have occurred via the 
mucous membranes of the mouth, the nasal 
cavity, or the oro- or nuopharynx; or via the 
alveoli of the I ungs. However, careful nudy of 
these sites in fatal cases of smallpox failed to 
disclose any evidence of a •primary lesion" 
there. Nor v.crc patients infectious before the 
cnanthcm appcucd, at the end of the incuba­
tion period. It seems, therefore, that the 
primary infection in the mouth, pharynx or 
rupintory tract did not produce a sizeable 
lesion nor did the lesion of inf cction ulccnte 
and releasc virions on to the surf acc. 

In the ab5mcc of data from hu011n small­
pox it is pertinent to look at an animal model 
Observations b)· Roberts (1962a) on mouse­
pox suggest a possible 5equence of e\•Cnt5. 
Fluorescent-antibody naining of sections 
taken after exposure of mice to aerosol inf cc­
tion sbov.·cd that the fint cells to be inf cctc-d 
were mucosal cells of the upper and lower 
respiratory tnct and alveolar macrophages. 

Virus did not spread beyond the respiratory 
tnct until the 3rd day aftcr infection, when it 
was found in frtt macrophages in the drain­
ing lymph nodes. At no stage did a substantial 
.. primary lesion" develop in the respiratory 
tract, like tlut found, in both mousepox and 
smallpox, after infcctioo by cutaneous 
inoculation. 

Inoculation Smallpox 

The din.ical picture of inoculation small­
pox, which sometimes occurred accidentally 
but wu usually due to variolation by the 
cutaneous route, is described in Oiapten 1 
and 6 (see Plates 6.1-6.3). A local skin lesion 
appeared by the 3rd or 4th day. Fever and 
constitutional symptoms began on the 8th 
d2y,and the rash, which '1r"U usually much less 
severe after variolation tlun in naturally
acquired smallpox, appeared on the 10th or 
11th day. Thus the incubation period ap­
peared to be 2.-3 da)-S shorter than in "natur­
al" s011llpox (sec Oiaptcr 1, Fig. 1.3). Obscr­
ntions on mice infected with mousepox by 
sari6cation (Roberts, 1962b) suggest that the 
shorter incubation period may han been due 
to the fact that after dermal inf cctioo inf ccted 
macrophages ,·ere tnnsportcd to the local 
lymph nodes and thus to the circulation 
within the tint 24 hours, ,.,-bc:rcas aftrr 
respiratory infection vinl dissemination by 
macrophages was dcla)·ed until the 3rd day. 
V inemia and rash v.ouJd therefore occur a 
few dt)-S cuJjer af tcr dermal infection. 

The Conjunctiva 

If infection via the conjunctin occurred at 
all in smallpox, it was very rare (luo, 1972). 
HowC\·cr, Kempe ct al (1969) noced that 
occasionally variolous conjunctivitis, con­
firmed by \"inl isolation, occurred at or even 
before the onset of the pre-eruptive fever. In 
no case was the inten·al bet,.,·ccn conjuncti­
vitis and rash u long as that found bctwttn 
the appearance of the primary lesion and the 
nsh in inoculation smaHpox, which males it 
difficult to decide whether the conjunctiva 
was actually the portal of entry. 

Congenital Infection 

Variola major was alwa)·s severe in preg­
nant women (sec Chapter 1). ln Rao's (1972) 
series, abortions or ,tillbirths occurred in 
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35 % of those in whom pregnancy terminated 
and observations were possible. The majority 
(55%) of 113 babies born in hospital died 
within 15 days, usuaUy within 3 days. Con­
genital smallpox was rccognized in only 10 of 
these, but some children may have died btfore 
a rash appeared. Nevertheless, at least half of 
the babies did not acquire infcction ;,, "'"'· 

Being so much milder than variola major, 
cases of variola minor in pregnant women 
provided bttter data on congenital infections. 
There were 150 pregnant women in Mars­
den's (1936) series of 13 686 cases of variola 
minor. Only 6 abortions arc known to have 
occurred, but Marsden thought that smallpox 
sometimes played a part in the induction of 
labour during the last 2 months of pregnancy. 
Sixteen women were confined in the smallpox 
hospital and bore 16 live infants (including l 
pair of twins) and 1 stillborn fetus with a 
papulo-vesicular eruption. Twenty-seven 
women were delivered of live infants just 
before admission to hospital, labour having 
begun at the time of the pre-eruptive fever. 
Marsden & Greenfield (1934) reported an 
analysis of 34 of the cases concerned. In 17 
cases the baby escaped;,, 11/tro infection. In 2 of 
these babies, born during the mother's con­
valcscencCy the vaccination did not take; the 
rest were successfully vaccinated, but 4 of 
them later contracted smallpox. Only 2 of the 
17 babies who contracted variola minor ill 
Mitro died. The course of the disease was never 
coincident in mother and baby; symptoms in 
the baby usually occurred 9-11 days after 
those in the mother, an interval similar to the 
incubation period of inoculation smallpox. 
The fetus was presumably infccted by the 
growth of virus in the placenta, which would 
have been infected during the stage of second­
ary viraemia (sec below). 

Observation of a laboratory model (preg­
nant mice infected with an attenuated strain 
of mouscpox virus) revealed that the placen­
tas were infected and the virus grew exten­
sively in the fetuses (Mims, 1969). Some live 
births occurred, but all such mice had wide­
spread lesions which proved lethal, although 
the mothers had suffered only a mild disease. 

THE SPREAD OF INFECTION 
THROUGH THE BODY 

The only sources of virus accessible for 
study in human smallpox during the incu­
bation period were various secretions of 
contacts of cases, some of whom ultimately 

got smallpox, so that in order to study the 
spread of inf cction through the host it was 
nccessary to use animal models. Four such 
models have been studied: mouscpox in mice, 
rabbitpox in rabbits, and monkcypox and 
smallpox in monkeys and apes. 

Mousepox 

The pioneering work on the pathogenesis 
of generalized orthopoxvirus inf cctions, 
which provided a model that proved useful in 
understanding the pathogenesis of chicken­
pox (Grose, 1981) as well as that of smallpox, 
was carried out with mouscpox (Fenner, 
1948a,b). Mice that did not die from acute 
viral hepatitis developed a generalized pustu­
lar rash (Fenner, 1948c) and the symptoms of  
the naturally occurring disease could be 
reproduced by the footpad inoculation of 
mice with a small dose of virus. 

The course of events after footpad inocu­
lation was followed by sacrificing mice at 
frequent intervals and titrating the viral 
content of certain organs-the inoculated 
foot, the regional lymph node, the spleen, the 
skin, and the blood. The results indicated that 
the sequence of events during the incubation 
period in mouscpox followed a consistent 
pattern (Fig. 3.1 ). If the appearance of the 
primary lesion was taken as the end of the 
incubation period, it was evident that this 
symptom-free period was occupied by a 
complex series of events in which the virus 
passed in a stepwise fashion through the 
body: infcction, replication, and liber­
ation-usually accompanied by cell necro­
sis-first at the site of inoculation, then in the 
regional lymph node, and then in the deeper 
lymph nodes or perhaps dircctly into the 
bloodstream. It seems from the work of Mims 
(1964), who used fluorescent-antibody stain­
ing to identify virus-infected cells, that in the 
liver and spleen the phagocytic cells were the 
first infccted. When infcction had breached 
the macrophage barrier the virus replicated 
very extensively in the parenchymal cells of 
the liver and in the spleen, both of which 
usually showed scmiconftuent necrosis. A day 
or so after infection of the spleen and liver, 
large amounts of virus were liberated into the 
bloodstream, and during this secondary virae­
mia focal infcction of the skin, kidneys, lungs, 
intestines and other organs occurred. There 
was again an interval during which the vi_rus 
replicated to reach a high titre before visible 
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Fig. 3.1. The spread of virus around the body and the evolution and healing of skin lesions In a model system 
(ectromelia, after Fenner, 1948b), and In vaccinia, Inoculation smallpox, and "natural" smallpox in man. For 
vaccinia and Inoculation smallpox, the right-hand column represent.s lesion at site of Inoculation, left-hand 
column represents generalized skin lesions. (Based on Dixon, 1962.) 
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changes •·ere producNJ, so that a period of 
about 2 or 3 daJ-s usuallr elapsed betwttn the 
appcannce of the primary lesion and the focal 
lesions of the 5«0ndary rash (Fig. 3.1). The 
sccondat)' viraemia was mainly cell-associated 
and only smill amounts of ,·irus could be 
rcco\'ercd from plasma or scrum. Mims (1964) 
demonstrated by fluorescent-antibody stain­
ing that circulating lymphocytes and mono­
cytcs contained viral antigen. 

Although this work provided a general 
npbnation of what happened during the 
long incubation period of the generalized 
cxanthenuu (Fenn«, 1948b), mousepox is 
not a satisfactory model for smallpoL Apart 
from the difficulty of comparing events in 
mice and men, the usual mode of infection in 
mousepox is via skin abrasions (it is thus 
analogous to inoculation smallpox), rather 
than by the oropharynx or respiratory tracL 
More important, mouscpox appears to be 
unusual among the generalizNJ orthopox­
virus infections, and certainly different from 
human smallpox, in that the spleen and liver 
arc major target organs for viral repli­
cation. In mousepox these organs arc clearly 
the "central foci", established during the in­
cubation period, from which virus is contin­
ually released into the bloodstream, with 

Plate J.I. frank ffflner (b. 191◄). fonnerfy Pro­
fessor of Microbiology in the John Curtin School of 
Medical Research of the Australwi National Univer­
sity, Canberra. He is shown here inoculatin1 eus 
on the chorioallantoic membrane, 1 method used for 
usays of orthopoxviruses and neutralizins antibodies 
to them. and for the differentiation of variola virus 
from other poxviruses. 

ensuing infection of the skin and other organs 
and tissues. 

Subsequent rcscirch into the pathogenesis 
of smallpox was carried out with other 
laboratory modcls-rabbitpox and monkey­
pox in rabbits and monkeys respectively, and 
non-human primates experimentally infected 
"'ith ,,ariola virus. 

Rabbhpox 

Studies on the pathogenesis of rtbbitpox, a 
severe disease of rabbits produced by cert.in 
strains of vaccinia virus, did not add much to 
the picture that had emerged from experi­
ments with mousepoL After rabbits were 
infected by the respiratory route (Bedson & 
Duckworth, 1963; Westwood ct al., 1966 ), 
virus spread through the body in a stepwise 
manner. Viral isolations could always be made 
from the lungs, and very high titres occurred 
in the gonads and the adrenal glands. The 
incubation period, from infection until the 
onset of fever, was 4-6 days. A rash usually 
appeared on about the 6th day, although often 
rabbits died before the rash became evident 
("poc.klcss" rabbitpox; Christensen ct al., 

1967� 
In spite of the early replication of 

rabbitpox virus in the lung, rabbits were not 
infectious until nasal and conjunctinl dis­
charges appeared, and environmental con­
tamination appeared to be maxjmal 6-7 dt)'S 
after infection. Eumination by ftuorC$Unt­
antibody staining revealed that after aerosol 
infection primary lesions developed at two 
distinct sites in the respiratory tract-the 
bronchioles and the alveoli. It was also found 
that as welJ as being spread to the bloodstream 
via the lymphatics, rabbitpox virus could 
spread directly from the bronchiolar or alveo­
lar lesions to adjacent blood vessels. 

Viracmia was mainly leukocyte-associated. 
Animals that died early, before the rash 
appeared, had viracmias which increased 
exponentially to reach very high titres at the 
time of death; those that died later had much 

i 
lower titres (Westwood ct al., 1966). This 
situation invites comparison with the le,·ds " of viraemia in haemorrhagic-type and dis­
crete ordinary-type smallpox respectively (sec 
below� 

Monkeypox 

Cynomolgus monkeys arc highly suscep­
tible to monltcypox and usually develop a 
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generalized rash (Magnus et al., 1959). 
Wenner and his colleagues (review: Cho & 
Wenner, 1973) studied the pathogenesis of 
monkeypox in cynomolgus monkeys infected 
by intramuscular inoculation. These investi­
gations confirmed that in orthopoxvirus in­
fections of primates, as well as in those of mice 
and rabbits, there was a stepwise progression 
of infection, a generalized rash developing 
after viraemia had been established owing to 
the replication of virus in the internal 
organs. Prior to the development of the rash 
the virus replicated in the spleen, tonsils and 
lymph nodes, without producing extensive or 
severe lesions. Generalized lymphadenopathy 
developed in the 1st week after infection and 
persisted until the end of the 3rd week. 
Enlargement of the cervical and inguinal 
lymph nodes is a feature of monkeypox 
infections in chimpanzees (McConnell et al., 
1968) and humans (see Chapter 29). 

Variola Virus Infection in Non-human 
Primates 

The monkey was the first animal to which 
variola virus was transmitted (Zuelzer, 187 4) 
and monkeys were extensively used in early 
studies of cross-immunity between variola 
and vaccinia (Brinckerhoff & Tyzzer, 1906; 
Horgan & Haseeb, 1939). Experimental 
studies of the pathogenesis of smallpox in the 
cynomolgus monkey (Macaca ir,u) were car­
ried out by Hahon & Wilson (1960) and 
Noble & Rich (1969). After an incubation 
period of about 6 days, inoculated animals 
usually developed a generalized rash that was 
sparse on the face, hands and feet-sites 
where the rash was usually more intense in 
human smallpox. After infection by aerosol,. 
variola virus replicated in the lung, and 
secondary sites of replication were estab­
lished in the lymph nodes before viraemia 
occurred. Although the study was complicat­
ed by pre-existing bronchopneumonia, Ha­
hon & Wilson (1960) failed to demonstrate 
any major focus of local viral replication 
in the lungs even though they yielded a 
substantial amount of virus during the incu­
bation period. Natural transmission to other 
monkeys could occur by the airborne route, 
with an incubation period of 8-16 days (see 
Chapter 30, Fig. 30.1 ). 

Only 2 out of 109 rhesus monkeys (Macaca 
11tMlalla) infected by aerosol with variola major 

virus died, but all developed fever on the 5th 
day and a rash between the 6th and 11th days 
(usually on the 7th or 8th day). Assay of 
various organs revealed high titres in the 
lungs and skin, with occasional isolations 
from the blood and spleen. Large amounts of 
virus were recovered from all organs tested in 
a monkey that died on the 11th day. 

Rao et al. (1968b) showed that cortisone 
greatly increased the severity of sma11pox in 
bonnet monkeys (Maca,a radiala) inoculated 
intradermally with variola virus. None of 14 
controls died, whereas 12 of the 16 animals 
given cortisone and 1 pregnant monkey died 
after suffering from a much more severe 
primary lesion and generalized rash than were 
seen in the control animals. Virus could be 
readily recovered from most of the internal 
organs of the cortisone-treated animals at the 
time of their death. This increased severity is 
comparable to that seen in pregnant women 
who contracted variola major (Chapter 1 ). 

Orang-utans (Gispen, 1949) and chimpan­
zees (Kalter et al., 1979) can be naturally 
infected with variola virus (sec Chapter 30), 
and may suffer a severe disease with an 
extensive rash ·(see Plate 30.1 ). Baboons (Papio 
rynoaphalus) inoculated with variola virus by 
scarification developed a rather "dry" local 
lesion but no rash; virus was recovered from 
the blood, throat swabs and rectal swabs 
between the 4th and the 7th days after 
infection (Heberling et al., 1976). 

Smallpox in Human Subjects 

The 4th and 5th columns of Fig. 3.t 
illustrate diagrammatically, on the basis of 
available data, the sequence of events in 
human smallpox after intradermal inocu­
lation and after infection via the respiratory 
tract. Investigations in human subjects rel­
evant to the pathogenesis of smallpox have 
been limited to virological and serological 
tests carried out in hospitalized patients or 
case contacts. Such studies were limited to the 
examination of blood, urine, and throat 
washings in cases after the onset of fever and 
throat washings from case contacts during 
what was potentially the incubation period. 
These investigations were important because 
they provided information that permitted 
arguments about the pathogenesis based on 
model systems to be developed with more 
confidence. 
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Virt11111ia 

No precise observations have been made on 
the distribution of variola virions among the 
nrious components of the blood in cases of 
smallpox; by analogy with other poxvirus 
infections viracmia would have been expected 
to be primarily cell-associated. Most uuys of 
viracmia in smallpox were made with serum 
or lysed whole blood, the material being 
assayed on the chorioallantoic membrane of 
chick embryos (Downie et al., 19S0, l 9S3, 
1969b; Mitra ct al., 1966). 

Although viracmia must always have oc­
curred, virus was only rarely recovered from 
the blood or serum from cases of ordinary­
type smallpoL Downie et al (19S0, 1953) 
and Mitra et al (1966) recorded one or two 
positive results out of many attcmpu in such 
cases and then only in the first few days of the 
disease. The picture in haemorrhagic-type 
smallpox was quite different. Virus was re2di­
ly recovered from the blood of all cases and 
the titres were usually high, as determined by 
confluent lesions on the membrane (Downie 
et al., t 953, t 969b) or by titration (Mitra et al., 

1966; Sarkar ct al, 1969). In these patients 
,•iracmia usually persisted until the patient 
died. Downie ct al (1969b) noted that virae­
mia was consistently much higher in cases of 
e2rly than of late haemorrhagic-type small­

pox. They also examined the serum by gel­
precipitation and complement-fixation tests 
for the presence of soluble antigens of variola 
virus; cases of haemorrhagic-type smallpox 
usually had an antigenacmia (Fig. 3.2). Com­
plement-fixation tests revealed antigc�acm_ia
in 31 out of 46 sera tested, the level being, m 
general, proportional to the extent of the 
viracmia. The gel-precipitation test was less 
sensitive, revealing antigen in only 16 out of 
45 scra tested, all from cases of early haemorr­
hagic-type smallpox with severe viraemia. 

Thus haemorrhagic-type smallpox appears 
to have been associated with overwhelming 
infrction and the continued release of virus 
into the bloodstream; in ordinary-type small­

pox demonstrable viraemia was usually re­
stricted to the pre-eruptive and early eruptive 
stages of the disease. 

Oral and ph11ryngtal surtlio11s 

Because there is no tough stratum corncum 
on the oral and pharyngeal mucosae, the 
lesions of the cnanthem ulcerated very soon 
after their formation (see Plate 3.7), releasing 
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large amounts of highly infectious virus into 
the saliva. The viral titres in throat swabs were 
at their maximum on the 3rd and 4th days of 
the disease (i.e., at the onset of the rash) and 
were highest, and persisted for the longest 
period, in the most severe cases (Sarkar ct al, 
1973a; see Chapter 4). In fatal cases virus WIS

usually still present in the throat ,wabs at the 
time of death; in non-fatal cases it was found 
for 7-9 days after the onset of fever in discrete 
ordinary-type smallpox and sometimes for IS
long as 13 days in non-fatal confluent ordi­
nary-type smallpox. 

