
SMALLPOX

Experimental study of the role of
inactivated vaccine in two-step vaccination
against smallpox *
S. S. MARENNIKOVA 1 & G. R. MACEVIe 2

In experiments on rabbits it was found that although administration of inactivated
smallpox vaccine did not induce a demonstrable antibody response in the serum it enhanced
the immune response to subsequent inoculation with live vaccine. The dose of inactivated
vaccine corresponded to 8 x 107 PFU before inactivation (by 60Co gamma-radiation); the
dose of live vaccine was 1.2 x 105 PFU. When the interval between the two inoculations was
7-days, virus-neutralizing antibody appeared after 5 days and reached levels 2-4 times those
obtained with live vaccine alone. With longer intervals (up to 60 days) the enhancement of
the immune response was even greater. It seems likely that use of the two-step method may
reduce the incidence ofpost-vaccination encephalitis and clinical studies to determine the
optimum conditions for safety and efficacy are at present being undertaken.

The pattern of the humoral response in two-step
vaccination against smallpox was studied in rabbits
using smallpox vaccine inactivated by cobalt-60
gamma-radiation administered at various intervals
(1, 7, 30, and 60 days) before inoculation of a live
smallpox vaccine (EM-63 strain; dose, 1.2 x 105
PFU). The dose of the inactivated vaccine employed
(8 x 107 PFU before inactivation) did not induce
production of demonstrable antibody in the serum
with any of the intervals before live vaccine admin-
istration studied. On the other hand, it stimulated
earlier appearance and more intensive accumulation
of smallpox antibody in response to inoculation of
live vaccine. The degree of acceleration and enhance-
ment of antibody production depended on the inter-
val between the administration of inactivated vac-
cine and that of live vaccine. With a 7-day interval,
virus-neutralizing antibody appeared at 5 days and
its concentration determined at 7, 10 and 14 days
was 24-fold higher than that in rabbits immunized
under similar conditions with live vaccine alone.
With longer intervals (30 and 60 days) acceleration
and intensification of antibody production increased.
Pre-inoculation of inactivated vaccine reduced the
intensity of viraemia after inoculation of live virus.
The experimental evidence obtained, while not

refuting the known data by Appleyard et al. (1),
Boulter & Appleyard (5), and others on the ineffec-

tiveness of the antibody formed in response to
inactivated vaccine, permits a new explanation of the
mechanism of its effect in two-step vaccination. In
the opinion of the authors, the role of inactivated
vaccine is not to induce antibody production but to
ensure a rapid immune response to subsequent in-
oculation of live virus. The rapid production and
intensive accumulation of antibody, resulting in
neutralization of extracellular virus, appears to be
the main factor conducive to a reduction in the rate
of postvaccination encephalitis.

In order to prevent postvaccination neurological
complications in children of older age groups, Herr-
lich (13) suggested 16 years ago a two-step method
of vaccination against smallpox consisting of
sequential inoculation (at an interval of 7-21 days)
of inactivated and live smallpox vaccines. This
method was introduced into smallpox vaccination
practice in the Federal Republic of Germany and in
the German Democratic Republic for the vaccina-
tion of children over 3 years of age and for the
revaccination of adults who had not been vaccinated
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for over 20 years (23). According to research work-
ers in these countries, the use of the two-step method
reduced the incidence of neurological complications
in these age groups 8-10-fold (2, 18, 25, 26). Despite
these experiences, the method found no further use.
There are several reasons for this. One is that so far
no satisfactory field studies have been conducted to
prove the efficacy of this method; another reason is
that the mechanism remains obscure. The reports on
the subject are limited to various aspects of investi-
gations of the antigenic or immunogenic properties
of inactivated vaccines (7, 17, 28). In recent years,
scepticism about the value of the two-step vaccina-
tion method has increased following reports on the
defective nature of the antibody formed in response
to inactivated vaccinia virus (1, 5, 30).
The present paper describes an experimental study

of the role of pre-inoculation with inactivated vac-
cine in two-step vaccination against smallpox.

