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DNTRODISTION

Paatevvella pestis (Yersinia pestls) ss the rausal orgemism of plagoe

3n enimals and man, Tts noe as a live or lled vaccine has for
meny years been the sobject of much diseussion and enpertmental work,
%specially im relation to protection against the Aisease and the

reactions produced vy live avtenusted strains,

The history of plague in man dates back many centuries and evis sons
billacal writings ave thooght to refer o plague, The earliest
seriain plagus spidemic and outbreaks however date back ‘to tbe time

of Jnstinian (A.D. 542} {Pollitzer, 195} 204 are knomn as the First
Panlemic. the present vatbrealy are part of the Third Pendendce

which originated in the ¥ar Fast during the Lnin 19wh Ceavory Liimpson,
1505).  In recent years the disease as a health hasard hes Jecreased
thwoughout the world with the exceppion of = {ew aress such as Branit,
Bolivia, Gonge and the Republic of Vietssm. Sporadic dutbreaks howe
ever, sUill occor in many other ress. Dis decline in the incifence
o plague hus been due partly o improveu standsrds ot living, more +

effivient rodent and insect centrol measures, advances in therapy and

#lse to a patural deckine of the dissase throughout the world.,

The value of vaprination ageinct plague mow lies primarily ia protec-
+ing lsboratory stalf, Tield persoanel working iu ensoutis arvess and
ocertain other Wiph Tisk gronps unler endewic conditlons, such as Lhose
of war cxisting in Vistoan boday.

The present investigation was inltisted as a resalt of the concern of




many workers thab nost experimantal animals at present used for
testing plague vaccines are not suitable. Subhuman primates have
recently come into morc extensive use for this purpose in the
United States of America, but thess animals are costly and diffieult
%o obtain.

The miltimammate mouse Praomys (Mastomya) natalensis has Leel
adepted to the laboratory ui the South African Instituts for

Kedical Research and due to its very high susceptibility to infection
was adopted as the stondard test animal for routine surtveallance of
plague. Ve therefore decided o deternine whether this rodent
species could be of use for the evaluation of both killed and live
attenuated plague vaccines. With this in mind, the principal aims

of the study were to investigate

)

)

the pathogsnicity of certain live atteruated plague vaceimed
in experinental anirals, and

the immunogerde efficacy of killed and Live plague vaceinss
in these animals,




CBAPIER 3.

First sttenpts o protect man against ylaguo date bask to 1755 when
Weszprenl proposed a melhod similer to variolation (Na Lien-Teh et
al., 1936).

In 3763 Samoilowski contracted o mild form of plague after being

infectod with pus From a bubo, and consequently he reconmendsd the
nmethod of spplying a pad, previcusly incculated with bubo pus direct-
17 %o the arm without incision or scarilication. ‘This method was
thought %o confer immunity sgainst plagve by producisg o mild infection.
1% soon £511 4uto disrepute however, as it mot infreguently resulied in

disssterous consequences (Pollitzer, J95k).

Killed vacoines

TYersin, Calmette and Borrel showed in 1895 that rabbits could be
prodected against viralent infection by means of & vaccine prepared
from fully virulent ager cultures kilied by heating at 58°C for one
hour (Wu Iiesn-Teh et al., 1336). Aboub a year Luter Haffkine
“shtayned similar results with broth culturss of freshly isolated,
highly virmlent P, pestis kept in ths dark for six to eipht weeks

at roow temperature and sterilised by placing thew for ove bowr in
a water bath ab an aversge temperature of 65°0, This so called

#uhole vaceine® was then used in dosages of 3 to L ul in the first
waceipation of men against plague. A smallebzale study was carried
out on 319 prisoners of Byoulle Jail in Bombay in 1897. Haffkine
inoculated 147 persons ot the beginning of a T-day outbresk and left
the others amincculated. During this perdod there were two cases in
the inoculated proup, nelther of whom died and 12 vases with 6 deaths




in the uninocnlated group, In a second study of plague vaccine,
ade in Umarkhadi Jail in Bombay, he inoculated ane individeal
among twWo", Within a 30-day observation period 10 cases of plague
with 6 deaths developed among 127 uninoculated prisoners and 3
cases with no deaths in 147 inoculated (Taylor, 1933). Many
millions were inoculated during the following years with the vascine
produced at the laboratory which later becams the Haffkine Instituti.
Figures from the Punjab for the season 1902-03 shov a veduction in

' case incidence from 7,73 among wninoculated to 1.8% among the
inoculated, The case mortality was reduced from 60.1% to 23.9% in

the same groups (Parisk, 1965).

it a World Health Orgsnisation seminar on plague comtrol in the

; 0.5.5.R. &n 1965 Dr., B. Cvjetanovic stated that V... except for a
fow studies by Haffkine (1906) end Otten (1936) no other studies an
the effectivensss of plague vacwine in man have been undorisken

which may be called 'controlledt trials {as defined by Hill, 1951

and Follock st al., 1965}, The information available fram these

studies, in spite of some reservations, indicates that dead plague
vaccine iz to some degree effective and that live vaceine is parhaps
superior, However, its exact degree of protectlon and. duration are

unknown? .

The development of a killed plague vaccine for human inoculation by
Haffkine was fellowed by humergus investigations using this vaccine

and othsr preparations in varlous animal species, Widely differing

results were obtained depending on the animaly used and the mode of
preparation of the vaccine, Home of the earliest experiments wore

conducted by Kolle and Otto (2903 and 1904} who inoculated white rats




and guinea pigs with Haffidne's vacoine and killed agar-grown cultmres.
After chellenge with & virulesn' culture only 9 per cent of the guinea
pigs survived, while the white rats showed a slightly higher dearee

of Immundty,

This early observation that only a low degree of immimity could be
established in certain experimental amimals stimilated investigators
to produce killed vaccines with greater potemcy. Rowland {191ka)
fount that it was possible to incTease the potency of an agar-grown
plague vaccine by colturing the organisms in the presente of heated
horse serum. These prepavations protecied §,.-Bl per cant of white
rats agrinst a virmient challenge dose which killed 50 per cent of
the controls. The importance of using highly virulent organisms be
produce an effective vaccine had also been stressed by Haffkine,
This Vag also shown by Naidn et al. {1926) who protected 45.5% of
rats with a killed vaccine prepared from a virulent culture which
caused 86.6% mortality in these animals, A culture which cavsed
20,0% mortality, when used as a killed vacoine conferred immnity on
18.1% of Tats. These workers also found that the pstency of a vac-
eine increases with the incubatien peried in 1iquid up 4o a maximm
at the end of five weeks. This pobency remains Tairly constant umtil
the end of 13 wecks and decreases when incubated for 16 weeks or longer.
Apart fron attempting to increase the potency of killed vaccines as
immnising agents, experimental work was aimed ab redicing the local
4nd general reacticns which they cansed. 7The toxieity of a killed
vacedns ¢ ,s deronstrated in wild rats ob an early date by workers ab

the Halfidne Instituie.

Attempts to reduce this toxicity were made by Morison et al., (192k)




and Naidn et 81, (1526) who centrifuged Haffkine's waccine and wacd
the supernatant, scdiment and whole vaceine to inoculate wild caught
rats, The sediment uzs slightly toxie and had little or no immuniw
ging vroperties, whoreas the supernatant was leas toxic than the
whole vageine wnd the imamising properties were about the save,
Naldu and Jung (1929) found that the toxicity of the Haffiine vac—
aing gould be demonstrated in rats, but mov in guinea pigs.

Other attmipts at reducing the boxicity were made by using basterso-
phaze Lysed of plagus dmas {Sowpton, 1928 and 1930,

Flu, 1529 and Piris, 1929), These preparaiioms were less toxic
than liquid vaccines both in rats and the inoculation of one human.
BSingle doses of these vaccines were ineffective in conferring
protection againet viralent chellengs, bub %o or more inogulztiens
Tesulted in protection compareble with thet of other killed vaceines.

it vae eotablishud thab son by these phage lysed

vaceines was not the result of inoonlation of phage paridclies, bub

Irom the lysed bacteria and their produsts.

Smidt {1929) tabulated a1l the published tests perforned on vats with
agap~mrown vaceines at the Hafficine Institwto during 19225,
Inooulation of 5.9 mg of theas preparations resulted in 25,3% deaths
and protected 38.6% agednst virulent challeuga, A dabulubion of

X only with g vacoines sterdlised by

heat at 60°C however, showed that 9.2 mg of these vaccines caused
Bl.5% mortality ond protected 66.4% of the rats. The doses of 0.1
t0 2.8 ng agar-grown vaccine which gave milder rasctions than b ve
of Haffkine's vaccins in humans was probebly ineffective in conferring
immunity, Proportional deses which gave high protection vates in

Taty would have been unacceptable for humen imsculation.