More important, from the point of view of 
pathogenesis, are reports of the recovery of 
virus in throat washings taken from case 
contacts who developed smallpox. Careful 
laboratory studies by Sarkar and his colleagues 
showed that household contacts of cases of 
smallpox sometimes harboured detectable 
amounts of variola virus in their throats. 
Using a single throat swab, Sarkar ct al 
(1973b) isolated variola virus in 34 out of 328 
subjects who had been in close household 
contact with 52 index cases of smallpox for 
periods of between 4 and 8 days. Only 4 of the 

https://v3.camscanner.com/user/download


3. PATHOGENESIS, PATHOLOGY AND IMMUNOLOGY 129 

34 contacts with positive throat swabs subse­
quently developed smallpox, the symptoms 
appearing 5-6 days after virus was isolated. In 
a follow-up study (Sarkar et al., 1974), posi­
tive results were reported in 5 out of 51 close 
family contacts examined, only 1 of whom 
subsequently developed smallpox (Table 3.1). 
Serial testing showed that virus could some­
times be recovered from the throats of vacci­
nated contacts, most of whom did not develop 
clinical smallpox, for as long as 10 days. 

F. Huq (personal communication, 1982)
confirmed Sarkar's findings, but recorded a 
much smaller proportion of positive results. 
Using a similar laboratory procedure, she 
found 3 positives (all in unvaccinated sub­
jects, and all of whom subsequently developed 
smallpox) among 168 contacts who were 
examined within a week of the development 
of rash in the index subjects. 

The finding of virus in throat swabs of 
contacts of acute cases is not altogether 
surprising; presumably virus replicating in 
an asymptomatic "primary lesion., in the
fauces or elsewhere in the oropharynx was 
released into the oral secretions or could be 
obtained by swabbing the fauces. However, 
such virus as was present in the oral secretions 
during the incubation period was of little or 
no epidemiological importance. The onset of 
infectivity in the vast majority of cases 
coincided with the development of the rash 
and was due to the release of virus from the 
ulcerated surfaces of the lesions of the enan­
them. 

The Dissemination of Virus through 
the Body 

Orthopoxvirions were principally dis­
seminated through the body in the lymph and 

bloodstream as cell-associated particles, al­
though some virus was always found free in 
plasma. In cell cultures, enveloped forms of 
vaccinia virus were more important than 
non-enveloped forms in the dissemination of 
virions over a distance (Boulter & Appleyard, 
1973), as shown by the "anti-comet" test (sec 
Plate 3.10). Payne (1980) showed that the 
capacity to spread to distant cells in mono­
layer cultures and to distant organs in the 
mouse was correlated with the production of 
enveloped virions (Table 3.2). 

Unfortunately, no observations were ever

made to determine whether enveloped vir­
ions occurred in infections of monkeys or 
human beings with variola virus, nor have 
such observations been reported with ectro­
melia or monkeypox viruses. 

THE RASH 

The primary event for the production of 
the focal lesions of the rash in orthopoxvirus 
infections is the localization, in the small 
blood-vessels of the dermis, of virus particles 
that circulate in the bloodstream, either freely 
in the plasma or more commonly with­
in virus-infected leukocytes. Subsequently, 
adjacent epidermal cells are infected and the 
skin lesion develops as described below. 

In the infection of laboratory animals with 
orthopoxviruses, skin areas so treated as to 
promote a local inflammatory response are 
associated with an increased density of skin 
lesions (vaccinia in rabbits: Camus, 1917; 
ectromelia in mice: Fenner, 1948a). Numer­
ous observations (Ricketts, 1908; MacCallum 
& Moody, 1921) attest to the effect of mild 
trauma leading to local vasodilatation on the 
density of skin lesions in different parts of the 

Table 3.1. Prolonged presence of varlola virus In throat swabs from contacts of cases of smallpox (data 
expressed as log pock-forming units per swab) 

V1ccln1tlon Days after onset of fever In Index cue1 

Serial no. of contact A1e scar 
.. 6 10 II 12 I◄ 17 19 21 23 

26b 55 years + . . ◄.O 2.0 Developed smallpox 
29b 5 months 3.0 2.0 Developed s,mllpox 
1c 23 years + 1.9 1.9 1.8 1.7 1.5 0 
2c 22 years + 3.0 2.9 2.9 1.9 1.6 0 
JC 2◄ years + . . 3.3 2.9 2.0 2.0 0 
4c 45 years + . . . . . . 1.7 Developed s,mllpox 
5c,d 28 years + 1.8 0 0 

1 •. • cbta not recorded. 
b Sarkar et al. ( 1973b). 
CSarkar et al. (1974). 
d A nurse, revacclnated alffi0$t every yur, In close conuct with I cue of humorrh11lc-type smallpox. 
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The Sigai&ance of Enveloped Virlons 

Viru.a belonging to 10 of the t 7 viral families that cause disease in humans arc 
cn,·cloped-i.c., their outer surface is a lipoprotcin envelope consisting of cellular lipids 
and ,,irus-spccific polypeptides. Destruction of the envelope, for example by lifid
soh•ents, usually completely destroys infectivity. The orthopoxviruses arc cxccptiona in 
that although virions released from cells arc enveloped ( sec Chapter 2, Plate 2.9), absence of 
the envelope is usoc:iated with only a slight decrease in the infcctivity/particlc ntio. 
Although non-enveloped particles, whose surface consists of the outer membrane (1tt 
Chapter 2. Fig. 2.1), have almost the same infectivity as enveloped particles and spread 
effectively by ccll-to-cdJ contact, they do not spread as we11 around the body as do 
enveloped virions (Table 3.2). 

Because there arc two kinds of infectious particle, two kinds of neutralizing antibody 
can be produced which neutralize enveloped and non-enveloped particles respccth•cly. 
Both kinds of neutralizing antibody arc produced during all orthopoxvirus infections. 
Antibody that neutralizes only enveloped particles can be produced by immunization with 
purified viral envelopes. Antibody that neutralizes only non-enveloped particles is 
produced by inoculation with suspensions of particles obtained by disrupting cells and 
then inactivated. Neutralizing antibody to non-enveloped virions provides much less 
effective passive pro<cction against generalized orthopoxvirus infections than docs 
antibody to enveloped virions (sec Table 3.5). The two kinds of particle also produce 
different kinds of cell-mediated immunity, cytotoxic T cells being generated only during 
infections and not by suspensions of inactivated virions. For these reasons inactivated 
vaccines provide only partial immunity in experimental animals and have proved useless 
for vaccination against smallpox. 

body in smallpox (the "garter" effect). Vaso­
dilatation due to sun and wind may have 
played a part in the greater density of lesions 
on the face and the extensor surfaces of the 
hands and arms than elsewhere on the body, 
but this factor docs not explain the highly 
characteristic "centrifugal" distribution of 
skin lesions in smallpox, for which no satisfac­
tory physiological explanation has yet been 
provided. 

TOXAEMIA 

AH clinical observers have commented on 
the "toxic" appearance of patients with var­
iola major, especially those suffering from 
ffat-type or haemorrhagic-type smallpox. 
Although very severe cases did occur--cx­
tremely rarely-in variola minor, there was 
usually a great contrast in the general appear­
ance and condition of patients with variola 
major and variola minor with approximately 
the same numbers of pustules. The patient 
with acute variola major was usually very sick, 
whereas the patient with variola minor of 
apparently similar severity (in terms of the 

number of skin lesions) might well be 
ambulant. 

No adequate explanation is available to 
elucidate either the toxaemia of variola major 
or the difference in severity between cases of 

• variola major and variola minor with rashes of
similar extent. Viral antigen was readily
demonstrable in the plasma of patients with
severe smallpox ( Downie ct al., 1953, 1969b;
sec Fig. 3.2). The formation of immune
complexes between such antigens and IgM
antibodies, and the associated activation of
complement, might have initiated a series of
physiological effects that produced the so­
called "toxic" symptoms of variola major.

Seeking an explanation of the cause of 
death in smallpox, Boulter ct al. (19611)
examined various physiological parameters in 
a model systcm-rabbitpoL The only consis­
tent physiological changes observed in sick
rabbits were extreme hypotension, leading to
a shock-like syndrome, decreased urinary
output and a rise in blood-urea and plasma­
potassium levels. Death seemed to be due to
lethal concentrations of potassium ion. which
occurred possibly as a consequence of the 
severe hypotcnsion. No information is avail-
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Table 3.2. P.elulon,hlp of In vitro vlr1.11 releue to In vitro and In vivo parameters of virus dissemination' 

Vaccinia 1ua1n 

U IJ cells 

Vlrul produaiOII 

Enveloped • ·tlo· Non-.nweloped
w1r1onac ..., • £nveloped 

FormatlOII of 
"comeu"d Moruhty ("-) lralfl we• 

South Africa u 250 
upe Town 5.7 100 
VeneNtll ,.o 160 

Uatltf' 6.3 300 
Taahkenc u ''° 

w� u 300 
Lederle 7N u 150 
Hal ntlwte White u so 
Dann 7.0 " 

Lafonulne '-' 40 
IHO-W 1.0 12 
Galardo 1.3 5 
IHO-J 1.3 ' 

• hsed °" hyne ( I HO).
t Afw Incubation with 10- plaque-forml"I unlu lntranually.
CTltrt In '°l,o plaque-forml"I unlu per mlftllltrt.
''" cell monolayer, with llquld owny (- ,,_tt J.10).
• Titre In '°I, o plaqut-forml"I units per cram of twain.

able on blood-pressure or blood-potassium 
changes in severe cases of smallpoL 

PATHOLOGICAL ANATOMY AND 
HISTOLOGY OF SMALLPOX 

General Observations 

As described in the appropriate chapters of 
this book, a wC2lth of information about the 
virology, epidemiology and control of small­
pox has emerged from the work carried out 
since the inception of the Intensified Small­
pox Eradication Programme in 1967. How­
ever, what Bras (1952a) pointed out more 
than 30 ye2rs ago was still true at the time of 
global eradication: in recent years smallpox 
usually occurred, on a large scale, in places 
where pathological studies were difficult. 
Prior to Bras's own important work one has to 
go back to Councilman ct al. (1904) for a 
comprehensive description of the pathologi­
cal anatomy and histology of smallpox. Some 
years later Lillie (1930) produced a review of 
published reports on the histopathology of 
smallpox and vaccinia. A useful description of 
the histology of the skin lesions in variola 
major was provided by Michelson & Ikeda 
(1927), while MacCallum & Moody (1921) 
and Jong (t 956) obtained skin biopsies from 
patients suffering from variola minor. 

In e2rlier studies interpretation of the 
pathological changes, particularly in the 

0 
0 
0 
0 
0 

15 ◄.7
0 
0 
0 2.7 

± 0 u 
♦ 25 u 

♦ 25 u 

♦ 70 -u 

lungs, was complicated by the presence of 
secondary infection with streptococci and 
other organisms (sec Councilman ct al., 1904). 
More recent observations have shown that 
although bacterial infection did sometimes 
complicate smallpox, pustulation wu viral 
and not bacterial in origin, and the high 
mortality of variola major was due to viral 
effects, not secondary bacterial infection. 
The case-fatality rate was not significantly 
reduced by the use of antibiotics. Bacterial 
complications were rare in the cases described 
by Bras (1952a), most of which were treated 
with antibiotics. 

A striking feature of the pathology of 
smallpox is that although it was a generalized 
disease, often of great severity, specific patho­
logical changes were in large part limited 
to the skin and mucous membranes, except 
for the widespread haemorrhages found in 
various organs in e2rly haemorrhagic•t)'J>C 
smallpox. 

The Skin Lesions 

In order to understand the histopathology 
of the skin lesions in smallpox it. is necessary 
to appreciate the rebtionships between dif­
ferent parts of the ,kin, as illustrated in 
Fig. 3.3. The epidermis, where the pustule 
develops, contains no blood or lymphatic 
vessels and its tough outer layer, the stratum 
corneum, is impermeable to viruses. The dead 
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Plate l.2. Gernt Sm (b. 1913). Professor of 
Pathology at the National University in Utrecht, 
Netherlands. Bras carried out a classical study of 
the pathological changes in variob ma1or during the 
epidemic in Java after the Second World War. 

kcratinized cells of the stratum corncum arc 
continually being rubbed off and replaced 
from below, cell multiplication occurring in 
the stratum gcrminativum, which is separated 
from the dermis by a thin basement mem­
brane. Of the three appendages of the skin­
hair follicles, sweat glands and sebaceous 
glands-only the last arc destroyed by variola 
vir�s, an_d then, to any extent, only by variola
ma1or virus. 

The appearance of the skin lesions, their 
temporal development and their character­
istic distribution arc described and illustrated 
in Chapter 1. The following description of the 
histology of the skin lesions at various stages 
of the disease draws mainly on postmortem 
material from variola major described by 
Michelson & Ikeda (1927) and Bras (1952a,b) 
and biopsy material obtained from cases of 
variola minor (MacCaJlum & Moody, 1921; 
Jong, 1956). 

&r!J ,ha11gt1 ;,, /he dn111i1 

Bras (1952a) noted that the histological 
picture in the skin lesions in all types of 
variola major, whether haemorrhagic or not, 
was essentially the same. The development 
and evolution of a skin lesion arc shown in 
Plate 3.3. The earliest change was a dilatation 
of the capillaries in the papillary layer of the 

HF 

0 0 0 0 0 o o o  0
o 0 • 0 ° o O 0 o 

Subcutaneous fat

Fig. 3.3. The structures of imporunce in the_pa�
genesis of the skin lesions of smallpox. The epidermis 
consists of several layers of tiving ceHs, the stratum 
Malplghi, covered by a layer of dead keratinized 
eels, the stratum comeum (A). The basal layer of .., 

t the stratum Malpighii consisu of dividing cells, the 
" stratum germinatJvum (D), above which there is a 

variable number of layers of cells, called the stratum 
spinosum (C). and just below the stratum corneum a 
layer of eels that conuin keratohyalin granules. the 
stratum granulosum (8). The dermis contains blood 
vessels (V). lymphatic vessels (L) and fibroblasu and 
m acrophages (FM). The ground substance contains 
colbgenous, reticular, and elastic fibres. The hair 
foHicle (HF) and sebaceous gland (SG) are appendages 
of the epidermis. 

dermis, followed by swelling of the endotheli­
al cells in the walls of these vessels, stasis of 
mononuclear cells within the lumen, and 
subsequently pcrivascular cuffing with lym­
phocytes, plasma cells, macrophages and occa­
sionally eosinophilic granulocytcs (Plate 
3.3A� Biopsies from cases of variola minor 
(MacCallum& Moody, 1921)showed that the 
affected papillae were oedematous, with cx­
travasation of erythrocytes and leukocytes, at 
a time when the overlying epidermis was 
unchanged or showed at most only an early 
vacuolation of the epidermal cells. 

Epidtr111al ,hangts 

Following the early changes in the dermal 
vessels, lesions developed in the adjacent pan 
of the epidermis, where all subsequent 
changes occurred. The cells of the stratum 
�ulpighii became swollen and vacuolated and
underwent what was described as "balloon­
ing'' degeneration. This occurred in a sharply
demarcated area and only a small number of
cells separated the centre of the lesions from
the surrounding normal skin (Plate 3.3A and
B). The degenerated cells were swollen, they
stained faintly with acid dyes, and the charac­
teristic B-typc inclusion bodies (Guarnieri
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bodies: sec Chapter 2, Plate 2. 7) could be 
found in the cytoplasm. 

Early in the disease, in sections stained 
with haematoxylin and cosin, the inclusion 
bodies appeared as round or oval homogen­
eous faintly basophilic or acidophilic masses 
lying close to the nucleus. One or more were 
present in a cell and each was usually sur­
rounded by an unstained halo. In older lesions 
the inclusions had a granular appearance and 
irregular outline and sometimes occupied a 
large part of the cytoplasm of infected cells. 
lntranuclear inclusions have also been de­
scribed in cells infected with variola virus 
(Torres, t 936), but not with other orthopox­
viruscs. They were not a conspicuous feature 
of the lesions, but Downie (1965a) confirmed 
that they did sometimes occur. Their signifi­
cance is unknown. 

The cells continued to increase in size, the 
cytoplasm became fainter and the nucleus 
usually disappeared by lysis. Soon after this 
the cell membranes ruptured and the vacuoles 
coalesced to produce the early vesicle by what 
was called "reticulating" degeneration (Plate 
3.3C). Because this coalescence occurred very 
quickly a true pa pule was rarely seen; almost 
from the beginning the lesion was already 
vesicular. 

Vtsit11"1tio11 

The reticulating degeneration which pro­
duced the vesicle occurred exclusively in the 
middle and upper layers of the stratum 
spinosum; the basal cells were at first unaf -
f ccted and the keratohyalin and horny layers 
showed no changes. Subsequently the cells of 
the lower stratum spinosum and the basal 
layer underwent a different kind of degener­
ation; the nuclei and cytoplasm became 
condensed, the cells became hyalinized and 
the nuclei fragmented or lyscd. Later these 
basal cells disappeared and the cavity of the 
vesicle (or pustule) was then immediately 
adjacent to the dermis. 

The fully developed vesicle (Plate 3.4) 
resembled a piano-convex lens with the 
following characteristics: 

(1) The roof, which was very thin over the
summit of the vesicle, consisted of com­
pressed cells of the stratum spinosum, kerato­
hyalin layer and horny layer. 

(2) The base consisted at first of cells of the
stratum spinosum and basal layer, which 
showed a hyaline fibrinoid degeneration, 

becoming swollen, homogeneous and refrac­
tile, losing their granular characttr and stain­
ing more intensely with acid dyes. Later they 
lyscd, so that the base of the vesicle was 
provided by the subjacent dermis. 

(3) Since a portion of the cytoskeleton
persisted for a long period after the degener­
ation of the cells of the stratum spinosum, the 
cavity of the vesicle contained incomplete 
septa, creating a multiloculated appearance 
(Plate 3.4A� Such loculation was never 
complete. Often there were heavier septa, 
which were made up of the coils of sweat 
glands traversing the cavity. Like the kerato­
hyalin cells in the roof of the vesicle, the cells 
of sweat glands appeared resistant to the 
effects of variola virus. 

(4) Fluid accumulated inside the vesicle,
with threads of fibrin and a few lymphocytes. 

(5) The cells immediately around the vesi­
cle showed decreasing degrees of reticulating 
degeneration and the basal layers had often 
proliferated, so that the wall around the 
vesicle was about twice the thickness of the 
unaffected epidermis. The rete pegs in the 
area adjacent to the vesicle were relatively 
deep. 

Tht pnt11u 

Pustulation occurred by the migration of 
polymorphonuclcar cells from the subpapil­
lary vessels into the vesicle, the dermis being 
relatively free of such cells (Plate 3.3D and E). 
This response was not due to secondary 
bacterial infection; numerous investigations 
showed that pustules containing abundant 
leukocytes were bacteria-free. Councilman ct 
al (1904) commented on the absence of 
polymorphonuclcar leukocytes and the abun­
dance of plasma cells in the advcntitial 
sheaths of the vessels in the dermis as 
pustulation occurred-evidence of the rapid­
ity and extent of the immune response in 
ordinary-type smallpox. Unfortunately, the 
literature lacks descriptions of the histopath­
ology of ftat-typc smallpox. In such cases one 
might have expected to find a much less 
vigorous cellular response at this stage of the 
di�ase. 

