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?asteurells pestis (Yersinia pestis) is the causal organiam of plague 
in sniraals and man. Its ass as a live or W'jiari vaccine has for 
many years been the subject of much discussion and experimental work, 
especially in relation to jiroteetion against the disease and the 
reactions produced oy live attenuated strains.

toe history of plague in man dates hacir nany centuries and erca eon® 
hiblical -writings are thought to refer to plague* The earliest 
aertaia plague epidemic end outbreaks h as ever date back to the time 
of Justinian (A.3. 5L2) (Pollitzer, 195li) aiifl are knoem .as the First 
Panieid-t. She present outbreak: are part of the mdrd Pandemic 
nhich originatnd in the "far East during the lr I ipih Cear.wy ̂ irapson, 
1505). In recent yearn the disease as a health hazard hao decreased 
throughout the vorld vith the exception of a few areas such as Brasil, 
Bolivia, Congo and the Republic of Vietnam. Sporadic outbreaks .how­
ever, still occur in many other areas- ffiiis decline in the iacidsroe 
of plague has been dno partly to iaproveti standards of living, more 
efficient rodent am insect control measures, advances in therapy and 
also to a natural decline of Use disease throughout Lhe eorlfi.

The value of vaordaation against plague now 15.es primarily 1% protec­
ting laboratory staff, field personnel working in .enzootic areas and 
certain other toeh risk groups under endemic conditions, such as those 
of var existing in Vietnam today.

The present investigation was initiated as a resalt of the concern »f



many workers that most experimental animals at present used for 
testing plague vaccines are not suitable. Subhuman primates have 
recently come into wort extensive use for this purpose in the 
United States of America, but the.38 animals are costly and difficult 
to obtain.

The nniltimammate mouse Praowys (Mastomys) natalensis hat. fceem 
adcpted to the laboratory at the South African Institute- z'or 
Medical. Reseai’ch and due to its very high susceptibility to infection 
was adopted as the standard test animal for routine suneil1 ance of 
plague. We therefore decided to determine whether this rodent 
species could be of use for the evaluation of both killed and live 
attenuated plague vaccines. With tiiis in mind, the principal aims 
of the study were to investigate

a) the pathogenicity of certain live attenuated plaga-s vaceiflvs 
in experimental animals, and

b) the immunogenic efficacy of killed and live plague vaccines
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First attempts to protect man against ̂ Isguo date basic to 3.755 vhen 
Weszprenl proposed a method similar to variolation (K'a Lien-Teh efc 
al., 1936).

In 1781 Samoilowsld contracted & mild farm of plague after being 
infected vith pas from a babo, and consequently he recomecded the 
method of applying a pad, previously inoculated with bubo jme direct­
ly to the ara without incision or scarification. This method was 
thought to confer imunity against plague by prodaeiag a td2d infection. 
It soon f3ll into disrepute however, as it sot infrequently reBQlteU in 
diaasterous consequences (Pollitzer, 195k).

Killed vaccines

Tersin, Calmette and Borrcl shenzed in 1895 that rabbits could be 
protected against virulent infection by means of a vaceine prepared 
from fully virulent agar cultures killed by heating at 580C for one 
hour (Hu Lien-Teh et al., 1936). About a year Uter Haffkine 
obtained similar results with broth cultures of freshly isolated, 
highly virulent P, pestls kept in the dark for six to eigjt weeks 
at room temperature and sterilised by placing then, for one hour in 
a water bath at an average temperature of 65°3. This so called 
•hfholo vaccine1’ was then used in dosages of 3 to 2j ml in the first 
vaccination of man against plague. A small-scale study was carritti 
out on 319 prisoners of Byculla Jail in Bonbay in 1897* Haffkine 
inoculated li7 persons et the beginning of a 7-day outbreak and left 
the others iminoculated. During this period there were two cases in 
the inoculated group, neither of whoa died and 12 eases with 6 deaths
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in the iminoeulated group. In a second study of plague vaccine, 
made in Vraerkhadi Jail in Bombay, he inoculated "one individual 
among two". Within a 30-day observation period 10 cases of plague 
with 6 deaths developed among 12? uninoculated prisoners and 3 
cases with no deaths in lU? inoculated (Taylor, 1933). Many 
millions were inoculated during the following years with the vaccine 
produced at the laboratory which later became the Haffkine Institute. 
Figures from the Punjab for the season 1902-03 show a reduction in 
case incidence from 7.1% among uninoculated to 1.8% among the 
inoculated. The ease mortality was reduced from 60.1% to 23.9% in 
the same groups (Parish, 1965).

At a World Health Organisation seminar on plague control in the
0.S.S.R. in 1965 Dr. 3. Cvjetanovic stated that "... except for a 
few studies by Haffkine (1906) and Otten (1936) no other studies on 
the effectiveness of plague vaccine in man have been undertaken, 
which may be called 'controlled' trials (as defined by Hill, 1951 
and Pollock et al,, 1965). The information available from these 
studies, in spite of some reservations, indicates that dead plague 
vaccine is to some degree effective and that live vaccine is perhaps 
superior. However, its exact degree of protection and duration are 
unknown".

The development of a killed plague vaccine for human inoculation by 
Haffkine was followed by numerous investigations using tMs vaccine 
and other preparations in various animal species. Widely differing 
results were obtained depending on the animals used and the mode of 
preparation of the vaccine. Some of the earliest experiments wore 
conducted by Kolle and Otto (1903 and I50I4) who inoculated white rats

*



- 5 -

and guinea pigs •with HaTfkine's vaccine and killed agar-grown cultures. 
After challenge HiUi a viruleiA culture only 9 per cent of the guinea, 
pigs survived, while the white rats showed a slightly higher degree 
of immmity.

This early observation that only a lw degree of immunity could be 
established in certain experimental animals stimulated investigators 
to produce killed vaccines with greater potency. Rowland (ipiiia) 
round that it was possible to increase the potency of an agar-grown 
plague vaccine by culturing the organisms in the presence of heated 
horse serun. These preparations protected 5.-8U per cent of white 
rats ag-’inst a virulent challenge dose which killed SO par cent of 
the controls. The importance of using highly virulent organises to 
produce an effective vaccine had also been stressed by Kaffkine.
This vas also shown by IMdu et al. (1926) who protected liF.53 of 
rats with a killed vaccine prepared fron a virulent culture which 
ca«sed 86.G? mortality in tlisse animals. A culture which caused 
20.0% mortality, when used as a killed vaccine conferred immunity on 
18.lil of rats. These workers also found that the potency of a vac­
cine increases with the incubation period in liquid tip to a aaarimua 
at the end of five weeks. This potency renains fairly constant until 
the end of 13 weeks and decreases when incubated for 16 weeks or longer. 
Apart fron attempting to increase the potency of killed vaccines as 
inmmising agents, experimental work vas aimed at reducing the local 
and general reactions which they caused. The toxicity of a killed 
vaccine •, j demonstrated in wild rats at an early date by workers at 
the Kaffkine Institute.

Attempts to reduce this toxicity were made by Hoiison et al. (192k)
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and Naidu et b3„ (2926) who centrifuged Haffkine’s vaccine and uacd 
the supernatant, sediment and whole vaccine to inoculate wild caught 
rats. The sediment was slightly toxic and had little or no immuni­
sing properties, vrhoroas the supernatant was leas toxic than the 
whole vaccine and the immunising properties were about the sane.
Naidu and Jung (1929) found that the toxicity of the Haffkine vac­
cine oould be demonstrated in rate, but not in guinea pigs.

Other attempts at reducing the toxicity were made by using bacterio­
phage lysed Buepensicns of plague organisms (Compton, 1928 and 1930, 
Tlix, 1929 and Pirio, 1929). These preparations were less toxic 
than liquid vaccines both in rats and the inoculation of one human. 
Single- doses of these vaccines were ineffective in conferring 
protection against virulent challenge, but two or more inoculations 
resulted in protection comparable with that of other Idlled vaccines. 
Furthermore, it was established that protection by those phage lyaed 
vaccines was not the result of inoculation of phage particles, but 
from the lysed bacteria and their products.

Smldt (1929) tabulated all the published tests performed on rats with 
agar-grown vaccines at the Haffkine Institute during 192li-25. 
Inoculation of 5.9 mg of these preparations resulted in 25.3% deaths 
and protected 38.6% against virulent challenge. A tabulation of 
experiments performed only with agar-grown vaccines sterHiseu by 
heat at 6U°C however, showed that 9.2 mg of these vaccines caused 
gk.5% mortality and protected 66,ii% of the rats. The doses of 0.1 
to 1.5 $5? agar-grown vaccine which gave milder reactions than 3-k ce 
of Haffkine's vaccine in humans was probably ineffective in conferring 
immunity. Proportional doses which gave high protection rates in 
rats would have been unacceptable for human inoculation.
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The widely differing results of protection and toxicity of killed 
vaccines in various animals, revealed the Importance of the animal 
species In plague vaccine investigations. Schulze (192?) compared 
the Immunising power of three types of plague vaccine - llaffkine1 s 
broth, heat-killed agar-grown and phenol-killed agar-semm vaccine - 
in guinea pigs and rats. Differences between these vaccines could 
be detected in guinea pigs, but the rats respond equally well to 
Immunisation. It was clear th^n from this work that rats respond 
differently from guinea pigs to plague vaccines. Other animals: used 
were gerhils (Tatars sp.) (Plrie, 1927), Crioetomys gambianus (Burgess, 
1927 and 1930) and monkeys (Macaca cyoomolgus) (Strong, 1907). In a 
review of this early plague vaccine work, Otten (7.933) concluded that 
the experimental conditions varied so widely that comparisons of them 
were not possible. He therefore conducted further work on the sus­
ceptibility and response to immunisation of different animals. It 
was shorn that the guinea pig was the most susceptible to virulent 
infection, followed by wild rats and then white rats. Guinea pigs 
were protected tb'v least in vaccination experiments and then wild rats. 
The greatest protection was obtained in the least susceptible animals
i.e. white rats. He then suggested there may be an inverse relation­
ship between the response to fjnmonisatlon and susceptibility to plague. 
This was net confirmed in white mice however, which are highly sus­
ceptible, but in which 60S protection was obtained with the Haffldne

Of great Importance in the evaluation of plague vaccines was the 
introduction by Sokhey (1939) of the white mouse as a test animal. 
This was a great step away from the use of wild house rats (Rattus 
rattus) which gave very wide variations in result". Furthermore, 
Sokhey established that a6 few as 10 bacilli per animal were enough

vaccine.

%"
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U- produce 100$ mortality in the white mouse (Harfkine-InavLtute 
Inbred strain). White rats, wild house rats and guinea pigs were 
much less susceptible to plague infectio.i.

Although it is known that fully virulent plague organisms possess at 
least 10 (Crumpton and Davies, 1956) and possibly as many as 16 anti­
gens (Lawton, Fukul and Surgalla, I960), their part played in immunity 
is uot fully known. Attempts to identify the immunising antigens of 
the plague organism have been made since Rowland (191hb)originally 
described a readily soluble outer covering. This substance was 
distinguished from the somatic antigen by Schutse (1932a) wiw demon­
strated the immunogenic properties of the envelope substance in white 
rats (Sohutse, 1932b and 1939). The heat-labile envelope antigen was 
shown to develop best at 37°C while the heat stable somatic antigen 
forms as well at 20°C as at 37°C. Although the outer covering of the 
organism has been termed a capsule by various authors (Sokbey, 19U0 
and Amies, 1951) the general concensus of opinion is that it should be 
termed an envelope (Englesberg and Levy, 1951; and Burrows, 1963). This 
is now commonly referred to as Fraction 1 or FI antigen (Baker et al., 
)9L7 and 1952).

Sip basis has been placed on the importance of Fraction 1 in conferring 
insmmlty to plague by Keyer and his associates at the teorge Williams 
Hooper Foundation, San Francisco. Their work showed (Bxker et al., 
19ti?) that by extracting virulent plague bacilli killed by acetone at 
-70*0 with neutral salt or sodium acetate solution, water-soluble and 
water-insoluble antigenic components were obtained. The water-soluble 
fraction contained at least three antigenic components; (l) a
carbohydrate protein (Fraction 1A), soluble at 0,2‘; saturation of 
anBBonlnm sulphate at pH 7.0 to 7.5; (2) a carbohydrate-free protein



(Fraction IB) soluble at 0„3 saturation of ammonium sulphate and (3) 
a toxic fraction, soluble at 0,33 saturation of ammonium sulphate. 
Fraction 15 was highly immunogenic in mice, white rats and monkeys, 
but not In guinea pigs. They then concluded that " ... Fraction IB 
antigen is probably eiasentisl in the maximal protection of man and 
since this antigen is equally indispensible in the protection of mice 
against plague, it is deemed advisable to measure the immunogenic 
potency of a plague vaccine with sice rather than with guinea pigs".

9 of the guinea pig to a variety of preparations
4 by Spivack et al. (1958) who established that 
a Immunised with small quantities of plague antigens 
» rated into an oil emulsion. Immunisation of 

guinea pigs with a killed vaccine preparation without adjuvant was 
however, achieved by Keppie, Cocking and Smith (1958), Chen, toater 
and Meyer (1961) and Smith and Packman (1966). The latter authors 
used the attenuated EV76 strain to produce a filtered nontoxic vaccine 
vhich protected guinea pigs better than the American Army vaccine, but 
no difference in the two vaccines could be detected in the protection 
.of white mice.

The assumption that subhuman primates resemble man more closely than 
guinea pigs or white mice in the immune response, stimulated the use 
of these animals in immunity studies. Otten (1933) stated " ... the 
problem concerning the protective value of plague vaccines in man is 
not solved. To approach the question, human susceptibility to plague 
infection and response to immunisation should be known, and on this 
point reliable information a priori in not available. The nonkey 
seems to be the roost suitable animal to bring this problem nearer 
solution". The individual inherent resistance of rhesus and cyno-
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molgus aonkeys has made it impossible to achieve reproducible, cluar 
out serologic responses to challenge by various routes in these two 
primate species (Chen and Meyer, 1965). Evaluation of plague vaccines 
through tests on subhuman primates might be more reliable if species
3.ess variable in susceptibility than these two species could be found. 
Hanuman langurs (Presbytia entellus) were shown by Chen and Meyer 
(1965) to be highly susceptible to plague and found by Meyer (1970) 
to be of great value for the investigation of live and killed plague 
vaccines. Meyer (1953) showed that Kacaca imilatta could be protected 
against large doses of virulent P. pestis by suspensions of formalin- 
killed organisms or by heat- or chemically-killed broth vaccines using 
the normal human dose. Smaller doses conferred little or no Immunity. 
Immunisation with Fraction 1, irrespective of the dose, within a range 
of 0.1 - 5-0 mg, protected approximately 60$ of the monkeys. Antibody 
production as n. whole was much less extensive in non-human primates 
(H. wulatta) than in other species of animals. A similar rate of 
protection was obtained by Keyer (1970) using two doses of OSP vaccine 
inoculated intramuscularly into langurs.

"Amies' (1951) used, the wild rodent Pracrys (Mastomya) natalensis, bred 
in the laboratory, for his investigations on the envelope substance of 
P. pestis. More than 2,000 of these animals wore used for this work, 
which I’d him to conclude that P. natalensis stands midway between the 
guinea pig and the rat in its response to plague antigens and is thus 
comparable to man. Andes then stated that antigens intended to be
used for human prophylaxis can therefore be assayed by protection 
tests on this animal.

Live Vaccines

The use of killed plague vaccines in animal experiments and in man has



established that immunity can be conferred by inoculation of killed 
broth cultures, agar-grown suspensions and extracts of the organisms. 
However, the value of killed vaccines was seriously questioned at an 
early date. Thus Kolle and Otto (1903 and 1901*.) and Rowland (1915b) 
demonstrated that 11, t attenuated organisms could immunise guinea 
pigs and rats better against virulent infection than tilled cultures. 
The use of live vaccines VAg more extensively investigated by Strong 
(1906 and ISO?) who demonstrated the greater efficacy of these vaccines 
jji guinea pigs and monkeys. and also vaccinated many human beings with 
a live attenuated strain. He then expressed himself as a firm sup­
porter of inoculation against plague with live Vaccines.' Pirie (192?) 
h wever, demonstrated that strains may be attenuated for guinea pigs, 
but virulent for the gerbil (Tatera sp.), which is highly susceptible 
to plague. He concluded that the ideal attenuated strain for use as 
a vattine would be one which had & very wide margin between the toxic 
dose an< the dose which was sufficiently antigenic to produce Immunity.

Interest shifted to the use of live plague vaccines for human inocula­
tion again in the 1930’s. Otten (1936) in Java selected a strain 
•isolated from a rat found dead at Tjiwidej and then stored in a deep 
serum-ager stab-culture after rat passage. Pour months later it was 
found to have lost its virulence completely for rats and guinea pigs. 
The Tjiwidej strain was shown to be superior to killed vaccines in 
guinea pigs and rats, but produced sterile abcessee in guinea pigs 
at the site of inoculation. However, the vaccine proved ooepletely 
harmless to man in doses of 100 million viable bacilli. In the 
first trial of this vaccine in humans, Otten used the alternating 
method of vaccination i.e. one half of a household was vaccinated, 
the other half being left as a control. The mortality from bubonic 
plague in the vaccinated group of this trial was reduced to 10X of



that ifl the Hzrvacdnated group. This vaccine was then used far the 
mass vaccination ol e populstion of millions.

At about the same time as Otten developed his live attenuated vascine 
in Java, Girard and Ms associates carried out similar vorTc io 
Madagascar. 5ti-9se authors realised the shortcomings of the killed 
preparations and -worked mainly on live attenuated vaccines, the out­
come of which was the development o' the EV vaccine (Girard, 1936).
The strain EV ess isolated in 1926 from a human Mbo and after five 
years of subculture on nutrient agar was found to be zrvirulent for 
gnlnea pigs Wien inoculated sttbeutaneoasly. Ths strain produced 
solid immunity in guinea pigs and vas f otmd to "be innocuous lor man 
when administered suhcutaneousiy in doses ef 500 - 1,000 million 
organisms.

The vaccine was first tried in a few lepers in 1932 to determine the 
effects on humans (Girard, 1̂ 63), After this, a trial of the vaccine 
was conducted in 1,600 volunteers in a village in an infected area.
Only one ef the vaccinated contracted plague during the time when 
there were numerous cases in the neighbouring villages. these 
encouraging results led to the use of tW vaccine for the ease vac­
cination of a population of more than one million people. According 
to Girard and Bohic (l?li2) these "vaccinations resulted in a reduction 
of the plague morbidity "by Go# in Madagascar.

Ip. South Africa the superiority of live vaccines over killed prepara­
tions was demonstrated by Pirie and Grasset (1938) in Sattus ratios. 
live vaccines of the strains EV and Tjiwidej were then used extensively 
in the lie] 1 for human inoculation to control plague cutbreaks (Gale, 
ipkl, Orasset, 1914, 191,2 and 19li6). The strains were first tried in
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hwaan volunteers and confirmed to be con-pathogenic in dvjes of UjCCO - 
50,000 million organisms in guinea pigs and white rats. The vaccine 
consisted of a live emulsion of 1,000 million organisms per ml ob­
tained from a 2k-hour growth on nutrient agar at 37°C suspended in 
saline. Ineminis&tion consisted of a single injection of 1 ml of the 
vaccine administered subcutaneous!-/. Proportionally lower doses were 
used for children. Reactions to the vaccine were very mild with 
local reactions in li.5 per cent and moderate general reactions in 3.7 
par cent of the vaccinated. The vaccine resulted in the development 
of a high degree of immunity to plague as only 15 plague cases were 
observed in a totiil of over 2li,0Q0 persona immunised with the attenuated 
vaccine during 111 outbreaks between 15U1 and ISUli.

The use of live attenuated plague vaccines for human inoculation in 
other countries has been limited mainly to the EV strain. In the 
former Belgian Congo nearly 500,000 vaccinations were carried out with 
the EV strain between 1939 and l?li6 in the Lake Albert plague focus 
(Devignat, 19li9). Of 132 plague cases between 19li0 and I9b6, 16 were 
recorded in vaccinated persons between three and six months after 
vaccination and 13.6 in non-vacclnated persons. In Tunisia the live 
EV vaccine was administered to about 60,000 persons between 19Wi and 
19li5> and to about 100,000 persons in Senegal at that time (Girard, 
1963). The value of these inoculations in preventing plague in the 
vaccinated was however, difficult to assess.

More recently the use of live attenuated plague vaccines has been 
confined mainly to experimental animals. From this work much of the 
present knowledge on the immunogenicity and pathogenicity of olague 
has been obtained, forking with genetically related strains of P. 
pcstls. Burrows and Bacon (1956a and 1958) established the importance

L
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of virulence determinants in Imunlfc/ to experimental plague In white 
aioe, guinea pigs and rabbits. This work with live vaccinos confirmed 
the Importance of the FI antigen in coni'erring immunity tc mice against 
experimental infection with virulent FI* strains, and the importance of 
the W  antigens in immunity was also established. Laboratory tech­
niques for the detection of these antigens have been described by 
Surgalla et al. (1970). The vaccine strains which were most immuno­
genic in both mice and guinea pigs were found to have the virulence 
characters of the strains SV76 (F1+ VW+ P-) and Tjiwidej (FI* W- i’’-).

Immediately after tilt1 inoculation of mice, rats, guinea pigs and monkeys 
with protective attenuated P. pestls strains, large numbers of organisms 
are always present at the site of infection (Jaweta aim Meyer, 1943 and 
ISMj, Meyer, 1950). Within a few hours the afferent lymphatic system 
carries them to the regional Jytaph nodes from where the bacilli are 
transferred to the thoracic luct and the blood stream. If a sufficient 
number of organisms have been ii:,,>cted, bacilli way be deposited in the 
first 6-12 hours in the spleen, liver and bone marrow. The filtering 
action of the liver and spleen then usually become effective and this 
"initial bacteraemia lasts only a very short timfi. The bacilli Liay be 
destroyed or may multiply in these locations and persist until recovery 
or death. The ability to resist phagocytosis, and hence to multiply 
in the animal, is associated with the antigens FI and W  (Burrows and 
Bacon, 1951b,1956a and 1956b). Only after massive multiplication are 
the splenic and hepatic filters overcomes when they are, bacteria 
appear again in the blood. Attenuated P. pestis produce an active 
invasion of the host which differs only in extent, not in kind, from a 
virulent infection. Death from virulent infection is due to a toxic 
effect. The inability of the host to stop multiplication and subse­
quent bacterial disintegration allows liberation of large quantities of



endotoxin which injare the bleed vessels, nyoeardittro and adrenals 
(Keyer, 1950).

The vast amount of experimental work on the live attenuated EV plague 
strain has resulted In the recogniti«e o£ certain cbaracterdsticE 
for the vaccine to be highly efficacious. One of the important 
characteristics stressed by Girard is the fact that the 57 strain 
retains a certain degree of toxicity and residual virulence and. he 
believes that the strain probably owes its protective power to the 
persistence of these properties. The residual virulence of the EV 
strain was deeonstrated by Bablet, Girard and Robic (1$97) wire 
inoculated guinea pigs intraperltoneally with one thousand Tri.llinn 
bacilli. Two animals weri' tiien sacrificed daily for a period of 39 
days. After the seventh day the spleen becaae enlarged and the sur­
face had a rough rugose appearance. Tiny granulations appeared about 
the tenth day, then began to fade on the 15th day and had disappeared 
tty the 20th to 25th day. By the 30th day the spleen had returned to 
its normal size and appearance.

.Histological exanination shewed the presence of snail nodular formations 
in the spleen red pulp after the 5 th day. These were made up of a 
dense aass of reticular and polytsorphonoclear cells containing cocco- 
badlli. After this there was a massive proliferation of the reticular 
and endothelial cells. Regression began after the tenth day and by the 
30th day tie nodules had disappeared,

Multiplication of the EV strain in nice and guinea pigs was deraoMtrated 
by Girard and Eadaody-Ealarosy (19li0) and Walker et aX. (1S53/. The 
liver and spleen were the cain foci vkere multiplication took place 
within the first fr.ar days and these organs then becane sterile after 9 

to ill days.