The videly @iffering Tesults of protection and toxicity of killed
vavcines in various animals, revesled the importance of the animal
Schwtze (1925) conpared
the immnising pover of thvee types of plague vaccine - laffiinels

species in plague vaceine Luvestigations.

broth, heat-kilied agar-grown ad phenol-killed sgar-serum vacoine ~
in puines pigs and rats. Differences between these vaccines could
be Gotecled in guinca pigs, bub the rats respond equally well to

Smminisution. Tt was clear thn from this work that rats respond
aifferuntly from gwirea pige to plague vascines. Other asimals used

were gerbils (Tatera sp.) (Pirie, 1927), Oricetomys gamhianus (Burgess,

1927 and 1930) and morkeys {Macaca gynomolgus) (Stromg, 107). Ina
reviev of this early plague vaccine work, Otten {1933) concluded that
4he experimental conditions varied so widely that comparisous of them
were no*, possible, He therefore conducled further work on the eus-
cepbibility and response to immunisation of different animais. It

wvas shoun that the guinca pig wes the most susceptidle to virulent

infection, followed by wild rats and then wihite rats. Ouines pigs

were thy least in 1

» and then wild rats.
The greatest protection was obtatned in the least susceptible animals
1.0, white vats. He bhen suggested there may be an inverse velablon-
ship between the response to Lumanisation and susceptibility o plege.
This was not confirmed In white mice however, which are highly sus-
ceptible, bat dn which 60X protection was obtained with the Hafficlne

vaceine.

Of great importance in the evaluation of plague vaccines was the
introduction by Sokhey (1939) of the white mouse as a test enfnal.
This was & great step away from the nse of wild house rats {Ratiug

rattus) which gave very wide varistdons in resultr. Furthermore,

Sekhey cstablished tbal ag Tew as 10 baeilld per anima® were enough




. produce 100 mortality in the white mouge (Haffkine-Insidtute
inbred strain)., White rats, wild house rats and guinea plgs were

much less susceptible to plague infection.

Although it 45 known vhat fully virulent plague organisms possess at
least 10 (Crumpton and Davies, 1956) and possibly as many as 16 anti-
gens (Lawbon, Fukui and Swrgalla, 1960), their part played in immunity
is ot fully known, Attempts to identify the immnising antigens of
the plagus organism have been made since Rowland (19b)originally
described a readily soluble cuter covering. This substance was
distingaished from the somatic aniigen by Schutze (15323) wio demon-
strated the imwmogenic propertics of the emvelope substance in white
rats (Sohutse, 1932 and 1939). The heat-labile envelope antigen vas
ghown to develop best at 37°C while the heat stable somatic entigen
forms as well at 20°C as at 37°C.  Although the outer covering of tha
organism has been termed a capsile by various outhors {Sokhey, 13k0
and Anies, 1951) the general concensus of opinlon is that it should be
termed an envelope (Englesberg and Levy, 1954 and Burrows, 1963). This
is now comnonly referred to as Fraction L or Fl antigen (Baker et al.,

2547 and 1952).

Emphasis has been placed on the importance of Fraction 1 in conferring
immuntty vo plague by Meyer and his associates at the eorge Williams
Hooper Foundatlon, San Francisco. Their work showed (Ber et al.,
1947) that by extracting virulent plague bacilli ldlled by acetone at
700 with neutral salt or sodium acetate solution, water-soluble and

b4 antigenic were obtained, The water-soluble

Sraction contained ab least three antigenic compowants: (1) 2
carbohydrate protetn (Fraotion 14), soluble at 0,2¢ saturation of

ammonion sulphate at pH 7.0 to 7.5; (2) a carbohydrate-free protein
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(Fraction 18) soluble st 0.3 saturation of amwontum sulphate snd (3)
L a toxie fraction, soluble at 0,33 saturation of ammonium sulphate.
Fraction 1B was highly immmogenic in mice, white rats and monkeys,
but act in guinea pigs. They then concluded that " ... Fraction 3B
angigen is probably emsential in the maximal protestion of man and

i since this antigen is equally indispensible in the protection of mice
i against plague, it is deemed advisable to measurs the immunogenic

potency of a plague vaceine with sce rather than with guinea plgs".

The immmne response of the guinea pig to a variety of preparations

! was further axamived by Spivack et al. (1558) who established thai
guines pigs could be Lnmunised with small quantities of plagus antigens
if thess were incorporated into an oil emulsion, Immunisation of
guinea pigs with a killed vaccine preparation without adjuvant was
however, achieved by Kepple, Oocking and Smith (1958), Chen, Foster
and Meyor {1961) and Smith and Packman (1966). The latter authors
used the attenuated EV76 strain to produce a filtered nontoxic vaceine
vhich protected guinea pigs better than the American Ammy vacoine, bub
no diffarence in the two vaccines could be detected in the protection

: «of white mice,

i The assumption that subhuman primstes resemble man more closely than

! " guinea pigs or white mice in the fmmune response, stimilated the use
of these animals in immundty studies. Otten (1933) stated " ... the
problem concerning the proteciive value of plague vacelnes in man is
not selved. To approach the question, human susceptibility to plague
infection and response to immunisation shonld be known, and on this

point relialle information a priord is not availdble. The morkey
cosms to be the most suitable animal to bring this problem nearer

«  The inherent et of rhesns end cyno-
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molgus monkeys has made 1t impossible to achieve reproducible, clear
out serologic responses to challenge by varions routes in these two
prinate speoies (Chen and Meyer, 1965). Evaluation of plague vacvines
through tests on subhuman primates might be wore rolisble if species
less variable in susceptibility than these two species could be found.
Hanuman langurs (Presbytis entellus) were shown by Chen and Meyer

{1965) to be highiy susceptible to plague and found by ¥eyer (1970}

to be of greal value for the investigation of live and killed plague
vaceines. Meyer (1953) showed that Macaca mulatts could be protected
against large dnses of virulent P. pestis by suspensions of formaline
kilied organisms or by heat~ or chemically~killed broth vaceines using
the normal human dose. Smaller doses conferred little or no imuunity.
Immmisation with Fraction 1, irrsspective of the dose, within a range
of 0.1 ~ 5.0 mg, protected approwimately 60% of the monkeys. Antidedy
production as n whole was much less extensive in mon-human primates

(. mulatta) than in other species of antmals, 4 similar rate of
protestion was obtained by Heyer (1970) using two doses of USP vaccine
inoculated intramusculsrly into Jangurs.

Amies (1951) used the wild rodent Pracmys (Mastomys) natalensis, bred
1in the lsboratory, for his investigations on the envelope substance of
P, pestis, More than 2,000 of these animals were used for this work,
which 228 hiu to conclude that P. natalensis stands midway between the

puinea pig and the rat in its response to plague antigeps and is thus
comparable to man, Amies then stated that sniigens intended to be
used for human prophylaxis can therefore be sssayed by protestion
tests on this animel.

Live Vaccines

The use of killed plague vaccines in animal experiments and in man has
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established that immnity ean be conferred by inceulation of killed
broth cultaves, agar-grown suspensions and extracts of the organisms,
However, the valus of killed vagoines was seriously questioned at an
early date. Thus Kolie and Otto (1503 and 190L) and Rewlend (1915b)

that 11, ¢ could immunise guinea

pigs and rats better against virulent infection than killed cwltures,
The use of 1ive vacelnes wup more exbtensively investigated by Sireng
{1906 and 1507) who demonstrated the greater effiracy of Phese vaccines
in guinea pigs and monkeys. and also vaccinated many human belings with
2 1ive attennated strain, He then expressed himself as a firm sup-
porter of inoculation against plague with live vacoines,” Pirie (1927)
k mever, demonstrated that straina may be attenuated for guinea pigs,

bt virulent for the gerbil (Iatera sp.), which is highly susceptible

to plague. He concluded that the ideal attenvated strain for use as
a vacaine would be one whieh had & very wide margin between the toxic

dose sn{ the dose which was sufficiunily antigenic to produce immunity,

Intereat shifted to the use of Mive plague vaceines for hunan inocule-
tion again in the L930's. Otten (1936) in Java selected & strain
"isolated from a rat found dead at Tiiwide) and then u‘.ored in a deep
sorum-agar stab-culture afier rat passage. Four monibs later it was
found 4o have lost its virnlence completely for rats and guinea pigs.
The Tjiwidej strain was shown %o be suparior to killed vacvines in
guines pigs and rats, but produced sterile abcesses in guinea pigs
at the site of inosulation.
harmless to man in doses of 100 mil}ion viable becilli..

However, the vaccine proved completely
In the
fivgt {rial of thiy vaccine in humans, Otien used the aliserpating
method of vaceination i.e. one half of a household wus vaccinabed,
the other half being left as a control., The mortality from bubonic

plague in the vaccinated group of this trial was reduced fo 103 of




. solld immnity in guinea plgs snd wag found to be innocuous for zman

that in the uavaccinated group. This vaccine was then used for the

mass vaceination of & populetion of millions.