MATERIALS AND METHODS

Vaccines

Commercial preparations of live smallpox vaccine
prepared from the EM-63 strain (with a titre of
2.4 x 108 PFU/ml) or the L-IVP strain (with a titre of
1.3 x 109 PFU/ml). A dry inactivated smallpox vac-

cine was prepared by treatment of the virus-contain-
ing fluid (the L-IVP strain) with 0°Co gamma irradia-
tion according to the method described previously
(17). The virus titre before irradiation was 1.7 x 109
PFU. The completeness of inactivation was checked
by two passages on the chorioallantoic membrane
(CAM) of chick embryos.

Animal experiments
Rabbits weighing 2-2.5 kg were immunized sub-

cutaneously with 1 ml of reconstituted undiluted
inactivated vaccine or with 0.5 ml of the vaccine in a
1: 10 dilution (doses before inactivation: 1.7 x 109
PFU or 8 x 107 PFU, respectively). Rabbits in a

control group were simultaneously inoculated sub-
cutaneously with 1 ml of live vaccine from the same

strain (L-IVP) in a dose of 1.3 x 109 PFU. In the
two-step vaccination experiments, the rabbits that
had been pre-inoculated with inactivated vaccine
were divided into groups of 5-6 animals and im-
munized at various intervals (1, 7, 30, and 60 days)
with a live vaccine from the EM-63 strain in a dose
of 1.2 x105 PFU by scarification. In these experi-
ments, the controls consisted of rabbits immunized
under similar conditions with the same dose of the
EM-63 live vaccine. Rabbit sera collected before and

at certain intervals after immunization were kept at
-40°C. Before use in the tests, they were diluted
1: 2 to 1: 5 and heated at 65°C for 20 min.

Serological tests

Neutralization tests were carried out according to
the conventional method (4). Haemagglutination-
inhibition (HI) tests were run with 4 AU of vaccinia
virus and a 1% suspension of chick erythrocytes. In
passive haemagglutination (PHA) tests, dried sheep
erythrocytes sensitized with vaccinia virus (10) were
used.
The HI and PHA tests were performed by a

micromethod using the Takatsy microtitrator. In-
dividual animal sera or pooled sera collected at one
time from animals of one group were used in
serological tests.

Virus isolation
The occurrence and duration of viraemia after the

second step of vaccination were studied in rabbits
vaccinated with the inactivated vaccine (pre-inactiva-
tion dose: 1.7 x 109 PFU) followed 7 days later by
the live vaccine from the EM-63 strain (2.4 x 106
PFU), administered by scarification. The animals
were bled daily (beginning 2 hours after vaccination)
for 10 days. The blood was diluted 1: 3 in distilled
water and tested. Virus isolation was performed on
the CAM of 5-6 chick embryos incubated at 37°C
for 72 hours. The isolation was considered positive
when at least a few specific lesions were present on
the CAM and when vaccinia virus could be isolated
by passaging cultures of these lesions.

RESULTS

As may be seen in Fig. 1, the dynamics and
intensity of antibody production in response to
inactivated smallpox vaccine depend upon the dose
inoculated. With a pre-inactivation dose of 8 x107
PFU of the inactivated vaccine no virus-neutralizing
antibody (VNA) could be detected during the entire
observation period (up to 2 months). A larger dose,
however, induced marked accumulation of VNA,
though it appeared in the blood considerably later
than in the animals immunized with live vaccine; the
maximum VNA concentration was also lower.
Neither dose of the inactivated vaccine induced
antihaemagglutinins (AHA).