Ie»is for the evaluation of the ismmity prodaced "by vaccines have 
been outlined by Meyer (1553). These are (1) intentional challenge
(2) intentional exposure to a natural infection (3) natural exposure, 
permitting the prevailing epidemic chances to act freely, and (!*) 
measurement of the reactions in the body fluids to indicate altered 
refractoriness of the inoculated or innunised, Aa far as experimental 
evaluation, of vaccines in animals is concerned, the first and fourth 
methods have been the most useful, Work on serological techniques for 
the appraisal of immunity to plague has resulted in the development of 
four useful tests i.e. agglutination, eompieisent-fixation, haeeiagglu- 
tlnation and passive icouse-protection. Of these the last tee havr- 
been used most extensively. She procedure of the passive coaee- 
protaction test is as follows: at least ten mice are given intravenous 
injections of 0.5 ml of the undiluted serum to be tested (or diluted 
1:2 if the protection is strong} and then immediately 100 KLD Of a 
highly virulent P. oestis culture are given subcutaneously. The mice 
are then observed for about lli days. The percentage mortality is then 
divided by the mean tine of death to obtain the mouse protection index 
.(KFT). tfris test can only be used for the evaluation of sera from 
humans, large animals, guinea pigs or pools of rouse sera as at least
5 ml of serum is required. Passive mouse protection indices below 10 
and particularly below 5 are usually found in convalescent plague 
patients (ifcCrurb et el,, 1955) and susceptible non-human primates 
which resist challenge infection (Moyer, 1970). An animal which has a 
KPI below 10 is therefore considered to have « high level of immunity 
to plague.

Despite the amount of work done on vaccination against plague, there 
are still many large gaps in our knowledge. Although the killed



r

vaccines in use at present have been shown to inmmti.se mice end guinea 
pigs {Smith and Packman, 1966) and also primates, their value in pro­
tecting man againct plague has been strongly questioned. If booster 
doses arc given however, the Icilled vaccine is highly effective. This 
■was revealed in Vietnam where persons vaccinated with a killed plague 
vaccine enjoy almost complete freedom from the disease, although 
frequently exposed to infection (Meyer, 1970). Live vaccines, 
particularly the £7 and Tjiwidej strains, have been shown to be better 
vaccines in experimental animals and have been used on large scales for 
human inoculation. However, these live vaccines are pathogenic in 
non-human primates and produce unpleasant side reactions in man (Meyer, 
1970 and personal communication). On the basis of experience in 
Malagasy, Payne, Smadel and Courdnrior (1956) concluded that a single 
inoculation of living attenuated ?. pestis, strain 27, elicits demon­
strable antibodies in relatively few persons. However,-antibody 
'production was found to be enhanced by repeated vaccidation.

The value of Praoays (Mastonvs) natalensis as a laboratory teat animal 
for plague has been established by Davis and Murray (1968b), This 
work was done after it was realised that guinea pigs, which were used 
as test animals at that tine, were not uniformly susceptible to infec­
tion. Similar results in guinea pigs were obtained by Drygoo and 
Bajeuison (1969) who found that white sd.ee were better test animals.

The present work vus therefore initiated to investigate the immunogenic 
and pathological effects of various live and killed vaccines in Praonys, 
and gTrimii species which has beer, proved to be superior to loth guinea 
pigs and mice in its uniform susceptibility to plague. Corparative 
studies with white mice, guinea pigs and African green monkeys 
(Cerccpithecus aethiops pgr -ythrus) were also done.
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MAIERXAL AMD METHODS.

Espertjneatal aalmflla.

Praoiaya (Hastomrs) natalenaia: The ?rajmys colony was built up from
animals caught in Johannesburg in I9I46 and maintained at the South 
African Institute for Medical Research since that time. They are 
now known as the Baragwanath strain. Praomys (fig. 1) is about 
twice tiie aiae of the white aouue, the body weight at maturity being 
between 50 and 60 g. For experimental work they were used vhen 5-1- 
weeks old at a body weight of 25 - 30 g. The breeding stocks are 
housed in a temperature controlled room about zl̂ G and. maintained in 
standard metal mouse breeding cages JO x 15 x 13 cm. The food given 
is standard muse cubes supplemented, with earrots, potatoes and 
cabbage once a week, Water is supplied by a drop bottle. The mono­
gamous system of mating is used and breeding pairs are kept together 
for life. On the average eight young per litter are born, of which 
six are weaned (Davis, 1963), Animals were inbred to the twenty 
first generation when the fecundity declined to such an ox ten',, that 
insufficient animals were obtained for experimental use. The fertility 
was restored to the colony by cross breeding litters of the inbred strain.

Animals under experiment were caged singly in cages 13 x 13 x 18 cm.
Tbe top and bottom of these were made of galvanised iron and the sides 
were wire mesh. The bottom had short legs at each Comer so that the 
cage could stand in a disinfected tray. Care has to be taker, in hand­
ling Praomys as they are agile and bite viciously. One hand was 
covered with a calico bag consisting of 2 - 3 layers and the animal was 
held in the palm of the hand, being secured by the scruff of the neck 
between the thumb and forefinger.



Fig. 1. Praon>-3 (Hastomys) natnlenala.



White «dce and Guinea pigs?

The white Mice and guinea pigs were non-itibred conventional animals 
from a colony maintained at the South African Institute for Kedical 
Research for various purposes. 'f-.e animals were fed on standard mouse 
biscuits daily and water was supplied by a drop bottle. The mice were
7-11 weeks old and the average weight was about 20 g. The guinea
pigs weighed on an average about 200 g. During experiments 10 white 
ad.ee were caged together in galvanised iron cages 60 x 30 x 13 cm and 
guinea pigs were kept together in wire-mesh cages to x 60 x 3li cm.

CercopXthecvis aethiops pygerythrusi

African green monkeys (Cercopithecus aethiops wgerythrus) were wild 
caught in South Africa and then conditioned, for approximately three 
months in large outdoor cages, which housed about 25 monkeys each.
Healthy monkeys in good condition were selected from these and put in 
eepsi-ate cages in the laboratory. The cages measured 75 x 77 x lOji.cn 
with a false back which could bs drawn forward to pinion the monkeys 
against the front, to facilitate handling the animals. The cages were 
suspended about 50 cn from the floor from a horizontal bar for ease of 
cleaning. The diet consisted of brown bread, sweet potatoes, bananas 
and oranges given twice daily. Water was always available in & trough.

Vaccines.

Four live attenuated and two killed vaccines were used in the experimental 
work. The live vaccine strain designated TJiwidej Smooth or TS, was 

. obtained in dried gelatin pellet form from Dr. T.V7. Burrows, Porton, 
England. The other live vaccine itrains designated M76 (Pa/is), ETjlf 
and K23 and the standard reference killed vaccine were obtained in 
lyophilised form, whereas the tiSP killed vaccine was in liquid suspension.

L



These vaccines were supplied by Dr. K.F. Meyer, San Francisco, U.S.A.
The origin of these strains will be discussed under the experimental

The live attenuated strains were stored in the laboratory at It°C in 
dried gelatin pellets according to the method of Stamp (19lt7). The 
method of preparation is as follows: Organisms from an 16 hour
culture incubated at 28°C were seeded onto the surface of agar slopes 
(Oxoid blood agar base No. 2 pH 6,8) in MacCartney bottles. These 
were then incubated at 28°C for 18 hours. To each battle the following 
gelatin ascorbic acid mixture was added:

A. Gelatin .100 g. Distilled water J>00 ml.
B. Peptone 10 g. Sodium chloride 5 g, 'Lemoo' beef

extract li g. Distilled water 200 ml.

The pH was then adjusted to 9.3 and the solution boiled to precipitate 
the phospliates. It was then filtered through Green's 'Hydro' 90li4 
filter paper and added to solution A above. The pH was then adjusted 
to 7.6. Sterilisation was effected by steaming for 30 minutes on 
three successive days.

C. Ascorbic acid 0,125 g, sterile distilled water k.5 ml.
This was then sterilised by millipore filtration and
0.5 ml 20% lactose in distilled water added.

To each li.5 ml of the 'Lemco' gelatin (A + B above), 0.5 ml of 
solution G was added.

The bacterial growth was emulsified in this mixture with the aid of 
glass beads and th'* suspension removed with a Pasteur pipette.
Separate drops were placed on thin plastic sheets in petri dishes, 
previously sterilised in chloroform and dried under ultraviolet light
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in « sterile chamber. The petri dish lids were propped open slightly 
and the dishes placed in a dcssicator for three days at room temaera- 
ioro. The dried pellets were then removed aseptically and stored in 
a refrigerator at k°C.

Agar-grown vaccines were prepared from dried gelatin pellets hy 
incubation of the pellet on "blood agar at 37°C for one hour to melt 
the gelatin. The inoculum was then spread over the agar surface and 
incubated at 2&°C for 18 hours. This culture was then seeded onto 
trypticase soy agar in HacCartney bottles and incubated at 37°G for 
li8 hours. The growth was then harvested with sterile normal saline 
using glass beads to produce a uniform suspension.

Serial dilutions of all vaccines were made in normal saline using a 
separate pipette for each dilution. Total bacterial counts of inocula 
were done in a Thoma counting chamber after dilution in 1.555 foraol 
saline. Viable counts were done by inoculation of 0.2 ml of serially 
diluted suspensions onto each of five blood agar plates and spread with 
metal spreaders. These were than incubated at 28°C for 72 hours before 
•counting the colonies. All live vaccines and virulent challenge cul­
tures were checked for purity and confirmed biochemically to be P.pestis 
after Inoculation.

Vaccination techniques.

Three routes were used for vaccination of the animals ire. intracu- 

taneons, subcutaneous and oral.

latracutaneous inoculations These inoculations were made with bifur­
cated needles which were solid stainless steel needles 1 mm thick and 
65 mm long. One end was flat in which there was a bifurcation 2.5 am 
long. The needles were charged with vaccine by dipping into the
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vaecine dilution to a depth at which only the space between the forks 
was filled with fluid. The needle was then gently pushed into the 
skin and rapidly withdrawn Without extracting blood.

Subcutaneous inoculation; Animals were inoculated subeutaneously in 
the right hind leg with the various dilutions ol ■vaccine using e 2 til 
syringe and a number 16 Record hypodermic needle.

Oral administration; Praonya (Hastcays) natalensis vers vaccinated by 
the cral route using 018 x 2 inch luer-lock hypodermic needles. The 
ends of the needles were rounded off to prevent injury. The animal 
was held with the abdomen facing upward and the needle was gently 
inserted into the back of the mouth. The vaccine was then introduced 
slowly as the animal swallowed.

Strains of virulent P. pestis used for challenge.

Two virulent plague strains were used in this work for the challenge 
of vaccinated and control animals. The strain used in the initial 
stages was designated F357 which was isolated in Lesotho on 11th July, 
1966 from a flea, Xenopsylla sp., during a plague epidemic. After 
isolation, this strain was maintained in deep nutrient agar stab 
culture. For most of the challenge infections strain MF6 was employed. 
This strain was kindly sent by Dr. T.W. Burrows who isolated it from a 
mouse which has been inoculated with an X-irradiated culture of the 
Tjividej Smooth P. pestis strain (Burrows and Bacon, 19fta). Th> MP6 
strain in highly virulent in mice and guinea pigs, the average lethal 
dose being less than 10 bacilli (Burrows and Bacon, 1958), It was 

maintained in dried gelatin pellets.

After vaccination or virulent challenge the test animals Were kept 

M e r  observation telly top «t l.«t =1 <W«. A»t»P=l.» °»



that died were carried out with strictest aseptic precautions. The 
macroscopic appearances were noted and smears were examined from the 
heart blood, liver and spleen. Cultures were made from the inguinal, 
lymph node, liver, spleen, kidneys, lungs and heart blood. These
were planted onto blood agar plates and incubated at 2Q°C for lt6

?.8°C for I18 hours before subcultivation on blood agar. Pieces of 
tissue for culture were removed using sterile instruments for each

Histology.

Tissues from animals which dj 
saline for histological secti 
Elliot tissue processor and w 
microns thickness were cut and stained with haenatoxylin and eosin 
or thioriin.

Serology.

Blood for serology was collected aseptically by heart puncture from 
fraomys as described by Hallett (1965) and from the hind leg of

bodies to the Fraction 1 antigen of P. pestis using the microtechnique 
as described by Chen and Meyer (1966). After inactivation the sera 
were absorbed with normal sheep red blood cells to remove the 
heterophils anti-species antibodies. Doubling dilutions of the sera 
were then made in a 1:100 dilution of inactivated and absorbed normal 
rabbit serum. A suspension of tanned sheep red bloou cells sensitised 
to Fraction 1 was then added to each cerum dilution and the titres were 
read after incubation at room temperature for 2 - It hours. Thia test 
has been used extensively throughout the world for the serological
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detection of exposure to plague in man and animals (Levi et al.,
196it, Cavanaugh et al., 19651 Davis et al., 1968a and Hallett et al., 
19?0). The Cercoplthecua sera were tested for mouse protecting 
antibodies as previously described and the ouse protection indices 
were calculated.

Protection against virulent challenge.

Three to five weeks after vaccination the Praomys and white mice were 
challenged subcutaneously with a virulent agar-grown P. pestls culture. 
After a minimum observation period of three weeks the protection 
conferred by toe vaccine was determined by calculation of the Active 
Protection Index (API) and the 50? protective dose (FDjq).

The active protection index as used by Burrows and Bacon (1958) takes 
both the percentage of deaths and the times of survival of challenged 
animals into account and was calculated as follows i-

API. = mean time of death in days x 100 
' Percent deaths

This, as stated by Burrows and Bacon bears a direct relationship to 
the degree of protection, in contrast to the inverse relationship of 
the mouse protection index of Meyer and Poster (1988).

The 50? protective dose was calculated according to the method of 
moving averages described by Thompson (1987) and also outlin-d by 
MeyneU and Hr noli (1965). The other "'U known methods of obtaining 
the PD5o are those of Reed and Muench (1938) and Karber (described by _ 
Irwin and Cheeseman, 1939). These methods are however, unreliable if 
the doses happen to have been Chosen so that there are many more on 
one side of the PBg0 than on the other.



ii out in the plague laboratory of 
the Sooth African Institute for Medical Research. The laboratory 
consists of .five rooms; (l) main bacteriological laboratory (2) 
aut0p5j.es (3) wash up and sterilisation (It) maintenance of routine 
best animals (?) maintenanso of animals under experimentation.

Surgical gowns, rubber gloves and masks were worn at all times whilst 

stain laboratory in a safety chamber fitted with an extraction fan ; 

and gum boots were worn when any work with monkeys was done. Animals

extraction fan and bacterial filter to maintain a negative pressure.

Cultures were disinfected with dilute T-ysol and then sterilised in 
an autoclave. Animal carcasses were incinerated after autopsy.

I



EarBOSBi'TICICT AffD J-SrooSETlC EFFIOACY 

$ IbE l,tr; A.T: BOATED PUgJE VhrS.lSZ STiUĴ  E7!>U.

At a World B̂ al to Organisation Seminar on plague control 1l the 
U.S.S.R. in 19£>5, the view was erpreBeaa that although mach is known 
abtnt the Tinilanoe determinajita and protective antigens of P. pastia, 
there are probably o-hes antigenic coatprments vAddi have not "bean 
detected. Thus, althoach tilled vaccines may possess all the known 
antigenic components, live vaccines possess the potential .of producing 
antigenic components in vivo -which are sot formed in vitro, live- 
vaccines would therefore confer b higher degree sf resistanoe to 
plague than killed vaccines.

tmnr-E the criteria adopted by the Soviet authors for the selection of 
attenuated vaccine strains were that tLdse shrald genetically contain 
the fl and TO antigens {F1+, W+), most be independent of purines for 
grvtfih (Pu+), and must not produce pigments on -media containing 
Wrarf-n (?-). These are the tietemjiants o£ "Uie ET strain. The 
vaocine strains should also confer solid and long-lasting Immity on 
guinea pigs and mice.

It is well knoHa that different attenuated plaeste strains have dlifwent 
charities, associated -Bith the method of maintenance of the 

.-culture (Ohm and Keyer, 1955 and Korobkova et zlL.» I96I1). S. suacese- 
fol method which. Las been employed to stabilise attenuated vaccines 
antigenically anil to increase the immunogenic capacity, iiy.r bsen to 
passage the strain through guinea pics (Korobkova et si., 196ii). 3y 
this method neither virulence of the strain nor adverse effects on the 

animal were increased.



To obtain a vaccine strain which possesses thrv full antigen complement, 
but which is P-, the EV strain was passaged tiirough guinea pigs pre­
viously treated with ferrous sulphate. In animals not treated with 
iron salts, all the EV organisms are svirulent and are gradually 
eliminated from the animal. 'When iron is injected, the organisms 
which lack antigens for which the iron does not compensate (e.g. Wf-) 
are still avirulent and are also eliminated. The cells which lack 
only the component for which iron compensates (P) however, multiply 
freely to provide a population of these cells which eventual 3v results 
in death of the host (Jackson and Burrows, 1956b),

Details t>£ the passage of an BV stvain through guinea pigs to obtain 
the vaccine strain designated BVSlf are as follows. In 1951 an I5V76 
strain ".'as taken to the U.S.A. from Madagascar. A mass culture 
prepared from the original slant was grown on hormone agar at 37°C 
for liB hours and lyophilised. In 196? the lyophilised BV?6 was 
reconstituted and grown on a blood agar slant at 37°C. A guinea pig 
given FeSOjj in oil intramuscularly was inoculated with 0.5 ml of a 
21, hour 37°C grown broth culture (approxijoately 100 Million viable 
'organisms) seeued with the growth x’rora this slant. The uiiimal was 
sacrificed six days later and the emulsified spleen was inoculated 
into a guinea pig pretreated with FeSÔ . Three additional spleen 
passages through treated guinea pigs were followed by the inoculation 
of an untreated guinea pig. From the enlarged spleen, studded with 
granulomas, a blood plate yielded numerous typical smooth plague 
colonic (Meyer, personal comur-Lcation). The $Oi protective dose 
(PDjq) by the subcutaneous route was 3,600 viable organisms for mice 
and 5 for guinea pigs (Meyer, 1970). The vaccine was lyophilised and 
sent by Dr. K.F. Meyer for experimental use in laboratory animals.
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Subcutaneous inoculation of Gav-copithsgas aathlcma -pyRerTthras 
and guinea pigs -with a freeze dried STglf culture.

Fifty Cercopithecus aethiopa pŷ erytbrus weighing It - 6 kg were nut 
into individual cages and divided into 5 groups of 10. Both sexes 
were fairly evenly distributed. Five to A animals were kept in a 
room to minimize cross infection with bacteria unrelated to P. pestis.
To minimize rough handling and frightening of the animals, all handling 
was done after intramuscular injection of "Sernylan" (0.0$ ml/kg body- 
weight) which fully anaesthetised them. In this manner all animals 
were weighed, their body temperatures taken rectally, and bled for 
white cell count and serological tests.

Bach of $ vials of the lycphilised EV$lf vaccine were rehydrated with 
10 ml sterile normal saline and pooled in a 100 ml Erlenmeyer flask,
A total bacterial count was then done in a counting chamber and ten­
fold dilutions done in normal saline. five dilutions were selected 
for inoculation on the results of the total count and these were 
injected subcutaneously in 0.$ ml amounts into 10 monkeys for each 
.dilution. At the same time five groups of ten guinea pigs each were 
inoculated subcutaneously with the identical doses. Plate counts 
were done as previously described, The groups of viable doses inocu­
lated as determined from the plate counts and the vaccination fatalities 
of Cercopithecus which occurred are as follows:

Vaccine Dose 
(viable bacilli)

Day of death

1.009 x Id8 lj,5 and 6 (2> ti

1.009 x 106 $ and 11 2
1.(569 x IQ5 6,7,11 and 22 it

1.009 x 103 6 and 28 2
101 9 1



The cages were inspected daily and ■ssas illations of monkeys were done 
initially on alternate days to determine reactions at the site of 
inoculation} aiae of inguinal and popliteal lymph nodes and rectal 
temperature. Where an animal had a tenperature of 10li°F or higher, 
■blood vas •taken for "white cell count, serology and quantitative blood 
cultures. After two weeks these examinations were reduced to twice

local lesions at the Inoculation sites were not observed, but the 
inguinal lymph nodes enlarged in 2 - 3 days and persisted as marked, 
firm lymphadenopathles for up to 25 days, A rise in tenperature was 
recorded for every animal,and raised white cell counts were recorded 
in all those with temperatures of 10li°F or higher (table 1). By the 
28th day the white cell counts had returned to normal. Positive 
quantitative blood cultures were obtained from tiie fourth day (table 2) 
end these varied from 8 to innumerable bacilli per ml. Three monkeys 
had positive blood cultures of 6, 36 and 202: bacilli per al and sur-

B&lsed serological HA titres were observed in monkeys within 5 - 7  days 
in those animals which had rectal temperatures of 10b*F and ever (table 
%), but 3 of these 16 had negative titres. By the 20th day all but 2 
of 38 surviving monkeys had serological titres besween 8 and lt0$6.

The post-mortem appearances of the animals which died after vaccination 

were aa follows:

Blood stained fluid in both pleural cavities in all eases; gross, 
aonpurulent congestion of the lungs in all cases, small amounts of 
blood stained peri-cardial fluid in most cases. The spleens were 
sonevhat flabby and congested, while the livers appeared normal, except 
ember, 7*5 (reecln. toe , 1.009 x M 6) rod 716 (vacct™ do,. !



The cages were inspected daily and examinations of monkeys uere done 
initially on alternate days to determine reactions at the site of 
inoculation, size of inguinal and popliteal lymph nodes and rectal 
temperature. Where an animal had a temperature of 10U°F or higher, 
blood was taken for white cell count, serology and quantitative blood 
cultures. After two seeks these examinations were reduced to twice 
veeviy.

Local lesions at the inoculation sites were not observed, but the 
inguinal lymph nodew enlarged in 2 - 3 days and persisted as marked, 
firm lynphadenopatid.es for up to 25 days. A rise in temperature was 
recorded for every animal, and raised white cell counts were recorded 
in all those with temperatures of 10ltoF or higher (table 1). By the 
28th day the white cell counts had returned to normal. Positive 
quantitative blood cultures were obtained fron the fourth day (table 2) 
and these varied from 6 to innumerpble bacilli per ml. Three monkeys 
had positive blood cultures of 8, 36 and 282 bacilli per ml and sur-

Raised serological. H&. titles were observed in Eonkeys within 5 -7 days 
in those animals which had rectal temperatures of KS^F and over (table 
2), but 3 of these 16 bad negative titres. By the 26th day all but 2 
of 38 surviving monkeys had serological titres between 6 and J1O96.

She post-mortem appearances of the ardsials vhiah died after vaccination 

were as follows:

Blood stained fluid in both pleural cavities in all cases; Gross, 

nonpurulent congestion of the lungs in all cases, small amounts of 
blood stained peri-cardial fluid im 'Mwe
soraevhat O M r  «: ro«=«ted, »M1. th. U n »  »pp.».a ~™il,
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Bacteriological, systemio and serological reactions and mortality recorded in 
50 lercopithecus ael̂ iiops, inoculated vlth attenuated P. pestls strain BVSlf.
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1.00? x 10 ) which showed a marked mottled appearance. The spleen
was grossly enlarged (about six times normal) in number 762 (vaccine 
dose $ 1.00? x 10'’). Widespread adrenal haemorrhage was seen in 
the majority while the kidneys were universally pale. Glandular 
enlargement was restricted to the regional (popliteal and inguinal) 
glands except in number ?li2 (vaccine dose i 1.009 x 10®) where a 
large right para-aortic gland was present. Humber 762 (vaccine dose s 
1,009 x 10'’) showed haemorrhage into a large right popliteal gland.