At abont the same Lime as Otten developed his live attenuated vascine
in Jave, Girard and his assoviates carrled out simiter vork 1
Madagescar. These aulbors realised the chortcomings of the killed
preparations and worked mainly on Live attenuated vaccines, the oumt~
come of which was the development of the EV vaccine (Girard, 1936).
Tte sivain 5V was 2solated in 1926 from & human bubo and after five
years of subculture on mmtrient agar was found bo be avirulert for
guinea pige when inoculated subcutaneously. The strafn produced

when aiministered subcutansously in doses of 500 - 1,000 miliion

organisns.

The vaccine was first tried in 2 few lepers in 1932 to determine the
effects vn humans (Girard, 1263), After this, a trial of the vaceine
was condneted in 1,600 volunteers in » village in an infectsd area,
Only one of the vaccinated contracted plague during the time when
:Lhare were numerous teses in the meipbbouring wiliages. These
encouraging results led to the use of the veccine for the mxss vac-
otnstion of @ popdlation of more then one million peopls. Acsording
to Girerd and Bobic (1942) these vaccinations resultsd in a reduction
of ‘the plague morbidity by 80X in Hadagascar.

25 South Africa the superlority of ive vaccines over killed prepara-
tions was demonstrated by Pirie and Grasset {1938) in Rabtus rabtus.

I4ve vaceines of the strains IV and Tjiwidej were then used extensively
4n the 142 for hwzn inoculstion to control plague vutbresks (Gale,
1911, Brasset, 151, 1942 and 25k6). The stralns were first trled in

o weah
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hunan volunteers and confirmed to be non-pathogenic in dules of U,000 -
20,000 millior. organisms in guirea pigs and whiie rats. The vaccine
consisted of 2 live emilsion of 1,000 million organisms per ml b=
tained from a 2h-hour growth on mutrient agar at 37°C suspended in

saline. Immmnisation consisted of a single injeéuon of 1 ml of the

vaccine . P ally lowsr doses were
uged for children. Reactions to the vaccipe were very mild with
lacal reactions in L.2 per cent and moderate general reactions in 3.7
per cent uf the wiceinated. The vaccine resulted in the development
of & high degree of immnity to plague as only 15 plague cases vere
obaerved in a totiud of over 24,000 persons immunised with the atbenuated

vaceine during 1h outbreaks between 1942 and 1gkh.

The use of live aktenuated plague vacuines for human imocglation in
other countries has been limited mainly to the EV strain. In the
former Belgian Tongo nearly 500,000 vaccinations were cerried out with
the EV strain between 1939 and 1946 in the Lake Albert plague focus
(Devignat, 19h9). Of 132 plagme cases between 1540 and 19h6, 16 were
_recox'ded in vaccinuted persons between three and six months after

and 16 in In Tunisie the live

peraons.
EV vaccine was administered to sbeut 60,000 persons between 1944 and
1545, and to about 100,000 persons in Senegal at that time (Girard,

1963). The valuve of these incculations in preventing plague in the

vaccinated was however, difficult to assess.

More recently the use of live attenuated plague vaccines has been
conffred natnly fo experinental snimsls. Frow this work much of the

ledge on the ity amd of vlague

present k
has been obtained. Worklag with genetieally related strains of P.
estls, Burrows and Bacon (195€a and 1958) established the importance




of virvlesce deterninants ip immumity to experimental plague in white
mice, guires Pigs and rabbits, This work with 1ive vaccines confirmed

' the importance of the FL antigen in coalerring immunity to mice against
experimental infection with virnlent FL+ strains, and the importance of
the W antdgens in immunity was also established.  Laboratory tech-
miques for the Getection of these ambigens have been described by
Surgalla et al. (1970). The vaceine straims which were most immuno~
genic in both mice and guinea pigs were found to have the virulence
characters of the strains EV76 (FL+ W+ P-) and Tjiwidej (Fl+ W- Bs),

Immediately after the inoculation of mice, rats,guines pige and monkeys

with protective attenuated P, pestis strains, large nurbers of organisms

are alunys present ab the site of infecticn (Jawets ano Neyer, 1943 and
| 1hh, Meyer, 1950), Within a few hours the afferent lymphatic system
carries them to the reglonal Jymph vodes from where the bacilli ave
transferred to the thoracic dnct and the blood stream. If a sufficient
nunber ¢f organisws have been in,oted, bacilll tay be deposited in $he
firgt 6 - 12 hours in the spleen, liver and bone marrow, The filtering
action of the liver and splesn then ususlly become effsctive and this
“initigl bacteraemia lasts only a very short time. The bacilll uay be
destroyed or may multiply in these locations and persist until recovery
or death, The abillty to resist phagcoytosis, and hence to multiply
in the animsl, is associated with the antigens F1 and W (Burrows and
Bacon, 1954b,1956a aod 1956b).  Omly after massive miltiplication are
the splenic and hepatic filters overcome; when they are, bacteria
appear again in the blood, Attenuated P, pestis produse an active
invasion of the host which differs only in extent, not in kind, from &
virulent infoctlon. Death from virulent infection iz due to a toxio
effect. The insbility of the host to stop multiplication and subse-
quent baoterial n allows don of large q of
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sndotoxin which injure the blood vessels, myotardium axd adrenals

(deyer, 1950).

The vast amount of experimental vork on the Live atbenuated EY plogne
strain has resulted in the recognitius of certain cheracteristics
for the vaceine o be highly efficacions. One of the important
characteristics stressed by Girard is the fact that the BV virein
retaine a certain degree of toxiclty and residusl virulence zud he
believes that the strain probably owes its probective paver %o the
pevsistence of these groperties. The residual virulence of the BV
strain was denonstrated by Bablet, Girard ant Robie (2937) %bo
guinea pigs 2 17 with one thousend milien

bactlli, TWo snimals werc then sacrificed daily for a perdod of 20
days. after the seventh day the spleen becane enlarged and the sur-
fuce had a Tough rugese sppesrance, Tiny granulzkions appeared about

the tenth day, then began to fade on the 15th day and hed diseppearsd
by the 20th to 25th day., By the 30th day the spleen had returned to
1its normal size and appearance.

Histological exanination shuwed the presence of spall nodular formations
4in the spleen red pulp after the Sth day. Thess were made wp of a

dense zass of and polywor cells coaeo~
bacilli, After this thers ves a massive proliferabion of the reticular
and endotilisl cells, Regression began after the tenth day and by the
30th day tke nodules had disappeared.

#ritiplication af the EV strain in mice and guinea pigs was demorstrated
by Giverd and Radaody-Ralarosy (1940) and Welker et al. (1553}, The
liver and spleen were the main foci where molilplication took pluce

within the first four days and these organs then becams sterile after §
4o 1 days.




Tesis for the evaluation of the imwnity produced Dy vaccines have
‘been ontlined by Meyer {1953). These are {1} intentional chsllenge
{2) inientipnal exposure %o a naburel infection (3) matural exposurs,
pernitting the prevailing epidemic chences 1o act freely, and (i)
measurenent of the reactions in the body finids 6 indicate altered

of the or As far as

evaluasion of vaccines in animals is copcerned, the first and fourth
rethods have besn the wost useful. VWork on serological technigues for
the appraisal of immuniiy to plague has resuwlied in the development of

four useful tests 1.2, fixation,

tinabion and passive mouse~protection. Of these the last two hew:
‘been used post extensively. The presedure of tie passive monse-
protection test is as follows: at lesst ten wice are given intravencus
injections of 0.5 nl of the undiluted serum to be tested (or diluted
1:2 if the protection is sivong) and then immediately 100 MD of a
highly virulent P. w culiure are given subcutaneously. The mice
are then observed for about 1h days. The percentage mortality is then
divided by the mean time of death to obtaln the mouse protection fndex
{¥FT). Ipis test can only be used Tor the evaluatien of sers from
humans, Jarge animals, guinea pigs or pools of mouss sera as ab least
S ml of serum is reqeired, Passive mouse protection indices below 1D
and particularly below § are usuzliy found in convalescent plague
patients {(McCrurd et al., 195%) and susceptible non-human primates
which resist challenge infection (Meyer, 1970). An aninmal which has a
HPI below 10 is therefors considered to have & high level of Jzwmnity

o plagee.