Umbilitation 

Except on the palms and soles, umbilica­
tion was a common feature of the skin lesions 
in smallpox (sec Chapter 1, Plate 1.10). It was 
appar�nt quite early, then partially disap· 
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Plate 3.3. Stages in the development and evolution of the skin lesion. A: The earliest change was oedema of the 
dermis leading to the separation of epithelial cells of the papillae and lymphocytic infiltration In the dermis, especiaffy 
around the smaff vessels. BaUooning degeneration was seen in a few ceRs In the lower Malpighian layer. I: These 
changes progressed and the small vessels became dilated and engorged. Inclusion bodies were also visible adjacent 
to cells showing balooning degeneration. In early haemorrhagic-type smallpox, illustrated here, there was 
pronounced haemorrhaging Into the dermis. C: As the pathological process progressed, the epithebl cells broke 
down by reticulating degeneration to produce a multilocular vesicle. D: The vesicle formed by coalescence of 
the smaller cavities became Infiltrated with polymorphonuclear leukocytes to produce a pustule, around which 
were cells containing inclusion bodies. E: The fully developed pustule became packed with polymorphonuclur 
leukocytes and the epithelium on either side of the pustule proliferated. F: Evenwaffy the pustule became a 
crust, beneath which new epithelium grew In to repair the surface. Such lesions, in which the sebaceous elands 
were not involved, healed without leaving a pockmark. (From Michelson & Ikeda, 1927.) 
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Plate 3.4. Fully developed vesicle. A: Loculated cavities with relatively acellular exudate formed as a result
of reticulating degeneration of the middle layers of the epidermis. Unaffected keratohyalin and horny layer form
the roof of the vesicle: at its base, cells are undergoing hyaline fibrinoid degeneration, which is best seen in B,
the higher power view. Haematoxylin and eosin, A x 130; B x260. (From Bras, I 9S2a.)

peared and reappeared during the late stages 
of pustulation. Umbilication was mainly due 
to the swelling of the cells around the vesicle 
and the proliferation of basal cells surround­
ing the lesion, so that the periphery of the 
vesicle was raised above the level of its centre, 
as well as above the surrounding unaffected 
skin. Of ten the presence of a hair follicle 
within a vesicle anchored the centre part, but 
umbilication was also found in lesions on the 
lip and glans penis, where no hairs occur. The 

- partial disappearance of umbilication was due
to the increase in fluid in the vesicle; as the
contents desiccated prior to healing umbilica­
tion reappeared.

Scabbing

With the development of an effective 
immune response, healing began. The con­
tents of the pustule became desiccated and re­
epithelialization occurred between the cavity 
of the pustule and the underlying dermis. The 
pustular contents became a crust or scab (Plate 
3.3 F and Plate 3.5), which was subsequently 
shed; the newly formed epidermis had no rete 
pegs. In the absence of secondary infection, 
the dermis showed very few changes and in 
most parts of the body the lesions healed 
without scarring and thus without pock­
marks. 

In the soles and palms, where the layer of 
horny cells is very thick, the dried exudate 
remained enclosed within a mass of horny 

substance for a long period if not artificially 
removed. 

Scarring 

The face bore the heaviest crop of lesions in 
most cases of smallpox (for example, "semi­
confluent" ordinary-type smallpox was the 
term applied to cases in which lesions were 
confluent on the face but not elsewhere; see 
Chapter 1 ), and lesions usually appeared first 
on the face and evolved the most rapidly 
there. However, if the dermis was not in­
volved such lesions should not have produced 
scars, yet scarring (pockmarks) was very 
much more common on the face than else­
where Uezek et al., 1978d). Bras (1952b) 
showed that this occurred because sebaceous 
glands are much larger and more numerous in 
the facial skin than elsewhere on the body. 
Although the cells of other skin appendages 
(hair follicles and sweat glands) were relatively 
unaffected by variola virus, cells of the 
sebaceous glands were highly susceptible 
(Plate 3.6). Degenerative changes began with 
cytoplasmic hyalinization accompanied by 
hyperchromatism of the nuclei, karyorrhexis 
and cytolysis. This degeneration occurred 
simultaneously in several parts of the seba­
ceous gland, leading to extensive necrosis in 
the subepithelial layer of the skin. When 
healing occurred, the defect in the dermis was 
filled with granulation tissue, which subse• 
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Pl.ate 3.5. Scabbing. A: Low-power magnification: the pustule has become a crust. B and C: High-po-...-er

magnification. B· A keratohyalin layer has developed under the outer part of the pustule. C: Recovery 15 at

an earlier stage in the centre: later the keratohyalin layer extends beneath the entire crust. Lesions like t_hls 

left no scar. (From Bras, I 952a.) 
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Plite 3.6. Section through pustule on the face: Sth diy of ruh. A· low-power magnification: there Is 
�vere involvement of the subepidermal tissue through necrosis of the large sebaceous glands. B: High-power
magnification: foci of disintegration In the sebaceous gland are indicated by arrows. Scarring would occur due 
to fibrosis in the dermis, leading to the formation of a faciil pockmark. Haematoxylin and eosin. A xSO.
8 x22S. (From Br.as, I 9S2b.)
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Plate J.7. Ulcer on oral mucous membrane. The 
pustule ulcerates because there Is no overtyin1 horny 
layer. (From Michelson & Ikeda, 1927.) 

sharply outlined against the hyper-aemic tun­
ica propria. Occasionally the tunica propria 
showed patchy necrosis unrelated to the 
superficial defects. Later there was increasing 
vascularization under the tunica propria and 
the tissue took on the appearance of granu­
lation tissue, with numerous polymorpho­
nuclcar leukocytes in the demarcation zone 
beneath the necrotic epithelium. This combi­
nation produced the pscudomembrane ob­
served macroscopicall)', which could be easily 
detached. Bcausc of the numerous bacteria 
on the mucous membrane of the pharynx the 
necrotic lesions were usually found to har­
bour masses of bacteria of various kinds, but 
this was a secondary phenomenon. 

Since the mucoul lesions, especially those 
of the oropharynx, were the major source of 
infectious virus in smallpox, it is important to 
note the time relationships between the 
development of mucosal and skin lesions. The 
mucosal lesions appeared during the early 
papular stage of the rash and had usually 
healed, without scarring, by the end of  the 
pustular stage. 

Although the oropharynx or the respir­
atory tract is usually regarded as having been 
the portal of infection in smallpox, no writer 
has described lesions in the oropharyngeal 
mucosa, or anywhere in the respiratory tract, 
which might be regarded as "primary" lesions. 
The diffuse oropharyngcal lesions, like the 
circumscribed lesions found on the tongue 
and uvula, appeared at the same time as the 
carliC$t lesions in the skin. There appears to be 

no reason to doubt that the focal mucosal 
lesions, like those of the skin, were haemato­
genous in origin. By analogy with mousepox 
and rabbitpox, small, non-destructive pri­
mary lesions may have occurred in the oral 
cavity, pharynx or respiratory tract in small­
pox, but they would have been impossible to 
recognize without recourse to a selective 
staining method such as fluorescent-antibody 
staining. 

Effects on Other Organs 

Death was due to viral touemia, exacer­
bated by dotting defecu in haemorrhagic­
type smallpox. Antibiotics were usually given 
to all patients in the Madras Infectious 
Diseases Hospital from the 1950s onwards 
(A.R. Juo, personal communication, 1981). 
Such treatment reduced the case-fatality rate 
by 5-10% in vaccinated subjects, compared 
with those not given antibiotics, but had no 
effect on the outcome among unvaccinated 
patients. 

Councilman ct al (1904), Lillie (1930) and 
Bras (1952a) each described the gross and 
microscopic appearances of the various inter­
nal organs in fatal cases of smallpoL The 
striking feature about all these reports was the 
absence of specific lesions anywhere except in 
the skin and mucous membranes. Readers 
should refer to these papers for detailed 
descriptions; comment here is focused mainly 
on pathological findings that might have 
been of significance in the pathogenesis of 
smallpox. Probably the most important 
change from this point of view was the 
involvement of the reticulocndothelial sys­
tem, noted in particular by Bras (1952a). 

Rtlit11/«uo1ht/ial sysltlll 

The endothelial cells lining the sinusoids of 
the liver were often swollen and occasionally 
proliferating or necrotic. Such changes were 
most commonly found in individuals who 
died very early in the course of the disease; 
Bras suggests that they may have been even 
more prominent during the pre-eruptive 
stage. Reticulum cell hyperplasia occurred in 
the bone marrow and spleen. In addition, the 
spleen was usually engorged and contained 
very numerous large lymphoid cells, the 
morphological sign of a developing immune 
response. Few s�cific changes were found in 
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the l)'mph nodn. except for small necrotic 
foci in th<>Kof the pharynx and in the tonsils. 

KiJwys 

Bras ( t 952:a) d�ribcd spectacular pelvic 
haemorrhages in cues of early haemorrhagic-
1ypc smallpox, a finding which is in accord­
ance with the frequent occurrence of haema­
ruria in these casn. 

T111t1 

Small foci of necrosis occurred in various 
puts of the testis (parenchyma, mediastinum 
and epididymis); these were usually too small 
to be recognized macroscopically. 

Liivr 

Most authors noted that the liver was 
usually considerably heavier than normal, but 
found it difficult to ascribe a cause for this; it 
did not appcu to be due to engorgement or 
fatty infiltration. However, the parenchymal 
cells usually showed intense cloudy swelling. 

Brt1i11 

Encephalitis was an occasional complica­
tion of smallpox, which occurred much more 
frequently than did post vaccinial encephalitis 
after primary vaccination, but it was of minor 
importance compared with the severe toxae­
mia of variola major. Encephalitis occurred 
more of ten in variola major than in variola 
minor, but because so few deatlts ensued in the 
latter variety of smallpox it was relatively 
more important. Marsden & Hurst (1932) 
provided an exhaustive review of the litera­
ture and gave detailed histories of t 1 cases 
occurring after variola minor, of which 3 
were fatal. The fatal cases had brain lesions 
like those described for postvaccinial en­
cephalitis (sec below). 

F./fuls sptrifi, lo haemorrhagir•I.JJ>t smt1llpox 

As well as the extensive haemorrhages in 
the skin found in all cases of haemorrhagic­
type smallpox, both early and late, haemor­
rhages were often found in other sites, such as 
the gastric mucous membrane, the pelvis of 
the kidney, the myocardium and cndocar­
dium, and the submucosa of the pharynx and 
larynx. 

Ahhough megakaryocytes were numerous 
in the bone marrow of cases of pustular 

smallpox. there were strikingly few present in 
the bone marrow of primary haemorrhagic­
type smallpox, a finding which explains the 
profound thrombocytopcnia and blttding 
that occurred in these cases (sec Chapter t). 

THE HlSTOPATHOLOGY OF 
VACCINIA AND VACCINIAL 

COMPLICATIONS 

Clinical aspects of vaccination and rcvac­
cination and the complications associated 
with vaccination arc described and illustrated 
in Chapter 7. Numerous studies ha,·c bttn 
carried out on the histology of cutaneous 
changes in vaccinated calves and rabbits 
(reviewed by Lillie,. 1930) but few studies 
ha\'c bttn made in man. The most important 
complication of vaccination, postvaccinial 
encephalitis, has been studied by many inves­
tigaton, but its pathogenesis remains obscure. 

Normal Vaccination 

The aim of vaccination was to bring 
vaccinia virus into contact with cells in the 
Malpighian layer of the epidermis. After 
primary vaccination a papule developed in 3-
5 days, rapidly became a vesicle and later 
became pustular, reaching its maximum size 
after 8-10 days (sec Fig. 3.1). A scab was then 
formed, which separated at 14-21 days, leav­
ing the typical vaccination scar. 

Vaccination produced a generalized infec­
tion in man, with swelling and tenderness of 
the dnining lymph nodes and a viraemia 
sometimes detectable between the 3rd and the 
10th day after vaccination, most frequently 
on the 6th day (Hcrzberg-Krcmmcr & Herz­
berg, 1930a,b; Siegert & Schulz, 1953). Gins 
ct al. (1929) recovered vaccinia virus from 
tonsillar swabs taken 3, 4 and 5 days after 
vaccination, and Gurvich ct al. (1979) report­
ed the isolation of vaccinia virus from the 
pharyngeal swabs of 49% of children with 
postvaccinial tonsillitis between the 7th and 
the t 5th day after vaccination, compared with 
7% of children with uncomplicated vaccinia 
and no evidence of pharyngitis. The level and 
persistence of detectable viraemia were de­
pendent on the strain of virus used; it was 
regarded as rare and transient by Blattner ct al. 
(1964) and Kempe (1960), who used the mild 
New York City Roard of Health strain. More 
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prolonged \'incmia occurred in children with 
immunological deficiencies (Keidan ct al., 
t 953), some of whom suffered from progress­
ive vaccinia. 

Changu in the sir.in 

Howard & Perkins (t 905) studied the 
histological appearance of vaccination lesions 
in biopsies taken from 12 subjects. The carHcst 
changes were cytoplasmic and perinuclcar 
vacuolation in the epithelium, accompanied 
by cloudy swelling, coagulatfon necrosis, 
intcrccllular �dema and vesicle formation. 
Within 48 hours, a cup-shaped vesicle tra­
versed by an eosinophilic reticular network 
had appeared, of which the stratum corneum 
formed the roof, and the floor, centrally, was 
bare dermis. At the sides were cells in hyaline 
degeneration, which were intensely cosino­
philic, with shrunken pyknotic nuclei. There 
were marked �dema of the papillae and free 
erythrocytes, mononuclear and polymor­
phonuclear cells, as well as perivascular infil­
tration. Subsequently, leukocytes invaded the 
vesicle, and the necrosis of epithelium and 
leukocytes produced a crust of dense, homo­
geneous, deeply staining reticulum. Guarnieri 
bodies were present in the epithelial cells. 
Epithelial outgrowth occurred beneath the 
crusts. 

In progressive vaccinia the primary vesicle 
failed to heal and the usual lymphocytic 
infiltration failed to occur because the per­
sons involved had defective cell-mediated 
immune responses. In one such case, Keidan 
et al. (1953) noted that germinal centres and 
lymphocytes were completely absent from the 
axillary lymph node and spleen of the patient, 
although many plasma cells were present 
(Plate 3.8). 

The draining !Jmph nodu 

Successful primary vaccination produced 
moderately enlarged, painful regional lymph 
nodes. This reaction was first apparent on 
about the 5th day as the skin lesion became 
vesicular, and most pronounced on about the 
10th day. The lymph nodes often remained 
enlarged and tender for 2-4 weeks after the 
skin lesion had healed. 

In 2 persons who had been killed in an 
accident while at the height of a primary 
vaccinial reaction, it was noted (W.E.D. 
Evans, unpublished observation, 1960-cited 
by Symmcrs, t 978) that the axillary lymph 

Plate 3.1. Section of a vesicle produced In human 
skin by vaccinia virus Inoculated In a chad who de· 
veloped proiressive vaccinia. There are no inflamma­
tory cells in the dermis. (From Keldan et al., 1953.) 

nodes showed marked follicular hyperplasia 
with large germinal centres. There was a 
conspicuous proliferation of large pale cells 
among the lymphocytes of the cortical and 
paracortical regions-morphological indica­
tors of an active immune response--and 
Guarnieri bodies were seen in one case. 

A rare sequel of vaccination, persistent 
lymphadenitis, was sometimes confused with 
lymphoma if biopsies were performed for the 
diagnosis of painless lymphadenopathy. Hart­
sock (1968) records that a diagnosis of malig­
nant lymphoma was mistakenly made in 9 out 
of 20 such cases; all eventually subsided 
completely. The lymph nodes in these cases 
showed diffuse or follicular hyperplasia, an 
increased number of reticular lymphoblasts, 
which gave a mottled appearance to the 
sections, and a mixed cellular response, with 
varying numbers of eosinophils, plasma cells 
and mast cells. The morphological changes in 
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the l)·mph nodes indicate a ,•igorous immune 
r�ponsc to nccinial infection. 

Postvaccinial Encephalitis 

The incidence and clinical features of this 
rare but important complication of vaccina­
tion are described in Chapter 7. Postvaccinial 
encephalitis (or encephalomyelitis) is charac­
terized by acute pcrivascular demyelination. 
Similar lesions sometimes occurred after 
smallpox (Marsden & Hurst, 1932). Post infec­
tion encephalitis is a well-recognized compli­
cation of measles and varicella and a similar 
disease sometimes occurs after vaccination 
against rabies. One case has been recorded as a 
complication of cowpox in a human being 
(Verlinde, 1951 ). The histopathology of post­
infection and postvaccination encephalitis, 
from whatever cause, is identical. 

Although Kaiser & Zappert (1938) noted 
that 35 cases of disease of the central nervous 
system were recorded among 10 090 persons 
vaccinated in Bohemia in 1801 and 1802, 
postvaccinial encephalitis was not recognized 
as a serious problem until the 1920s. The first 
clear account of the clinical picture and 
histological changes was given by Turnbull & 
McIntosh (1926). After that time physicians 
became more aware of its occurrence and 
postvaccinial encephalitis presented a serious 
problem, especially in some European coun­
tries, in the period between 1930 and 1960 
(see Chapter 7). 

The onset of nervous symptoms, which were 

z 
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predominantly encephalitic or myelitic, was 
abrupt and took place 10-13 days after 
vaccination-i.e., at a time when both the 
cell-mediated and humoral immune responses 
were well de,·elopcd. A striking feature was 
the astonishingly rapid and complete recov­
ery of apparently moribund subjects, but the 
case-fatality rate was usually between 25% 
and 50%, 

Vries (1960) distinguished two pathologi­
cal groups, which he characterized as postvac­
cinial encephalopathy in infants, and post­
vaccinial encephalitis in older persons. In 
infants under 2 years of age the changes seen 
in the brain were essentially vascular: oedema, 

either general or perivascular; mild lympho­
cytic infiltration of the meninges and some 
pcrivascular spaces; widespread degenerative 
changes in the ganglion cells; and sometimes 
perivascular haemorrhages. Older persons ex­
hibited the features characteristic of all post­
infection encephalitides, as described by 
Turnbull & McIntosh (1926) and reviewed by 
Hurst (1953). Meningeal inflammation was 
slight and irregular; the nerve cells were little 
affected; and advanced neuronophagia did 
not occur. The dominant feature was pcrivas­
cular demyelination of the mcdullary sheaths, 
accompanied by destruction of the axis cylin­
ders (Plate 3.9). The perivascular space con­
tained many lymphocytes and the demyclin­
ated areas contained lymphocytes and highly 
plcomorphic microglia. Conybcare (1964b) 
and a number of Soviet authors confirmed the 
differentiation between encephalopathy in 

rlate l.t. lesions in the brain in ponvaccinial encephalitis. A: Perlvascular demyel1nation. B: Perivascular 
cellular infiltration. 
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infants and postvaccinial encephalitis in older 
persons, although in older infants the con• 
ditions merged and early ptrivascular dcmyc­
lination was seen. 