Cultures on blood agar of heart blood, lung, spleen, liver, kidney 
and inguinal lymph glands yielded abundant growths of P. pestis 
from all animals which died.

Tissues for histology were preserved in 10% formol saline and the 
sections were stained with haematoxylin and eosin.

Lymph nodes: Inflammatory reaction was only slight, but clusters of 
P. pestis w< -e typical (fig. 2).

Spleens Engorgement with red blood cells was distinctive, with a 
proliferation of monocytes. Some plasma was present in the sinuses 
with clumps of P. pestis common (fig. 3).

Liver: Marked congestion and foci of polymorphs and lymphocytes with
clusters of P. pestis. Desquamation of the epithelium in bile ducts 
and portal spaces, P. pestis were seen in all liver sections but not 
in numbers as large as in the spleen and buboes.

Kidneys: Congestion of the glomeruli and degeneration of the convoluted
tubular epithelium were constantly present. Monocytes containing P. 
pestis were seen in the capillaries and small numbers of organisms were 
present in the larger vessels (fig. It).



r r n

m m e m

Pi-S. 2. Section of tho inrpiitwl gland ' s. Corc o p jthecus aethiops 
which died after suhoutinoous inncu',.ation of attenuated 
P. nestis strain EVJli'. The orrenz indicates tho 
position of clusters of bacilli; x 375.

# # # #
,f the spleen of a Ceronn i ti.fcus ac tMops vMch dj.er 

ol'ter Eubcutancous ItH'culation of .v.itnuatwi £• pcstia  uvr.-- 
jiVSlf, ahw.ir.»; a p ri.U fcratiop  of inonooytes. The arrow 
i .  d ic a i '6  c lu rte rs  of b a c i l l i ;  x 375.
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tongsi Congestion and desqoaaiatert cells were present in the alveolar 
spaces of all sections. Tht alveoler rails Here thickened, eoc- 
talnlng masses of P. peatis and a dense infiltration of polymorphonu­
clear leucocytes (fig. 5).

All the guinea pigs survdTed vaccination without any abnormalities 
beins observed.

The fifty guinea pigs sere challenged with the virulent P. pestis 7537 
strain on the 28th day and ten vaccinated Cercopitheous were challenged 
on the 170th day after vaccination.

The guinea pigs were challenged with 160,000 viable P. pestis (deter­
mined by plate counts) suspended in 0.5 ml normal saline, injected 
subcntaneously in the right hind leg.

Deaths of the control unvaccinated guinea pigs challenged in a similar 
manner, were as follows;

Challenge Survdvors/toial Days of death Culture 
dose (heart blood)
800 0/3 6,7,12 Positive
GO 0/3 10,11,12 Positive
o 3/3 6 Positive

Of the ten guinea pigs inoculated with ?.'! CTSlf, three died on the 
15th day after challenge (table 3). P. pestis (confirmed as virulent 
in white mice) vas isolated froo the heart blood and spleen of one of 
these aniaals. Three guinea pigs inoculated with ICO? EV5lf died 
after 37 and 39(2) days, but only lactose fercenting negative 
bacilli were isolated on culture.

The high rate of protection ccnferrv' VSU vaccine on these



Section of the kidneys of A Cereopithecus aethiops which died 
after subcutaneous inoculation o? atHnaated ?. oestis strain 
EVjlf, Bho'-dn̂  congestion o'r t'r.e glomerulus; "x Slip.

Fig, 5. Ser*.ion of the IuSr of a Cer=?riti.osus aethior.s which died
after subcutaneous inoculation 01 aitcnusitd f. pc-t-s strain 
Evilf, showing desquar.atci cells in the alveolar soanes, 
thickening of the alvrclar walls and a dense infiltration of 
polymorphoriuclear leuc cytes; x 2!-0.

L
/



TABLE 3- Resistance of guinea pigs to virulent P. pestis 
following stibcntaneouo inoculation wito EV̂ lf 
p̂ tenuated plagia vaccine. _______________

Viable KVjlf

1.00? x M 8 
1.03? x ti>6
1.009 x 105 
1.0)9 x 103

1.009 x 102

Virulent Results of Days of Culture
challenge challenge death after (heart
do.ie infection challenge blood

Survi- and
vore/total spleen)

1.6 x 105 10A0
1.6 x 105 10/10
1.6 x M 5 10/10
1.6 x 105 7/10 37,39,39

7/10 15
15 
15



guinea pigft is in agreement with the results obtained by Meyer (1970).

As a result of the animal rooms being required for other studies, all 
but 10 monkeys were sacrificed on the 30th day after vaccination.
The ten animals were housed together with 2 unvaccinated controls in 
one room in which an extraction fan had been installed to maintain a 
negative pressure. .'hey were then challenged in the right thigh sub- 
cutaneously on the 170th day with 8,770 virulent P. pestia strain 7357. 
Regular examinations were carried oiit, during which rectal temperatures 
were taken and blood collected for white cell counts and serology.
Seven days before challenge the monkeys were bled for serological and 
mouse protection index (MPI) (Meyer and Foster, 19l|8) tests.

The results of the challenge are tabulated as follows:

Animal Reciprocal Rectal Day of White Blood
number of HA titre temp. death cell culture

day 163 after (1* days after count 
vaccination after chal-
(7 days before chal- lenge
challenge) lengc______________________

23,000 negative 
(day U) (day I;)l.OUSxlO8 737 32 lOlt.l 8

7kO 128 101.6 -
1.009xl06 7li8 256 102.5 -

750 128 105.6

756 256 101.8 -
1,009x10S 750 128 102.2, -
1.009xlOS 767 6ii 10lt.3

769 128 102.3 -
783 128 102.9
762, Negative 10li.2 -

Control 1 8 10lt.8 6

Control 2 Negative 102.1 7

21,900 (day 8) 
(day 6) l5o cols/ml

31,300 200 culs/ml 
(day £) (day U)



I-
The post mortem appearances of the animals which died were typical of 
plague. The skin over the injection site was hacmorrhagic with a 
local gelatinous oedema. The underlying tissues were haemorrhagic 
and indurated. Right inguinal glards were enlarged in both controls 
and in one of these the para-aortic and mesenteric glands were also 
enlarged. Livers wore enlarged and had a mottled appearance.
Spleens were normal in size but flabby and the cortex of the kidney 
was pale in colour. Adrenals were haemorrhagic. The lungs of or.j 
had a pulmonary oedema and the lung tissue of this animal was dark 
red in colour. In the other animal there was no pulmonary oedema 
and the lungs were very pale and collapsed. Straw coloured pleural 
fluid was present in both specimens> and the heart was dilated.

The post-mortem appearances of the vaccinated animals which died after 
virulent challenge were similar to the unvaccinated controls but the 
pathological changes were not as severe. There were no local lesions 
at the site of inoculation and the inguinal glands were slightly swollen. 
The livers were slightly enlarged and mottled, and the sple*--e were 
flabby but normal in size. The cortex of the kidney was very pale and 
-the adrenals were haemorrhagic. There was a small amount of blood 
stained pleural fluid and the heart was dilated.

All the survivors of the virulent challenge were bled for MPI tec i and « 
sacrificed after I3I1 days. All the organs were normal at post-mortem, 
except number ?li6 which had an enlarged spleen about twj.ee the normal

The results of vhe MPI tests are as follows:



vaccination vaccination "virulent 
______   challenge

1.009x10® 737 3 17
1.009x10® 7hD - 17
1,009x10® 71*8 6 5
1,009x10® 750 17 _
1.00$5Ll06 756 5 6
1.009X10® 758 1 13 5
1.00SX103 767 3 15
1.009x10® 769 2 Ht 1
101 763 CO
101 761* H* 2

Seven days .>6fore virulent challenge the Hi titres of the three animals 
"Which died were 32, 6!i ar.d 126, in comparison with titree of lees than 
6, 128 and ?j>6 of the 7 survivors, but all the titres had declined by 
the 163rd day after vaccination from values ranging between ltHS6 to 
IsUopS, as determined on the 28th day after vaccination. The level 
of immunity as reflected by the mouse protection indices was high on 
the 26th day after vaccination, S/10 of the values being below 10, but 
on the 163rd day after vaccination only 2/10 KFI values were below 10 
and others varied from 10 to 27. Ibis decline in the level 'Jf Immunity 
as reflected by the mouse protecting and I-sewagglutl noting antibodies 
Was confirmed after challenge with virulent P. pestis whtra 3 of 10 
monkeys succumbed. Two of these animals had KP1 values of 17 and one a 
value of IS, seven days before challenge, while the others which sur­
vived had the same or slightly lower HP1 values. There did not appear 
to be a relationship between the vaccine dose and the level of immunity.



as eoe arcbaal 3s each tbe groups "vaccinated vlth 101 million, 1 
mil7j.cn and 10D? Tiahle ETglf died after ehaHenga,



1. Subcutaneous inoculation of Praoroys with a freeze dried EV>lf culWe. ________— — -___________
Eac'A of 5 vials of the lyophilised EV5lf vaccine was rebydrated with
10 ml sterile 'lormal saline and pooled in a 100 ml sterile Srlenmeyer
flask (i.e. an initial 1:10 dilution of the vaccine), A total count
was than done and the number of bacil’i in the initial pool calculated
to be 3.56 x 10^ per ml. Tenfold dilutions of the vaccine suspension

were prepared in sterile normal saline up to 10'̂ .

Plate counts were done on dilutions 1 0 and 1 0 by adding 0.2 ml of
the dilution to each of 5 blood agar plates. the number of colonies
on each plate of the 10-6 dilution were as follows:

71, 65, 65, 60, 73 - 3k2.

. , Number of viable organisms per ml irt pool ° 3.li2 x 10®
Totol number of organisms in pool ■ 3.56 x 10̂

- 9.5$ viability.

If certain technical details are attented to, the total count should 
not vary by more than - 10 per cent from the real value (Wilson and 
Miles, 1955). It may however be as much as twice the viable count 
as a result of overfilling the counting chamber or the killing of some 
organisms when making the viable count (Meynell and Meynell, 1965). 
Despite these limitations of the techniques used for the total and 
viable counts, it- vas felt that there was a marked reduction in via­

bility of the lyophilised culture.

Fifty Pracays Here divided into 5 groups of 10 and each animal was 

injected s„b=utime,«,lr o« th. 1— , side =f U» ««“  ̂  “ 6 *dt6
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0.5 ml of each of the following viable d

I 1.7 x 10B
II 1.7 x 106
i n  1.? x 105
IV 1,7 x 103
V 1.7 x 102

The animals were the . observed dally.

I V aonye in group I died on day three and one in group II 
died on day five. All the others survived. On post-mortem 
es,initiation these four animals showed haemorrhages, gelatinous 
oedema and necrosis at the site of inoculations hyperaenia, 
haemorrhages and gelatinous oedema of the abdominal and thoracic 
subcutaneous tissue and enlargement «K the inguinal lymph nodes. 
Tha spleen, liver and adrenals of *1-1 group II animal were 
enlarged but not in the group I r.mala. None of the spleens 
or kidneys showed signs of necrosis but the liver of the group
II animal had a mottled appearance. Tlie lungs o' the four 
animals were hyperaemio and oedomatuus ari there was utraw 
coloured fluid in the pleural cavities,

p, pest-'t" was seen in direct smears and cultured from the heart 
blood and lungs of the four animals and also seen in direct smears 
and cultured from the inguinal lymph node, spleen, liver and kid­
neys of the Praomys in group II but no* t>». group I animals.

Tissues fixed in 10=6 neutral for"" -aline for histological exami-

- « -------



nation were semi-autolyued but the following inflammatory 
reactions were seen:

Liver: Severe oongostion of the sinusoids and venules and a
marked increase in monocytes and polymorphonuclear cells in the 
venules. An increase of macrophages in the sinusoids was also 
seen. Clusters of P. pestis were distinct in the venules of 
tb» group II Praonys section.

Spleen: Engorgement of the red pulp with erythrocytes and a
marked increase in Bononuclear cells. Large numbers of F.pestis 
were seen throughout the section of the group II Pra/.ays.

Lvngs: {•'any alveolar spaces were filled with oedema fluid and
some contained monocytes and erythrocytes. Alveolar walls were 
thickened and contained many mononuclear cells. No P. pestis 
cauld be seen.

Persistence of the vaccine strain.

Nine vaccinated Praonys from the following groups were sacrificed 
on day 27: group II - two animals, group III - two animals, group 
IV - three animals, group V - tiro animals.

The lymph nodes of one animal in each of groups HI and IV were 
enlarged, and the liver of one in group IV was slightly, mottled.
The lungs in one animal in each of groups III and IV showed slight 
focal necrosis and hyperaezaia. Cultures were done on blood agar
cf liver, spleen, kidney, lungs, heart blood and inguinal lymph 
nodes of these animals after maceration of the tissues but P. p_eatis 

could not he isolated.



Serological response after vaccination.

Forty four Praowys were bled by heart puncture on the 27th day 
after vaccination and the sera were tested for P. pestle FI 
antibodies using the haemagglutination technique. Only two 
out of 19 Praonys inoculated with 1,700 (group IV) or 170 (group 
V) 'd.able EV5lf reacted serologically and these titres were very 
low (1:8 and 1:16). The Praowys inoculated with doses of
170,000 viable organisms reacted with titres ranging from 0 to 
1:512, but more anirals reacted with high titres when inoculated 
with doses of 1,700,000 and 170,000,000 (Table It).

Protection conferred by a single LV5lf vaccine dose 
against virulent challenge.___________________

Sit: animals in each group were challenged on the 3l»th day with a 
recently isolated virulent strain of P. pestis (strain F357) from 
Lesotho. This strain had previously been shown to be highly 
virulent for Praonys by subcutaneous inoculation as follows:

P. pestis Praomys Days of Bacteriological
Survivors/Total death culture

viable dose ___________________ ______

600 0/5 3 ♦
80 1/5 3 - 7  +
a 3/5 U - 5 +

The vaccinated animals were challenged with a virulent culture 
passaged through a Praomys one week prior to challenge, the strain 
being isolated front the spleen of this animal after death. The 
challenge iuoculm was then cultured on trypticase soy agar at 
37°C for LB hours. The culture was suspended in sterile normal 
saline and a total count done on a 1:10 dilution in formol saline.





tenfold dilutions were prepared to obtain a suspension of 2 r. 10** 
organlsas per ml and each animal received 0.5 $a of this dilution 
sybcutaneouely in the right hind leg. Ten ur.vaccin*ted control 
Pgaooga Here challenged at the sane time. Plate counts were done 
on lower dilutions by planting 0.2 ml of the dilution onto each of 
5 blood agar plates and incubated at 280C for 72 hours. The results 
of the plate counts showed that each animal received 6,000 viable 
virulent P. yastis strain F3$7.

All the control animals died, the average time of death being U.6 
days. With one exception, all the Praomys inoculated with 1,700 
and 170 FV'Slf died of acute plague septicaemia after virulent chal­
lenge. P. peatis was cultured on blood agar and seen in smears of 
inguinal lymph node, spleen, liver, kidney, lungs and heart blood.
Two animals inoculated with 1.7 million and two inoculated with
170,000 died of acute plague eâ ticaenda.) P. peatis -was isolated from 
the tissues examined. One animal inoculated with 1.7 million died 
on the first day with a few pathological changes. Staphylococcus 
aureus was isolated from the spleen. Two animals inoculated with 
170 million died on days 8 and 13 and showed severe long involve­
ment, but slight reaction in the other tissues. Cultures were posi­

tive fov P. pestis.

The correlation between the degree of immunity and the antibody 
titre was not very striking although there did appear to be some 
relationship between the geometric mean titre of each vaccine dose 
and the rats of protection (table *). The active protection 
indices of 1,'fOO vaccina bacilli an* lauv -Jnr.-a (table li) are very 
low and these values correspond with the;- .>f " acoinv strains which 
lack protective antigens (Burrows and Sacon, 3.<?59). It is known



that htrains which are FV* W *  P- and independent of purines for 

growth, such as the 57511 strain,, are capable of limited growth 

is mint (Borrows and Bacon, 19SB), The results of this experi­

ment hoaever ahou that multiplication of low doses of thj E75lf 

strain is insufficient to stimulate detectable haemagglutinatin; 
antlbodi-ra in P.tacwy.- 0:- cniu'wr immity when inoculated subcu- 

V-i*ai8ly.

• .• ••"<ility uni Û n which folloved the suhsu-
.■> <'■. iniculati.or, of tin" Siah.lc £Vi>lf strain in doses of 170,000 

or ■norti ... revealed tiial tftjj) Ts.neine is ixivasivp and
nuattyM*:'1 .. vhcn inoci’latQ.' in Msh doses. The Impact
vvr> 1-e WiUvr'.y mr.̂l anisn howevor is i.e.. ' vvy great as 1(0 million 
re'tiw.ciili :afer orj f 66,’! protcelio.’i â .i.r̂ t virulent challenge,

>.V wtality after virulent f^^ nnge in animals vacci- 

u‘V.1 I'?” 'i.'1 lion, 1.7 mill If. IT .-,000 n-iyuYi.sas was very 

ajji.j'./r, the protMtUu as bh.'-w H t»' actiw K-ofaictdon indices 

was giXAter with Me higher v/ic;'.ne ^  .? (tf'le U).

P«+.h«̂ nmsis c-f virulent P, pen bis in immune H gCTgs.

The survivint; Praomyn tii were challenged witj virulent P. ĵ gtis 
on the 3Uth day after e-acoination, were sacrificed on the 71st day 
after ehaUense. H«7 « »  bled fm' urological teste, autopsies 
were done ard 1-he tisr-es were cultured on blood . «». The results 
(talus 5) iraveal that with three exceptions thti uvU'wa had gross 

indicative of recovery from chronic p±V* £♦ £25^1. 
as Vi! Qtrt in White mice, was reoowwl i./at. one antaal 

(gj-ftjp I, 5) immmised with 170,000,000 WSU. -  rifla
the urological response of this grout, after chaU-^* except 

in this one particular animal. The otter groups shoWU distinct
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rises in titres, indicating multiplication. oE the virulent chal- 
lenge organisms, as a result of a lower level of immunity.

Serological response after two vaccine doses and the protection conferred arainst virulent challenge.

Five vials of lyophilised EVjlf vaccine were rehydi'ated as in the 
first vaccination. The total count of organisms in the initial 
pool was 2.6 x 10  ̂per ml and the viable count was 3.It x 10® per

One Praomys of each of the previously unvaccinated groups (two in 
group 7) was inoculated subcutaneous!/ into the right hind lotf 
with 0.5 ml of a 10”  ̂dilution of the vaccine i.e. 1,700,000 
organisms. These Praomys had net been challenged with the viru­
lent culture. They wore then bled for serology on the 2ljch day 
after revaccinatiou. Three died iimediately after bleeding and 
the remainthree were challenged subcutaneously with 8,000 
virulent P. testis strain F357 on the 36th day after revaccination. 
After revaccinution with a dose of 1,700,000 EV5lf the six Praomys 
survived, whereas after primary irarainisatien this dosage resulted 
in log (1/10) mortality. Although the numbers were email there 
is an indication that the low primary vaccine doses protected the 
animals sufficiently against the invasiveness of a large second 
dose of the vaccine. The serological response t” th: j second dose 
was inconsistent. One animal (group III, 6) responded with a 
dramatic rise in titre whereas others only showed a slight increase, 
or even a drop in titre 2is days after revaccination (table 6). One 

died after virulent'challenge and the post-mortem was indi­
cative of chronic plague with lung involvement, but the culture 

was negative (table 6).





2, Subcutaneous inoouiation of Praonys and white cdi 
vlth an â ar-g.rcnm S7S1C cul'€ar&r~

The previous experiraenta with the £V5if vaouine inoculated in Praaays 
were done with a lyoohilised culture. A fairly low •viability 
(about 9%) was obtained after reconstitution nf these cultures, and 
therefore very large numbers of dead bacilli were inoculated simul­
taneously. These organisms could have been toxic to the animals and 
therefore partly responsible for the deaths after vaccina tin tu It 
was therefore decided to obtain a fresh culture grown on agar vtth a 
high viability, and determine whether a similar number of viable 
organisms with a lower total number was also pathogenic in Praogys. 
Comparative tests were also done simultaneously in white mice.

Tiie lyophilised EV$lf culture was seeued on to blond agar and grown 
at 37qC for ti8 hours and then presei*ved according to the method of 
Stamp (1917). The dried cultures in gelatin pellets were grown 
initially on blood agar at 2B°0 for W  hours and then subcultured on 
trypticase soy agar at J7°C for W  hours. The growth from these 
agar slopes was suspended in sterile normal saline. Total and viable 
counts were done and tenfold dilutions in normal saline for inoculation 
in Praomys and white mice were then prepared. Six groups uf 15 Praonys 
and six groups of 10 white nice were inoculated subcUlaneously 
in the right hind leg with 0.5 id. of the dilutions containing from
1.1 x 107 to 1.1 x 10* viable EVSlf bacilli.

Ten Praosaya mid ton vstots nice in each group Mere kept for virulent 
challenge and the other Praonys survivors were bled on the 2?th day 
tor Wmagglutinatins antibody tests. The animals Mere challenged 
mfocutaneously oh toe E8th day with 21,650 virulent £. £esU= strain 
KP6 as determined by plate counts. Autopsies were done on those



animals which died and tissues of fresh animals were preserved in 10% 
formal saline for histology. The sliItooIs -which ware bled on day 29 
were sacrificed and autopsies done.

a) Pathogenicity of the vaac-.ina r.trzir,.

Post vaccination deaths of 5/1$ (33 VjS) Praomys imculated with
1.1 x I07 viable BV51f bacilli were recorded on day 2 (two animals) 
and day 3 (three animals). Of those vaccinated with 1.1 x 106 
organisms 3AK (205) died on day 2 (two animals) and day 3 (one 
animal). One Praoays vaccinated with 1,100 E7 gif baailli died 
on the Uth day but this was probably an interourrent death as 
P. pestis was not isolated from the tissues and the poat-mortei) 
appearance did not resemble the other vaccination deaths.

All the white mice survived this vaccination.

The post-mortem appearances and cultures of Praomys which died 
after large EVSlf vaccine doses Were typical of death due to acute 
plague. Oedema was present at the inoculation site, the inguinal 
lymph nodes were fnlarged, the spleens of animals which died on the 
3rd day were enlarged, but not those which died on the 2nd day.
The livers Mere slightly enlarged In U of 6 animals bui the colour 
was normal, The kidneys were normal but the lungs in all cases 
wort hyperaemic, haemorrhagic, oedematous and a pleural exudate 
was present. P. pestis was isolated from the inguinal lymph nodes 
of 6/6 animals and .Ith.r from tho longs, «pU=n or h.art K W d  of 
three Of these. Cultures of too animals »ere negative.

His i,alogioally, the liver vonul.s «ere sevareh- oonsested hut there 
not a marked inoreaso in leuseoyte, in theee .paces. Iner.as.d



phagca and polymorphsnuclaar cells were present in the sinasoids. 
The red pulp of the spleen was engorged with erythrocytes and a 
marked increase in monocytes was evident. Numbers of giant- cells 
were also present. The kidneys showed a marked congestion of the 
vascular spaces. The alveoli of the Iwge were oedematous and 
the pulmonary vessels were congested.

These pathological changes are likely to be attributable to the 
action of toxin as P. pestis could not be identified in the 
sections and few organisms could be isolated from the tissues.

Serological response of Prgomys after vaccination.

Only the Praomys inoculated with doses of 11,000 EVSlf bacilli or 
higher reacted serologically 29 days after vaccination. Again 
there was no relationship between dose size and HA titre in the 
animals which reacted serologically:

Vaccine dose Reciprocal of Reciprocal ofHi, litre geometric mean
- (day 2?) _____________ titre

1,100,000 6lt, $12 l81
110,000 16, 6li(2), 2$6 6!j
11,000 0, 16, 32, 126(2) &
1,100 0(W 0,

n o  0(5) 0

These results confirm those of the lyophilised vaccine trial in 
Praomys that doses of 1,000 BV£lf bacilli or lower do not stimu­

late antibf-dies in this animal species.