Despite the anvunt of work done on vatcination againsh plague, there
are still many large gaps in our knowledge, Although the killed
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vacsines in use at present have been shovm to irmurise mice and guinea
pige {Smith and Packman, 1986) and also primates, their value in pro-
tocting man againct plagne has been strongly goestioned.  If booster
doses are givan however, the killed vaccine is highly effective. This
wes revealed in Vietnam where persons vacoinated with o killed plague
vaceine enjoy slwost complste Ireedom from the disease, although
frequently exposed to infection (Heyer, 1570). Live vaccines,
particularly the BV and Tjiwide) strains, have besn shown to be bebier
vaceines in experimental animals and have been used on large scales for
human inoculatiou.  Hovever, these live vaccines are puthogenie in
non-humar, grimates and produce unpleasant side resctions in man (Meyer,
2970 end personsl commnication). On the basis of exporience in
Malagasy, Payne, Smadel and Cowrdurier {1536) concluded that a single
4moculation of iving attenuated P. pestis, strain BV, elicits demon-
strable aniibodies in relatively few persons. However,” antibody
“ production was found to be entianced by repeated vacrivation,

The value of Praomys (Nastomvs) natalensis as a laboratory teni animal
for plague has been established by Davis and Murrey (1568b). Tide
Sork was dons after it was reslised that guines pigs, Which were used
85 teot aniwals at that timo, wers not wnifermly susceptible to infec-
tion, Simslar results in guinea pigs were obtained by Brygoo and
Bajeniscn (1969) who found that white mice vere bettor test snimals,

The present vork wus to tigate the i

and pathological effects of various live and killed vaccises in Praowys,
and aniwal species wihich hae beern proved to be superior %o both guinea
pige and mleo 4n its uniforn cusceptibility o plague. Comparative
studies with white mice, giinea pigs and African green menkeys

{Gercopithecys aethiops v ythrus) vere also done.




MATERAL AND HETHODS. R

Experizentn) antnals.

Praongs (Mastomys) natalensis: The Praomys colony was builb up from
animala caught in Johannespurg in 1946 and maintained st the South
African Institwte for Medical Research since that time. They axe
now known as the Baragwenath strain. Praomys (fig. 1) is sbout
tiekos the mize of the whte mouse, the body welght at maturity being
between 50 and 80 g. For experimental work they were used when 9-1:
weeks 0ld at a body weight of 25 - 30 g.  The bresding stocks are
housed in a temperature controlled room about 21°C and maintained in
standerd metal mouse breeding cages 30 x 15 x 13 om.  The food given
s standard mouse cubes supplemented with csrvots, potatoes and
cabbage once & week, Water is supplied by 2 drep botile. The mono~
ganous system of mating is used and breeding pairs are kept together
for 14fe. On the average eight young per 1itter are born, of which
six are weaned  (Davis, 1963), Animals were irbred to the twenty
first gensration vhen the fevundity declined to such an oxtent, hab

insufficient animals were obieined for experimentsl use. The fertidity
was restored to the ¢olony by ¢ross breeding litters of the inbred strain. «

Animals under experiment were caged singly in cages 13 x 13 x 18 em.
Tie top and bottom of these were made of galvanised iron and the sides
were vire mosh, The bobon had short Jegs ab cach orner sb toak s
cage could stand in o disinfected tray. Cave has to be taker in hand-
ling Praomys as they are agile and bite viclously. One hand was
covered with & calico bag consisting of 2 ~ 3 layers and the animal was
held in the palm of the hand, belng secured by the soruff of the neck

between ths thunb and forefinger.




(Mastomys) natalensis.
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White rdce and Suinea pigs:

The white Mice and guinea pigs were non-inbred conventional animals

from a colony maintained at the Sowth African Institute for Medical

" Research for various purposes. e animals were fed on standard mouse

biscuits daily and water was supplied by & drop bottle, The mice wers
7 - 11 weeks old and the average weight was aboui 20 g, The guinea
pigs weighed on an average about 200 g, During experiments 10 white
mice were caged togethsy in galvanised iron ceges 66 x 30 x 13 cm and

grinea pigs wers kept together in wire-mesh cages LO x 60 x 34 em.

Cercopithecus aethiops pygerythrus:

African green monkeys (Cercopithecus sethiops pygerythrus) were wild
caught in South Afriea and then corditioned for approximately three
months in large outdoor cages, which housed about 25 munkeys each.
Healthy monkeys in good condition were selected from these and put in
separate cages in the lsboratory. The caqes measured 75 x 77 x 105 en
with a false back which could ba 'drawn forward to pinion the monkeys
againsi the front, to facilitate bandling the amimals, The cages were
suspended about 50 cm from the floor from & horizontal bur for ease of
cleaning. The diet consisted of brown bread, sweet potaboes, bananas

and oranges given twice daily. Water was always available in & frough.

Jaceines.

Four live attenuated and two killed vaccines were used in the experimestal

worlk, The live vaccine strain designated Tjiwlde] Smocth or TS, was

. obtained in dried selatin petlet form from Dr. 7. Burrows, Porton,

England, The other live vaccine strains designated ky76 (Patis), EVSLI
and K23 and the standard reference killed vaccine were obtained in
lyophilised form, wheteas the USP killed vaccine was in ligwid suspension.




These vaccines were supplied by Dr. K.¥. Meyer, San Francisco, U,5.A.
The origin of these atrains will be discussed under the experimental

work.

The Live attemizted strains were stored in the laboratory at k% in
aried gelatin pellets according to the method of Stemp (1947). The
method of preparation is as follows: Organisms from an 28 hour
cultare incubated at 28°C vere seeded onta the surface of agar slopea
(0xoid blood agar base No. 2 pH 6,8) in lacCartney bottles, These
were then incubated at 28°C for 18 howrs. To each bnttla the following
gelatin ascorble acid mixture was added:

A. Gelatin 100 g, Distilled water 500 ul,

B, Peptons 10 g, Sodium chloride $ g, 'Lemoot beef

extract b g  Distilled water 200 ml.

The pH was ther adjusted to 9.3 and the solution boiled to presipitate
the phosphates. It was then filtered throngh Oreen’s 'Hydro' Sol}
Pilter paper and added to solution A above, The pif was then adjusted
$o 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 }.§ nl of the 'Lemoo' 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 the suspension removed with a Pastear pipette.
Sepuvate drops were placed on thin plastic sheets in petri dishes,
previously sterilised in chioroform and dried under ultraviglet light
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in @ sterfle chawber. The petri dish 1ids were propped open siightly
and the dishes placed in a dessicater for thvee deys ab room tempera-

turo.  The dried pellets were then
a refrigerator ab 4°C.

Agar-gromn vaccines were prepared from dried gelatin pellety by
incubation of the pellet on blood agar at 37°C fur ope hour o melt
the gelatin. The inoeulumwas then spread over the agar surface and
4Ancubated at 26% for 18 hours. This culbure was then seeded onto
trypticase soy agar in MacCarisey bobtles and ineubated at 37°C Tor
4B hours.  The growth wes then harvested with sberile normal saline

using glass beads to produce a uniform suspension.

Serial diletions of wll vaccinss were made in normal saline using a

separate pipette for each dilution.

were done in » Thoma connting chamber afber dilution in 1.5% Tormol
saline, Viadle counts were dooe by inoculation of 0.2 mk of serially
diluted suspensions onto each of five blood agar plates and spread with
metal spreaders. These wers than incubated ab 28°C or 72 hours before
counting the colomies, A1 live vascines and virulemt chalienge oul-
4ures were checked for purity and confirmed blochemically to be P.pestis

after inoculation.

Vaccimation techniques.

Three routes wers tsed Tor waccination of the animals i.e. intracu-

taneous, subcatansons and oral.

Intragutaneous inoculation: These inoculationa vere made with bifur-

sated meedles, which were solid stainless sieel peedles 3 mm thick and
65 mm long.  One end wes flat in which there was a bifurcation 2.8 3m
long. The needles were charged with vaceins by dipping into the

-]

zemoved aseptically and atored in

Total baoterial ecounts of inocnla




vaecine dilution to a depth at which only the spece between the forks
was filled with fluid, The needle was then gently pushed into the

skin and rapidly withdrawn %ithout extracting blood.

Subcutaneous inoculation: Animals were inoculated subeutaneously in

the right hiad leg with the varions dilutions of vaceine wsing 2 2 m

syringe and a number 16 Record hypodermic needles

Oral sdministrabion: Praomys (Hastcwys) natelensis vers vaccinated by
the cral route using 018 x 2 inch Luer-lack hypodermic nesdles. The
ends of the nesdles were rounded off to prevent injury. The animal
was held with the abdomen facing upward and the needle way gently

inserbed $nto the back of the mouth. The vaccine was then introduced

slowly as the animal swallowed.

Strains of virulent P. pestis used for challenga.