Although vaccinia virus was occasionally 
demonstrable in the brain or ccrcbrospinal 
ftuid (Turnbull & McIntosh, 1926), most 
investigaton failed to recover virus from the 
brains of fatal cases. Kurata ct al (1977), for 
uamplc, were unable to recover vaccinia 
virus from any of 5 reported fatal cases, or 
from 30 other cases examined during the 
previous 20 years. However, they demon• 
!trated vaccinial antigen in the lcptomcn­
ingcs and, complexed with IgM, in the areas
of ptrivascular cellular infiltration in 3 out of
the 5 cases studied. The consensus is that apart
from postvaccinial encephalopathy in infants,
all the postinfcction encephalitides, whether
occurring as a result of smallpox, vaccination,
measles or other viral infections, are essen­
tially an allergic response to some viral or
virus-induced antigcn(s) Qohnson, 1982).

The most puzzling feature about postvac• 
cinial encephalitis in ptrsons over 2 years of 
�gc �as the great v�riability in its frequency 
1n different countries and at different times 
(sec Chapter 7). There appears to have been 
some relationship between the virulence of 
the virus (variola or vaccinia) and the frc• 
quency of postinfcction encephalitis. Rao 
(1972) observed frequencies of 1 in 500 
variola major cases and 1 in 100 000 primary 
�accinations in Madras, and Marsden (1936) 1 
1n 2000 cases of variola minor in London. The 
incidence after primary vaccination in differ• 
cnt countries and at different times varied 
from 9 ptr million in the USA in 1968 to 1219 
per million in Austria for the period 1948-
1953 (sec Chapter 7, Table 7.8). In several 
countries in which the incidence was high the 
rate fell substantially when the strain of virus 
used for vaccination was changed. 

Postinfcction encephalitis in smallpox and 
after vaccination was clearly due to an un­
usu�I host respanse, probably to poxvirus 
antig_ens o� anugen-a�tibody complexes that
localized 10 neural ussue. It is significant
that postvaccinial encephalitis was almost 
unknown as a complication of revaccination 
an observation which led to the promotio� 
�n the 1_96� o! a _variety of_schemcs of .. pre-
1mmumzauon 10 countries from which 
small�x �ad been eliminated {sec Chapter 7). 
The hkehhood of neural localization of the 
relevant antigen was, in part, determined by 
the virulence of the virus concerned, there 

bci?_g a gr�dation in frc_quency: variola major, 
variola m1nor, more vuulent strains of vac• 
cinia virus, less virulent strains of vaccinia 
virus. 

VIRAL PERSISTENCE AND 
REACTIVATION 

Different viruses of vertebrates behave in 
characteristic ways after the host animal 
recovers from an acute infection, and the 
pr�isc . mod� o� be�avi_our h�s imporunt
cp1dem1olog1cal 1mphcauons. Five situations 
can be distinguished: 

.<9 The acute infectio� is followed by 
chmcal recovery and the vuus is completely 
eliminated from the body; it cannot therefore 
be reactivated by immunosuppression or any 
other means, because it is no longer present in 
the host organism. Mumps and poliomyelitis 
arc examples. The smallpox eradication cam­
paign was undertaken on the assumption that 
smallpox also fell into this category. 

_(�) The acute infection is followed by 
clinical recovery but the virus persists in the 
�Y· !t may be reactivated by a variety of 
sumuh and can then cause recurrent illness 
with the shedding of virus. This is th; 
c�aracteristic mode of behaviour of hcrpcs­
vuuscs-eg., in herpes simplex, varicella­
zoster and cytomegalovirus infections. 

(3) The infection is followed by clinical
recovery and in the vast majority of individ­
u _als the virus is completely eliminated. Occa­
sionally, however, it may penist and cause 
c�ronic �iseasc, but it persists in a sequestered 
sue and 1s not shed, so that persistence is of no 
epidemiological significance. Measles, with 
its rare complication, subacute sclerosing 
pancncephalitis, is a good eumple. 

. (4) The inf�ti�n is usually inapparent, but
v1�s may _persist 1n sequestered sites for long 
periods without ever causing symptoms, un­
less it is reactivated by procedures such as 
r�nal transplant�tion. Certain human papova­
v1ruscs behave 1n this way (Gardner, 1977); 
they may also be reactivated and excreted in 
urine during normal pregnancy, with no 
harmful effects (Coleman ct al., 1980). 

(S) After the patient has recovered from the
acute infection the virus persists as a chronic 
infection which may sometimes be associated 
with chronic disease. Such cases may be 
infectious; hepatitis B is an example. 

F�om_ the point of view of the smallpox
erad1cauon programme, the question of viral 
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pc-nistence was of importance from two 
points of view. Fint, if reactivation and re­
excretion of virus could occur in a person who 
h2d recovered from smallpox, under any 
circumstances.such a person would constitute 
2 potential source from which smallpox could 
re-emerge. Secondly, the likelihood of success 
in a se2rch for virus in an animal reservoir of 
,·ariola or monkeypox viruses is greatly in­
fluenced by whether these viruses persist in 
the tissues of infected 2nimals for prolonged 
periods. If it occurred, persistent infection 
could be of epidemiological importance in 
human monkeypox (sec Chapter 29), for 
pc-rsistent virus, even if it were not excreted, 
could be a source of infection to humans 
handling or eating such animals. 

Persistence o( Variola Virus in 
Human Patients 

The evidence against the persistence of 
variola virus in man, af tcr recovery from 
infection, is strong but circumstantial; it is 
impossible to prove that cases of persistent 
infection never arose. In the whole history of 
smallpox, no case has occurred which could be 
unequivocally traced back to infection ac­
quired from a person who had recovered from 
the disease months or years earlier, nor has any 
suspicion of the recurrence of symptoms or of 
the circulation of variola virus ever arisen in a 
person who had recovered from smallpox and 
subsequently undergone immunosupprcssivc 
treatment. Nor has vaccinia virus, used until 
recently on a large scale in Europe and North 
America (where immunosuppression ther­
apies arc practised more widely than in the 
developing countries), ever shown any indi­
cation that it could cause a latent infection in 
man. Since alert clinicians and virologists 
have recognized the occurrence of latent 
infections with a wide variety of viruses, and 
their reactivation after immunosupprcssive 
treatment, this negative evidence is impor­
tant. It is reasonable to agree with the 
conventional belief that variola virus be­
longed to the first group of viruses listed-i.e., 
infection was followed by death or recovery 
with complete elimination of the virus; 
persistent infection did not occur. 

Persistence o(Orthopoxviruses in Animals 

The evidence that some orthopoxviruses 
might persin for long periods after recovery 

from infection in various animal species is 
more difficult to evaluate than the persistence 
of variola or vaccinia viruses in man. 

MoMJtj>ox 

Several authors have suggested that ectro­
mclia virus could produce a latent infection in 
mice. but most examples that have been 
quoted could be explained as plausibly by 
persistent infection in the population, rather 
than prolonged viral persistence in individual 
mice. However, there arc a few examples of 
the persistence of ectromclia virus for at least 
several wccks in a sequestered site in healthy 
mice and 2lso of persistent infection with 
shedding. For example, Fenner (1948c) noted 
the recurrence of foot swelling, and the 
isolation of virus from the swollen foot, in 2 
mice that had been infected 2 and 7 months 
earlier and had not been subsequently exposed 
to infection. In other experiments Fenner 
( 1948d) demonstrated the presence of ectro­
melia virus in the lungs and spleen of 2 mice 
that had recovered from infection acquired 
about 45 2nd 93 days earlier; 112 other mice 
that were tested more than 5 wttks after 
recovery gave negative results. There was no 
evidence that such mice shed virus. However, 
because mouse tissues or tumours arc passaged 
in other mice, such persistent infections, 
especially if they occurred in animals that had 
just recovered from a mild or inapparent 
infection, could constitute a source for the 
dissemination of mousepox (sec Laboralory 
animal J(itnfl, 1981 ). 

A more significant observation in relation 
to possible persistent infection with ortho­
poxviruses was that recorded by Gledhill 
(1962a,b), who demonstrated that mice in­
fected by the oral route could sustain a 
chronic infection of the intestinal tract, with 
excretion of virus in the faeces and scabs on 
the tail near the anus. He was unable to 
••activate" acute mousepox in such carriers,
nor did they cause infection in susceptible
mice placed in the same cages.

Isola/Ion of other orlhopoxvir111es fro111 naltm1l!J 
infultd nor111al animals 

A number of reports of the recovery of 
orthopoxviruses from the tissues of appar­
ently normal animals have been published 
(Table 3.3). There are two problems in 
evaluating the significance of these findings, 
in terms of persistent infection. First, it is 
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Table 3.3. Recovery of orthopoxvlrusei from tluues of healthy anlmals thought to have been naturally 
Infected• 

bamplt No. 

I (1) 
1(11) 

1 

) 
.. 

5(1) 
5(11) 

Vlnn 

Cowpoa (r&t sualn)b 
Cowpoa (Turlunenla sualn)C 

Monhypoad 

Taterapoa• 
Ecuomet1af.1 

VKClnlah 
V,cdnla1 

from lunl' of 5 and kidneys of 14 out of 113 whltt rats In III lntertpldemlc period. 
From kidneys of 1reat prt,11 (�hombom,- oplmul) and yellow suslll (Oreltus fumls) 

uptured In T urkmenlsWI, lJSSII.. 
From kidneys of several apparently hulthy cyllOfnOlsut monktys thlt had been ••posed 

to lnftctlon In an outbreak In a laboratory colony. 
From M,erJSJMffl suspenston of I of 95 wllcl T,r.n iM!p# aptured In Benin. 
From bralrw of apparently normal mlct In a colony enzootlally Infected with tct,c,melg 

•Inn. 
lubbltpo11 ,1ru1 rec-td from kidney of an apparently healthy l'1,aa rlwJu,.. 
Vaccinia wus re<O¥trtd from kidney of C� ,salllu, kllltd In Zaire. 

'bdudlnl "whltepoa" ,lrusts (SN Chapter 30, Tablt 30.l).
b MartnnlkO'la ( 1979); ShelukhlN et al ( 197tb). 
c udnyl tt al. ( 1975); MareMlkOYa tt al. ( 1971b). 
dt1,snus ft al. ("59). 
'Lourlt tt al ("75). 
'ScW (1964). 
ITopdu tt al. 0972). 
II AlekJffva & Altopova ( 196' ). 
'ShelukhlN et al. (1975). 

Table 3.-4 Recovery of orthopoxvlruses from anlrmls that had been experlmenully Infected some weeks 
earlier and showed no dlnlcal signs at time of recovery of virus 

Eumple No. Vlnn 

I 

2 
) 

.. 

5 
' 

7 

I 

Ecuomel�• 
MonkeyP.Oab 

Cowpo11b 

Cowpox (rat sualn)b.c 

Cowpox (T urkmtnla straln)d 
VaccJn11• 

Vacdnlaf 

Vuiolal 

' Fenner ( 1941c ). 
b Shtlukhlna ft al. ( 1979b). 
C Maiboroda ( 1912). 
d Marennlkova ft al. ( 1971b). 
t Olltsky & Lon& ( 1929). 
f Glnsbtr& & Johnson ( I 977). 
ISarur ft al. (1959). 

Orcumsunca 

From luncs and spleen of 2 out of 114 mkt tested 5 weeks or more after rt<OYWY, 
From kidneys and luncs of hamste,, up to 6 weeks after lnttaardlac Injection. 
From kidneys and luncs of cotton ms and rau lnocubted lntranually up to 6 wttks 

earlier. 
From stvtral or1ans of whlu rats and Aarcus norYfllall Inoculated lntr&nually 4

WNQ earll,r. 
from kidneys and ltlltl of l'flt prblls and yelow susllks Inoculated 5 WNb urtltr. 
From spleen and ttsta of r&bblu Inoculated lnuadtrmally with neuro,,cdnla Ylrus 114 and 

133 days earlier. 
From brains of mlct pre-ueated with cydophosphamld, 60 days aft,r lnoculatJon with 

•KdnlJ YINI; by co-cukl,atlon only.
From bralN of mkt thlt had been lnocubttd lntratertbrally u Infant mkt up to 62 days 

earlier. 

possible that most or all of the positive results 
were obtained with animals that were exper­
iencing an inapparent infection at the time or 
were convalescing from infection (examples 
l(i), l(ii), 2, 3 and 4 of Table 3.3). Secondly, 
the virus apparently isolated from a normal 
animal may have been a laboratory contami­
nant (examples S(i) and S(ii) of Table 3.3). 

poxviruscs, there arc several reports of the 
recovery of orthopoxviruscs from the tissues 
of laboratory animals that had been infected 
several weeks eulicr and were apparently 
normal at the time of isolation of the viruses 
(Table 3.4). The results with mouscpox have 
been described. The most systematic studies 
were those reported by Marennikova and her 
colleagues with monkeypox and cowpox 
viruses (examples 2-5 of Table 3.4). The 
animals suffered inapparent infections and 
the relevant virus was recovered from some 
animals for up to 6 weeks after inoculation, 
when the experiment was terminated. Great 

Isolation of orlhopoxvir111ts fro111 "normaf' animals 
afttr ruovtry from txperimental infutio11 

Although most investigators have failed to 
demonstrate persistent infection with ortho-
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gerbils and yellow susliks suffered severe 
disasc with high mortality after inoculation 
with the Turkmenia strain of cowpox virus, 
but virus could be recovered from the kidneys 
and testes of animals dut survived for S weeks 
(example S, Table 3.4). 

Positive results were also reported with 
vaccinia virus in rabbits and mice (examples 6 
and 7, Table 3.4) and variola virus in mice 
(example 8, Table 3.4). 

Epidemiological Significance 

It is difficult to assess the epidemiological 
significance of these observations. Only in 
Glcdhill's experiments with ectromclia was 
there any evidence that virus shedding oc­
curred, but even then the infection of suscep­
tible contact mice was not observed (GledhilJ, 
1962a,b). In all other cases the virus was in a 
sequestered site and its presence was revealed 
only by laboratory manipulations. It is reason­
able to suggest that the persistent carriage and 
shedding of virus is not a factor of epidemi­
ological significance in orthopoxvirus infec­
tions in the way that is so important in 
arcnavirus and hcrpcsvirus infections. 

With smallpox, there is a further epidemi­
ological observation of great significance. 
Over a period of some 50 years, during this 
century, smallpox was progressively elimi­
nated from every country in the world. In 
no instance was a "spontaneous" outbreak 
identified after smallpox had been eliminated 
from a region or country. All outbreaks of 
which the source was found could be traced 
to the introduction of virus from k.nown 
inf ccted areas by known infected individuals. 

These results arc also relevant to the 
searches for the natural reservoir animal or 
animals of monkeypox in Africa (sec Chapter 
29) and the claims that variola virus has been
isolated from various healthy primates and
rodcnu (see Chapter 30). It is clear that
orthopoxviruscs have only very rarely been
recovered from wild animals, even when tesu
were carried out in areas and with species in
which there was serological evidence that
orthopoxvirus infection was widespread. It is
likely that virus isolation in such circum­
stances usually depends on the chance selec­
tion of an animal suffering or convalescing
from infection rather than a long-term car­
rier. This appears to have happened with
rodent strains of cowpox virus (examples l(i)
and l(ii) of Table 3.3). The chance of catching

such an animal during an ecological survey in 
tropical forest areas, with their abundance and 
diversity of animals, is quite small, which 
may account for the failure so far to recover 
monkeypox virus from a wild animal (except 
in one instance from a sick squirrel), and in 
part for the rarity of cases of human 
monkcypox. 

THE IMMUNE RF.sPONSE IN 
SMALLPOX AND AFTER 

VACCINATION 

Variolation, the ancient practice whereby 
smallpox was transmitted to a susceptible 
person by the inoculation of material from 
smallpox scabs or vesicles, was based on 
observations that pockmarked persons never 
suffered from smallpox a second time. It 
provided the foundation on which the science 
of immunology was built (Needham, 1980). 
The next major landmark in immunology, as 
Pasteur (1881) recognized when he general­
ized the use of the term vaccination, was 
Jenner"s substitution of an antigcnical­
ly related non-virulent agent (cowpox/ 
vaccinia virus) for the virus of smallpox. 

Although immunology arose from obser­
vations of protection from infection or re­
infection, the immune response also plays an 
important role in the process of recovery in an 
infected person. In the following pages both 
aspects arc reviewed. 

Protection against Reinfection 

After """i1UJlio11 

The responses obtained on rcvaccination 
with vaccinia virus at various intervals after 
primary vaccination or earlier revaccination 
arc described in Chapter 7. Immunity may be 
manifested by a complete absence of reacti­
vity, by an allergic reaction or by an acceler­
ated reaction which may nevertheless pro­
gress to vesiculation and which involves at 
least local replication of the virus used for 
rcvaccination. Skin site appears to play a role 
in the severity of the response to rcvaccina­
tion. In India rcvaccination was often per­
formed on the ventral surface of the forearm 
because positive reactions were more fre­
quently obtained there than in revaccination 
over the deltoid muscle. Even more striking 
were the finger lesions sustained by workers 
in vaccine production laboratories, who often 
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Cells Involved in the Immune Response 

The immune response is a complicated process about which a great deal has been 
discovered since most of the work on immunological responses in smallpox and vaccinia 
was carried out. Understanding of cell-mediated immunity, in particular, has burgeoned in 
recent years. A summary of current views on the cells involved in the immune response as 
they relate to viral infections is shown in Fig. 3.4. 

Very briefly, three types of cell arc involved-macrophages and two types of lympho­
cyte. Certain kinds of macrophage process antigens for presentation to lymphocytes. 
Lymphocytes belong to two main classes: T cells (meaning thymus-derived cells, of 
which there arc several subclasses), and B cells (coming mainly from the bone marrow in 
mammals), which produce antibodies. B cells have antibody-like receptors on their 
surfaces, one or a few cells having receptors of every imaginable specificity. When an 
antigen is appropriately presented to such a cell by a macrophage, the B cell differentiates 
to form an antibody-synthesizing plasma cell and at the same time divides to form a 
population (clone) of identical cells. Later, some members of this clone arc sequestered as 
long-lived memory B cells, which arc of critical importance in mounting a secondary 
response when reinfection occurs. 

T cells have different kinds of antibody-like receptors on their surface, and they also 
react specifically to different antigens, expand clonally, liberate active substances called 
lymphokincs, and sequester a small proportion of each clone as long-lived memory T cells. 
There are several subclasses of T cells. Two of these modulate the activity of the antibody­
producing B cells and of other T cells: Th or helper T cells and Ts or suppressor T cells. 
Other kinds of T cells arc responsible for the two main components of the cell-mediated 
immune response: Tc or cytotoxic T cells, which actively destroy cells bearing 
complementary virus-induced antigens on their surface, and Td cells, which differentiate 
on contact with the specific antigen, release lymphokines and produce delayed 
hypersensitivity reactions. T cells also produce one class of interferon (gamma-interferon), 
and there is another poorly understood class of lymphocytes (natural killer (NK} cells), 
which appear to kill certain host cells non-specifically. 