Fig. 2 presents the dynamics of antibody ac-
cumulation in rabbits vaccinated by the two-step
method but with various intervals between the in-
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Fig. 1. The dynamics of virus-neutralizing antibody
(VNA) in rabbits inoculated subcutaneously with
various doses of smallpox vaccine. The solid line
represents the inactivated vaccine at a dose before
inactivation of 1.7 x 109 PFU, and the upper broken
line the same vaccine at a dose of 8 x 109 PFU. The
lower broken line represents the live vaccine at
1.3 x 107 PFU. The VNA titres are expressed as the
reciprocal of the serum dilution that inhibits by 50 % or
more pock formation on chick embryo CAM inoculated
with a standard virus dose.
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activated and live vaccine. As will be seen, in rabbits
pre-inoculated with the inactivated vaccine in a dose
used for vaccination of children and producing no
antibody at any of the intervals used in the present
study for live vaccine administration, antibody ap-
peared earlier after subsequent administration of live
vaccine and its titre increased to higher levels than in
rabbits immunized with an equal dose of the live
vaccine alone. With increasing intervals between the
inactivated and live vaccine, the rate and intensity of
antibody production increased. Thus, with a 1-day
interval only an earlier appearance of AHA and a
slightly greater accumulation of VNA was demon-
strated, whereas with 7-day intervals VNA and
antibody detectable in the PHA test (PHA-AB) were
found as early as 5 days, and subsequently the
concentration of VNA was found to be 2-4 times
that in control animals. Further lengthening of the
interval to 30 or 60 days resulted in more marked
acceleration and intensification of antibody produc-
tion.
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Fig. 2. Antibody response in 2-step vaccination at various intervals between the inoculation of the
inactivated and the live vaccine.

-I

801

40

20
10
0



S. S. MARENNIKOVA & G. R. MACEVI6

Experiments were performed to determine the
occurrence of viraemia after vaccination with live
vaccine in rabbits pre-inoculated and not pre-in-
oculated with inactivated vaccine (control). In 4 out
of 5 control rabbits viraemia was demonstrated at
2 hours and at 4 and 5 days after vaccination,
whereas none of 5 rabbits pre-inoculated with the
inactivated vaccine showed virus in the blood.

DISCUSSION

At present there is no generally accepted explana-
tion of the pathogenesis of neurological complica-
tions after vaccination against smallpox. Among the
enormous number of reports on postvaccination
encephalitis, many of which are contradictory, the
one fact that is generally recognized and has been
repeatedly confirmed is that it occurs much less
frequently after revaccination than after primary
vaccination (6, 8, 19, 29, and others). This difference
becomes increasingly evident when revaccination is
performed in older age groups in whom, according
to the majority of the authors (6, 22, 24, 29, 31), the
rate of postvaccination encephalitis increases con-
siderably. A lower incidence of postvaccination en-
cephalitis is also observed when vaccination is per-
formed against the background of passively admin-
istered antibody (12, 21). These observations indicate
that an accelerated immune response, humoral as
well as cellular, reduces the risk of postvaccination
encephalitis. The evidence obtained in our experi-
ments shows that pre-inoculation of inactivated vac-
cine results in the earlier appearance and more rapid
accumulation of antibody in response to subsequent
vaccination with live virus. It is important to note
that this effect was observed under conditions when
inoculation of the inactivated virus induced no anti-
body production. The dynamics of the humoral
response resembles that observed in revaccination.
These data are in conformity with those reported by
other authors (11, 14, 16), who observed that the
course of the skin vaccination reaction was acceler-
ated in experimental animals and human beings pre-
inoculated with inactivated vaccine.
Our observations, based on an analysis of 104

cases of neurological complications after primary
vaccination (97 cases of postvaccination encephalitis