Two virulent plague straios wers used in this work for the chailenge
of vsccinated and control animals. The sirain used in the Initial
stages was designabed F357 which was isolated in Lesotho on Mlth July,
1965 from a flea, Xenopsyila sp., during a plague epidemic. Alter
Jaolation, this strain was maintatned in desp nutrient ager stab
owlture, For most of the challenge infections straln PG was employed.
This strain was kindly sent by Dr. T.¥, Burrows who isolated it from a
mouse which has been inoculated with an X-irradiated culture of the
T3inides Smooth P, pestis strain (Burvows and Bacon, 195ha).  The MP6
strain iv highly virulent in mice and guinea plgs, 4he average lethal
dose being less than 10 bacilli (Bucrows and Bacon, 1958), It was

matntained in dried gelatin pellets.

After vaccination or virwlent challenge the test andmals were kepl

under observation daily for at least 21 days. Autopsies on he animals
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that died were carried out with strictest aseptic precautions. The
macroscopic appoarances wers noted and smears were examined frow the
heart blood, liver and spleen., Culiures were made from the inguinal
Jymph node, liver, spleen, kidneys, lungs and hoart dlood, Thess
wore planted onto blood agar plates and Fneubated at 28°2 for L8
hours. In soms cases the tissues vere enriched in mutrilent broth at
28°C for US hours before subeultivation on blood agar. Piotes of
tissue for culture vere removed using sterile instruments for each

orgen,

Histology.

Tissues from animals which died were fixed in 203 neutrel formol
ssline for histological sestion. These were then dehydrated in an
Elliot tissue processor and wax blocks prepared. Secilons of &
microns bhickness were out and stained with haenatovylin and eosin
or thionin.

Serology.
Blood for serology was vollecbed aseptically by heart puncture from
Fracmys as deseribed by Hallett (1965) and from the hind leg of
Ceroopithecns, The sera wers tasted for haemsgglubinating anti-
bodies to the Fraction 1 antigen of P, pestis using the microtechnigue
as described by Chen and Meyer (1966},  After inactivation the sera
wsre sbeorbed with normal sheep red blood cells to vemovs the
heterophile anti-specles antibodies, Doubling dilutions of the sera
were then made in a 1:100 dilution of ipactivated and absorbed normal
rabbit serum, A suspension of tanned sheep red blooa oells sensitised
to Fraction 1 was then added to each verum dilution and the tiires were
read after inoubation at rooh temperature for 2 - b hours, Thiz test
has boen used extensively throughout the world for the serologival
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detection of exposure to plaghe in man and animsls (Levi et al.,
196k, Cavanaugh et al,, 1965, Davis et al., 1968a and Hallett et al.,

2570).  The Sercopithecus sera were tssbed for mouse protecting
antibodies as previousity described and the nouse protoction indices
were calculated.

Protection apainst virulent challenge,

rotect.on 2RatRst viruienh challengs.

Three te five woaks after vaccination the Praomys and white mice were
challenged subcataneously with a virulent agar-grown P, pestis culiure.
Affer a minimum observation period of three weeks the protection
conferrcd Yy the vacuine was determined by calevlation of the Active
Protection Index (API) and thie 50% protective dose (FDyp).

The active protection index as used by Burrows and Bacon (1958) takes
both the percentage of deaths and the bimes of survival of chellenged

animals into account and was calculated a5 follows:-~

AP I, = nmean time of death in days x 100
‘ercent deathz
Tda, as stated by Burrows end Bacon bears a divect relationship to
the degree of protection, in contrrst to the inverse relationship of
the mouse protection index of Meysr and Foster (1548},

he 0% protestive dose vas caloalated according to the method of
moving avevages described by Thompson (1957) and also outlin.d by
Meynell and Menold (1965).  The otier »~11 known methods of obtalning
the PD;D ave trose of Recd and Muench {1938) and Karber (descrived by
Irwin and Cheeseman, 1939). These methods ave however, unreliabls if
the dogses happea te have been chosen 80 that there are many more on

one side of the "“So ‘than on the other,




Safety Precontione.

The experiwtal work wez carvied ont in the plague daboratory of
the Joath African Instituts for Medieal Research. The laboratory
consists of five rooms; (1) main bacteriological laboratory (2)
autopsies (3) wash up and sterilisation (L) mainmtenance of routdne
test animals (5) maintenansy of animals under experimentation.

Surgilpal gowns, rubbsr gloves and masks were worn at all times whilat
worling in the laboratory. Any work with cultures was done in the
main laboratory in a safety chamber fitted with an extraction fan ¢
filter. Coggles vere worn vhen rodents were autopsied and gas maske
and gum boots were worn when any work w.th monkeys was dome.  Animals
under experimentation were maintained in a room fitted with an

extraction fan and bacterisl filter to maintein a negative pressure.

Culiures wers disinfected with dilute Tysol and then sterilised im

an sutoclave,  Amimal were 1 after autapsy.




CHAPTER 2.

PATHOSENTCITY AND DMENOGELIC EFFICACY
OF TEE LIV ATTRMATED PLACIE VACTINE STRATY EPSLSL,

#% 2 World Hea:th Organisation Seminar on plague contyal fn the
T.5.8.R, In 195, the view vas spressad that although mach is kuown

sbot the and p sntigens of P. pestis,
‘there zre frobably viher astizenic cmmponents whith have nok bean
defiocted, Thus, sithoagh Killed vaccizes may possess all the known
sutigenic compononts, live vaceinss possess the poiemtial of producing
astigenic components in vivo which avs nob farmed in vitro, Live
vaoeines would therefore confer # higher degres of wesistance %o

Hlagoe than Killed vaccines.

Among the criteria adepied by the Soviet awthors for the selsctiom of
attermaled vaccine strains were that these should genetically contain
the FL aod VY antigens (F1+, W), must be independent of parines for
growth [Pur), and must not produce pigments on medis contaiming
‘haemin {P-) These are the debermaents ol the BV sirain.  The
waogine straimo showld slso confer solid and leng-lasting Smaunity on

guinen pips and mice.

It 45 well Jmown that different attenusted plapgwe sirains have LT urent
b iated with the method of maintenance of the

oulfure (Chen and Heyar, 1§55 and Koroblova et sl., 1964), 2 suacess
£l methos which as been smployed o stabillse abtensated waocines
antigenicslly and to increase the immunogenic cepacity, hes bsen to
passage the strain throngh guines pigs (Rorebkova et al., 156h). 3y

this method nelther virwlepos of the sirain zar adwerse efTeete bn the

amingl vevs increasad.




To obtaln & vaccine straln vhich possesses tho full antigen complement,
but which is P~, the IV strain vas passaged through guinea pigs pre~
viously treated with ferrous sulphate. In animals not treated with
iron salts, all the EV organisms ave avirulent and are gradually
eliminated from the animzl. When iren is injected, the organisms
which lack antigens for which the iron does not compensate (e.g, V-)
are still avirulent end are also eliminated. The cells which lack
only the for which iron (P) however, maltiply

freely to provide a population of these cella which evenbuslly resulis
in death of the host (Jackson and Burrovs, 1956b),

Dotails of the pessage of an EV sbeain through guinea pigs to obtain
the vaccine strain designated EVSLL are as follows, In 1951 an BVT6
strain vas taken to the U.8.4. from Wadagascar, A mass culture
prepared fron the original slanb was grown on hormons agar ab 37°C
for 48 nours and yophilised, In 2967 the lyophidised EV?6 was
reconstituted and grown on a bieod agar slant at 37°C. A guinea pig
given FeS0) in ofl intramsoulerly was inoculated with 0.5 ml of &

2l hour 37°C grown broth culture (approximately 100 million viable
‘organisms) seeted with the growth irom this slant, The unimal was
sacrificed six days later and the emilaified spleen was inoculated
into a guinea pig pretreated with Feso,‘. Three additional spleen
passages through treated guinea pigs were followed by the inosulation
of an untreated guinca pig. From the enlarged spleen, studded with

granulomas, a blood plate yielded numerous ‘typical smooth plague

colopies (Meyer, persopal tion). The 50% dose
(PDW) by the subcutaneouns route vas 3,600 viable organisms for mice
and 5 for guinea pigs (Heyer, 1970). The vaccine was lyophilised and
sent by Dr. K.F. Neyor for experimental use in laboratory ankmals,
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Subeutaneous inoculation of Sercouithecus aeth PIrETYSNS
and gudnes pigs with a freeze dried TVSLf calture,

Fifty Cercoplthecus aethiops pygerythrus weighing b - & kg wers vut

into individusl cages ond divided into S groups of 10, Hoth sexes
vere fairly evenly distributed, Five to 6 animls were kept in a
Toon to minimize cross infection with bacteria wirelated to P, pestis.
To minimize rough handling and frightening of the animals, 211 hardling
was done after intramuscular injection of "Sermylan® (0.05 md/kg body-
\ welght) which fully apasesthetised them. In this menner all animals
were weighed, their body temperatures taken restaliy, and bled for

white cell couni, and serological tests.