1,1 

suffered from vaccinial whitlows in spite of 
the fact that they were rcvaccinated annually 
( Horgan & Hasccb, t 944 ). Such cases often 
exhibited enlargement of the cpitrochlear and 
axillary lymph nodes and sometimes the 
reinfection progressed like a primary vaccin­
ial reaction, with maximum vesiculation on 
the 9th or 10th day. 

was rather high. Although collectively they 
saw many thousands of cases of variola major, 
it was very rare indeed to find one in a 
pockmarked person. 

After smallpox 

It is obviously difficult to obtain precise 
figures on the incidence of second attacks of 
smallpox. Dixon (t 962), quoting from the 
observations of Barry (t 889} in Sheffield, and 
Rao ( 1972), whose views were based on his 
own experience supported by laboratory evi­
dence, suggested that about 1 in 1000 pock­
marked persons suffered a second attack of 
smallpox. Epidemiologists working in the 
field during the Intensified Smallpox Eradi­
cation Programme believed that this figure 

Httrrologo111 prolttlio11 

Depending on the closeness of the anti­
genic relationship and the degree of general­
ization of the infection (and thus the intensity 
of the immune response), homologous protec­
tion would be expected to be greater than 
protection induced by a hctcrologous agent. 
Experiments in animals reveal that infection 
with any one orthopoxvirus produces sub­
stantial protection against disease produced 
by any other orthopoxvirus (vaccinia virus 
against ectromdia in mice: Fenner, 1947a; 
cctromelia virus against rabbitpox in rabbits: 
Christensen ct al., 196 7; vaccinia virus against 
monkcypox in monkeys: l\f cConncll ct al., 
1964; vaccinia virus against cowpox in rab-
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bits: Downie, 1939b; vaccinia virus against 
variola in monkeys: Horgan & Hasccb, 1939; 
tatcrapox virus against monkcypox in mon­
keys: Lourie ct al., 1975). Likewise, a prior 
attack of smallpox gave some protection 
against vaccination with vaccinia virus, 
which was much less prolonged after variola 
minor than after variola major (sec Chapter 1, 
Table 1.10). Persons with active variola major, 
vaccinated in order to prevent smallpox 
infection in case of a misdiagnosis, never 
exhibited a major reaction (Zikmund ct al., 
1978). 

However, the classic example of cross­
protection, on which the success of the global 
eradication campaign depended, was that 
described by Jenner (1798). Although Jenner 
realized that cowpox inoculation did not 
always result in a take (Jenner, 1799, 1804), he 
maintained that successful vaccination pro­
duced lifelong immunity to smallpox. That 
view was clearly wrong, and rcvaccination 
became an accepted practice early in the 19th 
century in continental Europe, although it 

was not widely practised until much later in 
Great Britain. Detailed information on the 
persistence of immunity to smallpox after 
vaccination with vaccinia virus is prcscntttl 
in Chapters 1 and 7. In general, vaccination 
within the previous 5 years protected persons 
exposed to smallpox against clinical disease 
and some protection was evident for over 30 
years. In countries in which smallpox was 
endemic, estimation of the duration of pro­
tection was complicated by the fact that 
subclinical smallpox, recognizable by rises in 
the titre of complement-fixing antibodies 
(which persist for only a few months after 
infection), occurred in a substantial number 
of vaccinated individuals who were in close 
contact with cases of smallpox (Heiner ct al., 
1971a; sec Chapter t ). 

Humoral and Cellular Responses in 
Orthopoxvirus Infections 

In orthopoxvirus infections the humoral 
response may result in the production of 
short-lived IgM or persistent lgG, and it may 
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be elicited by inactive virions or viral antigens 
and by both non-enveloped and enveloped 
infectious virions. The cellular response also 
may be evoked either by inactive antigens 
(which result in delayed hypersensitivity 
reactions without cytotoxic effects) or by cell 
surface membranes altered by viral infection, 
when both cytotoxic responses and delayed 
hypersensitivity may be involved. 

In the analysis of the scientific literature 
which follows, the humoral and cellular 
immune responses will be discussed separ­
ately; however, in any animal inoculated or 
infected with viral antigens or virus prep­
arations, the reactions described, and many 
others, go on simultaneously. In each section 
technical methods will be described first and 
then the results of experiments on orthopox­
virus infections in laboratory animals and on 
smallpox and vaccinia in man will be 
reported. 

Methods for Measuring Antibodies to 
Orthopoxviruses 

At various times almost every method that 
has been developed for detecting antibodies 
has been employed for titrating antibodies to 
orthopoxviruses, especially in the case of 
vaccinia virus, the prototype virus of the 
genus. In the following paragraphs the meth­
ods more commonly used arc listed, with 
comments about particular features of each, 
notably its sensitivity, the persistence of the 
antibodies detected by particular tests, the 
potential of the test for distinguishing 
between different species of orthopoxvirus, 
and the relation of antibodies detected by 
various tests to protection. 

With the discovery of monoclonal anti­
bodies and the subsequent development of 
this new tool, serological methods achieved 
a quantum leap in their power to detect and 
discriminate between antigenic sites (epi­
topes). In principle, monoclonal antibodies 
can be used to titrate either antigens, by any of 
the methods outlined below, or antibodies, by 
using them in blocking tests. At the time this 
chapter was written no use had been made 
of monoclonal antibodies in orthopoxvirus 
research. 

St111ilivi1,J and spetifitity of differenl serologiral ltsls 

Different serological tests differ consider­
ably in both scnsitivity-i.e., the amount of 
antibody required to give a positive result­
and specificity-i.e., their ability to discrimi-

nate between different but related antigens. 
Although they can be refined, if used with 
monoclonal antibodies or with antibodies 
produced by immunization with purified 
antigens, the first four tests described below 
ordinarily register reactions between several 
or all of the large number of antigens 
produced in orthopoxvirus infections and 
certain classes of all the antibodies, of varying 
specificity, that are produced during immuni­
zation or infection. Other serological tests are 
more discriminative, in that they involve only 
one or a few of the antigens produced during 
viral infection and the corresponding anti­
bodies, or else the mixed antigen-anti­
body complexes can be separated by diffusion 
or electrophoresis in gels. 

Compkment-fixalion (CF) ltSI 

Many poxvirus antigens react in CF tests, 
including an early antigen located on the 
surface of vaccinia-infected cells (Ueda ct al., 

1972). However, only antibodies of certain 
classes and subclasses (in man: IgM and to a 
lesser extent IgG1 , IgG2 and IgG3) participate 
in CF reactions; in general, such antibodies 
are short-lived so that a positive CF reaction is 
an index of recent infection (in man, within 
12 months; Wulff ct al., 1969). This property 
was exploited by Heiner ct al. (1971 a) in their 
study of subdinical infections in vacci­
nated household contacts of smallpox cases 
(sec Chapter 1, Fig. 1.2). 

Because so many antigens arc common to 
all orthopoxviruses, the CF reaction is useless 
for discriminating between different species 
of the genus, unless used with an antigen that 
is species-specific. 

]11111111nofl110rtsttntt Its/ 

Like the CF test, immunofluorescencc can 
be used to detect many different orthopox­
virus antigens. However, in contrast to the 
antibodies active in complement fixation, the 
IgG antibodies involved in immunofluorcs­
cence reactions are long-lived (Gispen et al., 
1974). Combined with serial absorptions of 
antisera with suitable suspensions of virus­
infected tissue, immunofluorescence can be 
used to recognize species-specific orthopox­
virus antibodies in sera of animals caught in 
the wild (Gispen et al., t 976). However, it 
suffers from the disadvantage of being rela­
tively insensitive. lmmunofluorescence has 
proved useful in the study of the sequence of 
intracellular events in orthopoxvirus infec-
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tions (Ueda ct al., t 972) and in studies of the 
pathogenesis of poxvirus infections in exper­
imental animals (Mims, 1964, 1966), for it 
provides a method of demonstrating the 
cdlular and intracellular localization of ,·iral 
antigens. 

�ioi• 1'1111104JSII;) 

The sensitivity of several serological meth­
ods an be gr�tly enhanced by tagging 
relevant antigens or antibodies with radio­
isotopes. Radioimmunoassay, which is about a 
thousand times more sensitive than immuno­
ffuoresccnce, for example, can be used for the 
detection of antigen-antibody r�ctions in 
tubes or plates.or it can be combined with gel 
precipitation and autoradiography to discri­
minate between antigens produced in ortho­
poxvirus infections (radioimmunoprccipita­
tion, 5CC below). 

Hutchinson et al. (1977) developed a 
radioimmunoassay test for detecting species­
specific orthopoxvirus antibodies in absorbed 
scra, which because of its sensitivity could be 
applied to scra obtained during field surveys. 

ELISA ,.,,hod 

Like the complement-fixation, immuno­
ffuorescence and radioimmunoassay tests, the 
ELISA (enzyme-linked immunosorbent as­
say) method provides a sensitive way of 
recognizing antigen-antibody r�ctions. It 
was developed rather too late to have been 
much used in research on smallpox and 
vaccination, but it constitutes a potentially 
useful field tc5t for ecological studies of 
monkeypox, particularly if it an be used with 
a monkeypox-specific antigen or, in blocking 
tests, with suitable monoclonal antibodies. 

N t11lr11li'VJlio11 Its/ 

Neutraliution of infectivity is the tra­
ditional discriminative test in animal viro­
logy, and is used to distinguish between differ­
ent species of Alph1111ir,u and F/aa,;,,;r,u, for 
example, or different strains of Jwj/M,,'VJvir11s. 
The antigens which evoke neutralizing anti­
bodies after infection with orthopoxviruses, 
however, show a great deal of overlap (i.e., 
several epitopes are shared by aJJ members of 
the genus), so that, as ordinarily performed, 
neutralization tests detect genus-specific 
rather than species-specific antibodies. 

The neutraliution of infectivity of ortho­
poniruscs can be carried out by testing virus-

scrum mixtures in experimental animals (rab­
bit skin: Parker, t 939; mouse brain: Bronson 
& Parker, t 941 ), or by looking for plaque or 
focus reduction in cultured cells (McNeill, 
1965; Kitamura & Shinjo, t 972) or pock 
reduction on the chorioallantoic membrane 
(Keogh, 1936; McCarthy ct al., 1_958a). AU 
species of Orthopoxnr,u cross-r�ct m neutral­
ization tests, although titres are highest with 
the homologous virus (Downie & McCarthy, 
1950; Mc Neill, 1968). In man, neutralizing 
antibody persists for many years after recov­
ery from both smallpox and vaccination with 
vaccinia virus (McCarthy ct al, t 958a,b; 
Downie & McCarthy, 1958). 

Traditionally, neutnlization tests have 
been carried out with suspensions of virions 
obtained by disrupting infected cells. Since 
such virions lack the mvclopc antigens found 
in naturally rel�scd virions (sec Chapter 2), 
these neutralization tests do not measure aJJ 
the antibodies that arc important in protect­
ing against infection or acting against. circu­
lating virions. Antibodies that neutralize the 
infcctivity of enveloped virions can be assayed 
by the "anti-comet" test of Appleyard ct al. 
(1971) (Plate 3.10). In essence, this test in­
volves the use of a liquid overlay for cell 
monolayers infected with suitable concentra­
tions of a strain of an orthopoxvirus, such as 
rabbitpox virus, that produces many enve­
loped virions. These migrate in the liquid 
overlay to produce comet-shaped ar�s of cell 
damage. Antibodies that neutralize the infcc­
tivity of envelope antigens, added after viral 
adsorption, prevent the formation of the 
"comets" but not the development of plaqun. 
Antibodies to non-enveloped virions have no 
such effect, but prevent plaque production in 
orthodox neutralization tests, in which virus­
serum mixtures arc added to the monolaycr. 

Hat11111u.l11li1111lio11-i11h1bilio11 ( HI) Its/ 

All orthopoxviruscs, but no other members 
of the family Poxviridac, produce a haemag­
glutinin which agglutinates cells from select­
ed chickens. lkcausc of its simplicity, the HI 
test has been widely used in serological 
surveys in man and in animals (e.g., for 
elucidating the ecology of monkcypox virus, 
sec Chapter 29). The hacmagglutinin appears

earl}' in the course of infection as one of 
several new components of the surface mem­
brane of infected cells (Blackman & Dubel, 
1972), where it may be rt'cognized by haemad· 
sorption tests (Driessen & Greenham, 1959). 
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Plate 3.10. The ··ano-comet"· ttsL Strains of virus which produce tubsun� numbcn of utncd.Mr
enve4oped virions produce ··comet tals .. from the inttw pl,qua when suiuble c:Muoons are inoculated 1n mono­
byers with I i.q.,id overlay medium (A). Addit.t0n to the overuy medium of antbody to viral envelopes or 
envdoped vmons. or of anuserum from an animal that has been infected with vaccilu Yirvs. pre�ts the 
prodYcuon of the ··comet u�s" but not of the in,ti� pbq�s (I) AnoseNm to surface tubuw •menu or 
inactivated virions, althoucf, it neutnlizts the infe<t1V1ty of non-env� vlrion1. does not Inhabit "com.t" 
formu1on. (From Appleyard tt al. 1971.) 

Haenudsorption tests arc useful in confirm· 
ing whether suspicious cytopathic ctf«ts in 
tissue culture arc caused by an orthopoxvirus. 
The hacmagglutinin also occurs as a compo­
nent of the viral envelope (Payne & Norrby, 
1976), but separately from infectious non­
cnvdoped virions in extracts of inf«tcd cells. 
I hemagglutinins produced by diffcrcnc 
orthopoxviruSC$ cross-react, although titres 
arc usually higher with the homologous virus. 

According to Downie and his colleagues 
(Mcurthy ct al., 1958b; Downie & McCar· 
thy, 1958), antibodies with HI activity penist 
for ,·uying periods after recovery from ortho• 
poxvirus infection, usually for only a few 
mon1hs but somewhat longer than CF anti• 
bodics(sce Fig.3.6and 3.7). Thusthcy wcrcusc• 
fut in determining whcth" r«ent infection 
wich ,mall pox had occurred and were so used 
by Heiner ct al. (197h), but have limitations 
when used for epidemiological or «ological 
surveys aimed at determining the prcnltncc 
of orthopoxvirus infections. Hov,e,·er, using a 
somewhat different protocol for the prep· 
aration of vaccinia haemagglutinin, Nakano 
( 1985) found that HI antibodies were more 
,x-rsistent than previously thought. In tests on 
African subjects who had recovered from 
monkeypox. he found posith•e rrsuhs in some 
individuals more than 4 )'tars after recovery. 
further, wht'n scra from 600 .Afric.1ns of all 

ages wcrt tested for HI and ntutnlizing 
antibodies, mort th,an 60% ga,·e positive 
results by one or the othtr test. Most of these 
wtrc positi,·c by both trsu but � gne 
positive results by HI but not by nn1tral• 
iution, and vice vnu. 

Non•sp«ific inhibiton of orthopo:nirus 
hacmagglutinin occur in some sen, especially 
if the specimens art old, have bttn improperly 
stored or were collected during autopiy. They 
can usually be removed from human scra 
without loss of specific antibody by treatment 
with potU5ium iodate (Espmark & MagnU$· 
son, 1964} 

Some strains and mut2nts of orthopox• 
viruses fail to produce a haemagglutinin or 10 
promote the production of HI antibodin 
(Cassel, 19S7; Fenner, 1958} Experiments 
with these virusn, and other evidence, show 
that HI antibodies arc unrtlated to those 
in,·olvcd in neutralization rcsctions, or to 
prot«tion against infection, ahbough the 
presence of HI antibodies is evidence th2t the 
anti�ns that do evoke the production of 
protccth·c antibodies ha,·c been produced 

Pmipitalio11 /,s/1 

Much of tht' early work on the soluble 
antigens produced in orthopoxvirus-infccted 
cells, inrnlving borh the time course of their 
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production (e.g .. Appleyard & Westwood, 
1964a) and comparisons betwttn strains and 
mutants of orthopoxviruscs (e.g., Gispen, 
1955; Rondlc & Dumbell, 1962), utilized 
simple gel-precipitation tests. With the use of 
absorbed scra, reactions can be detected which 
differentiate variola, monkeypox and vaccinia 
viruses (Gispen & Brand-Saathof, 1974; 
Esposito ct al., 1977a). However, the sensi­
tivity of simple gel-precipitation tests is low; 
they require highly potent scra and arc not 
readily applicable to sera obtained from 
animals that have recovered from natural 
inf cctions. 

Gel precipitation used to be recommended 
as a method for rapid smallpox diagnosis, 
using vaccinia-immune sera and vesicle fluid 
or crust material as a source of antigen (World 
Health Organization, 1969a; sec Chapter 2). It 
was widely used for rapid presumptive diag­
nosis in laboratories which lacked facilities 
for electron microscopic diagnosis (Rao, 
1972; A.W. Downie, personal communica• 
tion, 1981 ), but was rarely employed in WHO 
collaborating centres after electron micro­
scopy by negative staining had been de­
veloped. Further, although it was almost 
always positive with fresh material (Noble ct 
al., 1970), its efficiency was much lower (only 
about 70%) in material that had been dis­
patched from the field to a WHO collabo­
rating centre (sec Chapter 2, Table 2.10). 

The sensitivity ano discriminative power 
of gel precipitation were greatly enhanced by 
two modifications: (1) electrophoresis of the 
viral antigens or antigen-antibody complexes 
in SDS-polyacrylamide gels, and (2) radio­
isotopic labelling of the antigens. The radio­
immunoprecipitation test was used by Ikuta 
ct al. (1979) to demonstrate the prncnce 
of serologically related antigens among pox­
viruses of the same and different genera. 

The Humoral Response in Relation to 
Pathogenesis 

Until comparatively recently, the "immune 
response" was equated with the production of 
antibodies. It is now clear that cell-mediated 
immunity is of even greater importance than 
antibodies in the pathogenesis of many infec­
tious diseases, and in every infected animal or 
human being with a normal immune system 
humoral and cellular immunity always oper­
ate simultaneously. It is convenient, however, 
to consider these two aspects of the immune 
response separately. 

During infection with a virus as complex as 
an orthopoxvirus, antibodies of many differ­
ent specificities arc generated. Most of these 
arc probably irrelevant, as far as the patho­
genesis of poxvirus infections, recovery and 
protection arc concerned. The relevant anti­
bodies belong to three classes: (1) antibodies 
that neutralize viral infectivity, of which 
there arc two subclasses, directed respectively 
against non-enveloped and enveloped virions 
(review: Boulter & Appleyard, 1973); (2) 
those that, with complement, lysc virus­
infected cells (review: Sissons & Oldstone, 
1980); and (3) antibodies that combine with 
circulating antigens to produce immune com­
plexes, which might have been responsible for 
some of the "toxic" symptoms in smallpox. 