Persistence of the vaccine strain in Praomgs.
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UQ,(MO viable organise which were bled 2? days after vaccination 

for serological tests, were sacrificed. Aatopsies were done and 

the tissues were cultured on blood agar and examined histologically. 

All the cultures were negative and ,’t autopsy the tissues appeared 

normal. Microscopically the tissues were singularly A-ee irf 

lesions exedpt for some residual granuloma'ious areas of macrophage 

infiltration in the liver, 

d) Protection against virulent challenge.

The deaths in white mice and Praonys challenged 28 days after 

vaccination are listed in the following tablet

White Mice Praomys
Vaccine Average Mortality

Protection
Average Mortality

Protection

11,000,000 6.0 1/10-10% 60 0/10=0%

1,100,000 5.0 1/10=10% So >21 0/10=0%

n o ,co o 5.0 1/10=10% 50 8.0 1/10=10%

11,0.0 h . l 6/10=60% 6.6 5.3 V io - W 13.2

, 1,100 3.5 8/10=00% h.9 3.3 10/10=100% 3.3

n o 3.7 10/10=100% 3.7 ' 3.7 9/10=90% li. l

unvaccinated „ „ 
controls * io A o -100% 2.9 2.6 10/10=100% 2,6

. The animals which died had post-mortem and bacteriological manifestations 
of bubonic-.Sep titaemic plague. A local gelatinous oedema was present 
at the site of Inoculation and in the subcutaneous tissue, which was also 
hyneraeoic. The inguinal lymph nodes were typically enlarged and the 
liver and spleen were also enlarged in some cases. Severe pathological 
changes were present in the lungs of Praomys vaccinated with 110 BV$lf 
organisms and ti.-w: . vaccinated with higher doses, which died after 
the third day. In these animals the lungs Were hyperaemic, hemorrhagic 
in patch*,, oedematous and an exudate was present in the pleural cavity.

These manifestations were not present in the lungs of Praomys
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110,030 viable organiszas which ware bled Z9 tiays after vaccination 

f w  serological tests, were sacrificed. Aatopaies were dons and 

ttoe tiasuea were cultured on blood agar and examined histologically. 

A H  the cultures were negative and et autapsy the ■ti.sauBs appeared 

normal. KicrosOopically the tissues were singularly free ol 

lesions except for some residual gsfmolomatouB areas of macrophage 
iiifiltration la the liver. 

d> Protection against virulent challenge.

. The deaths in -shite Hioe and Praonys challenged 28 days after 

vaccf'iation are listed in the following table:

Vlhite lQ.ce •Praowya

Vaccine Average ll-rtality Active 
Protection

Ararage Mortality
Protection

11,000,000 6-0 1/10=10? 60 >21 0/100% >210
1,103,000 5.0 50 >21 0/10=0? > n o

110,000 5.0 1/10=102 so 1/10-15% 80
11,000 tul 6/10-60% 6.6 5.3 U/io=UoS 13.2
. 1,100 3.9 8/10=80% U.9 3.3 10/10=100? 3.3

n o 3.7 ioAo=ioo^ 3*7 3.7 9/10-90% L.l
utiraccin&ted « 0 
controls 10/10 ■=1{X) 5S S..9 2.6 10/1.0=1003 2.6

, Hie anisic ishich died had post-mortem and bacteriological Manifestations 

s£ btttonic-sopticaeaic plague. A local gelatinous oedema was present 
at the site ol inoculation and in the subcutaneous tissue, which was also 

fhyperaemic, The inguinal lynph nodes were typically enlarged and the 

liver and spleen were also enlarged in sons oases. Severe pathological 

Shm.»a ee,, pr=e«nt In tie luns» d  PraomyB rocln.tsj t il 110 BTSlt 

oriiimlBtoj and those vaccinated with hifiler doses, which tiled after

*.***«*. i. a—  ai-K tw "« km— "'' '



vaccinated vith 1,103 EVSlf vrhich d 
Uy iKwitie uniiralg the lung 1 
, whereas in non-issmune anis

calturep on blood agar of lymph nodes, liver,

Sections of the liver of these Praowys showed marked congestion of 
the venules and capillaries. Kupffer cells were loaded Kith in­
gested ?. pestis and masses of free bacjlK were present in ail 
spaces (fig. 6), Severs multiplication of P. pestis was also 
prose.it in the spleen, which was congested. Giant cells and 
increased numbers of monocytes were present in the splenic red 
pulp (fig. 7). Localised oedema and slight haemorrhages were 
present in the lungs with large bacterial masses in the alveolar 
walls (fig. 8), No myocardial lesions were seen.

Die 50) protective dose (PD̂ 0) calculated by Thompson's method was
11,000 viable EVSlf bacilli for both Praomyfl and white nice inocu­
lated via the subcutaneous route. Meyer (1970) obtained a ?Dp‘0 
value of 3,600 viable Btflf bacilli for white rice by subcutaneous 
inoculation. The simultaneous inoculation of Praonys and white 
nice with the vaccine indicates that the same number of BVJlf

required to immunise these two rodent species. The 
n conferred in Praowys by each dilution of the 

, as shown by the protective indices, may be attributed to

This wotld result in a greater impact of the organisns on 

mity mechanism of praomys.

higher

•V'A .



Sect.ion of r.he liver of a Praonys (̂ stoflys) natal.-—sis 
vacclnatcd vLtn live attrnuâ ed ̂ . neitfs strain ZV^Tf 
and which d.kd a.ft“r virulent challtnr.e."' Shouiru; (1) 
conc’ stion of the venules, (2) inrccted P. postisi in Kupfrei 
cellf and (3) masses of bacilli, in the sinuses; x 37?.

.3*
* »

vhioh died after virulent challenge. show.ns (1) iaiitlo.i- 
eation of P. oestis in the -ed pulp, (2) abundant monvcytes 
and (3) a sisjircSnj x 375.

L



Pig. 8. Section of the long of a Praomys (Kastowya) natalensl: 
V63clnat°d with live attenuated P. peatls strafiTsvSjJ 
and which died after virulent challenge. Showing 
large bacterial masses in the alveolar vails; x 2li0.
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The agar grmai live EV£Lf vaccine appear ad to have a slightly 
Mglier dejree of pathogenicity then the lyoplulised preparation in 
Prasmys. The lyophiliced vaccine in doses of 170,000,000 and
1,700,000 virile organisms caused 3/10 (30p) and 1/10 (10=;) mor- 
tality respectively xthereaa 11,000,000 and 1,100,000 viable ajar- 
grcnen organisms caused 5/l5 (335) end 3/15 (20?) mortality 
resphctiTely. The numbers of anirals rere too stall •however 
to drss? definite conclusions.

The protection conTfrred in Praomys by the agar-gronn EVSlf preperatiaa 
riallenge with the virulent E?6 ¥* pestis utraia ■was jauch 

.̂os-c-er Uian the protection conferred ty the lyqphilisea vaccine aĵ iinst 
a challenge dose of the virulent ?. nestis strain ?357. Hie highest 
protection conferred by the lyophilised preparation was '6o8 with a dose 
of 1,7 million organisms and the protection indices after inoculitii'n 
of 170 million, 1.7 million and 170,300 organisms were 33, 20 and IB 
respectively. However, the inoculation of 21 million .and 1.1 million 
agar-grown SVSli organisms resulted in solid protection of Praomys 
whereas 310,000 and 11,000 organism conferred 50$ ar.5 SOS protection 
respectively with active protection indices of 60 and 13.2. is both 
the KP6 and F357 ?. pestis sti-aina are highly virulent in j’raa&ys it 
Its concluded that the protection conferred by the agar-grown vaccine 
was greater than that of the lyophilised vacciLne.



CHAPTER h.

Invasiveness and persistence of attenuated and 
viralent P. pestds in normal and imnune Praonys.

The fate of the EV plague strain in guinea pigs afte;- subcutaneous 
inoculation in large doses was studied by Girard and Radaody-Ralarosy 
(IpiiO). These workers found that after liO hours the organisms could 
not be detected anywhere in the body, but then appeared successively 
in the blood, spleen and liver and disappeared in the same order.

Investigating the invasiveness of virulent and attenuated plague strains 
in mice and guinea pigs, Jawets and Meyer (19Uia) showed that the route 
oi infection followed the sacs pattern established for other bacterial 
infections, i.e. via the afferent lymphatics to the regional lytiph 
glands and Uien via the afferent lymphatics to the thoracic duet and 
hence to blood stream, liver end spleen. In their investigations no 
correlation could be found between the immunogenic potency of a given 
attenuated strain for a certain ̂ limal species and the extent and 
duration of infection produced by such a strain in that species. This 
and other work led these authors to believe that the immunogenic activity 
of a virulent plague strain is a function of the antigenic make-up and 
net of the invaeive or pathogenic properties.

Korobkova and Samoilova (1962) also emphasised the iupcrtance of the 
antigenic constitution of a live vaccine, bat stated that thoso strains 
which could not multiply and remain in the body, do not confer iionmity 
against plague. These workers found that doses of $0,CiX) - 100,000 
different vaccine organisms inoculated subcutaneou.&y in white mice 
multiply in the animal and can be isolated 10 - 18 days later from the 
eite of inoculation, the regional lymph nodes, spleen and liver and also



from the blood and lungs. It was then postulated that immunity to 
plague develops in two phases, a "non-sterile" phase and a phase of 
"sterile" post-infectious immunity. The degree of immunity of the 
poat-infections phase was said to be dependent on the length and 
intensity of the "non-sterile" phase. A short retention of the 
organisms in the body of a vaccinated animal led to only weak immunity.

It was •shown by the experiments described in chapters 2 and 3 that the 
live EVjif plague vaccine causes r.iortality in OercopithecuB aethiops 
and Praomys (Kastomys) natalensia. The invasiveness of the EV$lf 
strain by subcutaneous inoculation ••as then investigated in greater 
detail in Praomys, and comparative experiments done with a strain in 
normal and immune animals of this species.

i) Invasiveness and persistence of attemi-ted P. pestis strain 

CTglf in normal Praomys.

An EV$lf culture grown on trypticase soy agar at 37°0 for 2li 
hours, was inoculated subcutaneously in the right hind 1 g of 
Praomys in two experiments. In the first, 130,000 bacilli were 
inoculated into 16 Praomys and in the second 150,000 bacilli were 
inoculated into the same number of animals. In previous experi­
ments these numbers of bacilli caused no mortality and protected 
P0? of Praomys against virulent challenge. Two animals in each 
experiment were sacrificed by cervical dislocation after the 
following intervals! 6 hours, 12 hours, 1, 2, 3, 5,. 8, 10 and 

111 days.

Autopsies were done and the following tissues were cultured on blood 
agar and in nutrient broth after maceration Using a pair of scissors: 
i.ign-inni i-,lph nodes, splWh, liver, kidneys, lungs and heart blood.



The. colMiiea nc the agar .were .oounted ana the saferient broth tribes 
lezasztoea alter 72 hours. Shrarih was oottCirmed tilocheBiBallj as 

fpestis. H3stolog?Lcal aecttonB of the abuse tissues asc^pt the 
inguinal l̂ ngih nodes were iBlso pr^ered.

The bacterlologioal results .are tabulated as foHBKsi

IKme iriter 
Ineralatiem

hniraal
number*

Itotulnal 
lymuh mode Spleen liter Kidney w . S 2

5  hturo vO 0
2 . 3* ;0
3 iB ■0 . *
s 3*1 0 -0

32 hours V at ©
'0

3 3* ©
ii 2*
1 0

0 0
3 . lit 3* ©
it is* 2* 3* 3+

it 0 W
2 i*
3
ii -D -D ©

3 1  . it 0 « ©
$  : S* ©
3 o
I t

5 -Asps
2 :
3
k O ©

S 'days1 i O . (0





pale in colour. The lungs were hyporaemic. No changes were observed 
in the kidneys. These pathological changes were observed for 5 days. 
By the eighth day the organs had returned to normal and no abnormalities 
were seen after this time.

Histology

Six. hours after the inoculation of live EV51f organisms there was a 
proliferation of monocytes in the spleen red pulp and. constriction of 
the sinuses (fig. 9). The follicles were distinct and few polymor­
phonuclear leucocytes were present. This proliferation of monocytes 
in the spleen became more extensive after 12 hours, and in the lungs 
the alveolar walls become thickened in places with a monocytic infil­
tration (fig. 10). Large numbers of polymorphonuclear and mononuclear 
leucocytes were present in the spleen red pulp after Six hours and 
proliferation of the macrophages constricted the sinuses. At that 
stage there was also an increase in polymorphonuolears and mononuclears 
in the liver venules and small masses of these cells in the sinusoids 
(fig. 11). In the lungs there were large monocytic accumulations 
.around the bronchioles and vessels and thickening of the alveolar walls 
in parts (fig. 12). In the kidneys there were monocyte aggregates 
around the glomeruli and amongst the convoluted tubules (fig. 13).

On the second and third day more polymorphonucleara and monocytes 
appeared in the liver capillaries and sinusoids (fig. Ik), Spleen 
sinuses and vessels (fig. 1$) and in the lungs around the vessels, 
bronchioli and in the alveolar walls (fig. 16). The liver and spleen 
became acutely congested; the sinuses were dilated and filled with 
blood (fig. Ik). Monocyte accumulations were also present in the 
glomeruli. By the fifth day there was no congestion of the liver or
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Section of the cpleon of a Praonys (̂ astonys) navalsns 
killed six hoars ifter tHbcjtanc-om Injection of live 
attenuated P. jsstig strain ~̂ 51f. Shotting prolifers
of monocytes and constriction of the sinuses,• x 600,



Fig. 11. Section of the liver of a i’raoir.ys (fasteavs) natalsnsls 
killed 2h hours after subcutaneous injection ni' live 
attenuated P. nestls strain . Show:ng aeoanalations 
of mcnonaclear and polyraor? honuolear leucocytes in liver 
venules; x 375.

Fie. 12. Section of the ltm<- of a rraonys {t-'astoinys) natalensis 
Killed 2k hours iTte" subc-taneuus injection of live 
attenuated P. cectis strain EV51f. Showing monocj-*ic 
accunulitions arotinrl broncliiolas and thickening of the 
alveolar walls j x 2ii0.
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Section o' the kidney of a Praonys (t'astomya) natalensis 
killed 2ii hours after subcutaneous injection of iive afiten- 
uated P. pestis strain rvS.if. Sho-.iin; monoc:rt.e a=yj‘egates 
around*" theSConeruli and amongst t!ie convoluted tubules: 
x 2LO.

m m

a #

Fig. lb. Section of the liver of a Praonys (Mastomys) nataiensis killed 
1,8 hours after subcutaneous injection of live attenuated P. 
pestis strain SV51T. Shoving mononuclear and polys-.orphonuclear 
leucocyte accwailalions in the sinusoids; x 2h0.
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Section of the spleen of a Pr.-.oinvs (Kasto:iiys) natalgiisis 
killed ii8 hows after subcuimcous injection of live avter 
uatcd P. partis btrain “V$lf. JHouin̂  con/eotion of the 
sinu.'OB aE'faceuî ul-ition? of mononuclear and polyinorphonii- 
clear leuccso'/tes; x 315.

Fir. 16. section of the lunr of a Pramys (t'astonvs) r.atalensls killed 
I..” hours after siibcutansous’injictian or live attenuated P. 
pC.stis striin ~V5lf. Snowins nonoeyto accumulationo in the 
alveSTar walls; x ZiiO.

L J
±



spleen, fcufc a Seat poljcsorpbcaaolear nanacytlc B asses i-rere pressmt 
da the liver sdauscdds. Sizngrous polymarphocticlears and uoaooytes 
vere also still present da the spleen sinuses. Regression of the 
reaction then occurred rapid: ; by the eighth day a feu saaH soso- 
eytic masses vere present in the liver sinasoids and other tissnes srere 
normal in appearance. The liver also returned to normal by the litth

11) Icvasiveaess end persistence of -irulent P. pestis 
strain MPi in normal Rramys._________ ”______

Virulent P. pestis strain 256 yas grom on tirypticese sop agar at 
37°C for '21* hoars and three dilations of a suspension Kere made, 
containing 12,050., 60,010 and 1(0,000 organisms. Haese mere 
then inoculated SBbeutaneoaaly in the right hand leg using 22 
animals i >r each dilution. One animal inoculated with 320,300 
organiBns- diii on day 2, seven iz-oculated-vith 320,330, 60,000 
er 32,300 d3‘gaaisrs died on day 3, and -one inoculated with 12,000 
organisms died on day It. The remaining animals were sacrificed 
by cervical dislocation at the following times after inoculation i

• 6, 12 hours, 1, 2, 3 days, latopsdss rere done and the fcQloaing 
tissues were inoculated onto blood agar and into nutrient broth 
after maceration: inguinal lymph node, live:, spleen, kidney,
Ismgs and heart hired. These were then incubated at 2Se5 for 72 
hours and the colonies counted. Growth in the nutrient broth was 
confirmed biochemically as P. pestis. following tissues ware
preserved an 10$ neutral feraol saline for histologic si ecaminations 
liver, spleen, kidney, lungs.

Bacteriolo tical results.
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any animals 6 hours after infection. P. pestls v?as first isolated 

after 12 hours from the inguinal lymph node of one of six animals . 

inoculated •sri.th 120,000 organisms, hut the other tissues of this 

animal and all ethers were negative at that time. Positive cultures 

were obtained from all tisues examined of one Praoaya after 2b hours 

but the other animals were negative. Infection spread throughout 

the body after US hours and the first death was also then recorded. 

There were no carvivors after 3 days.

The bacteriological results are tabulated as follows:

Time after Animal Somber of Inguinal
inoculation number organisms lymph Spleen J-vsr Kidney Lungs Heart

inoculated node blood

12,000
12,009
60,000

h
5 120,000 0 0 0 0 0 0
6 120,000 0 0 0 0 0 0
1 12,000 0 0 0 0 0 0
2 12,000 0 0 0 0 0
3 o
U 60,000 0
5 120,000 2+ 0 0 0 o o
6 120,000 0 0 0 0 0 0

12,000 0 0 0 0 0 0
2 12,000 0 0 o o o
3 60,000 0
U
5 120,000 1»+ 3* 2* 2+ 2*
6 120,000 0 0 o 0 0
1 k* 0 0 0

h* 2* 0 3*
b* it* It* 3*
It* 3*

5 120,000 It* It* It* It* It* It*



Tijss after Aninal Hiusber of Inguinal
Inoaulatlon raunber organisias lymph Spleen Liver Kidney Lungs Heart

inoculated node blood

k+ k* k+ k+ k* k*
k+ k+ k* k* k+ k+
k* k+ • k* k+ k* k+

b . k+ k+ k+ k+ k+ k+
Meaning of syjabols as in previous table.
Autopay findings.

Tae inguinal lymph nodes were slightly enlarged six hours after inooula- , 
tion but all other tissues verc normal. After 12 itours the site of 
inoculation was oedenatous and the inguinal lymph nodes were further 
enlarged. These reactions intensified after 2k hoars, the lunge became 
hyperaeiaio and the liver was enlarged. The livers then developed a very 
dark red colour and the spleen also became enlarged. These changes were 
also noted three days after inoculation and were also characteristic of 
those animals which died of plague.

Histology.

Bo histological changes were observed until 2k hours after inoculation, 
when the liver sinuses and sinusoids became congested, and monocytes 
increased in these sinusoids. Very few polymorphonuclear leucocytes 
were seen in the liver sections at that time (fig. 17). The mononu­
clears also increased in number in the kidney glomeruli, the spleen 
sinuses and around the vessels in the lungs. After k8 hours the number 
of polyiaorphonuclears increased greatly in the liver sinusoids and spleen 
sinuses. The latter also became congested at that time (fig. 18).
Oede/a fluid fas present in some alveolar spaces after 3 days and mono­
nuclear and polymorphonuclear leucocytes infiltrated into the alveolar 

walls which were also thickened (fig. 19).
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Session of the lung of a Praonys (l̂ storoysS sataleBsis 
kOJed 72 hears alter subsiiisreajs irQc.c'Eioa o;; Tiralint 
P- pestle strain Hffe. Sho4d=5 oeSeiaa, thici&iin̂  of the 
alveolar Malls mn5 Icflltratisa of poiyTLorphanaclear aod 
icooonuelear Z&jzccytes; x SbS,
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lii.) InVaslvonass of vlrulertt P. pesfaxa In limatno Praonys.

Praonys ware Immunised liy subeutaneoua lnocula.tlon in the rieMi 
:hind .leg vri.th 130,000 live agar-grown attenuated P. pestls a train 
E75lf. These animals ware then inoculated euhcutaneoualy .26 
.days later in the same site with 50,000 virulent P. pestis strain 
,MP6.. This culture was grown on trypticase soy agar at 37°0 lor 
Zk liO'Ure.. Pour aniraale were then sacrificed by cervical dislo­
cation at each oi' tlie following times: 6 hours, 12 hours, 2h 
hours, 2, 3, 6, 9, Hi and 21 days.

Hie -following tissues were cultm'ad in nutrient broth and on blood- 

agar: inguinal lymph nodes, spleen, liver, kidneys, lungs and 
heart blood. These were then incubated at 28°C for M  hears and 

the colonies counted on the agar. Growth in the broth was con­

firmed biochemically as P. pestls. The following tissues were

preserved in 10% neutral formal saline for histology: liver, 

spleen, kidneys and lungs,

.BaeteriolJgical results.

The results of the bacteriological cultures are given in .tee f oUwttng 

tablet

■lima after Inguinal Spleen Liver Kidney lungs Heart
inoculation number lymph n o d e __________ tilood

6 hours
2
3
h

D O 0 0 0
o o o o o  
o O ‘ 0 0 0
0 0 0 0 0

12 hours

3
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lymbcls as la prtvri.ons table, 
as isolated Trem the inguinal lymph not 
inoculation. Organistis cduIA not be 

as u a td l  2i{ kourfl z T te r  iafentionj a t



spread to the inguinal lymph node and, it. After two daya infootion 
had spread throughout the body in one animal and the organisms could be 
isolated from the spleen, liver, kidneys, lungs and heart blood. This 
animal aay not have been fully Immune and may have eventually died from 
this infection. Bacilli could be isolated from the organs of other 
animals after 6 - 9  days and persisted in the tissues for at lerat three 
weeks. these organisms were confirmed to be virulent P. pestis by 
inoculation of white mice.

Autopsy findings.

All tissue” were normal in appearance for 2lt hours after inoculation. 
After ii8 hours there was slight oedema at the site of inoculation -nd 
the inguinal lymph node was enlarged. three days after inoculation 
oedema and a pus nodule were present at the site of inoculation. The 
lymph nodes, spleen and liver were slightly enlarged. These changes 
persisted for two weeks and after 21 days a creamy pus nodule persisted 
at the site of inoculation, the inguinal lymph node was slightly swollen 
and the spleen .was slightly enlarged. All other organs appeared normal.

Histology.

TVelve hours after inoculation, small granulomatous areas of mononuclear 
and polymorphonuclear leucocytes appeared in the liver sinusoids (fig. 
20). At that tlma there was also a proliferation of monocytes in the 
spleen red pulp, but few polymorphonuclears were present (fig. 21).
In the lunfis oedema fluid was present in a few air spaces and some 
alveolar walls were thickened, accompanied by macrophage infiltration 
(fig. 22). The liver and spleen then became congested and polymorpho- 
nuclears appeared in the spleen sinuses. By the 6th day these changes 
reached a maximum; at which stage there was severe lymphoid and mono-



Section of the liver of an iamme Praonys (̂ as-orr/s) natalenais 
killed 12 hours a:'ter subsutaneous injection of virulent P. 
pestis strain !'P6. ghoxin] a snail nranuloaatous area of mono­
nuclear and polymorphonuclear leucocytes) x 2h0.