and 7 cases of encephalopathy), showed that the
average duration of the incubation period was 9.6
days, it being over 7 days in 80% of the cases and
over 10 days in 35%. The mean value of the
incubation period determined in our experiments
differs very little from that found by Ehrengut et
al. (9), which was 9.52 days. If it is accepted that
antibody plays a certain role in the prevention of
postvaccination encephalitis, it may be assumed that,
at least in cases with an incubation period of not less
than 7-9 days, more rapid and intensive antibody
production in the two-step vaccination will exert a
prophylactic effect. In this connexion, it is interesting
that, according to our observations, the incubation
period of postvaccination encephalitis in revac-
cinated subjects is shorter than that in primarily
vaccinated persons (from 4 to 14 days, average
8 days). An incubation period of over 10 days was
observed in only 15 % of revaccinated subjects.
Shortening of the incubation period (on the average
by 2-3 days) in postvaccination encephalitis in revac-
cinated subjects has also been reported by other
authors (3, 15, 20, 27, 31). As shown by Appleyard et
al. (1) and Boulter & Appleyard (5), the antibody
formed in response to inactivated vaccinia virus is
capable of neutralizing very little extracellular vac-
cinia virus and provides only a low degree of
protection against infection. Our studies revealed
that these data, quite interesting in themselves, refer
only to the inactivated vaccine as such and cannot be
used to explain the mechanism of action of inacti-
vated vaccine under the conditions of two-step vac-
cination. Indeed, in the two-step vaccination method
the role of the inactivated vaccine consists not in the
production of antibody but in preparing the organism
for an accelerated immune response to subsequent
administration of live vaccinia virus. The rapid
production and accumulation of antibody capable of
neutralizing extracellular vaccinia virus in response
to live virus vaccination appears to be the main
factor responsible for a reduction in the incidence of
postvaccination encephalitis in two-step vaccination.

Clinical studies at present being conducted on the
basis of the above experimental findings will make it
possible to determine the optimum conditions for
ensuring the safety and efficacy of the two-step
method of vaccination.
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R1tSUMIt

ETUDE EXPtRIMENTALE DU ROLE DU VACCIN INACTIVE
DANS LA VACCINATION ANTIVARIOLIQUE EN DEUX TEMPS

Le mecanisme de la reponse humorale a e't dtudie
chez des lapins vaccines en deux temps contre la variole,
du vaccin inactive par le Co80 etant administre un, sept,
trente et soixante jours avant l'application du vaccin
vivant. Ce vaccin inactive, prepar6 A partir de la souche
L-IVP, a e inocul6 par voie sous-cutan6e en une dose
correspondant A 8 x 107 unites infectantes (pock-forming
units, PFU) avant inactivation, et il n'a entraine la pro-
duction demontrable d'anticorps neutralisant le virus,
d'anticorps inhibiteurs de l'hemagglutination ou d'anti-
corps decelables A 1'epreuve de l'hemagglutination pas-
sive pendant aucun des intervalles precedant I'adminis-
tration de vaccin vivant, prepare A partir de la souche
EM-63, en une dose de 1,2 x 105 PFU. On a constate
que l'inoculation prealable du vaccin inactive accelerait
la production d'anticorps en reponse au vaccin vivant.
Dans le cas d'un intervalle de 7 jours entre l'administra-
tion des vaccins inactiv6 et vivant, I'anticorps neutrali-
sant le virus pouvait etre detecte apres 5 jours d6jA

(contre 7 jours apres administration du seul vaccin
vivant), et sa concentration au bout de 10-14 jours etait
de 2 a 4 fois superieure a celle relevee chez les animaux
auxquels le vaccin inactive n'avait pas e inocule au
prealable. Aux intervalles superieurs entre les vaccina-
tions (30 et 60 jours), la production d'anticorps et son
intensite augmentaient davantage encore. II a egalement
ete demontre que la pre-inoculation du vaccin inactiv6
reduisait 1'intensite de la vir6mie apres administration
du vaccin vivant. Se basant sur ces constatations d'expe-
rience comme sur I'analyse des donnees de la litterature,
les auteurs suggerent que l'effet prophylactique de la
vaccination antivariolique en deux temps envers 1'ence-
phalite postvaccinale se trouve associe A la capacite du
vaccin inactive de provoquer un rearrangement des
systemes immunitaires de l'organisme ayant pour resultat
une production acceleree et plus intensive d'anticorps en
reponse au vaccin vivant.
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