It has long been believed that specific 
antibodies generated by the humoral immune 
response played important roles in both 
protection against orthopoxvirus infections 
and recovery from established infections. The 
protective effect of antibodies is most clearly 
demonstrated by passive immunization; their 
putative role in recovery was based mainly on 
temporal relationships observed during the 
course of established infections. 

Passi11t i1111111"1ily 

Passive immunization, either natural, by 
the transmission of antibodies from mother to 
progeny, or by the inoculation of antiscra, 
provides a means of examining the influence 
of antibodies on the disease process uncompli­
cated by cell-mediated immunity. The effect 
of passive immunization in protecting against 
infection with vaccinia virus was recognized 
as long ago as 1877 (Raynaud, 1877). The 
effectiveness and the limitations of passive 
immunization in generalized poxvirus infec­
tions arc well illustrated in experiments on 
mouscpox (Fig. 3.5). Active immunization 
with ectromclia virus (not illustrated) usually 
inhibited viral replication in the inocu­
lated foot and always prevented generaliza­
tion of the disease. Active immunization with 
vaccinia virus (Fig. 3.5B) had little effect on 
viral replication in the foot but greatly 
diminished generalization, although a tran­
sient rash sometimes occurred. The antibody 
titre rose and the relative titres against 
ectromdia and vaccinia haemagglutinins 
were reversed between 7 and 8 days after 
infection. Passive immunization was much 
less effective in modifying the course of the 
disease. Vaccinia-immune scrum (Fig. 3.50) 
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F,g. 3.S. The spread of ectromelia virus through the organs of mice, either unprotected (A). or protected by 
active immuniutlon with vaccinia virus (8), or by pusive lmmuniutlon with ectromelia-immune serum (C) or 
vaccinia-immune serum (D) obuined from convalescent mice. E-H I and V-H I :a haerNg,glutlnin-inhibitln& anti­
bodies to ectromelia (E) and vaccinia (V) antigens. (From Fenner, I 949b.) 

had almost no effect and several mice died 
with acute hepatitis at the same time as the 
controls. Ectromelia-immune scrum (Fig. 
3.SC) was more effective but did not influence
viral replication in the inoculated foot, and a
low level of replication in the spleen and skin
was found in most animals. In passively
immunized mice the antibody level rose about
2 days later than it did in the vaccinated mice.

These experiments illustrate two import­
ant features of passive immunization that arc 
relevant to vaccination and smallpox in man. 
First, active immunization, whether heter­
ologous (by vaccination) o r  homologous 
(after recovery from mousepox and, by ana­
logy, from smallpox), provided much greater 
protection than the administration of pre-

formed antibodies, even when the antibody 
titres in the pauivcly immunized mice were 
higher than those in the actively immunized 
animals. The rnson for the difference is that 
active immunization with inf cctious virus 
provokes the complete range of cell-mediated 
and humoral immune responses; paujvc im­
munization provides only the antibodies pre­
sent in the convalescent animals from which 
the scra were obtained Secondly, passive 
immunization with the homologous antibody 
provided much gr�ter protection than did 
heterologous antibody, even though the scra 
cross-reacted extensively in neutralization 
tests. In rcJating these experiments to human 
vaccination and infection with variola virus it  
i s  important to realize that vaccinia and 
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nriola viruses crou-rcact to a gre2tcr degree 
than do vaccinia and ectromelia viruses. 

Experiments on passh·c immunizition in 
rabbitpox (Boulter ct al., 1961b) confirmed 
the protective value of potent homologous 
antiserum, which protected rabbits from 
dt-ath, even when tre2tmcnt was dcla)•ed until 
overt disease had developed. Subsequent ex­
periments (Boulter ct al., 1971; scc Table 3.5) 
showed that antiscra produced after infection 
with live virus had a much gre2tcr protective 
effect than antiserum produced by immuni• 
zation with inactivated virus, even when 
the neutralizing titre, measured by orthodox 
neutralization tests, was much lower. 

Thus antibodies as such do have an effect 
on viral rcpliation and spre2d in general­
ized poxvirus infections, although, as de­
scribed below, cell-mediated immunity is 
probably more importanL The influence of 
congenital passive immunization and the 
administration of antiscra to smallpox cases or 
contacts is discussed in Chapter l ; the use of 
anti•\laccinial gamma-globulin in generalized 
vaccinia is dealt with in Chapter 7. 

Tht 1111/ibody rtspo11st d11ri11g i11fulio111 

In almost C\lcry kind of viral infection that 
has been studied, there is a relationship 
between the time at which circulating neu­
tralizing antibodies first become detectable 
and the progrcssi\•c decrease and eventual 
disappearance of virus in the blood and 
parcnchymal tissues. Howc\ler, the simul­
taneous acti\lation of cell-mediated immunity 
and the possible earlier effects of interferon 
production (sec below) make interpretation 
difficult. 

Nt11lraliz}11g anlibodiu and proluliiv i1111111111i1.J 

From the point of view of protection 
against natural infection, the antibody that 
neutralizes cn\lcloped virions is theoretically 
more important than the antibody that neu­
tralizes non-enveloped virions (rc\·icw: 
Boulter& Appleyard, 1973). Howcvcr._almost 
all reported studies of the role of neutralizing 
antibodies in the pathogenesis of poxvirus 
infections were c.arried out before the demon• 
stration of the significance of enveloped 
virions, and assays of neutralizing antibodies 
have been performed with virus suspensions 
obtained by disrupting infected cells, and thus 
have measured antibody to non-enveloped 
virions. It is likely that relatively few virions 

circulate in this form during poxvirus infec­
tions; they arc either cell-associated, in cells 
whose surface membranes may be altered by 
the incorporation of virus-specific antigens, 
some of which arc similar to those found on 
the viral envelope, or they occur outside cells 
(in plasma or tissue fluids) as enveloped 
particles. 

Antibody which specifically neutralizes 
em·cloped virions can be detected by the 
"anti-comet" test (sec Plate 3.10). The differ­
ences between neutralizing antibodies to 
enveloped and non-enveloped virions arc 
particularly important in rtlation to efforts to 
produce inactivated vaccines for protection 
against smallpox (sec below). The relevant 
features of the cxperimcnts by Boulter, 
Appleyard and their colle2gues (Appleyard 
ct al., 1971 ; Boulter ct al., 1971 ; Turner & 
Squires, 1971) and later experiments by Payne 
(1980) can be summarized as follows: 

( l) Sera of rabbits which had recovered
from infection with rabbitpox virus con­
tained antibodies that neutralized enveloped 
virions; sera from rabbits inoculated with 
inactivated virions lacked such antibodies. 

(2) Sera from both groups of rabbits
neutralized non-enveloped virions. 

(3) Crou-absorption of the two types of
sera with concentrated enveloped or non­
enveloped virions sclecth•ely removed neu• 
tralizing antibodies of the appropriate 
specificity. 

( 4) Antibody to isolated envelopes was able
to neutralize the infcctivity of enveloped 
virions and to protect mice against the spread 
of infection. 

(5) Rabbits immunized with inactivated
rabbitpox virus (i.e., with inactivated non• 
enveloped virions) had high levels of neutral­
izing antibodies to non-enveloped and none 
to enveloped virions, but showed only partial 
immunity on challenge inoculation, whereas 
rabbits immunized with cm·cloped virions 
were fully protected. 

Antibody-nudialtd rompltm111l-dep,11tk111 !JSiS 

Oldstone and his collaborators (rc\•ie,.•s: 
Oldstone & Lampert, 1979; Sissons & Old­
stone, 1980) ha,·e shown that antibodies can 
exert a number of significant effects on virus• 
infected cells. In conjunction with comple­
ment or cytotoxic lymphocytes, lgG antibody 
can mediate the destruction of virus-infecttd 
cells. In rxperiment with vaccinia in humans, 

https://v3.camscanner.com/user/download


3. PATHOGENESIS, PATIIOLOGY AND IMMUNOLOGY ISS 

Perrin et al. (1977) suggested that lysis of 
,·irus-infccted cells was more likely to be due 
to non-specific "killer" lymphocytes (NK 
cells} acting in the presence of antibody to 
viral antigens located in the cell membrane 
than to specifically sensitized q•totoxic 
lymphocytes. 

l"''"""t ,ompltxts as 11 '""st of loxaemia 

Soluble orthopoxvirus antigens and im­
mune complexes could be readily demon­
strated in the plasma of severe cases of 
smallpox (Downie ct al., 1953). It is possible 
that these immune complexes played a part in 
the production of the toxaemia that was so 
characteristic of variola major. 

Methods for Measuring Cell-Mediated 
Immunity 

Nahm of lht ulls involvtd 

Although observers had long been con­
cerned with the frequent lack of correlation 
between circulating antibodies and recovery 
from infections, "cellular immunity", in­
voked in such situations to explain recovery 
from disease, had no precise meaning until the 
complex immunospecific responses of T cells 
were recognized during the 1970s, distinct 
and independent of the antibody-producing 
B cells. The T-ccll responses, other than those 
involved in modulation of the humoral re­
sponse (sec Fig. 3.4), constitute cell-mediated 
immunity. The mechanisms by which T 
lymphocytes exercise antiviral functions are 
complex; they may involve both the direct 
effects of T cells on cells with virus-modified 
surface membranes and the effects of their 
secreted products, which are called lympho­
kines and include, among others, gamma­
interf eron. 

Tht delayed hypersmsilivily rta,Jion 

The classical method of mt.Uuring cell­
mediated immune responses is the skin test 
for delayed hypersensitivity, an expression 
used to contrast the time course and nature of 
the reaction with that of "immediate" hyp<"r-
6<'nsitivity, which comes on within minutet of 
exposure to the relevant antigen and is 
mediated by JgE (Gell ct al., 1975). It is a 
complex reaction fovplving three compon­
ents: ( 1) an initial one in which antigen• 
se-nsitive T cells arc st"nsitized, a procedure 

that may require the prior processing of 
antigens in macrophages; (2) a further com­
ponent, consisting of antigen recognition and 
the proliferative response of T cells, with 
release of lymphokincs; and finally (3) an 
inflammatory response which is amplified by 
chemotactic factors. Delayed hypersensitivity 
can be passively transferred by suspensions of 
lymphoid cells, but not by antiserum. Two 
subclasses of T cell may be im•olved in delayed 
hypersensitivity reactions (Fig. 3.4): (1) cyto­
toxic T cells (Tc) are evoked by viral infection 
and have cytotoxic activity, reacting specifi­
cally with virus-induced antigens on cell 
membranes; (2) delayed hypersensitivity T 
cells (Td} are evoked by antigen presented in a 
non-multiplying form, such as inactivated 
vaccines, as well as during vinl infections; 
these T cells arc not cytotoxic (Ada ct al., 
1981). 

Delayed hypersensitivity is recognized by 
the accelerated response to inoculation of the 
antigcn(s) into the skin; its development 
during vaccine inoculation of man was recog­
nized by Jenner (1798) and has been repeat­
edly demonstrated since then (e.g., Pincus & 
Flick, 1963). It was commonly used as a 
method of assessing immunity to smallpox, 
but its reliability for this purpose depended 
on which kind of T cells produced the 
reaction. If they were cytotoxic T cells 
produced by prior infection with active virus, 
delayed hypersensitivity was a good index of 
resistance. If they were the kind of T cell (Td) 
provoked by a non-multiplying antigen, 
which lacked cytotoxic capacity, there was 
usually no correlation between delayed hyper­
sensitivity and resistance-i.e., delayed hyper­
sensitivity is an indicator of resistance only 
when it is an indicator of the presence of 
cytotoxic T cells (Ada et al., 1981). 

In vitro 1uhniq11ts for ana!Jsing T-ftll f11n,lion 

There is no satisfactory ;,, vitro assay of 
delayed hypersensitivity; the reaction in­
volved is a particular kind of inflammatory 
response which must be tested in intact 
animals. However, in experimental systems 
there is a good assay for cytotoxic T cells. A 
known number of s 1 Cr-labelled, virus-in­
fected target cells arc cultured together with 
varying numbers of lymphocytes obtained 
from the spleen or lymph nodes. The release of 
the radioactive label is an index of cytotoxic 
T �cell activity; proof that it is due to T cells is 
provided by the absence of lysis if the 
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l)·mphocyte prrparation is trrated with anti•
thrta scrum and complement.

111 ,;,,, expcrimrnts with cells infected with 
ectromdia virus (Ada ct al., t 976; Jackson ct 
al, t 976) and with vaccinia ,•irus (Koszinow• 
ski & Ertl, t 976) showed that some of the 
cell-surface changes relevant to T--cell-mcdi­
ated lysis occurred before viral DNA replic­
ation had begun-i.c., they were .. early" 
synthetic functions coded for by the input 
DNA. 

The mechanism of cytotoxic T --cell lysis 
was shown by Zinkcrnagcl & Althagc (t 977) 
to be a direct interaction between the appro­
priate T cells and cells infected with vaccinia 
virus. Recognition by T cells dcpcnded on the 
prncncc on the membranes of infe cted cells of
both virus-specified antigens and the appro­
priate major histocompatibility gene pro­
ducts. The early lytic effect ensures that cells 
arc lysed before progrny virions arc a�mbled 
and thus accounts for the efficiency of cell­
mediated immunity in the control of estab­
lished infections with orthopoxviruscs (sec 
below). 

Cell•Mediated Immunity in Relation to 
Pathogenesis 

There is even more need to make use of 
model systems in liboratory animals to eluci­
date the role of various components of the 
immune response in smallpox than in studies 
of the spread of infection during the incu­
bation pcriod. Mice arc particularly suitable. 
since so many genetically defined mouse lines 
arc available. Mouscpox, which proved so 
useful for studying other aspects of patho­
genesis, is the system most likely to provide 
clues as to the relative importance of humoral 
and cell-mediated immunity in smallpox, and 
has been extensively exploited for this pur­
pose (Blanden, 1970, t 971a,b; reviews: Blan­
drn, 197 4; Cole & Blandcn, 1982). 

Exptrilfltll// 1"ilh 1'10111,pox 

Mechanisms controlling viral growth in 
the major visceral target organs (liver and 
spleen) become opcrativc 4-6 days after 
primary infection by the natural route, which 
in the txpcrimcntal studies was simulated by 
subcutaneous inoculation into the footpad. 
Cdl•mcdiatrd immune responses occur soon 
afrcr infection: virus-spccific cytotoxic T

cdls arc dctrctable 4 days after infection and 
reach peak lcvds in the spleen t-2 days later, 

while delayed hypersensitivity is detectable 
by the footpad test 5-6 days after infection. In 
contrast, significant neutralizing antibody is 
not detectable in the circulation until the 8th 
day. 

Mice pretreated with anti-thymocytc 
scrum. which acts specifically on T lympho­
cytes, die from otherwise sublethal doses 
of virus. because of uncontrolled viral 
growth in target organs. Such mice have 
impaired cell-mediated responses but their 
neutralizing antibody levels arc normal, intcr­
f cron levels in the spleen are elevated, and the 
innate resistance in target organs is un­
changed. 

V cry large doses of interferon or immune 
scrum transferred to previously infected re­
cipients arc relatively ineffective against the 
established infection in target organs, al­
though high levels of interferon and high 
antibody titres can be demonstrated in the 
scra of the recipients. On the other hand. 
immune spleen cells harvested 6 days after 
active immunization of the donor transfer 
spccific and highly efficient antiviral mech­
anisms which rapidly eliminate infection 
from the target organs of the recipients. in 
whose scrum neither antibody nor interferon 
is detectable. The active cells in the immune 
population can be identified as cytotoxic T 
cells. Mononuclear phagocytes of immune T­
ccll recipients, labelled with tritiated thymi­
dinc before T-ccll transfer, appear in foci of 
infection in the liver after T-ccll transfer. and 
prior irradiation of immune T-ccll recipients 
in a regimen designed to reduce blood 
monocyte levels significantly reduces the 
antiviral efficiency of the transferred cells. 

Thnc findings support the idea that blood­
borne cytotoxic T cells with immunologi• 
cal specificity for virus-induced antigenic 
changes in inf ccted cell surface membranes 
enter infectious foci and retard viral spread by 
lysing infected cells before the maturation 
and a�mbly of progeny virions. This T-ccll 
activity attracts blood monocytcs which con· 
tribute to the elimination of infection by 
phagocytosis and intracellular destruction of 
virus. Macrophage activation and locally pro• 
duced interferon may increase the efficiency 
of virus control and elimination, but arc less 
important than T cells. 

Recognition oft he i mporu nee of cytotoxic 
T cells in controlling the replication of 
cctromdia viru� rn foci of infrction docs not 
mein that humor:il ant 1bodies do not also play 
a role in path, �enc,;1,;. Indeed, the rarly 
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experiments of Fenntt (s« Fig. 3.5) wi1h 
connlcscent antiserum from «tromclia-im­
mune aninals ,howed that antiKra do have an 
effect on the progression of infection, prob• 
ably in controlling the viuemi2. 

The Immune Response in Smallpox 

Because it is so easy to obtain 1erum, 
because many .crological tests for antibodies 
arc simple to perform, and because the 
de,1clopment of knowledge about cell-medi­
ated immunity is relatively recent, studies of 
the immune response in smallpox and after 
nccination arc dominated by reports on the 
humoral component of the immune response 
and very deficient in observations on cell­
mediated immunity. 

A111tbotl:J prodMclio11 ;,, ,11111 of 1111ailpdx 

The most comprehensive studies on the 
serological responses to smallpox arc those 
reported by Downie and his colleagues in 
1958 and 1969. Working with variola major 
patients in Madras. India, Downie ct al 
(1969a,b) examined the scra of 151 patients 
with ordinary-type and modified-type small• 
pox, 37 patients with culy hacmorrhagic-
1ypc smallpox and 40 patients with late 
haemorrhagic•t)'pe smallpox. 

In non-haemorrhagic smallpox humag• 
glutinin-inhibiting {HI) and neutralizing 
antibodies showed rising titres from the 6th 
day of illness (i.e., approximately 18 days after 
infection) and most patients developed anti· 
bodies demonstrable by gel precipitation or 
by complement fixation {CF) some 2 days 
later. Most of the patients studied were adults 
\lo'ho had 1ears attributed to childhood ,•acci­
nation; the antibody response usually oc­
curred a few days later in unnccinated than 
in vaccinated patients. 

Most of the patients with haemorrhagic­
type smallpox were adults with old vacci­
nation scars (Rao, t 972). Their antibody re­
sponses were much lower, and occurred later, 
than those of patients suffering from ordi­
nary-type or modified-type smallpox. Only 5 
patients, all with late haemorrhagic-type 
smallpoK, developed antibody that reacted in 
the precipitation test; 4 of these patients and 
2 01hers were the only ones with CF antibody. 
Tests for HI antibody, on the other hand, 
were almost always positi\·e and the titres 
were comparable to those found in non­
haemorrhagic smallpoK. The titres of neutral-

izing antibod,cs "'ere much lower than those 
in non-haemorrhagic smalJpox and the rcac• 
tion was often still negati\·e when the patient 
died. Cases of haemorrhagic-type smallpox. 
but not other types. always had high and 
sustained vir2emia and antigenaemia {see Fig. 
3.2). 