â^BaHESMSSra-C
Section of the sileen of an immune Praonyg frastonys) natalensas 
killed 12 hours afttr suocutaneous Injection of virulent r. 
perils strain :?6. Showing proliferation of monocytes in the 
red puip; x 2ii0.
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fi%. 22." Section of the lung of an immune Frao-nys (thstorays)

natalonsis Idllad 12 htiurn after subcutaneous injection 
of virulent P. pestis strain K?6. Showing oedema in 
some air spaces and thickening of the alveolar walls, 
accompanied by macrophage infiltration; x 2i)0.



cytic proliferation in the spleen. Regression of the inflammatory 
reactions then occurred, the lungs being the first to return to normal 
after 9 days. After two weeks the liver and spleen were no longar 
congested but small macrophage accumulations were present in the liver 
sinusoids. Tha monocytic and polymorphonuclear hyperplasia also 
persisted in the spleen.

Previous work on the fate of virulent and attenuated P. peatls in 
normal and immune experimental animals has shown that protective 
attenuated strains invade and spread rapidly throughout the body.
After subcutaneous or intravenous inoculation, such strains persist 
in the tissues of nice and guinea piri for 7-16 flays (Walker et al., 
1953; Js.weta and Meyer, 19lihb and Korobkova and Samoilova, 1962). 
Korobkova and Samoilova (1962) maintained that the intensity of in­
vasion and duration of persistence verb of primary importance in the 
establishment of immunity, and Markenson and Ben-Efraim (1969) showed 
that protection by attenuated strains in mice and guinea pigs was in 
direct proportion to the duration of persistence,

In Praomys the invasion and spread of the attenuated E7$lf strain after 
subcutaneous inoculation is as rapid and extensive as has been described 
for other attenuated strains in mice. The period of persistence of the 
BV$lf strain is however much shorter in Praomys (3 days) than protective 
attenuated strains in mice and guinea pigs. The intensity of invasion 
therefore seems to be of great importance in establishing immunity in 

Praomys.

The routs of Infection of rimlent P. p.stl. In »i=« »««■ sobrntmeous 

inoculation i. via too W ' t i c .  “ * bl" d ”tr>“



the route of infection is similar to that in white mice, but the bacilli 
appear to remain localised at the site of inoculation longer, as viru­
lent, P. pestis could not be isolated from the regional lymph nodes or 
other tissues for some time after subcutaneous inoculation. Hie 
bacilli appeared in small numbers in the lymph node of one aoimal after 
12 hours and then multiplied there to reach large numbers in this tissue 
after 2 days. At that time bacilli had also spread to other organs in 
small numbers. Multiplication then took place throughout the body and 
masses of bacilli viere present in all tissues within 3 days.

In immune guinea pigs and mice the spread of virulent P. peetig differs 
only quantitatively from that observed in normal animals (Jawets and 
Meyer, 19itUb). Virulent bacilli persist in immune mice for ? - G days. 
In immune Praowys the spread of virulent P. pestis is similar to that 
in normal animals and also differs quantitatively as was found in 
guinea pigs and mice. The persistence of the virulent strain is how­
ever much longer in immune Praomys (at least 21 days) than in immune 
mice or guinea pigs. This observation could be of epidemiological 
importance as the persistence of virulent bacilli in immune animals in 
the field may be one mechanism by which plague can persist in enzootic 
foci (Meyer et al., 19li3). Under certain circumstances these animals 
may become bacteraemic and spread of infection by fleas could result. 
This may then be the ulvnate source of a plague outbreak.

Gold«*«rg et «1. <19610 reported the l.ol.tien of virol.nt P. pistl. 
fro. apparently henltty Klorotna oalifornioue iMch ™re highly re.is- 
tant to plague. Organise. »«re r.comred fro. tie blood «id the 
blood filtering organs - the .ple.n, liver, Kidneys and hone nerra. 
These vol.* were then implicated in the reservoirinE mechanism of 
plague in the San Francisco area. A slilar situation my exist In
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South Africa if virulent P. pestis persists in Praowya or other wild 
rodents in enzootic areas.

Histological changes ir. the guinea pig spleen after subcutaneous 
inoculation of the attenuated 2V strain were described by Bablet,
Girard and Robic (1937). After the fifth day the red pulp contained 
small nodular masses of retioular cells, in the centre of which wore 
groups of polymorphonuclear cells containing a few cocco-bacilli.
This was followed by a proliferation of the reticular and endothelial 
elements, as a result of which the white pulp became indistinct.
These changes reached a peak on the 10th day and then began to regress. 
By the 30th day the nodules had disappeared.

After intramuscular injection of white mice with cortisone, attenuated 
P. pestis strains produce bacteraenia and fatal infections similar to 
that caused by fully virulent strains (Payne et al., 1955). This 
effect of cortisone was ..ttributed to an inhibition of local inflamma­
tory reactions and infection-localising processes, particularly the 
phagocytes. The natural defence mechanisms against P. pestis infec­
tion were stated to be primarily cellular and depend on localization 
of the infection by derivatives of the reticulo-endothelial system in 
conjunction with the local mobilization of polymorphonuclear leucocytes.

Subcutaneous luooul.tion of fruoiuys with th« uttenu.tad EVjU attain 
resulted in an initlul prolif station of monocytes within 12 hours in 
the spleen nnd olv.oler wells of the lunCe. This was then followed 
by the appearance of polymorphonuclear leucocytes in the liver, spleen 
^  1 = * ,  - 1  r — i w  1.  .  r * U I  .1 — d *  ^  b - m i  a .  

within 3 days. Regression of the infle-atory reaction then occurred 
rapidly and had cleared completely by the 0th to lltth day.



After subcutaneous inoculation of normal Fraorays with virulent P. pestis 
there were no histological changes within the first 2l» hours, but then 
accumulations of mononuclear leucocytes appeared in the liver sinusoids. 
Abundant polymorphonuclear leucocytes appeared after ij8 hours In the 
liver and spleen sinuses and the alveolar walls of the lungs. Inocu­
lation of immune Praomys with virulent P. pestis resulted in a reaction 
similar to that observed after inoculation of the attenuated strain in 
normal animals, but the inflammatory process lasted longer. '

The reaction reached a maximum after 6 days and regression was slower 
as accumulations of polymorphonuclear and monocytic cells persisted in 
the liver and spleen after two weeks.

These histological reactions of Praomys to attenuated and virulent 
p. pestis are similar to those described by Javetz and Meyer (l$Uib) 
for these strains in white mice, but the changes occurring in the 
latter animals persisted for longer periods.

Praomys therefore differs from white mice and guinea pigs in certain 
respects in its reaction to subcutaneous inoculation of virulent and 
attenuated. P. pestis. Clearance of attenuated strains from normal 
Praomys is more rapid than in white mice or guinea pigs, although the 
rate and extent of invasion but not the duration of persistence in the 
three species are similar. Histological reactions to infection
with attenuated P. pestis in normal /ramgs and white mice were similar, 
but the shorter duration of the inflammatory reaction in Praomys agrees 
with a more rapid clearance of bacilli from the tissues.

Infection of normal Praomys with virulent P. pestis follows the same 
route as in white mice, but the rate of spread to the body tissues is 
slower. Localisation of the bacilli at the inoculation site is impli-



cated. Virulent P. for longer periods in inmune



CHAPTSK S.

Zntracuianjoiif inoculation of Praomys using 
tha bifurcated ae.edle technique

The unpleasant local and systemic reactions in man produced by live 
attenuated, plague vaccines is reduced if the vaccine is administered 
by the ntradernal or epidermal route (Hovikova, 1956, Demina, 1956 
(both quoted in Pollitzer, I960) and Keyer, 1970). To determine 
whether the residual virulence of an attenuated live vaccine is lower 
•}£ administered intracutaneously, Praociys were inoculated with * 
lyophilieed EV5lf culture by this route.

Fifty bifurcated iic.edles were sterilised separately in cotton wool 
plugged test tubes. The hair was then shaved off the right thighs of 
fifty Praoays to prevent small droplets of vaccine being picked from 
the needle before it was applied to the skin. The lyophilised EV5lf 
vaccine was then reconstituted as for the subcutaneous inoculation of 
Praoisiys by adding 10 ml sterile normal saline to each vial. These 
suspensions were then pooled in a 100 sil Erlenmeyer flask. A total 
count was done on a tenfold dilution in 1.5% formol saline in a counting 
chamber. Sequential tunfold dilations vere then made on the pool by 
diluting 2 ml of the inoculum with 18 ml normal saline. A separate 
sterile needle was dip?ed into each dilution of the sequence and thus 
charged with inoculum. This was accomplished by holding the end of 
the needle with sterile forceps and tho needle dipped to a point of 
about 1 «  above the origin of the bifurcation. If it Was dipped 
further, droplets would adhere to the needle and run down onto the 
point of inoculation and thus substantially increase the dosage applied. 
The fully charged needle was then dropped into a tube of 10 ml sterile
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? of initial.normal saline. Sequential tenfold dilutions «ere thei 
dilutions and 0.1 ml sf eac.h was plated on blood agar 
plates were then incubated at 26°C for 72 hours before 
colonies. The number of viable organisms on the need 
ted from these counts. Thus with the needle dipped i 
average of 29 colonies was counted on 2 plates which r 
of a ID*"2 dilution of the tube into which the fully charged needle was 
dropped. This is equal to 29 x 1/0.1 (amount plated) x 102 (2 ten­
fold dilutions) x 10 (approximate dilution factor of the tube receiving 
the needle itself) or 29 x 10^ viable organisms on the needle tip.

On those plates marked "direct" 0.1 ml saline was added to the petri 
dish and the fully charged needle was washed in the saline while tilti 
the plate. Dilutions and plate counts were made according to the 
following schemes

■V:%

A

V A .



10 ml saline in 
each of 5 vials

»*§?\ 276 Count-

L3 % 20 = 660

OBBnt'csataa} ̂  Count^J



Dip (jjew needle)

Dip.

Plate 5 plates vith 0.2 ml on each.

Total - 23 organisms per ml in 10" dilution.

10? per ml in pool

viability.



Dilution of Inoculum Viable count £ needle
inoculation viable count on needle inoculum

10°(pool) 23 x 107 28 x 10̂
20-1 23 x 106 66 x 203
ID"2 23 x 105 26 x 102 0.113
10"3 23 x ID*4 860 0.37k
104 23 x ID3 28 0.122

Average = 0.203%

This average of 0.2P’'/ was tiien applied to each dilation of the 
inoculum count t - <■'.uain uniformly graded values.

Thus; Higiiest dosage group » 23 x leP per ml x 0.00203 
. « U66,SOO

and thus; Dilution of inoculum Averaged viability actually iaieeted 
10° (pool) 1*66, SCO

, 10"1 W,650
to"2 i,m
lo“3 li67
U -*  17

The animals were obsurved for cutaneous reactions for 5 days after 
vaccination, but the skin remained healtljy in all. There vere no 
fatalities after vaccination.

After 28 days these Praortys were challenged with 6,1*20 virulent P, pestia 
strain F35? inoculated subcutaneously in the right hind leg. Within 
10 days after Challenge all the animals vaccinated with h,669 iWglf 
bacilli intracutaneously had died of acute sopticaemic plague. There 
was a survival rate of 30% and 60!? in the groups inoculated with 
1,6,690 and 1)66,900 orcanicras. respectively. Results of the virulent



•challenge are shown in the following tables

Vaccine dose 
intrscntaneous)

Challenge 
(day 2?)

Mortality
challenge

Average

h66,9GO •6,420 Vlo '4.0
46,690 6,420 7/10 3.4 4.9
4,66? 6,420 10/10 3.4 3.4
467 8,420 10/10 3.1 3.1
47 8,420 10/10 3.2 3.2

Post-mortem examination of the animals which died after challenge 
revealed a typical picture of death due to plague, with haemor-' ages 
and oedema at the site of inoculation and subcutaneous tissue, and 
enlarged inguinal lymph nodes, liver end spleen. Involvement of the 
lungs appeared to be more severe in animals which died after the third 
day. In these animals there was marked hyperaemia and haemorrhages, 
oedema and pleural fluid, whereas lung oedema and pleural fluid were 
absent in the early deaths.

.The rate of protection against virulent challenge given by the vaccine 
inoculated intracutaneously is similar to that given by the lyophilisod 
ETglf vaccine inoculated subcutaneously in Praonys. Doses of 1,700 
viable organisms and lower inoculated eubcutanc-ously, gave no resistance 
to challenge, whereas 17,000, '. 70,000 and 1,700,000 organisms protected 
17%, 665 and 60% of animals respectively.

Although there were no apparent changes at the site of inoculation after 
intrscntaneous vaccination the involvement of lymph nodes could not be 
determined by palpation on account of the small size of the animal. 
Inoculation of lycphilised EVjlf live vaccine via the intrscntaneous
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CHAPTER 6.

Vaccination studies with a culture derived 
from the original BV 76 strain, stored in Paris

The observation that the residual virulence of an EV76 strain which 
had been passaged through iron treated guinea pigs, could be readily 
detected in Praomys Warranted the testing of the original EV76 strain 
which had beer, used extensively for human inoculation. A culture of 
this strain had been maintained at the Institut Pasteur in Paris by 
regular agar subculture. A subculture of this strain was obtained 
by Dr. K.F. Meyer thr ugh the courtesy of Dr. Girard and was made 
available in a lyophilised state and designated the EV76 (Paris) 
strain. Tested at the George Williams Hooper Foundation, this cul­
ture was found to be non-pathogenic for guinea pigs in doses Up to 
26,300,000 viable organisms given subcutaneously and even by intra­
venous inoculation in a dose of 100,000 organisms the EV 76 (Paris) 
strain was nan-pathogenic for white mice. The $3% protective dose 
(PDgg) for white mice was 38 determined by the intraperitoneal route 
and 2,000 by the subcutaneous route. Ir. addition to the immunogenic 
ability, the ' granuloma' forming properties in Sj inea pigs, specified 
for the original isolate in 1932, and the biochemical characteristics 
were retained during its maintainance at the Institut Pasteur for 
nearly 35 years. The following characteristics of the strain were 
determined (Meyer, 1970); Pigment FI*, OA dependence *, Uracil 
dependence -, Pestioin I Pesticin II +, Fibrinolysin-.

1. Subcutaneous inoculation of a single dose of lyophilised 
IiV76 (Paris) vaccine in P r a o m y s . ____________

Five vials of the lyophilised vaccine BV76 Lot Ho. 0-2- KKS Date Aug
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15*69, Walter Reed were pooled in a 100 ml Erlenmeyer flask after adding 
10 ml normal saline to each vial. A 1:10 dilution of this pool in 
1,5!5 formol saline was prepared and a total count done in a counting 
chamber. Tenfold dilutions of the vaccine pool were then prepared in 
normal Saline for inoculation in Praonys. Plate counts were done on 
the 1 0 and 10 dilutions by adding 0.2 ml of the dilution to each of 
5 blood agar plates and counting the colonies after incubation at ?f*°C 
for 72 hours. Sixty Praomys were divided into 6 groups of 10 animals. 
Each of the ten animals was inoculated subcutar.eously in the right hind 
leg with 0.5 ml of the appropriate vaccine dilution. The following 
total and viable numbers of organisms were injected:

Group Total number of Number of viable
10 animals each organisms per dose organisms per dose

I 3.1 x 108 2.2 x 10?
3.1 x 107 2.2 x 106

3.1 x 106 2.2 x 105

3.1 x 105 2.2 X W 1

3.1 x 2.2 x 103
3.1 x 103 2.2 x 10*

The animals were inspected daily for 3 weeks.

Pathogenicity of the vaccine.

Four of the 10 Praomys inoculated with 22,000,000 viable EV76 (Paris) 
organisms died after 3 (two animals), and 6 days. P. pestle could 
only be isolated from the inguinal lymph nodes on blood agar. At 
post-mortem the site of inoculation was not abnormal, there being no 
haemorrhages or oedema and the subcutaneous tissue also showed ar 
absence of pathological changes. The inguinal lymph nodes of too



animals were enlarged, the spleens of the other two were small ir. size 
and the adrenals were haemorrtragic.. The lungs showed severe patho­
logical changes in the form of hyperaenda, haemorrhages and oedema and 
clear fluid was present in the pleural cavities of all four animals.

Animals inoculated with vaccine doses of 2.2 x 10̂  to 2.2 x 102 viable 
organisms survived.

Protection against, virulent challenge.

All the surviving animals were challenged 23 days after vaccination 
with 21,590 virulent pestis strain MP6 grown at 28*0 for U6 hours, 
inoculated subcutaneously in the right hind leg'in 0.5 ml amounts.
The following deaths weire recorded after challenges

Vaccine Deaths 5 mortality Average day 
of death

Protectie

2.2 x 10? 0/6 0 > 21 >210

2.2 x 106 Vio IsO 6.3 15.7
2.2 x 10S 8/10 6.1 7.6

2.2 x It/4 8/10 h.o 5.0

2.2 x 103 10/10 100 2.8 2.8

2.2 X IQ2 10/10 100 2.9 2.9

The PBgy calculated by the method of Thorpson is 927,600 viable 5776 
(Paris) organisms for Praorcys■

Post-mortem appearances of the animals which died were typical of acute 
septicaetdc plague. Oedema and haemorrhages were present at the site 
of inoculation and in the subcutaneous tissue. The Inguinal lymph 
nodes were enlarged as was the liver and the spleen. The cortex of 
the kidneys was pale and there was extensive lung involvement in the
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fora of haemorrhages and oedema. Pleural exudates were moat often 
present. P. pestis was 'oolated from all the tissues cultured.

That the original EV76 strain has a residual virulence in animals is 
confirmed by this experiment. This characteristic is not revealed 
in normal mice even by intravenous inoculation, although some local 
and systemic reactions, were observed in three primate species after 
intradermal inoculation of 26,800,030 viable E7 76 (Paris) organisms 
(Meyer, 1970).

The realisation that the immunogenic potency of the live EV plague 
vaccine deteriorated in the lyophilised state (Meyer, personal communi- 
cadon and observations on the EVjJll’ vaccine in Praomys) prompted the 
testing of agar-erovm cultures of these vaccines’.

2. Pathogenicity and immunogenic efficacy of an agar-grown 
E776 (Paris) vacoine in Praonys■__________________

An Isolate of the lyophilised EV76 (Paris) vaccine, stored in gelatine- 
agar pellets by the method of Stnwp (19ltf), vas g m m  on trypticase soy 
agar slopes at 37°G for U8 hours. The culture vas then washed off in
normal saline and total and viable counts were done.

Six dilutions of the vaccine were inoculated subcutaneously in 0.2 ml 
amounts in the right hind leg of Praonys using 10 animals per dilution.

The following numbers of organisms were inoculated into each animal:

Total number of 
organisms per dose

Number of viable 
organisms per dose

6.U x 106 
6.1. x lOj' 
6,li x 10“ 
6.1* x 103

5.5 x 10r
5.5 x 107 
5*1 x io6 
S.i’ x io5
5.5 x io11
5.5 x io3
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The residual virolenee of ai 
relieotsd by the foilowing d 
Praoayac

Vnccine Vaccl̂ ia'tlon

5.5 - io8

5.5 x IQ7
5.5 x lo6
5.5 x 105

5.5 x IcA

976 {Paris) wa 
Inatiou of

6/10
6/3.0

Z/U>

VSO
1/10

2, 3(2), 6, B, 13 
3(6)

2, 3
17 (intercuirefifc) 
17 (intereurrent)

M r . .

caemic p
i baeterio2ogicsl fin 
gues oedema and haeoarrhages t 
i and in the subcutaneoua tlssu

nlcal of "bubonle-septl- 

most cases but not all,

necrosis and enlargement of the liver a-Tfi spleen, extensive lung in- 
volranenfc with haenorrhagio pleural exudates. P. pestia was isolated 
i'roE inguinal lymph nodes, spleen, liver, kidneys, lungs and heart

1776
attest to the Tact 
203 fatalities whet 
Z aortality with 55 idllit

The survivors of this vaccine trial were cha. 
the right hind leg 28 days later with 37,000

The agar-srown ET76 culture proved to t 
doses, -there being aarislities only in

suhcataneoualy in 
?. pestis strain 

inoculated sisaltaneoasly, 
ily iinsaaogenie in Uiese 
roups inoculated ■with the



thi4e Iwreat Taccine doses:

Vaccine Vaccination
fatalities

Deaths after 
challenge

% mortality 
challenge

, 1* (days)

550 million 5/10 o/5 0 >21 >210
55 million 6/10 o/ii 0 >21 >210
5.5 million -Vio 0/8 0 >210
550,000 0A 0 2/9 23 10.5 1.5.6
55,c&) 0/10 3/9 % 9.0 27.0
5,5oo 0/10 6/10 7.3

^ T = mean time of death in dayp.

Death due to bubonis-s jptxcaezd c plague In the animals which died was 
confirmed bacteriologically and by autopcy. .4 value could not 
be caleai. from these results follcRTing the high protection conferred 
by the large doses.

The agar-grown culture in this experiment possessed a slightly higher 
residual virulence and greater prete itive capacity against virulent 
challenge, than the lyophilised isolate. Whether this greater viru­
lence of the agar-grown vaccine vac real or merely coincidental bad to 
be confirmed by a second e::periBent.

3. Comparative study of the pathogenicity and immunogenic efficacy 
of an arar-crown ???6 (Pa s) vaccine in Praomys and white mi.-e.

It has been shown by Keyer '1P70) and ethers that white mice are not 
adversely affected by the subcutaneous inoculation of live attenuated 
plague vaccines of the CT strain. IJhether the whits mice used routinely 
at the South African Institute fcr Metical Research were similarly





lymph node of one, which died on day 2, and from the spleens of two 
others, Cultures of all other organs were negative. One animal had 
putrified and ?. pestls could not be cultured.

Histological examination of the tissues revealed congestion of the 
liver with some email granulomatous areas of macrophages and a few 
polyjiorphonuolear leucocytes (fig, 23). Spleen sinuses were dilated 
with red cello and monocytes; giant calls were also present (fig. 2li)v 
Kidneys had marked glomerular congestion and necrosia of cells in the 
convoluted tubules (fig. 25). The lungs were congested, being parti­
cularly marked in areas below the pleura* cu.. sacs filled with red 
cel' ii, oedema fluid in groups of air sac, in lotular arrangementsj 
monoo/tes and some polymorphonuclear infiltration into alveolar walls 

(fig. 26).

Five intercurrent deaths were recorded; groups I (2) (day 26), IV 
(day 28), V (da? 26) and VI (day 29). All the white mice survived 
the vaccination.

Ten animals in each group were kept for virulent ohallei and the 
•remainder were bled for serologica1. test on day 111 and day ?0, after 
Which they were sacrificed for autopsy and bacteriological culture.
The serological response of Praomys to vaccination as determined by 
the haemagglutination test is shown by the following titress
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Fig, 2>. Section of the liver of a Prronr'a (’iabtmnys) natalensie which 
died after subcutaneous injection oT attenuated y. yen\is 
strain tT76 (Fariei). Shmtin? a granulomatous area or nncro- 
phages and polymorphonuclear leucocytes; x 2ZiO.

Pig, 2h. Section of the spleen of a Praomya 
died after subcutaneous injection o.

, 2!i. Section of the spleen of a Praomya (Mastomys) natalensis wliich
died after subcutaneous injection o, attenuateo P. pet fit
atrain KV76 (Paris), Showing congestion of the sinuses and a
giant cell; x 2uU

L J
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Reciprocal Reciprocal Reciprocal I 
of HI litre of Geometric of Hi litre of 
Hi days mean litre 'jO days i 
after vac- (day lit) after vac-

111:13

I l l i l l l

111:15

li,700 17:12

17:13 

IV ilk





Uhi'te Mice

Vaccine Doaths after 
challenge I mortality Average day 

of death

b,703,000 1/10 ll.O to
1*70,000 0/10 >21 >210
U7.U00 h/10 UO 6.2 15.5
1,700 6/10 60 5.9 9.8
1)70 5/10 50 3.2 6.1!
hi 9/10 90 3.1 3.1*

10/10 100 li.7 li.7

Bacteriological and autopsy findings of unvaccihated control white nice .
• were typical of bubonic septicaeioic plague. Haemorrhages itnd oedema 
were present at the site of inoculationj the inguinal lymph nodes were 
enlarged, as was the spleen and liver. Post-mortem findings of the 
vaccinated white mice which died after challenge differed from the con­
trols in the pathology of the longs. Hyperaemia, haemorrhages and in 
some cases oedema and a pleural exudate were present in the vaccinated 
animals whereas those changes were absent in the unvaccinated controls.