Rach of § vials of the Lyophilised EVSLL vaceine were rehydrated with
10 ml sterile normal saline and pooled in & 200 ml Erlenmeyer flask,

A total bacterial count wes then done in & counting chamber and ten-
£old dilutions done in normal solise, Five dilutions were selected
for inoculation on the results of the total count and these were
injected subeutaneousty in 0.5 @l anounvs into 10 monkeys for each
Allurdon, At the same bime five proups of fen guinea plgs each wave
inoculated subcutanecusly with the identical doses. Plate counts

were done as previonsly deseribed. The groups of visbla doses indci
Vsted as determined from the plate counts and the vactination fatalities

of Corcopithesus which occurred are es follows:

Group Vaccine Dose Tay of death Total deaths
(viable bacilli}
T 1,009 x 268 4,5 et 6 (2} Y
o 1,009 x 106 § and 21 2
1z 1.009 % 20° §,7,11 and 22 k
W 1,009 % 307 8 and 28 2
v 101 9 1
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The cages were inspected daily and wvarinations of mopkeys were dome
$nitially on alternate days to determine reactions at the site of
3noculation, size of inzuinal and popliteal Iywph nodes and vestal
temperature. Where an animsl had a temperature of 104°F or higher,
“lood was iaken for vhite cedl count, serdlogy and quantitative blood
oultures, After two Wecks these examinations were reduced to twice
weekly.,

Tooal lesions ab the inoculabion sites were mot observed, but the
inguinal Yymph nodes enlarged in 2 = 3 dsys and persisted as marked,

i v firm lywphadenopathies 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 104°F or higher (table 1), Py the
28th day the white cell counts had returned %o normal. Positive
quantitative blood cultures were obtained from the fourth day {table 2)
aud these varied from B to innmmerdble bactlli per ml, Three monkeys
had positive blood cultures of €, 36 and 282 bacilli per ml and sur~
vived.

. Falsed serolopical HA titres were observed in monkeys within 5 - 7 days
31 those snimals vhich had rectal tem,eratures of 104°F and cver (table
2), bub 3 of these 16 had negative titres. Dy the 2Bth day ald but 2
of 3% surviving wonkeys had serologleal titres bewween 8 and 4096.

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

were as folious:

Plood stained fluid in both plsural cavitdes in #l) cases; gross,
nonpurulent congestion of the lungs in all cases, small amounts of
blood stained peri-cardial Tivid in mosh cases. The spleens were
someuhat flabby and congested, while the livers appenred normal, extept
sunbexs 795 (vaccine dose : 1,009 x 30°) and 6 (vaceine dose +

- LN
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The cages were inspected daily and examinations of monkeys were dope
Anitially on days to i at the site of

inoculation, size of inguinal and popliteal lymph nodes and rectal
temperature, Where an animal had a temperature of 10L°F or higher,
blood was taken for white cell count, serology and quantitative blood
culturts. After two wecks these examinaiions were reduced to hiice

weeVly,

Tocal lesions at the inoculation sites were nob cbserved, but the
inguinal lymph nodes enlarged in 2 - 3 days and persisted as marked,
firm Iynphadencpatides for up to 25 days. A rise in temperature was
recorded for tvery animal,and raiced white cell counts were recorded
4n s}l those with temperatures of 10L°F or higher {table 1). By the
28th day ihe vhite cell counts had returned to normal, Positive
quantitative blood culbures were obtained from the fourth day (teble 2)
and these varied from & to innumersble basilli per ml. Three ronkeys
had positive blood cultures of 8, 36 and 282 bacilli per ml and sur~

vived.

_RaiseA serological HA titves were observed in monkeys within § ~ 7 days
in thoso animsls vhich had rectal temperatures of 104°F and over (table
2), but 3 of these 16 had negative titres. By the 26th day all but 2
of 3B surviving monkeys bad serological titres botween 8 and 4056,

The postemortenm appearonces of he animals which died after vacelnation

were as follows:

Blood stained fluid 4n both pleyral caviides in all cases; gross,
nonpurulent congestion of the lungs in &l cages, small amotnts of
tlood shained peri~cardisd fivid in most vates, The spleens wery
somewhat flabby and corgested, while the livers appeared normal, except

rrbore 755 (vacotne dose ¢ 1,009 x 100) and Tié (vaccine dose ¢




Temperatires and wiite blocd cell comnts of
vaccinated with attenuatad P, pestis strain EVSIL.
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TABLE 2, terlologleal, systondo ) y recorded in R
= 5 sethiops, ucumea Vith attenmated P. pectis eirain BVSLE,
Sroup Mo, Quantitative Duration of  Bey of  Invermeliate | HA %itres  Jeometrig
Blood culture Lymphedenopatky death - HA tiwres  ~ on day 26 mezn
Secizrocal)  {Recirrecal] itire
oM nepative {day & . day 2 =16
738 negative day b ~ 25
138 day & - 22
L3 day 415
Wl negative (day ~ b o- 2 202 Fed
74 inmmorsile WL day 5} day i - 28 5 wzl
a2 absent L
7 day o - 2§ & -
745 neyative {day 11} day 2 - 2% Siz “day 11} 1%,
Wb dsy 2 - 2% 3 si2 52
T Ty 8¢ orgs/ml {day T} day b - 29 m 1€ ‘day 7}
The day L - 25 512 {day 7) 162
np absent [
7 day 2 - 2% 2!
751 day b - 28 Lest
752 day & - 25 512
753 day &~ 28 204 ¥
7% day -2 2018
735 dey b~ 29 5
;1 Goy b - 18 o3¢ EX
1§ o1gr day 2 =25 £12
§ 758 negative (day 7) day L - 18 6h {day T} 512
78y 284 g AR day b -1 128 {day 7) 10z
780 day kb 18 25
7% day b - X 25 -
762 18 orgs’al {day b} day k- 28 n 512 {day 7) o
. 276 orgs/ml {day 7}
w8 dey L~28 6 ) X
6k 269 urga/ml ’day u) day 12 « 13 22 256 ‘day 12)
nil day 28
%68 "wnmrable/‘nl (day 7} abzent, - 7 512 ‘day 7)
766 negntive (day 7) day 7~ 15 0 fdar 7)
767 ianmevable/ml day k- 11
768 day Lo~ b N
L7693 orge oy 0} dey 11 ~ 1€ Gyt
770 day b - 15
711 6 orgs/ml absent
e day 22 - 23
m + gbaent b
7k abseat .
772 perative ‘day W A7)
7% innumeratle’sd on days
4 and 28 2
7 kel
7
779
& szt pos. {dar 71 9 sars 1
o “iave u and 15) s i 2
L33 v poz. {day 7 6 dard
784
785
786
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2,009 x 10%) which showed a marked mettled appearance. The spleen
wao grossly enlarged {about six bimes normal) in rumbor 762 (vaceine
dose + 1.009 x 10°).  Videspread adreral hasmorrhage was seen in

the majority while the kidneys were umiversally pale. Olandular
enlargement Was restricted to the regional (popliteal and inguinal)
glands except in mumber TW2 (vaccine dose 3 1.009 x 100) where a

laige right para-sortic gland was present, HNumber 762 (vaccine dose :

1,009 x 105) showed haemorrhage inte a large right popliteal gland.

Cultures on blood agar of heart blood, lung, spleen, liver, kidney
end inguinal Iymph glands ylelded abundant growths of P. pestis
from 811 animals which died,

Tissuss for histology were preserved in 108 formo) saline and the
sections were stained with heematoxylin and sosin.

Lymph nodes: Inflammatory reaction was only slight, but clusters of
P. pestis we 'e typleal (fig. 2)-

Spleen:  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 cong: and foel of and lymphocy with
clusters of P. pestis. Desquamation of the epithelium in bile ducts
and portal spaces, P. pestls were seen in all liver seotions but not

in rumbers as large as in the spleen and buboes.

Kidneyss of the gl 34 and 4 of tha
tubtilar epithelium were constently present. Homocytes containing P.
pustis vere seen in the capillaries and small numbers of organisme were

present in the larger vessels (fig. L).

S ST
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Dangs:  Congestion and desquawsted cells were present in the alveclar
spates of all sections. Thr siveoler walls were thickensd, con-

taining masses of P. pestis and a dense infiltration of polymorphom-

clear lewcveytes (fig. 5).

411 the guinea pigs swrvived vaccination without any sbnormalities
‘being observed.

The £ifiy guinea pigs were challenged vith the virulent P, pestis 7537
3 strain on the 28tk day and ten vacoinated Cercopithecus were challenged
on the 170th day after vaceination,

The guinea pigs wers challenged with 160,000 viable P. pestis {deter-
mined by plate comts) suspended in 0,5 ml normal saline,-injected
subcutaneously in the right hind leg,

Deaths of the control unvaccinated muinea pigs challeaged in a similar

manner, were as follows: .