Another important aspect of the humoral 
response was the persistence of antibodies 
af,er recovery from smallpox. as detected by 
different tests. Downie & McCarthy {1958) 
provide relevant data on some of the scra from 
32 British cases of variola major (of whom 25 
survind) and 19 cases of variola minor. The 
results {Fig. 3.6), expressed on several time 
frames and on a logarithmic time sale, 
showed that the levels of neutralizing and HI 
antibodies rose on about the 6th day of illness 
and the le,·cl of CF antibodies about 2 da)•S 
later. Neutralizing antibody titres us&12lly 
persisted for sevenl years. HI titres usually 
fell to low levels by the 5th yeu after 
infection, and CF antibody titres nrely per­
sisted for as long u 1 year. 

C1/J-1111di'111d ;,,, • .,,;IJ ;,, 111111UJ>dx 

Undcrstanding of the importance of cell­
mediated immunity in the rccovery process in 
poxvirus infections came too recently for 
appropriate studies to hne been conducted in 
c.ascs of smallpox, although it would have
bttn of considenble interest to sec whdhcr
the T-cell responses wcre defective in ftar­
typc and haemorrhagic-type smallpox. The
extent of the rash precluded studies of delayed
hypersensitivity by skin tests. The only report
on cellular immunity in smallpox is that of 
Jackson d al. (1977), who determined the
proportion of T and B cells in the peripheral
blood of 17 smallpox patients in Bangladesh,
at times varying bctwttn 3 and 21 days from
the oruet of illness. The T-ccll counts were
consistently lower in smallpox patients than
in the controls; in 2 out of 4 fatal C2SCS the 8-
cell counu were lower than in any of the
controls. The 2 patients who had the highest
null cell counts (lymphOC)'tCS not identified as
either T or 8 cells) d,ed, while 5 patients with
consistently low null cell counts survived.
Since no effort was made to determine the
nature of the T cells studied, this result can
only be regarded as preliminary. If it were
possible to carry them out, studies on
patients with human monkcypox would
provide the only opportunity left to extend
the� invcstigations.
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Fi& 3.6. Antibody production and perliuence in 
cases of non-hiemorrha1ic smallpox (variola major 
and variola minor. not differentiated). u determined 
by various tests. A: Neutraliution of varlola virus 
pock production on the chorioallantoic membrane; 
8: Complement fi11ation with vaccinial antiiens; C: 
Inhibition of humaulutination by vaccinia haema,­
&lutinin. Note that the abKissa has several time 
Kales. al lo1arithmic, and that day zero corresponds 
to the onset of 1llness-i.e., about 12 days after 
infection. • = vaccinated. x • unvaccin,ared, f. 1,c = 
fatal cases. (from Downie & McCarthy, 19S8) 

The Immune Response after VaccinatJon 

There have been numerous ,tudies of the 
immune response after vaccination, in both 
human subjects and laboratory animals, 
especially rabbits. Most have bct'n concerned 
only with humoral antibodies and, when 
neutralizing antibodies were assayed, only 
with tests im·olving non-enveloped virions. 

A11tiboJJ prod1"tio11 ajttr raui114lio11 

The results obtained by Downie and his 
colleagues in vaccinated and rcvaccinated 
human subjects (McCarthy ct al., 1958b) 
provide comparability with the antibody 
responses in smallpox just described. Follow­
ing primary vaccination, no antibody was 
detected up to the 10th day, after which 
neutralizing and HI antibodies were present in 
the majority of individuals and CF antibodies 
in less than half (Fig. 3.7). Neutralizing 
antibodies were clearly much the most persist­
ent, sometimes being demonstrable for more 
than 20 years after primary vaccination. HI 
antibody was less persistent, and its persist­
ence varied more markedly from subject to 
subject. CF antibody was not found more 
than 6 months after primary vaccination. In 
rcvaccinated individuals (several of whom 
possessed neutralizing antibodies before rc­
vaccination ), the antibody titres tended to be 
higher, and when a response occurred, it 
began earlier, often within 7 days. In several 
rcvaccinated individuals CF and HI anti­
bodies failed to appear even when there was 
a substantial rise in neutralizing antibody. It 
was noteworthy that only about half the 
rcvaccinatcd subjects who showed an "early" 
or "immediate" type of vaccination response 
dcvdoped neutralizing antibody . 

When these results arc compared with 
those recorded in Fig. 3.6 for non-haemor­
rhagic smallpox, it is clear that, calculated 
from the time of infection rather than the 
onset of disease, antibodies appeared more 
quickly after vaccination than in an attack of 
smallpox. The disparity was even greater in 
rcvaccinated subjects. This result, not unu­
pected in view of the much shorter incubation 
period and more rapidly progressive disease 
process in vaccinia (sec Fig. 3.1 and Chapter 1, 
Fig. 1.3), explains why primary vaccination, 
given early after exposure, often modified and 
sometimes aborted an overt attack of small­
pox. The appearance of neutralizing anti­
bodies after vaccination with live virus is an 
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Fi&, 3.7. Antibody production and penistence afterprinwy QCCinatJOn(panel on left: A. C. E)andre-raccnauon
(panel on ript: ■, 0, F), u determined by various tesu. A and ■· Neuvaiution of nriola vll"US pock production
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index of an a.ctivc immune response which
would include the de\"clopment of a.ntibodies
to all viral antigens. as well as increased cell­
mediated immunity. The accclttated immune
res� in revaccination (within a ,·eek,
compared with over 10 days in primary
nccination) was of considerable importance
in protecting persons by vaccination after
rx�un to mullpox.

uJJ-,.,Ju1,J i••,oul_J ":ft,r ,·amuhn 

Pincus & F1ick (1963) demonstrated that
delayed hypttSnlsith-ity, which is one index
of cdl-mediatcd immunit-y, drvdopcd npidly
after ncdnation; thry suggested that it
plarcd a,n imporunt role in the pathogenesis
of \·accinw lcsions, both af tcr primary \·acci•
nation and after rc,·accination. Bv \·a_cci­
n11jng children twice, at intcnals of 2 days.
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they showed that the incubation periods for 
the 2nd vaccination, wnh regard to both 
papule and nsicle, were greatly shortened. 

A delayed hypersensitivity response can be 
clicitcd in vaccinated subjects by either killed 
or act in nccine (Bcnenson, 1950), '° that an 
"immediate" reaction to revaccination 
(reaching its maximum within 72 hours) docs 
not necessarily mean that the subject's 
immunity has been boosted by reinfection. 
Nevertheless, it indicates that he possesses 
some residual allergy. If a potent lh•c vaccine 
is used, with a satisfactory technique, this may 
be the only reaction seen in highly immune 
subjects. In those in whom immunity has 
waned somewhat this allergic response is 
followed by an enlarging area of crythcma, 
often with vesiculation in the centre, which 
becomes muimal earlier than in a primary 
vaccination. The a�ncc of such crythcma by 
the 3rd or 4th day after primary vaccination is 
indicative of a deficient cell-mediated im­
mune response and such patients may suffer 
from progressive vaccinia (sec below). 

I fllm1111ologit11I lkftriL11ry 1/11/ts ;,, "'"" 

The effects of immunological deficiency 
states in human subjects who had been 
vaccinated with vaccinia virus provides the 
best available information on the relative 
importance of cell-mediated and humoral 
responses in determining recovery in o"ho­

poxvirus infections in man. Fulginiti ct al. 
( t 968) described a number of cases of 
progressive vaccinia (vaccinia necrosum) in 
such inf ants and children, and Kempe ( 1980) 
has summarized his extensive experience with 
these conditions, in relation to vaccination. In 
children with immunological defects in cell­
mediated immunity, ,,accinia virus replicated 
without re-strict ion, resulting in a continualJy 
progrcssh•e primary lesion (sec Chapter 7, 
Plate 7.8B), persistent viraemia and wide­
spread secondary viral infection of many 
organs, including the skin. This response was 
particularly se,•crc in patients with thymic 
alymphoplasia. In patients with thymic 
dysplasia and partially or completely 
intact immunoglobulin-synthesizing capacity 
(Nczclors syndrome) the progression of the 
primary disease was M>mctimes slower and less 
persistent, but a fatal outcome was usual 
(Kumar ct al., t 977). 

fig. 3.8 sets out various kinds of immunolo­
gical defect schematically and suggests the 
kinds of response that occurred when such 

individuals were vaccinated. Cell-mediated 
immunity was clearly of major importance in 
controlling vaccinial infection, since individ­
uals with defects in cclJ-mediated immunity 
but intact antibody production (Categories 3 
and 5, Fig. 3.8) suffered from progressive 
nccinia, while those with defects in antibody 
production but a satisfactory capacity to 
mount a cell-mediated immune response 
(Category 4) usually reacted normally to 
vaccination. Freed ct al. (1972) suggested that 
in some circumstances, especially when the 
immunological defect was acquired (Category 
6), the administration of vaccinia-immune 
globulin (VIG) would allow cell-mediated 
immunity to recover sufficiently to control 
the vaccinial infection. Also, in some cases of 
Bruton's syndrome a partially deficient cell­
mediated immune mechanism might have 
been "overwhelmed", but could be restored to 
effectiveness by the administration of vac­
cinia-immune globulin. 

Delayed hypersensitivity reactions could 
never be evoked in patients with progressive 
vaccinia, nor could the peripheral blood 
lymphocytes of such patients be stimulated to 
mitosis by exposure to inactivated vaccinia 
virus (Fulginiti et al., 1968). Although neu­
tralizing antibody was sometimes present in 
the serum, its presence did not prevent the 
development of progressive vaccinia if cell­
mediated immunity was defective (Hansson 
ct al., 1966). Kempe ( 1980) records having 
seen 15 bo)'S with very low levels of gamma­
globulin, who had been routinely vaccinated 
in infancy without complications. All had 
histories of "enormous and hyperactive" de­
layed hypersensitivity responses to vaccinial 
antigens. 

Cells Involved in Immunological Memory 

By far the most important aspect of vacci­
nation against smallpox was the fact that the 
nccinated individual was primed, so that he 
responded more quickly and effectively than 
an unvaccinated person to infection with the 
antigenically related variola virus. Orthopox• 
virus-specific T -cell and B-ccll memory can 
be envisaged as comprising previously in­
duced lymphocytes, of both T and B classes 
and all subclasses, which persist as non­
functioning long-lived cells in lymphoid 
tissuts and the recirculating pool of l)'mpho­
cytes. In the- spleens of mice infected with 
cctromclia virus, the appearance of memory T 
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lmmunolo1kal 
condition 

I . Normal, vaccinated 

2 Normal. unvacc1n1ted 

3 Thym1c dyspluia 

S Swiss iyndrome 

6 Acquired deficiencies 
(e g , lymphom1) 

lmmunolo1kaf 
status 

(+)CHI+; (+)Ab + 

( + )CHI - ; ( + )Ab -

( -)CHI -; ( + )Ab -

( + )CHI - : ( -)Ab-

(-)CHI-; (-)Ab-

( -)CHI - : ( - )Ab -

ResponM to vaccination 

CHI+: Ab+ : no <hlnp 

CHI+ ; Ab+ : primtry nc<ination 

CHI - ; Ab+ : progressive ne<1n� 
\ 
VIG 

� 
CHI -: Ab+ : progressive vaccinit 

CHI+ ; Ab - : primary immuniution 

or 

CHI-;Ab-(CHI "overwhelmed"): procressive 
\ vaccinia 

VIG 

CHI+; Ab+ : CHI restored-recovery 

CHI -; Ab - : procreuive vaccinia 
\ 

VIG 

CHI-: Ab+ ; procress,ve occ1nq 

CHI -: Ab- : procressive vucinit 
\ 

VIG 
� 
CHI+ : Ab+ : CHI restored-recovery 

Fig. 3.8. The response of normal individuals and Individuals with immunological defecu to vaccination. Pro­
gressive vaccinia is associated with a defective eel-mediated Immune response, but under some circumsunces 
vaccinia-immune globulin can be useful (see text). CMI = ceR-mecmted Immunity: Ab = antibody production: 
VIG = vaccinia-immune globulin; ( +) or (-) = potential for CMI or Ab response: + or - = presence or 
absence of appropriate response. (Based on Freed et al., 1972.) 

cells coincides with the disappearance of 
primary cytotoxic T-cell activity, which falls 
off rapidly after viral clearance (Gardner & 
Blanden, 1976). After mediating viral clear­
ance, primary cytotoxic T cells apparently 
dcditferentiate and lose their lytic capacity, 
and on restimulation with antigen, which 
occurs on reinfection, the sequence is re­
versed. In addition, in the primed individual 
there are memory helper T cells whose 
functional activity can only be expressed in 
the presence of antigen, when they elaborate 
factors that amplify the functions of B cells 
and of other subclasses of precommitted T 
cells. 

The role of memory T cdls in persisting 
immunity to orthopoxvirus infections in­
creases in importance as the interval between 

primary and secondary infections increases, 
since as long as pre-existing antibody of the 
correct specificity persists this probably 
aborts infection at the portal of entry. Later, 
the ability to mount a rapid cell-mediated 
immune response would assist greatly in 
limiting the growth of virus and extension of 
the infectious foci. 

REDUCING THE RISKS OF 
VACCINATION 

Vaccination was introduced and its efficacy 
established by the most relevant and stringent 
criterion, its ability to provide protection 
against smaJlpox, almost a century before 
immunological techniques were developed. 
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After smallpox had bttn diminatcd from 
Europe and North America in the 1950s, the 
public in these countries did not readily 
tolerate the degree of illness-not to say the 
occasional episodes of severe illness or even 
deaths, which occurred, for example, in ecze­
matous children and those with an immuno­
logical deficiency-that �·ere aS50Ciated with 
standard smallpox vaccination. Two ways 
were sought to provide immunization against 
smallpox without the attendant risks of severe 
disease: the use of attenuated strains of 
vaccinia virus and the use of inactivatcd 
vacc1nts. 

The asscss�nt of the efficacy of either of 
these kinds of vaccine presented obvious 
problems, since the real criterion for their 
value was the ability of the vaccine to protect 
ag2inst smallpox and the durability of this 
protection. On ethical and practical grounds 
it was not possible to test new vaccines in this 
way, so two other criteria were used in their 
assessment: the neutralizing antibody re­
sponse and protection against challenge in­
oculation of standard vaccine, supplemented, 
in experiments with animals, by protection 
against an otherwise lethal challenge with a 
suitable orthopoxvirus. 

By all three tests the standard vaccine 
strains provided excellent protection against 
smallpox.. The situation was Jess clear-cut 
with attenuated vaccinia virus vaccines, 
which arc discussed at some length in Chapter 
11. There appeared to be serious dcficicncits
in protection when inactivatcd vaccines were
used, the reasons for which arc outlined
below.

Inactivated Virus Vaccines 

The production of an inactivated smallpox 
vaccine seemed a feasible procedure, since it 
was relatively easy to grow and purify large 
amounts of vaccinia virus. Many methods of 
inactivation were tested (Kaplan, 1969; 
Turner et al., 1970), including heat, formal­
dehyde, ultraviolet irradiation, photo­
dynamic inactivation and gamma irradiation. 

As described in Chapter 2, there are major 
antigenic differcncts between the surface 
antigens of enveloped and non-enveloped 
virions, both of which arc infectious. Small­
pox vaccine, however it was grown, was 
prepared in such a way that it consisted 
predominantly of non-enveloped virions. The 
infection provoked by vaccination with live 
vaccine led to the development of both 

enveloped and non-enveloped virions and the 
full range of humoral and cellular immune 
responses. In contrast, inactivated virions 
failed to provoke a humoral response to the 
em·elope antigens (Appleyard ct al., 1971 ; 
Turner & Squires, t 971 ; Payne, 1980), nor did 
they stimulate the production of cytotoxic T 
cells (Ada et al., 1981). 

Experiments with inactivated vaccines 
highlighted the lack of correlation between 
le,·els of neutralizing antibody (measured 
against non-enveloped virions) and protec­
tion. Thus immunization of rabbits with a 
vaccinia virus "soluble antigen" gave a good 
antibody response and protection against 
intradermal challenge with vaccinia virus, 
but resistance to the more virulent rabbitpox 
virus was less than that induccd by live 
vaccinia virus, despite the fact that the live 
virus induccd much less antibody (Appleyard 
& Westwood, 1964b). Rabbits immunized by 
multiple intradermal injections followcd by 6 
intravenous injections of hcit-inactivated 
vaccinia virus developed high titres of neu• 
tralizing antibody, but even after this inten­
sive course there was only partial protection 
against challenge infection with rabbitpox 
virus (a virulent strain of vaccinia virus) 
(Madeley, t 968). Similarly, rabbits immu­
nized with large doses of vaccinia virus 
inactivated by formaldehyde or ultraviolet 
irradiation developed extremely high titres of 
neutralizing antibody (tested against non­
enveloped virions), but they remained sus­
ceptible to generalized rabbitpox infection, 
although protected from death {Boulter ct al., 
t 971). The imponancc of antibody against 
enveloped virions was most clearly demon­
strated by experiments on the passive transfer 
of resistance with antiserum {Table 3.5). 
Antiscra against inactivated virus, with very 
high levels of neutralizing antibody to non­
enveloped but none to enveloped virions, 
providcd much weaker protection against 
challenge infection than apparently much 
lower titres of antibody induced by infectious 
virus, which, however, contained both kinds 
of neutralizing antibody. 

More recently, Olsen et al. {t 977) reported 
that an inactivated vaccine prepared by 
mechanically disrupting monkcypox virions 
protected monkeys against discisc when they 
were challenged with active monkcypox 
virus, although it did not prevent infection. 
There were two significant features in these 
experiments. First, immunization was carried 
out with the homologous virus. The second-
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Table 3. S. Comparison of the protective activity of three typa of antlseNm admin istered pmlvely to rabblu 
before challenge Infection with rabbltpo,c virus• 

Antiserum AtspOftM to 
dlallenp 

/\c&IMt Source Neutr1llutlon 
tlut 

F...er Duth 

ln,ctlw utd occtnla Ylrus Hont IOOOOOb 12/12 S/12 
Shttp sooooob S/S '-/S 

U•t wacdnla virus Shttp 150000' lt/S 0/S 
Aabolt "oooc 1/10 0/10 

Uwt rlboltpo• Ylrus �bblt 32000' 0/S 0/S 
None 11/11 IS/11 

' from loulter et al. ( 19 71 ). 
b 1'1eawrtd acalnst non-enweloptd vtrtons; no neuuall1tnc antibodies to tnweloptd vlrloftl. 
c 1'1eawrtd acalnst non-enveloped vtrtons; neucrall1tn1 antibodies to enwetoped wtrlons also prtltllt. 

and more important-feature was that, al­
though the inactivated preparation had no 
haemagglutinating capacity, it dicited the 
production of haemagglutinin-inhibiting as 
well as neutralizing antibodies, demonstrat­
ing that the method of inactivation left at 
least some of the envelope antigens intact. 