Autopsy findings of vaccinated Praomys which died after virulent chal­
lenge were similar to those of the white mien. Histological examination 
of the tissues showed the following pathological changes:

Liveri Congested and degenerative changes in the liver cells and some . 
lorga granulomatous areas of polymorphonuclear leucocyte and macrophage 
infiltration and P. p.'stis masses (fig. 27).

wnloeni Marked congestion of venous sinuses and pulp spaces. Small 
areas of hyperplasia with necrosis surrounded by groups of leucocytes 
with large clusters of P. pestls (fig. 23).

Kidneys; Congestion of the glomeruli with few P. Eestis in the blood
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Fig. 27. Section of the liver of a Praomys (Kasteeva) natclensia which 
had been innunise-d with tho atCcnu,rii"3 i. r-csTis sy.-qln L"j7£ 
(Paris), and died after virulent challenge. jlwing a lart,e 
granulomatous area of polyricorphonuclcar leucocyte and macro­
phage infiltration and P. pestis masses; x 375.

'SkitM

■ **-
Section of the spleen of a Praonys (Kaston>-s) natalensis which 
had been irmunj.sed with the attenuated P. p&stis strs-.s 
(Paris), and died after virulent challenge. jhowing congestion 
of the sinuses, leucocytes and clustery of P. peetis; x 375.
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Tesselsj necrosis of the conrolated tabular cells (fls. 2?)»

Langsf Congestion, air sacs filled with cells and clumps of p. pastis 
surrounaed by al-veoll wltii homogenec-'is oedema fluid (fig. 30).

Bsarti lerge myocardial infarct seen ia one specimen •with -masses of 
P. pestls spreading from the coronary 'vessel to the myocardial auscle 
fitres (fig. 31).

The 50? protective dose calculated by the method of Thompson was h,70D 
viable B?76 (Paris) for white mice and 9,072 for Prcomys. Tire lower 
active protection iniac of the highest vaccine dose (1,700,000 viable 
organisms) cor-eared with the second highest dose (li70,000 viable 
organisms) in both white mice and Praomys can probably be explained by 
the toxic effect of these large vaccine doses which left the animals 
in a slightly weakened state, possibly by damage of the immunological 
mechanism or blockag., of the retieolo-ervlothellal system. They were 
then overcome by the virulent coalle.nge dose.

ii. Two doses of lyophHisad Z776 (Paris) vaccine .Inocalitad 
■giiboa tanoously.

Imnrunisatioc of temans with live plague vaccines his mainly been dene 
using a single dose, while two dopes of killed vaccine are usually given 
with boosters periodically at 6 - 12 month intervals (Meyer, 1970,
Girard, 1963, Oraaset, 19l£). ilthousb it has been demonstrated that 
large dotes of live W  vaccine immaalso Praomys these may be patiiogecio 
to the otUnt of being lethal. Doses lower than ICO ,,000 viable £7 
-organisms inoculated in a single dose give only slight protection against 
wiruLent challenge. Although low desco were mot ir.munogenic in Praomys 
it was not known whether the animals were sensitised. A two dose 
schedule of the live 7? 76 vaccine was therefore inoevlated in
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■'-? >*3 heart of a (ITasts-yyg) nalalensis
• r̂ i osez, i:_~ini3t'd w.‘G -j5ii attsnuatci P. pestLf" 
sh-'-ifi ' {Saris) and diet. Vtur virtUest cF'ileapel 
.ihô sliv ir/Maniial infjrct •*: v . sasses of P. pestis 
.•reacU-hj fco tiie Rjroc.ai'ilii --irse.e fibresjt" x 375.
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Fire Tda3s of «v ... {£etx&) v&icine Iiot He.. 2-2 >3G Bate Aug 1P6P Waiter 
BeeS Here pooled lv Sts addition e? ?,0 SO. oonsal saline to sect. After 
a to tel count tm a 1:10 dilution iu fonaDl saline Mas done, -ditutiecs of 
the "vaccine Mere prepared in normal saline. 51ate counts vare done and 
10 Pracnrs Mere inesulated suhcataneonaly in the right Mid leg *ith 0.5 
slL of each dilation. The noriieisoi rrganisiss inoculated ver“ as fdl''' ~

Group Total count per dose Viable const per < .>re

1».6 x  IB6 1 .2  x  3fl?

li.6  z  10^ 1 .2  x  i d 6

U  X to 6 1.2 x  1C?

i n f i x  1GS 1 .2  ~  ^
b .fi x  ICf1 3 -5 x  ID3

li.fi x  to 3 1 .2

• v a c c in a tio n  one g r.i in o c u la te d  v i t h  12,000,000 v ia b l#  oreatdMCS

on d sy  2 and one in o c u la te d  v i th  12,C®0 d ie d tm day 7 .  AM th e

others sundTed.

F o a rtee n  days a f t e r  p riK ary  v a c c in a tio n  th e  schedule  vas r e p e a te d  nsaag  

T E ro n im S e i r  am » o e  i o . e i .  I c t a a .  = i n t e  = t t h .  B ec.na to e B u fitio n  

s e r e  a s  f a l l o w ; s

Group Total count per dose Kehle count per dogs

»JLx Id8 r.Z x 107

3.1 x W 7 2.2 x ID6

3.1 x ID6 2,2 x 1C?

3.1 x 1C? 2,2 Z ID*

3.1 * 2-2 X It?

3.1x11^ 2.2 xia2



After this inoculation one animal vaccinated with 22,000,000 and one 
vaccinated with 22,000 viable organisms died on day 5 and the others 
survived.

The post-mortem tppearance of the anlsri which died after the first 
inoculation of 12,000,000 KV76 (Paris) was typical of acute plague, 
with oedema and haemorrhages at the site of inoculation and in the 
subcutaneous tis.aue. The liver was enlarged but the spleen and k-'d- 
neys appeared normal. The lungs were hyperaemic with some haemorrhages 
but there "/as no exudate in the pleural cavity. P. pestls was isolated 
from the liver, spleen and Inguinal lymph nodes. Death of the single 
animal rfter primary Inoculation of 12,000 EV76 (Paris) was intercurrent 
as all the tissues appeared normal and P. pestis was not isolated.

The pathological changes of the animal which diea 5 days after tho 
second inoculation of 22,000,000 viable F.V76 (Paris)were less marked.
The inguinal lymph nodes were enlarged and the subcutaneous tissue was 
hyperaemic and haeraorrhagic. Other tissues appeared normal including 
the site of inoculation, liver, spleen and kidneys, although the lungs 
"were slightly hyperaemic. P. pestis was isolated from tlio inguinal 
lymph nodes. The death on day 5 of the animal vaccinated with 22,000 
organisms was intercurrent.

All the surviving animals were challenged 23 days after the second vac­
cination with 21,500 virulent P. pestis strain MP6 suspended in 0.5 ml 
normal saline inoculated subcutaneously in the right hind leg. The 
following deaths wore then recorded:



12,000,000 — — —
22,000,000 Zfi-° °/8 0 >21 >210

1,200,000
2,200,000

120,000
220,000

1,200
2,200

0/10 i/io 10 >21 >210

0/10 6/10 60 6.1 g.8

0/10 7/8 88 3.3 3.7

0/10 9/10 90 3.1 3.1,

0/10 10/10 100 3.1 3 .It

The animals which died after virulent challenge had gross pathological 
lad bacteriological manifestations of babonic'-ocpticaenic plague.

As it can be assumed that the active protection index is directly 
related to the mass of protective antigen(s) available for antibody 
production (Burrows and Bacon, 195$), it is evident from the above 
experiments with sirgle and two EV76 (furls) vaccine doses that low 
numbers of those organisms were unable to multiply significantly in 
Praoays. A single dose of 2,200,COO viable bacilli reconstituted 
from the lyophilised state, conferred some protection (API’lS.?) and 
this was greatly increased by a second dose of approximately the same 
number of micro-organisms (API raised to)210). A low degieo of 
immunity was conferred on Braomya by a single dose of 220,000 viable 
bacilli with a resultant API of 7.6. After a second dose of approxi­
mately the game number of bacilli, the active protection index was

W," P



raised to 9.8. law# doses of the vaccine than these however, pro­
tected very few Praowys against virulent challe^e.

5. Vr.ccination with a live lyophiliscd EV?6 (Paric) Taccine 
R-tat prijiiary immunisation with a single doae of killed vaccine.________ _________

One of the main disadvantages of a live attenuated plague vaccine is 
the unpleasant local and systemic reactions which they cause. Girard 
(1963) however3 attributes the high imnunogenicity of the ET strain to 
its partial virulence and the reactions it causes. This low patho­
genicity has been thoun to "be readily detectable in Praowys by death 
after subcutaneous inoculation.

The following experiment was done to determine whether the pathogenicity 
of the EV?6 strain, could be reduced by primary immunisation with, a single 
dose of killed plague vaccine. The CSP plague vaccine (E medium) 'Bulk 
lot No. K037961 was diluted 1:5 in normal salSjio, to contain Qli nillion 
ursanisms per 0.2 ml. This dose was then inoculated subcutaneously i» 
toe right hind l«e of each of IQ Praoays. Two weeks later 5 vials of 
•the live vaccine EV7fi - Girard Lot No. 0-2 KFO Pate Aug 1*9 Waller Seed 
were reconstituted with 10 ml normal saline per vial. A 1:10 dilution 
was done in 1.# foi.nol saline for a total count and tenfold dilutions 
vwe done in normal sslifta for plate counts. 0.5 nl of the neat sus­
pension was then inoculated subcutaneously into the right hind leg of 
each of the 10 Praowys. This dose, which contained 3.1 x 10S total and 
2.2 x 107 viable organise, caused ID - W  mortality in ̂ -vaccinated

After tto inoculation of the live vaccine 2 ̂ 3 2  ̂  m  the Eeeond 
and third day. ■me "organisms vere wly isoktcd from the 1W H nodes



and at autopsy there were few pathological changes. There were no 
signs of haemorrhages or oedema at the site of inoculation or in the 
subcutaneous tissue and the liver, spleen and kidneys were normal in 
appearance. The inguinal lymph nodes were enlarged and thn lungs wre 
severely affected; hyperae-’iia, haemorrhages, oedema and pleural exu­
dates were present.

The death of, these animals reveals tii.t 85,000,000 killed P. pestls 
in a single inoculation will not protect Praonys when, on the lUth 
day they are reinoculated with a live EV vaccine in a dose which causes 
10 - k0% mortality in non-vaccina ted Pracanys. The pathological changes 
indicated that immunity was not sufficient to inhibit the invasivenoss 
of the organisms and death due to severe toxaemia in the lungs ensued.

Tho 8 surviving Praonys were challenged 23 days later with 21,500 viable 
virulent P. pestls strain KP6. One animal died on day 9 of bubonic- 
septicaemic plague; the remainder survived.



the reactions to inoculation uf live
in sian and experimental animals have been made by investigating various 
routes of inoculation. Thus the dntracutaneous route has been used in 
the tf.S.S.R. and iji '.he U.S.A. in experimental animals and hunan trials. 
The reactions caused by the live plague vaccines are less severe when 
administered by this route than when they are inoculated subcutaneously 
(Korobkova, 1955). Keyer (1970) has found however, that these vaccines 
are still sufficiently invasive to cause death in susceptible animals 
when administered intradermally.

Administration via the oral route has been used to a more limited 
extent in experimental animals. It has been shown that large doses 
of up to 1,000 million organisms of live vaccine administered orally 
are harmless to guinea pigs (Korobkova et al., 1970). The administra­
tion of EV vaccine strains via the oral route or in combination with 
intracutaneous inoculation conferred solid protection on guinea pigs.

The purpose of the present experiment in Praonys was to determine 
whether the EVSlf plague strain is pathogenic in this animal species 
when administered orally and whether immunity could be established in 
them by this technique, and also to investigate the effectiveness of 
combined oral administration and subcutaneous inoculation.

An nv5lf culture grown on agar at 376C for li8 hours was s impended in 
normal saline and two dilutions containing 5 x 108 and l.|; x 10? viable 
organisms per ml were prepared. One hundred and ten Praiimgs M6re



:C:

(10 anirals 
in each)

Bl m Snmber of inoculations
Honte

100 reillAon 3 oral
300 million 1

100,000 suboutanetoue
U 100 oillloo '! 

100,000 Jf i) subcutaneous} CDnbined

5 300 million V
100,000 J il 00Bbined

divided into 11 gronps of 10 animals and placed in separate cages.
The two vaccine dilutions were then administered, orally in 0.2 ml 
amounts, 16 gauge 2 inch Luer-lock hypodermic syriî e needles
of which the ends had been rounded off. The vaccine was introduced 
slowly into the buccal v.av.vty at the back of the moaOi &n the 
animal sHallowed. Each Praoays in ftiir groups of 10 received ICO 
Billion bacilli orally and each animal of li other groups received 300 
million bacilli orally.

Three of the groups which received 100 million bacilli orally and three 
which receiv&d 300 million, vere inoculated subcutaneously iamadiately 
aJterwaris with dilutions coi> Saining ICO,COO; 10,000 or 1,000 viable 
bacilli. These dilutions uere then also inoculated into each of 1L0 
animals which had not received an oral adninistration of the vaccine.

All the animals to which 100 million bacilli had been administered 
orally, n̂niiidli.g those animals which received combined oral and subcu­
taneous inoculations, were given second and third doses Of 100 million 
bacilli orally on the Luo following days. These were freshly grotm 
'cultures for the second and third oral administrations.

The docea ia-tc-.tiated are swteariovd in the following tables

m



Huaber of Route
Inoculations

6 10,000 1
? 100 million) 3"?

10,(X»; ij
8 300 nUlionX l1

10,000; ij
9 1,000 1

10 100 million I 3)
i,mo/ ij

H  300 rain ion I ll
1,000/ ij

Ĵ even animals in the foUmang groups died

Group Vaccinatioc dantl-̂ Days of death
after first

Number Percentage inoculation
_____________________ (average)

1 1/10 6
2 1/10 5
3 2/20 20 5,7 <S>
7 ?yio 2,7
6 3/10 30 3,5,7 (5)

1/10 10 1
1/10 7

Post-uorten. findings of those aninals which died after vaccino 
administration.

a) Deaths after oral administration

Group 1 (100 .Million) and Group 2 (300 million)

The subcutaneous tissue of the abdoocn and thorax vas hyperaealc 
and haeMrrha îe. Inguinal lyeph nodes were not enlarged but 
on culture produced a confluent growth of P« pestis. Spleens

subcutaneous] combined

after vaccinationt

(10 animals 
to each)



vere hyperaenic and grossly enlarged to about tBice the noraal 
size. Histolog'rally there was severe congestion of the 
sinuses and P. pestis in large bacterial Masses (fig. 32). Con­
fluent growths of P. pestis were cultured. Livers were nonral 
in size, -pale and mottled in apr-earance,

Histologically there was congestion of the sinusoids, granulomatous 
areas of monocyte infiltration a'd P. pestis in large ba'-terial 
Basses (fig. 33). Bacteriological culture showed confluent growths 
of P. pestis. Kidneyo were pale and flabby and histologically 
there was congestion of the blood vessels, but no P. pestis were 
seen. From each kidney core than SO P. pestis colonies were 
cultured.

The lungs were normal ia nppe-vance at autopsy and on histological 
examination, but more than P. pestis colonies were cultured 
from each lung. Cultures of the heart blood produced 30 P. pestis 
colonies from one animal and a confluent growth from the other.

Deaths after subcutaneous inoculation (Croup 3 - 100.000 organism:) 

The subcutaneous tissue was hyperaenic and haemorrhagic and the 
inguinal lymph nodes were slightly enlarged.

Bacteriological culture of the laitsr resulted in a confluent 
growth of P. pestis. The spleens were grossly enlarged and 
flabby. Histologically there war severe congestion of the red 
pnij, xdtb a large . acreage in mononuclear cells, and clumps of 
P. pestis were present throughout the red pulp. A confident 
growth of P. pestis was cultured. The livers were pale and mottled 
in appearance and sections showed there was an increase in monocytes



Fig. 32. Section of the spleen of a Pritoays (KasvOiwa) natalensis which 
died after oral adrdnirtration of 100 rdllion attunuateo P. 
pcstis strain TV5lf. Showin- congestion of tiie sinuses and 
large bacterial masses; x 375-

I



and Kupffer cells. Bacterial Basses of P. peatis were also i 
in the sinusoids. Bacteriological culture showed a ctioflaen- 
growth cf P pestis.

Mie Mdnejs were pale and flabby. Histologically there was 
congestion of the vessels and glomeruli but jo P, pestis were 
seen. More than $0 P. pestia colonies were cultured p*'" ino 
Thu lungs were hyperaemic and hat-morrhagic in patches. ' to 
was present but no fluid was seen in the pleural cavitur.

pletely consolidated I-- macrophage and polymorphonuclear cell 
infiltration. Kany red blood cell.:; amongst nucleated cell it

fluent growth of P. pestis.

(100 million oral combined, witii 1,000 subcutaneous) 

Death of the aMmal in Group 10 on day 1 may have be-.Ji the result 
of pneumonic infection resulting from aspiration of the vaccine. 
The lungs w e n  filled with bloodstained fluid at post-mortem and 
counts of P. pestis colonies from the tissues were as followsj

m w . * ,  l b . * .  ^
confluent, heart blood confluent.

M W ,  7 (100 rtlUo. crti ««> M>.«0
8 (300 nllllon oral C.*l«ed elth 10,M 0  .»bmlo,.=.ia)

21 (300 itiHion oral combined with 1,000 subcutaneoaa)



enlarged and bacteriological cultures were confluent growths of ?
P. pestls in all except Group 11, which was negative. Spleens ;
were slightly enlarged or noraal in else and histologically f
■Uiere was congestion of the sinuses and an increase in MOnom- /•
clear cells. Oultores showed confluent growth of P. pestls in |
all except Group 11, which was negative. Kidneys were pale in i
colour and flabby in texture. In section there was congestion i
of the gloasruli with red blood cells and mononuclear cells. ^
There were confluent growths of P. pestls on culture in all tsxcept 
Group 11, which was negative. livers were pale and nfit tied in }

îpearance and histologically thsre was slight congestion of the 
sinusoids, with an increase in laonocptes. The cultures showed 
confluent growths of P. pestis in all except Group U, which was 
negative. Lungs were hyperaemic and had patchy .ireBotrhages, 
with oedsna present in all. Sections showed ofcja.ua fluid '.as 
present in the air spaces. Cultures of all the animals had 
confluent growths of ?. pestis. Heart blood cultures showed 
confluent growths of P. pestis.

'l iv e  attenuated P. pe stis  s tra in  E751f I s  invasive and causes tox ic- t 

bacteraeadc deaths in  Praomys even when administered v ia  the or. 1 route 

and not merely on subcutaneous inoculation. The organisms spread front tbe_ 

buccal cavity , probably v ia  the subaaxillary o r retropharyngeal lysph 

nodes to  the blood stream and hence to  a l l  the tissues. In  a labora­

to ry  experiment with subhuman primates (Kacacus rhesus and H. cynomoleus 

a p r  = :  lm » =  ( 1 » )  sM e d  t h i t  •rtxul.nt p . j w t o  

could cu t®  tto  oppo- n up iru to iT  t e o t  B m uth  a «  W - M o  tlssueu 

or t l ,  oroplsrs™ . Tte •rrorer.t ly cp h .tio , theo c m lo d  t ie  pUsua



bacilli to the regional lymph modes and induced primary buboes, msd 
septicaemia followed rapidly. IfcLs is also the most likely route 
of invasion ■of the Zilplf strain in Praoays after oral administration. 
So pathological differeocss coaV be detected betuean those Praoays 
which died after subcutaneous inoculation of the ZVglf strain and 
those which died after oral administration.

Twenty one days after adadnietration of the vaccine all the animals 
were ehalifcnged BUbcutaneously vith the viralent T. gestis straja 15F6 
in a dose of IByOOO viable organisms, and ten ttnvaccinated controls 
vere -challenned simialtsaeously.

Results of the chal'iecge are tabulated as follcus:

Gi-wjo Vaccine Hunber of Houte Challenge sursivors 
dose inocdlations Kainber %

1 100 million oral 9/ii HO
2 390 million oral 6/9 6B
3 100,000 1 subcoi.. 7/6 ®7
k 100 fldlli.ro 3 30/ir

100,000 1 snbeut. J
5 300 Billion ona)

tate 300
100,000 subcut.J

6 10,000 1 rabcat. 5/10 0
7 100 million 3 onll

7/0 671. subcut,]
3W  million 7/7 100

snbcutj
1,000 1 subcut. U/10 Ilf!

100 adllion 3 orcl I ■9/9 2S0
1,000 1 snbcutj

300 million 1 oral 1 7/P 78
+ 1,000 1 sib=o.t.J



AH the diisths were conlinced as bubonic-septicaemic plague by ; 
autopsy and bacteriological culture.

This experiment revealed that a dose at 100 million live attenuated 
P, pestis strain EVjlf will confer solid protection on Praomya against 
virulent challenge, when vaccinated via the oral route on three succes­
sive days. The same total dose when given in one inoculation orally 
gives slightly less protection (688). A single dose of 100,000 EVSlf 
organisms inoculated subcutaiwously will confer the same protection on 
Praowys as 300 million organisms administered orally. The subcu­
taneous inoculation of 100,000 or 10,000 organisms given simultaneously 
to the oral dose of 300 million, nil1 raise the protection of the oitil 
dose from G8g to 100%. A dose of 1,000 organisms, inoculated subcu- 
taneously does not enhance the protection of a single oral dose of 
300 Million organises.
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CHAPTER 8.

Vaccination of Praomys with two attenuated ?. pewtis 
stralngj.actri.ng oiriei-ent single virulence determinants.

The importance.of the virulence determinants in the inmunogenioity 
of P. pestia has haen thoroughly investigated by Burrows and Bacon 
{1958). From their work they concluded that FI antigen is of great 
importance in conferring immunity against experimental infection with 
virulent F1+ strains. In addition it was shown that W  antigens are 
not less important for this purpose. Kasdjwia protection nas achieved 
by the use of vaccines containing both Fj. and W  antigens. They also 
concluded that the ability of strains to form pigmented colonies (P+) 
may be associated with a product which may be antigenic and play an 
important role in iuwonity.

Considering the importance of these three virulence factors in immunity 
to plague, it was decided to immunise Praomyj with two attenuated P. 
peatis strains, which together possessed the characters F1+, VW+ and 
P+, to determine whether these would indues a higher level of ijaraunity 
than a single attenuated strain lacking either W  or P.

lh, too Bttamatod P. PMfi! "nd 'r31vi"eJ S- 1°tl
ol which haw t a n  «a.l axlensWaly lor hamo 1— l»Uo», m

(Bltnn and Bacon, USB) but a o.rtrio p.reaotag. of .took cOltme

pwaa.. M  mo),
1 —



F1+, VW- and P+. the claasiciU. strain "'TJivfidej1' Ssooth described 
by Ott.en (1936) was originally;obtained iron a plague rat at Tjiitidej 
in Netherlands Bast Indies, i. Rslture of this strain has been repeatedly 
purified at the Microbiologiaal Hescarch Bstablishaent, Porton by single 
colony selection and maintained in the dry state (Burrows And Bacon, 
195ba). Through the courtesy of Dr. T.VT. Burrows, a subculture of 
th.1̂  strain was obtained in October 1968.