Challenge  Survivors/tetal  Days of death  Culture
doge (heart, ¥lood)

800 o/3 6,7,12 Fosltive

’ 0 o/3 10,13,12 Poritive

o W3 ] Positive

Of the ten guinea pigs inbevlated with 731 EVSML, three died on the
15th day after challenge (fable 3). P. pestis {confirmed as virnlent
1in white mice) was isolated from the heart bleod and spleen of ome of

these animals, Thres guinea pigs lnocklated with 1009 EVSLEL died
after 37 and 39{2) days, but only laciese fermenting giun negative

bacilli were 4solated on culture.

The high rate of protection confesrs® B ¥51f vaccine on these
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TABIE 3. Resiutance of gninea pigs to virulent P. postis
following subentaneous inoculation with EVSLE
pitenuated plagne vaccine.

Viable EVELY  Virulent  Results of Daya of  Culture
doso challengs challenge  death after  (heart
done infastion challenge ‘blood
Survie and
~ora/total. spleen)
1009 x208  1.6x105  10/0 - -
1009 x 165 1.6x105  10/0 - .
2009 x 05 1.6x205  10/0 - -
Lwex10?  1.6x10° 70 37,39,39
2 5
1.009 x 20 1.6 % 20 7/10 15




guinea pigs is in agreoment with the results obtained by Meyer (1970).

s & result of the animal rooms boing required for other studies, all
but 10 monkeys were sacrificed on the 30th day after vaceination.
The ten animals were housed Sogether with 2 wivaccinated controls in

one room in which an cxbraction fan had been installed to maintain a

negative preasure.

cutaneously on the 170th day with 8,770 virulent P. pestis strain FI5T.
Regular examinations were carrled oht, during which rectal temperztures
wers ‘taken and blood colected for wiite cell counts and serology,
Seven dsys before challenge the momkeys were bled for serulogical and
mouse protection index (MPI) (Meyer and Faster, 19h8) tests.

-3 -

hey were then challenged in the right thigh sub-

The results of the chsllenge are tabulated as fcllowss

Vaceine  Anima?  Reciprocal  Rectal Day of Wilte Blood
dose number  of HA titre temp, death cell onlbure
day 163 after (b days  after  comt
vaccination after chal~
(7 days before chal-  lenge
chalienge) lenge
rovomof 7 32 10l 8 23,000 Negative
L. (day L) (dey 1)
. Tho 228 1016 - - -
.
ro0mac® 78 296 02,8 . - .
) 128 w56 12 2,00 (day8) |
" {day 8) 150 cola/nl
756 25¢ 101.8 - - - bt
vo0pa0® 758 128 02,4 - - R .
1.009x10° 6 6l 2043 10 23,500, Negative
oo hd {day b) (day b} s
89 228 102.3 - - -
783 128 102.9 - - -
78 Negative 1042 - - -
8 20,8 6 1,30 200 culs/ml
Sontrel 3 Gty "oy 13
Gontrol 2 Hegative 00,1 7 - - i
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The post mortem appearances of the animals which died were typical of
plague,  The skin over thn injection site was hacmorrhagic with a

local gelatinous oodema, The tisnaues were

and indurated. Right inguinal glards were enlarged in both cortrols
and in one of these the para-aortic and mesenteric glands were also
anlarged.  Livers wore enlarged and had a mottled appearance,
Spleens were normal in size but flabby and the cortex of the lkidnay
Was pale in colour. Adrenals vere haemorrhagic, The lungs of ont
had a pulmonary cedsma and the lumg tissue of this animal vas dark

" red in colour. Tn the gther anlmal theve was no pulnonary cedema
and the lungs were very pale and collapsed. Straw coloured plevral

fluid was present in both specimens, and the heart was dilated,

The post-mortem appearances of the vaccinated snimsls which dled after
viralent challenge were similar to the uavacvinated controls bub the
pathological chenges wers not as severe, Thera were no local lesions
at the site of inoculation and the inguinal glends were slightly swollen,
The livers were slightly enlarged and mottled, and the splee-s were
flabby bt normal in size. The cortex of the kiduey was very pale and
“the sdrenals vere haemorrhagie. There was a small smount of blood

stained pleural fluid and the heari was dilated.

K11 the survivors of the virulenb challenge were bled for MPI tes 5 aml w
sacrificed after 134 days. AlL the organs were normal ab pust-mortem,
except number 748 which had en enlarged spleen about twice the normal

Blze.

The results of vhe MPI tests ere as follovs:




o0 o o

s 163 days
nlter after

vactination  vaccinatlon

4 2

o 27

8 5

750 W

756 g

758 3

61

759 N
. 783 0
wL 8k 2

Seven days efore virulent challenge the HA tlires of tha three nimsls
wiich died were 32, 64 ard 128, 1n sompsrison with bitres of less then
B, 128 amd 256 of the 7 survivors, but a1l the bitres had dsclined by
the 163rd day aPter vaocination fom values ranglng between 13256 €0
1:4096, as determined on the 28tk day after vacoinstion. T level

‘of dmmanity ss vellected by the motse protection indices was high on
%he 2Hth day after vacclnation, B/1D of the waluss being below 10, bab
‘on the 163rd day after vaccination only 2/10 MFI values were below 16
and others vared from 10 to ¥7. This dsrlene dn the levsl f {omnity

a5 veflected by the mouse P ing and .
was confirmed afver challemge with virmlent P. pestis when 3 of 10
Temkeys sucounbed, Two of thest animdds had MFL values of 17 und one 2
~alue of 15, seven days before challenge, while the others which sur~
wived had the seme or slightly lower IPT velues. Thers did sot appesr
4o bs & relationship betwesn the vacsine dose and the level of fmmnity,




B 4 L

as one ammndl in each of the groups vaccinated with 101 witlien, 3
#iYfion snd 1009 viable EVSIT died after challenge.
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CHAPTER 3.

1. Subontaneous inaculation of P
Suboutanseus 4 raomys with a freeze dried

Fach of 5 vidls of the Lyophilised EVSAf vaceine was rehydrated with
10 md sterile wormal saline and pooled in a 100 ml sherile Erlenmeyer
flagk {i.e, ap initial 1:10 dilution of the vaccine}, A total count
was than dons and the mambsy of bacil'i in the initiel pool colowlated
o be 3.56 x 107 per ul.  Tenfold dilutions of the vacoine suspension

were prepared in sterile normal saline up to 10” .

6

Plate counts were done o diluvions 107 and 1077 by sdding 0.2 nl of

the dilution to cach of § blood agar plates. The number of colenies

6

on each plate of the 107 dilution were as follows:

71, 65, 65, 68, 73 = 342,

', fber of viabla organisms pes ml in pool = 3,k2 x 20°
Potol number of organisms iu pool = 3,56 x 109
= 9,5¢ viability.

1T certain technical detsls are abtented to, the tntal count showld
not vary by more than © 10 per cent from the resl velue {(iilson and
Miles, 1955). It may however be as much as twice the wlable count
as o renult of overfilling the counting chamber or the killing of some
organiens when makung the viable cownt (Heynell and Meynell, 1965).
Despite these limitations of the technigues used for the tatal and
viable counts, it ves felt that there was a marked xeduction in via-
bility of the iyophilised crlture.

Fifty Praoyys were divided into 5 groups of 10 and each animal was

injected suboutancously on the inner side of the right hind leg with
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0,8 ml of each of the following viable doses:

Group Viable dose injected Hunber of Praomys
T 1.7 %28 20

1T 1.7 x 108 0

I 1720 10

w 2.7 x 10° 10

v 1.7 x 102 10

The animals vere the . observed daily.

a) Pathopenicity of the vaceine,

% “rgomys in group I died on day three and one in granp IT
died on day five, All the others survived, On post-mortem
examination these four animals showed haemorrhages, gelatinous
cedema and necrosis ab the site of inoculatlon; hypersemia,
haemorrhages and gelatinous oedema of the abdominal and thoracic
subcutaneous tissue and enlergement o the inguinal lymph nodes.
Tha spleen, liver and adrenals of *': group IT animal were
enlarged but not in the group I imala, None of the spleens
or kidneys showad signs of necrosis bub the liver of the group
IY animsl had a mottled appearance. The lungs of the four
animals were hypersemic and cedematius ard there was ulyaw

coloured flaid in the pleural cavities,

P. postis was seen in direct smears and cultured from the heart
blood and lungs of the four animsls and also seen in direct smears
and cultursd from the inguinal lymph node, spleen, liver and kid-
neys of the Praomys in group II but moy the group I sninala,

Tissues fixed in 10% noutral form: warine for histological examl-




b)
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nation wers semi-autolywed but the following inflammatory

reactions were seen:
Iiver: Severe congostion of the simusoids and venules and a

mavked inorease in monocytes and polymorphonuciear cells in the

venules. An inerease of macrophages in the sinnsolds was also
seen, Clusters of P. pestis were distinct in the venules of

th» group II Praomys sectinrn.