It also appears that inactivated virus pro­
,·okes a rather different kind of cell-mediated 
immune response from that found after 
infection, diciting delayed hypersensitivity T 
cells but not cytotoxic T cells (Ada et al., 

1981 ), perhaps because the surface antigens 
in voh-cd in infected cells are not produced, or 
be.cause the mode of inoculation results in too 
localized and immobile an antigenic mass. 
Indeed, the delayed hypersensitivity reaction 
itself was deficient in rabbits immuni2ed with 
inactivated vaccine. For example, Turner et al. 
(1970) and Turner & Squires (1971) found 
that inactivated vaccines did not produce an 
obvious delayed hypersensitivity response, 
although the animals responded more rapidly 
than did the controls to challenge inoculation 
with live virus. 

Thus, inactivated vaccines suffered from 
two defects: they failed to elicit antibodies 
that neutralized enveloped virions and they 
failed to provoke the production of cytotoxic 
T cells. In addition, the adverse effects of 
inactivated measles virus vaccines, which 
�came evident in the mid-1960s (Fulginiti et 
al., 196 7), made public health authorities 
reluctant to consider another inactivated 
virus vaccine when there was already a 
successful live virus vaccine available. Never­
theless, in an effort to reduce the incidence 
and severity of postvaccinial encephalitis, 
formalin-inacti\'atrd vaccine ("\•accinia-anti­
gen") was used in the German Democratic 
Republic and the Federal Republic of 

Germany during the bte 1960s (see Chapter 
1 l) for a "priming" vaccination, followed by 
vaccination with standard vaccine. Subse­
quently, Marcnnikova & Macevit (1975) 
showed that pre-immunization of rabbits 
with vaccine inactivated by 60Co gamma­
irradiation greatly enhanced their response to 
vaccination with active vaccine given 7-60 
days later, both in the titre of antibody 
produced and in its rate of production. Pre­
immunization reduced the incidence of virae­
mia in the rabbits 4-5 days after vaccination 
with live virus. Preliminary human trials on 
the use of this preparation as a priming 
antigen were carried out in eastern Europe in 
1977 (sec Chapter 11 ). 

NON-SPECIFIC MECHANISMS 
INVOLVED IN HOST DEFENCE 

The efficacy of vaccination and the 
incrt"ased susceptibility of individuals with 
certain immunological defects illustrate 
clearly the great imporunce of the immune 
response in orthopoxvirus infections. There 
are neverthclCM a number of defence mechan­
isms against viral infections whose activity is 
not specific in an immunological sense. Most 
of these are Ht-understood and it is difficult to 
evaluate their importance in orthopoxvirus 
inf cctions. 

Body Temperature 

As outlined in Chapter 2, determination of 
the ceiling temperature of viral replication is 
a useful laboratory method of distinguishing 
betwtcn certain orthopoxviruses and between 
variola major and certain strains of variola 
minor virus. In animal models, body tempera-
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ture has a dramatic effect on the severity of 
the leporipoxvirus disease, myxomatosis 
(Marshall, 1959), and mice housed at 2 °C are 
about 100 times more susceptible to mouse­

pox than those maintained at 20 °( (Roberts, 
1964). 

There is no evidence that raised body 
temperature affected the progress of variola 
major; severe cases (flat-type and haemor­
rhagic-type smallpox) were often associated 
with higher temperatures than those found in 
ordinary-type smallpox. However, Dumbell 
& Wells (1982), comparing variola major and 
alastrim (variola minor) viruses, found that 
many fewer virions of alastrim (variola mi­
nor) virus (which had the lower ceiling 
temperature) than of variola major virus were 
released from infected cells when the tem­
perature was raised. The decreased dissemina­
tion of virus could act in concert with 
developing immunity to reduce the severity 
of variola minor. 

Nutrition 

Almost any severe nutritional deficiency 
will interfere with the activity of phagocytes, 
and the integrity of the skin and mucous 
membranes is impaired in many types of 
nutritional deficiency (review: Scrimshaw ct 
al., 1968). Immunoglobulin levels, antibody 
responses and the numbers of circulating 8 
cells are generally normal in cases of moderate 
to severe malnutrition, but cell-mediated 
immunity is consistently impaired, whether 
measured by cutaneous delayed hyper en iii• 
vity tests or by the numbers of circulating T 
cells (Chandra, 1979). The number of null 
cells-i.e., cells without the surface character­
istics of T or B cells, which suppres th 
activity of other lymphocytes-\\1as rel tfrel , 
increased in cases of malnutrition. It will be 
recalled that the proportion of such cells \\'llS 

substantially increased in patients with small­
pox and that there seemed to be a correlation 
between the height of the null cell count and 
the prognosis Qackson et al., 19 ). 

Little information is available about the 
effect of malnutrition on smallpox, although 
it seems clear that its effects were not as 
dramatic as those seen in measles in young 
children in many African countries. The 
mortality of variola major in unvaccinared 
infants was so high that it was difficult to 
determine whether nutritional deficiency \\·as 
important. Howe\'er \XIHQ epidemiologists 
working in Ethiopia and malia noticed chat 

Plate 3.11. Rijk Gispen (b.1910). Formerly 
Director of the National Institute of Public Health at 
Bilthoven, Netherlands. Gispen was an important 
contributor to the immunology of orthopoxvirus 
infections from the 1950s to the I 970s. He was the 
first to develop methods of differentiating between 
antibodies due to infection with monkeypox, variola 
and vaccinia viruses. 

variola minor was much more severe in 
malnouri hcd than in well-nourished infants. 

The currcnce of blindness after smallpox 
1 11d u u.ill ' to have been associated with 
c nd.tr, b teraal infection or nutritional 

dcfi I n 1 

Age 

.\m n un,· ccinated persons, smallpox 
p uced it� hi hest mortality in the very 
youn nd th aged, and its lowest in the age 

roup 5-20 year , but there is no obvious 
exphnation for rhese age-related effects ex­
cept in so far as the mechanisms of specific 
and non-specific resistance function less ef­
fecti,·ely at the extremes of life. 

Hormonal Effects 

Pregnancy had a very pronounced effect on 
the severity of smallpox. Especially in variola 
major, pregnant women were much more 
likely than any ocher category to suffer from 
haemorrhagic-type smallpox (see Chapter 1 ). 
Pregnant women ha,·e ele,·ated le,·els of 1 
dihydroxyconicosteroids, which ha\'e an 
anti-inflammatory effect, depress the immune 

a:; 
C') 
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response and inhibit interferon production. 
Studies in rabbits infected with vaccinia virus 
showed that cortisone diminished the local 
inflammatory reaction and increased viral 
titres in the blood and internal organs (Bug­
bee et al., 1960). Vaccination could produce 
severe effects in humans receiving corticos­
teroid therapy. 

Rao et al. (1968b) found that cortisone 
converted experimental smallpox in monkeys 
from a non-lethal into a lethal disease. Virae­
mia was greatly enhanced in intensity and 
persisted for a longer time, the internal organs 
contained much more virus than in control 
animals, and there were numerous haemor­
rhages in the lungs and in the mucous 
membrane of the gastrointestinal tract. 

Interferon 

Interferons arc a family of proteins of low 
molecular weight produced by a wide variety 
of cells. Lymphocytes produce a different 
kind of interferon (gamma-interferon) from 
fibroblastic cells, but all kinds of interferon 
may render cells that take them up more 
resistant to viral infection. Vaccinia virus was 
the first virus shown to be sensitive to 
interferon in an intact animal. Isaacs & 
West wood (1959) showed that interferon 
prepared in rabbit cells protected rabbits 
completely against intradcrmal infection 
with a large dose of vaccinia virus, when 
given a day before the virus was administered, 
and against a smaller dose when both were 
administered intradcrmally on the same day. 
However, Blanden (1970, 1971a) showed that 
passively administered interferon had no 
effect on recovery from mousepox. Interferon 
seems unlikely to have played a role in 
determining differential host responses in 
smallpox, but it may have been important in 
determining the differences in severity of 
inoculation smallpox and the "natural" 
disease. 

I nltrftro11 and ino(11/atio11 smallpox 

Inoculation smallpox (variolation) is much 
milder than "natural" smallpox (sec Chapters 
1 and 6). Following the demonstration 
that vaccinia scabs contained interferon, 
Wheelock (1964) suggested that the presence 
of interferon in scab material that was used for 
-.•ariolation might have so interfered with the 
replication of the inoculated virus that the 

consequent disease was milder than smallpox 
acquired by the inhalation of virus contained 
in oropharynge2l secretions. This is unlikely 
to be the complete explanation; intradcrmal 
inoculation was associated with a shorter 
incubation period and the immune response 
would have been differently stimulated, but 
interferon in the inoculum and possibly the 
local production of interferon induced by 
inactivated virus in the inoculum may have 
played a role. 

GENETIC ASPECTS OF RESISTANCE 
TO SMALLPOX 

lkcause of the availability of lines of mice 
of known genotypes and of congcnic recom­
binant strains (Klein, t 975), these animals arc 
uniquely suitable for the analysis of genetic 
resistance to viral infection. Studies with 
mousepox (Briody ct al., 1956; Schell, 1960a,b; 
Wallace ct al., 1985) demonstrated that gene­
tic factors played a major role in determining 
their response to mousepox. 

It is cle2rly not possible to analyse the 
genetic component of the resistance of 
humans to smallpox in this way. Nevertheless, 
it is worth examining whether any human 
population groups showed unusual resistance 
or susceptibility, independent of the effects of 
vaccination. 

Natural Selection for Resistance to 
Smallpox 

Once again, an animal model may provide a 
useful lead in undentanding what may have 
happened in smallpox. Myxomatosis, a severe 
generalized poxvirus disease in European 
rabbits ( Ory(lolag11s (1111if11/111), provides the best 
example of rapid enhancement of the level of 
genetic resistance in a population as a result of 
exposure to the disease (Fenner & Ratcliffe, 
1965; Fenner, 1983). Although it was no­
where near as lethal a disease as myxomatosis, 
smallpox was severe enough to have had a 
selective effect for resistance among humans 
exposed to infection over many centuries, as 
in India and China and to a lesser extent in 
Europe. 

Reports of smallpox in the 16th and 17th 
centuries among the Indian tribes of North 
America (Stearn & Ste2rn, 1945) and in Brazil 
(Hrmming, 1978) describe the extreme sever­
ity of smallpox in these hitherto unexposed 
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populations. Hemming notes that in Brazil 
the Portugu� colonisu observed that Negro 
slaves, when they got smallpox, suffered less 
severely than the Amerindian sines; most of 
the European invaders themselves were im• 
mune because of infections sustained in their 
childhood. Although se\·eral other factors 
besides lack of genetic resistance could have 
bttn involved in exacerbating the effects of 
the disease among the Amerindians-notably 
the severe social disruption accompanying 
the first outbreaks-it is tempting to consider 
that their extreme susceptibility was in part 
related to the absence of previous selection for 
resistance to smallpox. 

From what we now know about the 
relation between the major histocompati­
bility genes and resistance to viral infections 
(review: Zinkernagcl, 1979), it would have 
been interesting to investigate the relation 
between HLA groups and susceptibility to 
smallpox; cxptrimcnts with mousepox 
showed that at least part of the genetic 
resistance to this disease was associated with 
the H-2 complex in the mouse (R.V. Blandcn, 
ptrsonal communication, 1981). The oppor­
tunity to do this never arose, but Vries ct al. 
(1977) showed that after vaccination with 
vaccinia virus, the lymphocytes of Dutch 
soldiers belonging to a particular HLA group 
(Cw3) responded significantly less effectively 
than others in an in vilro lymphocyte transfor­
mation test using vaccinia virus as antigen (a 
measure of cell-mediated immunity). This 
HLA group made up 30% of the general 

population in the Netherlands, compared 
with 83% of the low-responder group. 

During the 1950s and 1960s, a great deal of 
information was accumulated on the distri­
bution of ABO blood groups in different 
populations. Pettenkofer et al. (1962) claimed 
that there was a correlation between past 
histories of smallpox epidemics and the distri­
bution of ABO blood group frequencies, and 
that in India there were different degrees of 
scarring in ptrsons of blood groups B and 0 
compared with those of blood groups A and 
AB. However, investigations by several dif­
ferent teams of workers in India (Bhatta­
charyya et al., 1965; Downie ct al., 1965b; 
Hclmbold ct al., quoted by Vogel & Chakra­
vartti, 1966; Sukumaran ct al., 1966 ), in Brazil 
(Krieger & Vicente, 1969), and in Zaire 
(Lambottc & Israel, 1967) found no evidence 
of a correlation between the incidence and 
severity of smallpox and the ABO blood 
group of the subjects. Nor was there any 

correlation between ABO blood groups and 
the occurrence of neurological or dermal 
complications of vaccination (Gurvich et al, 
t 980). Most human geneticists now doubt 
whether smallpox was an important selccth·c 
agent in blood group ABO polymorphism 
(Mourant et al., t 978). 

SUMM.ARY: TIIE PA TIIOGENF.SIS OF 
SMALLPOX 

Although a good deal of sptculation and 
extrapolation from various model systems 
will inevitably be involved, it is w onh 
attc_mpting to summarize the results of the 
work presented in this chapter in the form of a 
comprehensive picture of the pathogenesis of 
smallpox in man. 

Viral Entry and Infection 

Infection usually occurred by the implan­
tation on the oropharyngeal or respiratory 
mucosa of virus released from lesions in the 
mouth, nose and pharynx into the nasal and 
oropharyngeal secretions of the source case 
during the first week of rash. Such material 
probably consisted of well-disptrsed virions 
and would have been relati\rely free of inter· 
feron. In contrast, scab material usually 
consisted of large fragments of inspissated 
material with infectious virions bound within 
a dense, hard fibrin mesh, which contained a 
substantial amount of interferon, and from 
which it was difficult to release virus except 
by mechanical grinding. These features prob­
ably accounted for the much lower transmi�i­
bility associated with scabs, compared with 
orophuyngeal secretions. 

The initial site of lodgement was usu2lly 
somewhere in the oropharynx, nasopharynx 
or the lower respiratory tract. Whatever cells 
were initially infected, macrophages would 
soon have become infected and by about the 
3rd day would have entered the lymphatics 
and thus reached the regional lymph nodes. 
They might also have entered the blood­
stream at this stage, or in any case by about the 
4th day, after a brief delay and reP.lication in 
the draining lymph nodes. 

The initial infection in the oropharynx or 
respiratory tract was silent, producing neither 
symptoms nor a local lesion that could be 
recognized clinically, or by autopsy in cases 
that died early. 
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Spread through the Body 

The inevitable lack of careful postmortem 
examinations of casn of smallpox dying from 
other caustS during the incubation period of 
the di5"se, combined with the paucity of 
circful postmortem or virological exami­
nations of acutely fatal castS, makes it difficult 
to assess precisely where the virus replicated 
before the secondary viraemia occurred, at 
the time of the onset of symptoms. The most 
likely places were the lymphoid organs 
{spleen, bone marrow and lymph nodes), but 
extensive necrosis did not occur there. Virae­
mia was largely cell-associated and most 
virions that existed free in the plasma were 
probably in the enveloped form. 

The reasons for the localization of virus in 
the skin and the characteristic "centrifugal" 
distribution of the rash are unknown. Prob­
ably, inf«ted macrophages migrated from 
small vessels in the dermis into the epidermis, 
where they proceeded to cause infection of 
the cells of the Malpighian layer. Oedema and 
ballooning degeneration followed, with re­
ticulating degeneration and splitting of the 
epidermis that produced a muhiloculated 
vesicle. Later there was a migration of poly­
morphonuclear cells into the lumen of the 
developing vesicle, so that its contents be­
came pustular. 

The Immune Response 

The early lodgement of infected macro­
phages in the lymph nodes, bone marrow and 
spleen would have stimulated an immediate 
immune response to the wide variety of viral 
antigens produced by infected cells. The first 
component of the immune system to become 
manifest was the production of cytotoxic T 
cells, which, because of their affinity ro the 
early viral antigens found in the cell mem­
branes, promptly dcsrro)'Cd many infected 
cdls before they produced virions. Later, 
neutralizing antibodies appeared, some of 
which were directed against the viral enve­
lope (which contained several of the antigens 
also found in the surface membrane of infect­
ed cells); others were able to neutralize the 
infectivity of intracellular non-enveloped 
virions, which were released when necrotic 
cells were disrupted. The activity of cytotoxic 
T cells and the titre of antibodies increased as 
time progressed. In addition, infected macro­
phages and lymphocytes, as well as infected 

cells in the skin, produced interferon. In cases 
in which the early cellular immune response 
was vigorous, replication of the virus was 
inhibited and the skin lesions were restricted, 
so that a discrete rash developed. 

If the cellular immune response was grossly 
deficient, the case may have prCRnted as ffat­
type smallpox. Haemorrhagic-type smallpox 
was associated with unrestricted repli­
cation of the virus especially in the bone 
marrow, so that a much higher viraemia 
de,·cloped than in most non-haemorrhagic 
cases and megakar)·ocyte destruction in the 
bone marrow led to defects in the blood 
c02gulation mtehanism. further, the immune 
response, both humoral and cellular, was 
defective in haemorrhagic-type smallpox, 
which was particularly frequent in pregnant 
women, probably because of their increased 
corticosteroid secretions. 

Death or Recovery 

The outcome of the infection was either 
death or recovery, with or without sequelac. 
Except in haemorrhagic-type smallpox, the 
cause of death was obscure, since none of the 
"vital organs" (brain, lungs, heart, kidneys, 
liver) seemed to have been severely damaged 
in fatal cases. It was ascribed to severe 
toxaemia, perhaps due in part to the effect of 
circulating immune complexes. Death in very 
severe cases (confluent ordinary, ffat and 
haemorrhagic types) was associated with a 
high and prolonged viraemia and a poor 
humoral antibody response, and probably a 
defecth•c cellular immune response as well. 

The commonest scquelae were pockmarks, 
which could occur all over the body but were 
usually most profuse on the face because of 
the large number of sebaceous glands there 
and the deeper pitting associated with their 
in,·oh-ement. Encephalitis, with a patho­
genesis as obscure as that of postnccinial 
encephalitis, occurred in about 01% of cases 
of nriola major. It was somewhat rarer in 
variola minor, but a relatively more import­
ant cause of death in that disease .. Arthri­
tis and ostcomyclitis sometimes occurred, 
though often they were recognized only after 
reco\'cry. Blindness was an important but rare 
complication, usually occurring in cases in 
which there was malnutrition and/or second­
ary bacterial infection. 

Recovery was accompanied by long-lasting 
immunity to reinfection with variola vir�s. 
Hctcrologous immunity-e.g., to  vacci-
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nation-was much less prolonged, especially 
in cases of nriola minor. Variola virus did 
not persist in the body after recovery; 

thus, previously infected persons, even when 
immunosupprcsscd, have shown no recur­
rence of infcctivity. 
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