The 50% protective dose of the Tjiwidej strain was first determined in 
Praorays by subcutaneous inoculation of 6 dilutions of a culture grown 
on agar at 37°C for h3 hours.

tbs fcllc.iing nvatoers of organisms ware inoculated:

Group Humber of 
animals

Total number 
of organisms

Nutrber of 
organisms

1.5 x 107 1.3 x 107

1,5 x 106 1.3 x 106

1.5 x 10s 1.3 x 105

u 1.5 x itA 1.3 x ID1*

5
6

1.5 x 103
1.5 x 10?

1.3 x 103
1.3 x 102

The animals weire examined daily and all except 01
le in group 3, '

Prom the total count it was 
dose of 38,000 organisms ia .O.Stisraal. Ten n m - m d m ' M
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«utr»l 2 =  «=. >1.0

Ktor challengs til. tollmtiag d„th.

w Vaccine dose Survivors/ Percent
mortality

Average day 
of death

1 13,0)0,000 9/10 10.0
2 1,300,000 ' 9/10 7.0
3 130,000 V9 UU U.8
k 13,000 6/10 Uo U.O 10.0
5 1,300 3/10 70 U.7 6.7
6 130 2/10 00 3.2 U.O

Control nil 0/10 100 2.9 2.9

Deaths were confirmed bacteriologically and by autopsy as due to but tnic- 
septicaenic plague. Ho difference could be seen in the autopsy appear­
ances of the animals inoculated with different vaccine doses, Ihe $&% 
protective dose calculated by Thonpson's moving averages was 23,120 
viable organisms.

Vaccination of Praoays with two attenuated P. pcstis cultures lacking 
different aingle virulence antigens was carried out as follows i cul­
tures of Tjiwidej and EV76 (Paris) were inoculated onto trypticaue soy 
agar and incubated at 37*0 for US hours. These were then suspended 

in normal, saline and total counts done.

dompavison of the protection conferred by inoculating too attenuated 
f. gette cnltares lading different .ingle viralenc. antigens nith 
that of too do.es Of the sane stran, tod also single dose, of e.ih 
•train ».s cmi.d out according to the Miming to— p



Plvst inoculation

EV76 (Paris)

•Second inoculation 
(one month later) Virulent challenge 

(one month after 
second vaccination)

(Paris)

BV76 (Pari'j)

Cultures of the Tjiwidej and EV76 (Paris) p. peatls strains were plantod 
onto trypticase soy agar and incubated at 37°C for US hours. These
were then suspended in normal saline and total counts done. tonfold
dilutions of each culture were then prepared in normal saline and plate 
counts done on the highest dilutions.

Thirty Praomys were inoculated subcutaneously with the 10"̂  dilution 
of the Tjiwidej culture containing 30,000 organisms, of which 15,000 
were viable. In addition, the other dilutions were Inoculated subcu­
taneously into each of 5 Praomys per dilution for serological test.
Thus the numbers of animals inoculated with the Tjiwidej strain were 

as foilowes

Number of 
organisms

Number of 
Praomys

10°3.0
3.0 x lO1
3.0 x 10*
3.0 x Idj
3.0 x lo|
3.0 x 10-

1.5 x ioe 5
1.5 X io7 5
1.5 x io6 5
1.5 x io’ 5
1.5 x id1* 35
1.5 x io3 5
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inoculated subcutaneously
with ?,600 BV76 (Paris) organisms.

re then bled 28 days after vaccinationThe 5 Praowys in each 

titres obtained
tested for %  antibodies to the Fraction 1 antigen. The

Reciprocal of Reciprocal of
Tjividej organisms

1021*
512

256

i5o,coo



The serological response of each aaloal vas net strictly related to 
the dose inoculated; however there waB „  Msoriatio„ between the size 
of the vaccine dose and the geometric neEn titre. Doeeb of 15,000 

viable Orgam-SGS or lose resulted in very feu serological reactors, bat 
higher doses resulted in geometric nean titr s of 1 :81, or over.

Twenty eight days after the first Modulation, booster doses were given. 
The E776 (Paris) and Tjivddej strains were cultured on tryptlcase soy 
agar at 37°C for li8 hours. The culture was suspended in normal saline, 
total counts done, and tenfo?d dilutions prepared. Plate counts were 
done on the highest dilution. Ten Praciays previously inoculated with 
the ET76 (Paris) vaccine were rcinocuiated subcutansously with 13,000 
organisms of the sane strain. Ten Praomys previously inoculated with 
the Tjiwidej vaccine were also reinocnlated with the sane EV76 (Paris) 
dose and ten previously uninoculated animals were vaccinated to act as 
booster controls. Ten Praorays previously inoculated with Tjiwidej 
vaccine were reinoculated sttbcuianeously with 11,GOO viable organises 
of the sane strain and ten tmiroculated animals were vaccinated with 
this dose as booster controls. Ten Praorays inoculated with the Tjiwidej 
strain and ten vaccinated with the EV76 (Paris) strain were not revac­

cinated.

All the animals survived the vaccine inoculations. Twenty eight days 
after th. s.cond vacriiaHm, th.y »ir« chtilmsed subc.tm.oi.ly >dth 
. virHeti cultnrs of strai. KP6 in • doe. if 2f,»0 «i*le orgudo». 
1M, «,> grown »t ZB"0 for 21, hours on tijptlou. «ox »!!"•
Ion UBVoccinatod oontr.l K - M  — . «1=, ohtilengod AT-
After challenge the following deaths Were recorded!
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Vaccination inoculation m 6 TS Controlschedule Second
inoculation

EV76 m e - EV7fi
Deatiis after challenge 3/10 3/10 1/10 5/10 w il/10 5/10 10/10
Percent jimrtality 30 30 10 50 . 80 to 50 100
Average day of death H.3 10.0 5.0 6.0 5.0 7.8 8.0 3.1

if?,7 50.0 12.0 6.3 ip.5 16.0 3.2

The 502 protective dose rf an agar-grown B776 (Paris) culture in Praoara
as deter«ir.Ed by previous experiRsnts was 4,700 fiable crganlsns Inocu- 
lated snbcutanecusly. Whm a dose of 13,000 organisms vas inoculated 
into Praonys in this experiment sad thete miaml, were challenged one 
»Mith later, 50t of the aniaal, survived, the A.?.I. being 16.0. When 
9,600 orcsr'.sns >lere inoculated and the anirals challenged 2 months 
latrr, th&re was 803 mortality and an A.P.l. of 6.3. The immunity con­
ferred by this vaccine had therefore declined over these two tronths.

T>,e 505 protective dose of an agar-grown Tjiwidej culture was 23,120 
organisns by subcutaneous inoculation ir- Praoays. tihen a dose of 
.11,000 organisits of this culture was inosulated subsutar.eously, 1)02 of 
the animals succonbed to virulent challenge one month later and resulted 
in an A.P.l. of 19.5- & dose of 15,C00 -viable organisms conferred $0Z
protection against virulent chslleflge 2 months later, with an A.P.l. of 
12.0. Some reduction ir. toe Inmnlty conferred by tMe vaccine there­
fore also appeared to have taken place over these two jsonths.

Tro aoses of the E77B f?aris) vaccine given one math apart protected 
70? of Praonys against virulent challenge, tie A.P.l. being The
second dose had a booster effect on the iamwity and raised the protec­
tion index considerably above those of the single dose.
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± second dose -ef the IjiwidBj strain had a hoorber effect .on
the icminity- OoapaxiBon of the protection conferred ijr tco -doses of 
the Yjixidej strain that rf tiro doses of the 1776 (Paris) strain 
ehmro that the latter resulted in a higher protection tbidex hut the 
percent mortality was the same.

Immunisatinn with an £776 (Paris) raooihe one month after an iritlal 
dose of Tjiwinejj vaccine resulted in the highest rate of protecticn 
(ggZ) and the Jl.P.L (50.0) was higher than that using two -doses of 
33776 (Paris) vaccine (li7,7) cr two doses of th: TjliCLdej Strain {(33.3)-



CHAPTER 9.

Vaccination of Praomys with an attenuated non- 
pijpnented. Fraction 1-negative P. pastis strain.

It was reported by Janssen and Surgalla (lp5y) that a non-capsulated 
variant of P. pestis was more iiremmogenic in Rhesus monkeys (Kacaca 
BMlatta) than other live vaccines used for human inoculation. The 
isolate did not cause serious illness to Rhesus monkeys, even when 
relatively large numbers of organisms were administered and protected 
these animals against cltallenge with typical virulent plague strains.
The non-pigmentcd variant was selected f.'om the non-capsulated strain 
H23 described by Burrows (1957) and possessed the following chart l- 
teristics:

pigment F1-, Purina dependence Pesticin 1+, Pesticin 11+, Fibrin + 

(Meyer, 1970).

A freeze-dried preparation of the non-pigw“xted M23 strain was manu­
factured by the Walter Reed Institute for Medical Research, Washington 
.and made available for testing in Pracnys. Tests done by Mayer (1970) 
showed that the freeze-dned preparation was well tolerated by guinea 
pigs in doses of 27 million organises inoculated by the intraperitonesl 
and subcutaneous routes. The PD# values in these animals were 1,300 
following intraperitoneal and 2,200 following subcutaneous vaccination. 
The same preparation as used in the guinea pigs proved lethal to $0% of 
mice when inoculated intravenously in doses of 500 viable organisms.

Five vials of the vaccine Nffl - 23V Lot Mo. HPM -2 Dec 68 were pooled 
by rehydrating each vial with 10 ml normal saline and adding the total 
omount to a ICO ml Erlenmeyer flask. A total count was then done on a



tenfold dilution in formol saline using a counting chamber. Ton- 
fold dilutions of the vaccine pool were made in normal saline and plate 
counts were done.

Fifty Prnoroys were divided into 5 groups of 10 and each animal placed 
in a separate cage. The vaccine dilutions were inoculated sutcutaneous- 
ly in 0.5 ml amounts and each animal received the following number of 
organis-de calculated from the total and plate counts:

Group Total number of Number of viable(10 Fraomys in each) organisms inoculated organisms inoculated
I 1.1 x lO9 1.7 x 10*
rt i.i x io7 1.7 x io6
m  1.1 x io6 1.7 x io5
IV 1.1 x id1 1.7 x io3
v 1.1 x 103 1.7 X 102

Three animals inoculated with.170 million viable non-pigmented MZ] 
organisms died; one on day 2 and two on day li. All the remaining 
animals survived. A post-mortem of the animal which died on the 
second day after vaccination showed hyperaeaia and haemorrhages at the 
site of inoculation and subcutaneous tissue with an absence of oedema.
The inguinal lymph n'-des were enlarged and the adrenals wore enlarged 
and haemorrhagic. The lungs were hyperaemic but there was no oedema 
of pleural fluid. Cultures of the inguinal lymph nodes, spleen and 
lungs were positive for P. pestls. Pathological changes in the animals 
which died on the fourth day after vaccination were more extensive than 
those which died on the second day. Again there was an absence of 
oedema at the site of inoculation and in the subcutaneous tissue but the 
spleens were enlarged and the lungs were hyperaemic, haemorrhagic and 
oedematous. Huco-haomorrhagic fluid was present in the pleural cavities.
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Saccina dose 
(viable nnn- 
pigaented H23 
organisms)

Vacdnaticn
mortality Average day 

of death
vaccination

Challengemortality Average day 
'Of death
challenge

170,000,000 3/10 = 30? 3.3 6/7 - 86? 4-0
17,000,000 0/10 0 10/10 » ICO? 3.7

170,000 oAo 0 10/10 - 100? 3.5
1,700 0/10 0 10/10 - 100% ■L5
170 0/to 0 10/10 * loo? 3.9

umraocinsted
controls - - loAo ■= ico? 3.1

Post-mortem appearances and bacteriological -NmH-npe ysre typical of '
babonic-septieaemic plâ ao.

TJjb straiUi >123 originally studied by Burrows and Bacon (1958) did mot 
produce FI an4"'•'er (IB.-), produced ? and W antigens (W*), formed 
pigeanted tic (?*) and was independent of purines for growth (Bu*),
This isolate -was fully virulent in white mice. A mutant (strain >&6) 
of this strain which was DOD-plgmontnd bir.. retainad the other charac­
teristics, had attenuated virulence in White mice but was non-protective 
against virulent challenge.

Meyer (1970.) inoculated the nnn-pigmenttid K23 mutant described :by Canesen 
into three species of non-human primates; B&nnmn langurs (PreSbytic 
entellus). vervete (Oerconithocus aethic'ps) and macaques (Hacaca mulatta). 
Striking differenoes in the susceptibility of these three primate species 
to the irroculation of this mutant were obnsrved. All the macaques 
survived the vaccination but 2 of tbs 6 vervete and all -ihe Ibi.gurs died 
betwtien tiie eevanth and .nineteenth day after inoculation, as a result 
of invasion cf the orgoidsms. VIhen the strain was inoculst&S into 
Prapmys in a dose of 170 million viable .organisms, 3 out of 3,0 animals
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died, bat ill those inoculated trith loter doses surtived. After 
■virulent challenge, one of h Cercordthecus and all of four Eacaca 
m  stta vaccinated '•dth the non-pigmented 1123 mutant survived (Meyer, 
personal communication). Only one of 5? Praowe vaccinated «ite 
these organisms survived the challenge dose.

These results strongly emphasise the ingiartaace of toe animal species 
in investigating plague vaccines. Macaque monkeys were only slightly 
affected by inoculation of the non-pigmented M23 sirain and were com- 
pletely .protected agEinst virulent chaHeneej 2 of 6 vervet Monkeys 
died after incculation of toe strain and one of the survivors was 
protected s all of $ langurs died after inoculation of toe strain. 
There was an attenuated virulence of the strain in Praomye and only 
slight protection of the survivors. The behaviour of the strain in 
Praonys was similar to that of strain >0.8 in white sice described by 
Sorrows (1?5B). This strain has toe same genetic constitution as the 
non-pigmented K23 mutant.

Until further work is done on the infection of various animal species 
with non-pigmented, FI- P. pestis strains, one can only .speculate i 
tea reasons for the pathogenicity in some and immunogenicity in other 
animals. The difference in invasiveness of the ron-pigmented K23

to be 0. limiting factor for the rirclence of oon-pifMooted P. paetts



and Praomys are in agreement a  results of previous work on vaccine 
strains which lack the Pi antigen. The solid protection conferred 
in macaques is unexplained and will have to be clarified by farther 
work on this species as suggested by Meyer (1970).

The absence of peritoneal and pleural transudates in fatal M23 vacci­
nations in langur monkeys, in contrast to EVSlf infections, was noted 
by Meyer (1970). In Praomys septicaemia death, following subcutaneous 
inoculation of the non-pigmcnted M2i strain, was characterised by an 
absence of oedema in the lungs and subcutaneous tissues and also the 
absence of fluid in the pleural cavity.

Moyer suggested that these observations in langurs were associated with 
changes in the water aetabolis.a as a result of non-specific diarrhoea 
and the inability, or unwillingness, of the animals to replace the loss 
by drinking water. As the absence of oedema was common to both langurs 
and Praonys, one may speculate that these pathological changes are 
attributable to a characteristic of the attenuated P. pestia strain, 
notably the absence of FI antigen. This is certainly an aspect of the 
pathology of plague which requires further investigation.
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CHAPTER 10.

laaunogentc efficacy of Idlled olupw reccinw in Prs-omrs.

The present status of killed plague vaccines has been summarised by 
Heyer (1970). Although numerous killad vaccines have been developed 
for uae in experimental animals, the one used moat extensively for 
human inoculation is the American V3P y~ ■'gue vaccine, The local and 
systemic reactions in Ran following initial basic inoculation are with 
few exceptions relatively mild, Controlled field trials have not 
been conducted to assess the efficacy of this vaccine. However the 
experience of U.S. Army personnel in Vietnam, where a high frequency 
of plague outbreaks exists, reveals that persons repeatedly vaccinated 
with rep vaccine enjoy almost complete freedom from plague, despite 
frequent exposura to the disease (Meyer, 1970).

The US? plague vaccine is an aqueous suspension of virulent P. pestla 
195/P isolated in l?ii8 from a case of aepticaemie plague in India.
The stock culture is kept on blood agar in the cold in screw top bottles, 
yith occasional passage through guinea pigs in order to maintain the viru­
lence at 6 LDj0 of 3-1$ organisms for mice. The culture is grown on 
agrsf (B medium, low in levels of Anti A and Anti B blood group substances) 
in Roux bottles at 37°C for 1,8 hours. The organisms are harvested in 
physiological saline and killed by adding formalin to an overall concen­
tration of 0.9*. Viability tests are then done. The culture is then 
diluted in a final phenol concentration of 0.5$» and the standardised 
suspension is supplied in 20 ml vacuine vials, each ml containing 2 x 109 

bacilli.

Standardised procedures have been adopted to evaluate the vaccine. Toxi-
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of white mice are likewise inoculated intraperiteneally with 0.5 ml of 
the vaccine. All animala must survive without eisnificont symptoms 
or weight less. The imunogenicity of the vaccine is determined by 
the mouse potency test which is a modification of the procedure 
developed by Sokhey (193?), Each lot of the vaccine is tested on 100 
white mice, 20 mice for each of five graded threefold dilutions. Dilu­
tions are inoculated intraperiteneally in two doses of 0.2 ml each, with 
a seven day interval between injections. On the seventh day after the 
second inoculation of vaccine, the mice are challenged subcutaneously 
with 0.2 ml of a suspension containing 2,000 - h,000 virulent P. pestis. 
This dose must kill 1003 Of ten control mice inoculated simultaneously. 
All the mice are observed for 111 days after challenge and dead mice are 
autopsied and smears made from the spleens. A reference vaccine is 
tested simultaneously in the sane number of white mice. This reference 
vaccine is a formalin-killed preparation lyophilised in the amount 
representing 1 ml of vaccine, sealed in vials and maintained in the cold 
away from light. The content of a vial is reconstituted with 1 ml 
sterile water, and as It contains a stabiliser it is uniformly suspend- 
able. The threefold dilutions are prepared from this suspension in 
saline, inoculated intraperiteneally and the animals challenged as with 

the vaccine being tested.

The efficacy of the USP killed vaccine and the reference vaccine was 
tested in Praonys using the Standard mouse potency test and also by 

subcutaneous inoculation.



Subcutaneous inoculation.

Plagua vaccine (S reedim) Bulk lot So. KO 37961 containing 2.1 x 109 
organisms per ml was diluted in normal saline as followsz 1:5, l:l5, 
l:li5, lJ135j liliOS, 1:1,215. These dilutions were inoculated subeu- 
taMiously in the right hind leg in 0.2 ml amounts, into 6 groups of
1 ryroys using ten animals for each dilution. Fresh dilutions of the 
ifaccine were then prepared lU days laser and the same dilutions pre­
pared. The animals were then reinoculated with the sane doses of the 
vaccine. The Praonys were kept under observation for two weeks? all 
survived. Twenty three days after the second inoculation these 
Praomys and 10 unvaccinated e ttrols wen. challenged with 21,500 viru­
lent P. pestis strain MP6 inoculated subcutaneeusly in the right hind 
leg in 0.5 ml amounts. This was a twenty four hour culture grown 
on trypticase soy agar at 37°“ •

After challenge the animals were kept under observation for 21 days 
and the following deaths were recorded:

Vaccine Number of 
organisms 
in each of 2 
inoculations

Sumbar of 
deaths
challenge

%
mortality

Average

1/5 6U x 106 LAo ilO 9.2 23

W 28 x 106 6/10 6.3 io.S

vus 9.3 x. 106 7/10 w 6.9

1/135 3.1 x 106 6/10 h.6 5.7

iAo5 1.0 x 106 9/10 90 5.1 5.7

1/1,215 3.5 x 105 GAo to li.2 5.3
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amounts.

■The TSP vaccine -Was shtnm in this egpuriment to be protective In iTanmr- 
when inoculated subcutaneously. When inoculated intramuscularly in 1 ®1 
amoaats into Lmngnr monkeys (Presbrtis enteUus) and given boosters of
0.2 ml intramuscularly 86 days later, tills vaccine gives 60? protection 
against a severe subcutaneous -virulent challenge (Meyer, 1S70).

Intraperitoneal inosulatioa.

The average $0l protective doss of the tlSP vaccine in Swiss Webster 
white mice by the intraperitoneal route is 30 x 10̂  organisms given 
in two 0.2 ml doses one week apart, the challenge dose being adminis­
tered one woulc after the * econd inoculation (Heyer, personal coBauni- 
eation).

ilawinE established that Praornys can ha incmmified with the 3SP vaceine 
by tire sabcatancous -oute, t$ie staadsird mouse potency test wae done to 
determine whether t ie imtmising dose wae similar to that in Swiss 

Webster nice.

The DSP plague vaccine nE medium", batch Bo. H0??9fil (total count »
2.1 X 10s oi-eaidB. P=r a) ««s diluted a. M m .  1» — 1 - H —
1,5, IslS, UhS, 1,135, 1,W5 md 1,1,215. tt» n o r m  lOSEU. 
raolm lot lo. 2, DMslm, of Si=leEW« Stmdrt, Seth.sd.,
Mi. (tom oorat - 2.1 110s oremd,—  per i*) «•« SlMlo-ly



diluted. Thi>se were the standard dilutions used for the teat in 
Swiss Webster aloe. For the Inoculation of each of these vaccines.,
100 Pragmys were divided into 5 grocps of 20 and put in separate 
cages. The vaccine dilutions from 1:15 to 1:1,815 were -then inocu­
lated intraperitoneally in 0.2 ml amounts. Each of these maUuCa 
was then reraccinated vith the same vaccine dilotion one week later.
All the animals were then challenged one Meek after the second inocu­
lation with £>,200 P. pestis strain K?6, inoculated 8ubcu.taneou.sly on 
the inner side of the right hind leg in 0.2 ml amounts. A virulence 
titration of this challenge dose was also done in unvaccinated control 
Praosiys using tenfold dilutions. The foUowing deaths were recorded: 

USP plague vaccine "E medium" Reference vaccine 
Vaccine Total Mo. Tlumber S Are. API Huriier $ Ave. 
dilu- of of nortA- day of
tion organisms deaths litf death

morta- day 
deaths lity of 
aTter death

1/15 28 x 106 15/20 75 it.2 5.6 13/20 65 ti'.l

l/tt 9.3 x 106 15/20 75 k'k 5.9 I8,t> SO

1/13? 3.1 x 106 20/20 100 2.5 2.5 19/20 95 2.9 3.2

lAc. 1.0 x 106 20/20 100 2.1 2.It 3.9/20 95 2.6 3.1

VI,%L2 3.5 x 10S 20/20 100

TTnraccinated

2.5 2.5

controls

20/20 2.8 2.8

Challenge Number of 
deaths

i
Mortality

Average day 
of death

5,200 10/ID

520 10A 0
02 10/10
5.2 6/M

A U U P ^  bM  cultures f i r m e d  the ̂  -= W ™ t o -

seotioaemlc plagv.e.

2.7
3.6
li.l
li.fc
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routes.

The virulence titration of the challeiige doee in unvaccinated Praw.ya 
confirmed the high susceptibility of the species to plague. A Hose of
5.2 organisms inoculated subcutaneoualy killed 8/10 animals.

A repeat experiment was then done to detarnJne the <0< protective dose 
of the USP vaccine in Praoays b> intraperitono.-.l iiwculation, using 
hî ier doses of the vaccine. Threefold dilutions of the 'JS? plague 
vaccine "E median" (total count ■ 2.1 x li)̂ organisms per ml) were pre­
pared in normal saline. These were then inoculated by the intraperi- 
toneal route in 0.2 ml amounts using 10 Praorays for each dilution. One 
week later the same dilutions of the vaccine were prepared and the animals 
revaocinatod. A culture of virulent P. pestls strain MP6 was grown on 
trypticase soy agar at 28*0 for 2k hours. The vaccinated Praoravs were 
challenged subcutaneously on the inner side uf the right hind leg, one 
week after the second vaccine dose with 6,300 viable organisms. Ten 
unvaccinated control Praomys were also challenged simultaneously.

Ih, ̂ = 1. were ob=irved to 21 day. .nd th. follmlng d.ath. r.oo.-d.di



Vaccine
dilation number of 

organisms
Humber of 
deaths after 
challenge

Percent
mortality

Average A.F.I,

Seat 2.1 x 10? 3/10 6.3 21,0
1/3 7.0 x 106 2/10 k.5 22.5
V ? 2.3 x 108 5/10 So 9.8 19.6
1/27 7.8 x 1C7 7/10 6.1 U.5
1/61 2.6 x 107 9/10 5.3 , g.;
1/21-3 8.6 x 106 9/10 5.7 6.3
1/729 2.9 x 106 9/10 It.7 5.2
1/2187 1.0 x 106 8/10 5.6 7.0
Control 10/10 100 b.O ll.O

Deaths were confirmed to be due to bubonic-septicaemio plague by autopay 
and bacteriologieally. The Sot protective dose calculated by Thompson1 s 
method was 80 x 10* organisms given in two doses of 0.2 ml araounte. This 
value is similar to that obtained by subcutaneous inoculation of this 
vaccine in Praomys. It is of Importance to note that tha protection 
indices of live vaccines were higher than those of the killed vaccines, 
■when similar doses were inoculated either once or twice.
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9» principle ti™ VC r.cmt e^.rWnl ,«rk to,. i„„ to 4ev.l»p
■tactoi techriq,., for tho cr„,„ati=e of i-mgenioitr mi teste 
for oeasaring the degree of protection conferred, end develop methods 
of reducing the reactions caused by the inoculation of these live 
organisms.

Sralaatlon of the CTSlf strain.

A subculture of the EV?6 vaccine strain taken to the U.S.A. from Mada­
gascar In 3951 was passaged through guinea pigs previously inoculated 
-with non-toxic doses of iron salts to stabilise the vaccine actigenic-
iilly and to increase the immunogenic capacity. This EVSlf culture was
then preserve-? by lyophilisatior. and made available for experimental 
use. The $0* protective dose (PDg0) by the subcutaneous route wo?
3,600 viable organises for rice and 5 for -guinea rigs. The preparation 
pros 'd highly pathogenic for vervst monkeys (Ceroopitheous eethiops) and 
langnrs s'Proebytis entellns), but not for maoapnes (Heyer, 1970).

Heyer {percMial oonmmicaUon) conducted a trial of the ZV$U vaccine

lr,ai— I"
or exposed to plague, and l| «ho had been vaoclmatod aitb the original 

. BT76 .train. Inoculation .as doc Intraoutan.ously nith bifnc.M



individuals. However, there was a distinct dose-reaetion relation­
ship} 2 million organisms (li punctures) caused slightly more marked 
inflammation than 530,000 bacilli (1 puncture). Axillary lymph 
nodes ware never palpable. Systemic reactions were absent but the 
white blood cell counts were slightly elevated in 8 of the lli men 
2l| - l»8 hours after inoculation. The doses did not stimulate sig­
nificant serological titres and no booster effect was noted, in 
humans the CT5lf strain therefore produces definite inflammatory 
reactions but no invasion into lymph nodes when inc. ,ted in small

The pathogenicity of the EVglf plague strain in Ceroopithecw aethicos 
was confirmed in the present work. Doses between 101 and 10® viable 
oreardsms inoculated suboutanaoualy caused a total of 13 deaths (26%) 
in 50 vervet monkeys. Kven doses as low as 101 organisms were able 
to inv.de, .Ultiplj end cense deetl In ttoe speciee.
inoculated snlcet.neemly Into Prto,*s (KaitoHl) mtfientin this v.c-

. i u ,  a .  — .  f  I k  - I -  -  I k  O f - p w - s e — k k -

the n  antigen in all do... h.tv.en 101 and 1.0 * 10 toUU. W  In 

antibodies.
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the vaccine. The three animals which succtmbed to virulent challenge 
had received 1.009 x 10®, 1.009 x 106 or 1,009 viable EVjlf organisms.

toe protection of Praomys vaa directly related to the vaccine dose, as 
shown ty tiia percentage mortality and the protection index. Some 
relationship also existed between the serological response and the rate 
of protection. A dose of 1,700 organisms which did not stimulate 
circulating El antibodies, protected 17?= of Praomys and the protection 
index was U.S. 170,000 organisms stimulated antibodies in all the 
animals tested and conferred protection on 66% with a protection index 
of 18. The same or only slightly higher protection was conferred by 
higher vaccine doses.

Striking differences therefore exist in the pathogenicity end t ate of 
protection of the live KVglf plague vaccine in these three animal 

species.

It 1. too, that «al.» virulence of P. Z«ffi= “ » '» W
u—  b_,=, p — w w ,  ^  ^  urn—
W W W — 1 W r w w r . .  W W .  W W . ,  n  («'). P
gens (we), the ability to produce pigmented colonies on a defined

- a .  — 1=-, w w .  O')

one or more of these characters.
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injected iron provides an essential element not sufficient!̂  avftxT ible 
to P- bacilli in vivo.

It has been shown (Jackson and Barrows, 1956b) that the attenuated . 
strain KV76 behaves as o fully virulent strain in mice previously 
inoculated with ferrous sulphate. The naoeage of this strain through 
iron treated guinea pigs would, therefore, select a population of 
bacilli lacking only the virulence determinant for which the iron com-

tua (P+).
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a.6e «I 1,000 organise or „ „  a»of„r«, « ^ let. j»t.ttlo„, po.slMj, 
T>y a greater degree of realtiplication.

The availaiiilit ■ tf Iron is probably the lowest in Tr m m of the three 
species. If this is so, it nay -xplaia vhy low doses of the EVglf 
strain are unable to aultiply in this species and therefore do not 
stimulate serological FI antibodies and do not protect against tiralent 
challenge. high doses between 1.7 million and 170 million £V51f 
bacilli do however invade and cause mortality in this anlral i—eoieo 
after subcutaneous inoculation.

It was shown by Albizo and Surgalla (1970), that virulent P. pest Is 
Alexander strain produces a lipcpolysaccharide eodotoxip • hich exhibits 
classical endotoxic properties and possesses sufficient toxicity to 
contribute or account for death in snail laboratory animals. The IDgy 
for white mice by intraperitoneal inoculation was hillyig. Approximately 
two ID̂ q of the endotoxin for both guinea pigs and white mice could be 
"extracted fron 1.6 x 1C11 organism. %e lethal dose of EVglf tacilU 
In Praonys therefore approaches the dose fron xhloh a lethal dose of 
toxin is extraotable, asemetng this strain contains the ssxe snoont of 
endotoxin as a fully rtrol.n" strain. Be Hjlf str^ xenld therefor, 
only require slight ■ItlpUs.tion in to reach the lethal dose
of „i„. He availability of iron in different antaal specie, in vivo

d h p r b — b b . t .
w . W l y i b - h . " " ' ' —

nay be considered as candidates for «s. «  vaccines.



Although high vaccine doseB a ̂ logical response to prao^ B

the Impact on. the irasuaity msshanlsm is lower than in Ceroopitbccue or 
gninoa pigs, as only 33’ - hOZ protection is conferred against -eirultmt 
cballense. An intermediate dose of 170,000 baclUi is sufficient to 
give the same protection rate as the high doses (335) feat not sufficient 
to cause mortality.

These experiments using the SPftf vaccine were carried out with a 
lyophilised preparation. This jnethoi of presBn.-ati.on is the 
■accepted method for preservation of stock cultures of bacteria and 
viruses, but has not always teen useful for P. pestis {Keckly et al., 
1956). These workers founS a large decrease in the viability of 10 
p. pestis strains investigated and also the virulence of the highly 
virulent strain 139L. They suggested that lyephilisatien and storage 
in the dried state adversely affect the virulence of the bacilli -with­
out destroying their viability in vitro. Jucb cells require eome time 
to rehydrate or repair sublethal damage and when injected into an animal 
the majority of such damaged cells are destroyed by the host before they 
become fully reactivated and functional as infections units. Similar 
reductions in viability of the 1776 strain after lyophilisation have 

been mcmterai W  Oterf W W  "« «"= ■“*»
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strains r.ceived for to.t in ftrojs, up.rtants »e,» mnducM 
usi-ng cultures freshly grown on agar. Ihese preparations caused a 
higher mortality rate in Praomys thai. the lyophilised cultures, bat 
all vtdte raice inoculated subcutaneoaslr Kith the sane doses survived. 
It was again established that doses of 1,000 EVgLf orgacisma or less 
do not stimulate circulating HA antibodies, but the protection rate 
against virulent challenge was greater than the lyophilised prepara­
tion in tho higher vaccine doses. Lyophilirition therefore does have 
an adverse effect on the attenuated EV$li strain, as the ability tc 
Invade and cause death ia high doses vas reduced and the iswinity 
against virulent challenge vas less. Presen-ation of live attenuated 
plague vaccines in dried gelatin pellets according xo the meUiod of 
Stamp (1*7), may be a more '.■sirable Mthod than lyophilisatioa.

•It vrjs shown by Soviet authors said by Keyer {19?C), that live atten­
uated plague vaccines produce less severe local and systemic reactions 
when administered by the intradensal route, 1M? technique of adadni- 
stration of the live ElSlI vaccine was used in b'jt the hieh

1 0 ) .



E?5lf baoim) inoculated 
teetion index = IB),

maa> -a higher rate of
protection using intermediate doses of the vaccine could not be 
achieved by this route than by subcutaneous inoculation in fraouys.

Evaluation of the ET76 str̂ fi

Investigation of the original EV76 culture kept at the Institnt Pasteur, 
Paris showed this culture to have approximately the same PDjp value in 
white mice as the EVSlf strain by subcutaneous inoculation (Meyer, 1970). 
When inoculated intradeneally in a dose of 26,£00,000 viable organisms 
into three non-human primate species, the EV76 culture also proved to be 
highly invasive and pathogenic (Keyer, 1970). Local reactions were 
observt 1 in four langurs (Presbrtis entellus) in the frivi of erythematous 
indurated lesions. Fever, anorexia and loss of aggressiveness were noted 
in all. Systemic reactions were less narked in 6 vervets (Cea-copithecas 
•aethiops) though slight rises in temperature for one or two days were
recorded and positive blood cultures were obtained on the fifth day from 
two animals. Local reactions in li macaques (Kacaca mulatto) were con-  ̂
lined to pinhead pink nodules. One macaque died on the 6th day after
vaccination and *76 organisms were isolated from the heart blood and 
other tissues. A second mntoal contracted an intercurrent Streptococcus 
infection and died while being held for virulent challenge. Ml the 

challenged, survived the infection.

done in "human volunteers by Meyer 
with no history of |)revious plague

A clinical trial of this vaccine was 
{personal communication). Of 5 men
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SSP killed vaccine were also incited in tnis trial .and three of 
these received 1,603,000 and one received 106,000 S7?6 (Paris) ergan- 
isms. There vas no serological booster effect, in these four sen.

k higher dose of 26 million viable m b  (Paris) organisms vas then 
inoculated intradentally into these nine men and ffmr ethers uiio had 
no previous Contact with plague vaccine. The local reactions produced 
in all these volunteers rcere stated to be unacceptable by Publio Pealth 
workers. Ho elevations in body temperature or changes in the white 
blood cell count were recorded. The serological results in antibody 
titres and mouse protection indices reflected low litres in response to 
cutaneous multiple puncture vaccination. Keyer suggested that the 
local reaction immobilised the inoculated ?. pestis in the skin and 
prevented transport of the organisms into the lymph nodes. Ttms few 
antibody producing cells were brought into contact with antigen. lie 
suspected that the antigenic mass reaching the circulation was inade­
quate and therefore failed to esert a definite booster effect on the 
mouse protective antibodies, but in mctt individntis rticed the 

haaaagglutinins.

a.
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the side effects were more pronounced than those previously experienced 
with the ISP vncoir.es. in the previously uninoeuUtod men the sero­
logical response showed a rise in haemaggluttoating antibodies, but 
with one exception there were no mouse protective antibodies. In 
those men who had previously been vaccinated with'the USP vaccine 
there was a booster effect in both the haemagglutinating and mouse 
protective antibodies. It was f..ereiore established that the live 
E776 (Paris) vaccine exerts a significant booster-dose effect in pre­
viously vaccinated human subjects, while the antibody response in the 
non-vaccinated is similar to that induced by a single dose of USP 
killed vaccine on the 28th day after inoculation.

Subcutaneous inoculation of the lyophilised F776 (Paris) vaccine into 
Praowys in a dose of 22 million viable bacilli proved fatal to I, of 10 
animals but not in lower doses. In comparison, the lyophilisei hi,If 
vaccine in a dose if 1.7 x ID6 bacilli caused 3 deaths in IV and c.,e 
death in 10 Praiwys inoculated with 1.7 X 106 bacilli. The lyophilised 
EV76 (Paris) vaccine conferred complete protection on Praonya in a dose 
of 2.2 x 107 viable organises, whereas the highest dose of lyophilised 
CTSlf (1.7 x 106 bacilli) protected 665 of ftwgg. W  proteclion 
rates of lower doses of these two vaccines were similar.



obtainsd «ft«r subratroous inoonlatinn ol thE asa-gcmn. H s U  -roecln. 
(33* - 1.1 x to7 bacillij 205 - 1,1 * W 5 bullu). Hleher r.t.a «■ 
protection were achieved with the agar-jrmm EV76 (Paris) vaccine than 
the lyophilised preparation. Doaes of 14,700 agar-grown CT76 (Parts) 
failed to stimulate significant HA titres in Pracmrys, but the geometric 
mean titres 20 days after suticufcaneoas inoculation of hi,000 and J470,000 
bacilli ware lsl?U and ItliS respactively. This invactigation of lyo­
philised and agar-grown preparation of the ST?6 (Varis) strain in Traotiys 
confirms the deterioration of the vaccine after freeze drying.

The 2776 (Paris> vaccine, used for the mass vaccination of huhiano is 
Vatho"enie to Vraowrs in large •‘•sea, osuses local and syatemic reac­
tions in subhuman primates and local TtaaUan* in human volunteers.
The strain is however nonpathogenic for guinea pigs and whits nice, 
even by intravenooo inoculation of the latter (Meyer, 1970).

?he subcutaneonB inooolaUon of a W #  ̂  ol (Paris) Tacciab 

lulled to protect P r w  i r t h W & M  oi' »

W, — b  W '  *" ^

to protect all the PrtioojM 
ijnnomisjition also



been too early.

l U k m *  »  r w ^ m  ^  at. ̂  W - W d .
of the EV vaccine In tenm, mail hw. „I «W =m  „, g i a « W  
without lavin. the opportunity of otinol.ting iamnity. I,„e i, «„„ 
indication that this clearing of organisms may be more efficient if 
inoculation is done intracutaneously.

Large dosss of the attenuated EV strain administered subcutanaoualy in 
Praomys resulted in sufficient invasion of organisms to stimulate anti­
bodies and protect the animals against virulent challenge. A second 
large dose of the vaccine resulted in boosting the immunity conferred 
by an ini+i.il large dose of EV vaccine. Basic Immunisation with killed 
vaccine .^< bed to reduce the harmful effects of live vaccine administered 
two Vtiv-ks later; a similar observation was recorded in hunuu. colunteers,

Iirvasiveness of attenuated and viru'snt P. pestis in Praomys.

Investigation of the invasivenoss of tb. SVjlf strain in Praengs 
revealed that frra tie site of loooul.tloo eu iDuiogeulo dose of

Ijcph nodes within 6 hour.. eppe«l to the Mood etreat

i " " " -
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regional lyraph nodes within 6 hours and gradually spread to tho liver 
and spleen. Invasion throughout the body is effected within 6 -9 
days but the numbers of organisms remain at a low order. Clearance 
from the body is gradual and virulent P. pestls can persist in the 
regional lymph nodes and spleen for at least 2-3 weeks.

Yhe mods of infection in Praoays with attenuated P. pestis agrees with 
that described by Jawetz and Meyer (IpWia) and Faibich (ig61i) for whits 
mice, confirming the sequence of lyraphatio to haenatogenous spread. 
They also established that the same route of invasion applies for viru­
lent organisms and that this infection differed only in extent, but not 
•in kind from an attenuated strain in white mice, too inaction of 
Praomys however with virulent P. pestis does not show the rapid dis­
semination of these organisms throughout the body as in white mice, but 
the later sequence of l;.nphati= to haenatogenous spread appears to be 

the same in these two rodents.
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the livers and spleens of non-immised atiLsed stiee and guinea pigs in direct
proportion to their protective pa**. They shewed v9

A A r W .
adequate antigenic stuailas and subsequent protection, this is in 
agreement with the concept of Korobkova and Sunoilova (1962), who 
stress the importance oC the intensity of infection by live vaccine

Investigation of the invasiveness and persistence of attenuated P. pestis 
in IVaomyg agrees with the statement of Javetz and Meyer (Iptiia) that the 
IreMitogenic activity does not only denend on the survival of a plagua 
organism, but also on its antigenic make-up. The intensity of invasion 
in Praorays does, however appear to piny an important role. In spite Of 
the rapid clearance there is enough exposure of antigens to antibody 
producing cells to provide an adequate immune response. The importance 
of the antigenic structure was demonstrated by the enhanced protection 
given by two live vaccines (S7?6 and Tjiwidcj) lacking . fferent viru­
lence antigens but together having toe full complement of antigenic 

virulence determinants.

Contained oral and subcutaneous administration of a live vacci . 

Combined oral wd intracutaneous administration of the OT 'twin in

strains.

showed that 
itself is im

after intrac 
guinea pigs
million bvd.4_i.» ---

guinea pigs

the resiatar



%L«w An oral dose or 3,000 million EV organise combined with 1ml. 
tansous intrabutaneous inooulation of 500 toottli resulted to protection 
of 60% of guinea pigs against virulent challenge. This .rata of protec­
tion was raised to 90,1 when oral administration of the vadcine was given 
in 3 doses of 1000 nd.llion and ucubi.î d with sism-Xtaneous intraeutaneous 
inoculation of 500 vaccine orgMisns,

Ir PraomyB the EVSlf strain is sufficiently invasive to cause mortality 
even when inoculated via the oral route in doses of 300 million organisms, 
‘$hti portal of entry was mat likely the au'omaalllary and retropharyngeal 
lymph nodes sijnilar to a virulent infection of the upper respiratory 
tract ff monkeys demonstrated by Meyer and Larson (i960). The liver, 
spleen and other organs were then invaded, probably via the efferent 
lymphatics. Repeated donee of the vaccine given orally on three succes­
sive days conferred better protection against virulent challenge than 
the same number of organisms administered in a single dose. Tbia triple 
administration ensured the penetration of a greater number of organisms. 
It is likely that only a small proportion of the bacilli administered

  T  — d * " "
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BiniDE the Uruleroe of the bacillus and my also be iroortant tii 
in®uuity by enhancing the immunogenicity of n  and tri antigens, or 
possibly also be immunogenic by themselTes.

rrar-ys wera Immunised with two live attenuated P, rpestis strains which 
together possess the three virulence determinants which l.ure bean estab­
lished to be important in immunity to plague. This was an attempt to 
determine whether these would confer greater immunity than a single 
strain. The strains used wera: 21776 (Paris), fitich is H.+, Tn-'* and 
P-s and TjiwidcJ which is Sit, P+ and W-.

Subcutaneous inoculation of the strain l;iiwidej proved to be nojipatho- 
"genic in Praomya in doses lyi to l5r million viable organisn-c. i'he 
strain »  . .,o highly iernDgsnls in this sniml «snl«a, hit tho 5®

a,tchin.i by tbs imr.Be a  litre i" — * 1““*' “  fc fr<l»rtl“  

failed to stdmL.te sJBnificaot to titree.



strain in immunity to plague.

The Hve plague vaccines used in Pouth Africa for human Immisatiou 
by Gras set and Pirie consisted of a mixture of the BV and Tjiwidej 
strains, in amounts of 500 million organisms of each strain per dose 
(Cresset, -9li2). In this way the virulence deterainants, not known 
to be important in immunity to plague at the time, were inoculated 
fortuitously and may have partly contribute i to the success of the 
immunisation programme. During two plague outbreaks in Ukl, 206 
persons who were close contacts of pneumonic and bubonic cases were 
iiaaunised with the mixed vaccine. Six of these persons contacted 
plague and $ died. The one case which recovered was immunised 5-6 
days before contact and those which died were vaccinated after contact.

The jerologica] response to one dose of live BV?6 (Paris) vaccine in 
man is similar to that induced by a single dose of DSP killed vaccine 
on the 28th day after immunisation. In order to attain a mouse pro- 
teetion teas* indire.W ap»=sl«c ..tisfute? prot.rtim .@in»t 
Plague, a seaand booster Inoculation is required (Meyer, personal 
coiwinlcation). A» «0 doses of lire v.ioine ere required to induce

i.d—
a..



taally lead to trials in huazm voltmteei-s. 

Iwportanca of the Fraction 1 antlew..

A live attenuated plague strain designated M2J, deficient in 51 anti­
gen (F1-) and the ability to fora pigmented colonies on a 
aedlun (?-), detected macaques (Kaoaca imlatta) against aerosol dial- 
lenge vhen inoculated intradennally and caused only slight local reac­
tions (Janssen and Surgalla, 196s). This strain was subsequently shown 
to be highly virulent in langurs (Presbytis entellus) by intradensal 
inoculation» less virulent in vervets (Cercroitbecas aetbifcns) but

•ics were only slightly affected (Jieysr, 1970). This vaccine has 
nov ̂  ,̂ n tested in human volunteers. The pathogenicity of the non- 
p'ynented M23 strain iu Praawys proved to be cWler to the 27511 and 
El76 (Paris) strains. The pigmented parent K23 strain which lacks 
the FI antigen (F1-) is highly virulent in mice (Burrows, 1956). It 
is to be expected therefore that the pathogenicity of a non-pigmented 
mutant of this strain would be similar to other mon-pigaented P. £estis

0 = 5 —

lengw was unexpected. Iraaani y



is probably established by antigens of this strain other than fraction
1. The organisms multiply sufficiently in macaques to establish an 
iraiunogenic popnlation, but not sufficiently to reach a Xeteal lose.
The ine -ility of the noa-pigraented K23 strain to establish iimonity in 
fraonys was similar to the behaviour of genetically identical P. pestis 
strains in “white mice (Burrows and Bacon, 1558).

Vaccination of man with the H23 P- strain would probably be tolerated 
its well as or better than the FffSlf or 1776 (Paris) vaccines, but is 
unlikely to be equally protective, as it lacks the 71 antigen which 
has been shorn to be important in all experimental ani.XLs tsxeept 

macaques.

Killed vaccines.

Standard tests on laboratory animals have shown that killed plague vac- 

are rLl.Uvely IneZf.ctlv. in proteetiiE t> V

tirelent n W W  nltbnueh Meqnete W  =i=« M™«‘= »«l
and G ira rd , ISSS). = »  n w a i  te n a i lose m  3 r  in ’  Is r  

ctrain EVT6.



Author  Hallett Arthur Frank 

Name of thesis The evaluation of Pasteurella Pestis vaccines in Praomys (Mastomys) Natalensis.  1971 
 
 

PUBLISHER: 
University of the Witwatersrand, Johannesburg 

©2013 
 

LEGAL NOTICES: 
 

Copyright Notice: All materials on the Un i ve r s i t y  o f  the  Wi twa te r s rand ,  Johannesbu rg  L ib ra ry  website 
are protected by South African copyright law and may not be distributed, transmitted, displayed, or otherwise 
published in any format, without the prior written permission of the copyright owner. 

 

Disclaimer and Terms of Use: Provided that you maintain all copyright and other notices contained therein, you 
may download material (one machine readable copy and one print copy per page) for your personal and/or 
educational non-commercial use only. 

 

The University of the Witwatersrand, Johannesburg, is not responsible for any errors or omissions and excludes any 
and all liability for any errors in or omissions from the information on the Library website.  

 