Spleen: Eagorgement of the red pulp with erythrocytes and a

mavked incresse {n mononuclear cells,  Lorge mumbers of D.povis

wers sesn Vhroughout the section of the group II Pra.iys.

Lvngs:  ¥any alveolar spaces wers Iilled with oedema flnid and
some moracytes and ery ybes.  Alveplar walls were

thickened and contained many momcmuclear cells, No P. pustis

coald be seen,

Persistence of the vasnine strain.

Wine vaccinated Praomys from the following groups were sacrificed
on day 27: group II - two animels, group IIT - two animals, group

IV - three snimals, group V - two animals.

The Yymph nodes of cne animal in each of groups IIT and IV were
entarged, and the iver of one in group IV was slightly, mostled.
fthe ungs in one animal in sach of groups IIT and IV showed siight
focal necrosis and hyperaemia. Cwltures were done on blood agar
o liver, spleen, kidney, lungo, heart blood and inguinl lymph

nodes of these aninals after maceration of the tissues but P. pestis

covld not be isolated.
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Serologieal response after vaceination.

Forty four Praomys were bled by heart puncture on the 27th day

after vaccination and the sera vere tested for P, pestis FL
antibodies using the haemagglutination technique. Only two
out of 15 Praomys inoculated with 1,700 {group IV) or 170 (group
V) viable EVSIf reacted serologically and these titres were very
Zow (1:8 and 2:16), ‘e Praomys inoculated with doses of
170,000 viable organisms rescted with titres ranging from 0 to
1:512, bub more snizals reacted with high titres when inoculated
with doses of 1,700,000 and 170,000,000 (fable k).

Protection conferred by a single EVSLf vaccine dose
against virulent challenge.

Six aninals in each group were challenged on the 34th day with a
recently isolated wirnlent strain of P. pestis {strain F357) from

Lesotho. This strain had previously bees shoun to be highly

virwlent for Praorys by subcutaneous inoctlation as follows:

of

P. pesti: Days
death

sEean ¥357
viable dose

Praomys Bactericlogical
Survivers/Total culture

3 .
3-1 +
y-5 +

800 o/s
8 5
8 3%
Ths vaccinabed animals were challenged with a virlent culture
passaged ghz'ough a Praomys one week prior to chellenge, the strain
heing isolated Srom the spieen of this animal after desth. The
challenge imoculun was then culbured on trypticase soy agar ab
37° for L hours. The culture was sespended in sterile normal
saline end a total count dons on v 1:10 dllutien in formol saline.
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Tenfald dllwtlons were prepared to sbtain a suspension of 2 x 10°
organians per nl and onch animal received 0.5 wl of this dilutdon :
subentanesusly in the ight hind leg. Ten unvaccinbed control
Pracnys weve challenged at the same time, Plate counts were dope
on Lover dilstions by pianting 0.2 ul of the dilution onto each of
5 blood ogar plates and incubated at 28°C for 72 hours. The resulis
of the plate counts showed that each animal received 6,000 viable
virelent P, pastis strain F357.

A1 the control sninals died, the average time of death belmug b.6
days. With one exception, all the Praomys inacalated with 1,700

and 170 EVSIL died of acute plague sepbicaemia after virulent chal-
lenge. P. pestis was cultured on blood agar awd seen in smears of
inguinal lymph node, spleen, liver, kidney, lungs and hewet Wlood.
Two animals inoculated with 1.7 million and twe imoculated with
170,000 died of acute plague seytlcaemsa; P. pestis was isolated from
the tissues exanined, One animel incculated with 1,7 miliion died
on the Pirst day with a few pathological chanmges, Stambylococcus

|
areus was isolated from the splecn. Two animals inoculated with §
170 million died on days 8 and 13 and showed severe lung involve- 4 z
ment, but slight resction in the other tissues. CTolbures were posi~

tive fos P. pectis. -
The correlation between the degree of immmity and the antibody

Yitre was ot very striking although there did sppea to ‘te some

lationship between the mean tlire of each vaceine doge

and the rais of protestion {tabls 1) 'The active protectdon
indices of 1,700 vaccine bacilli ant lower levia (table h) are very
low and these values correspond wilh thox. of “aceine strains which

lack protective antigens (Burrows and Bacon, 1958). It is known




that straing which ave Fle Wi+ P- and independent of purines for
growth, such e the EVSAT strain, are capable of limited growth
in misy (Burrows ond Bacom, 1958}, The resulis of this experdi-
wment however show that mdtiplication of low doses of tha EVSLS
strain is inwefficient to stimilate Aetectabi ing

antibodice in Praomy: o coni:n immunity when inoculated subou~

e eassly

e

ality and avtibody peosaetion which followed the suhou-

o v Amculation of Hie viohle BV5LE siraln du doses of 170,000

o mort .. jradas, revealed that £bis vevcine ig juvasive and

Wi pddus . MELS, when inocrlste in igh doses.  The impact
SR the puatly mesamism howevor is i wy great ag 2.0 mitlion
eogealeun  vafer ordy 663 protection agpinst virelent challenge.
ALbthueoh ihe morsality after virnlent ebui ringe in animals vagel-
sl whta 153 e 1lion, 1.7 milidsa ond 172,000 evgaslsms was very
slduse, the protutticn as showw by activa protaction indices

vgs gruater with tae higher vacsine ws g {vade (3

Pathogenssis of virulent P, pentis in immune Freevys.

The surviving Praomyy «i s+h. vers challenged wits virulent B, pastis
on the 3uih day after veceimation, were sacrifined on the 71st day
after challenge, Tisy wers bled for sorologioal hasts, sutopsies
were denc ard lhe tisives were cultured on blood . wwr,  The resuls
{talde §) reveal that with three exceptions thy earsiwors had gross
Ltslonz indloative of recovery from chronic prapsm  Fe pestis,
son'irced ag vi: enb in white mice, Was recoversd 1,4m one animal
Smmunised with 170,000,000 EVSLE.  Taers vas no rise
thls group after chall-ygs except

(grop X, 8)

in the serslogical response of

in this one particular animal. The other groups showsi distinod
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rises in bitres, indicating multiplization of the virwent chal-
lenge organisms; as a result of a lower level of Ameandty,
Servlogioal. vesponse after two vaceine doses and t

Pprotection conferred arainst viralent chai'i:nge. "

Pive vials of lyophilised EVSLE vaceine were rshydrated a5 in the
fivey vaceination, The tutal count. of crganems in the intkizl
pool was 2.6 x 207 per ml and the visble count was 3.4 x 10° per
il

One Praomys of each of the previcusly wivaccinated growps (two in
group V) vas daoculated subcutaneously into the right hind lag
with 0.2 mL of a 35°2 Gilution of the vaccine L.a. 1,700,000
organioms. These Praguys had veb been challenged with the viru
lent cultuve, They were shen bled for serolegy on the 2hth dey
after revscoinabion, Three died immedlately atter blesding and
the remainsi thres were chullenged subontaneously with 8,000
virulent P. nestis strain F357 on the 36th day after revaccination.
After revaceination with a doss of 1,700,000 EVSLL the six Praomys
survived, whereas after primary imsunisation this dosage resulted

in 202 (1/10) mortality. Although the mumbers were small there
is an indication that the low primary vaccine doses probected the
enimale sufficiently against the isvesiveness of a large second
dose of the vacoins. The serological responss t» this second dose
Was dicorsistent. Ore animal {growp TIT, 6} responded with a
dramatic rise in $itre vhereas others only showed a siivht increase,
or even a drop in titre 2k days after revaccination (table 6). One
aninal died after virulent challenge and the post-norten was indi-
cative of chronie plague with lung involvenent, bub the culture

wag negative (table 8).
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2. Subewtaneous inosulation of Praomys and white mi
with an azar-grown EVS1L cu}fﬁfﬁ'.x it mice

The previous experinents with the EV5LE vaccine inoculated in Pracuys
were done with a lyophillsed culture. A falrly low viability

(about 9%) was obtained alter reconstitution nf these coltures, ard
therefore very large nurbers of dead bacilli were inoculsted stmil-
tanecusly. Those organisms could have been toxic to the animals and
thorefore partly responsible for the deaths after vaccination. It

was therefore decided to ob%ain a Iresh culture grown on agar with a

high viability; and determine whother a similar number of viable '
organisms with a lower total nweber was also pathogenic in Pracmys,

Compatative testn were also done similianconsly in white mice.

Tae lyophilised EV51f culture was sesued on to blénd agar and grown

at 37°C for L8 hours and then preserved according to the method of

Stamp {1947). The dried culbures in gelatin pellets wers grown

initially on blood agar at 28°C for 4B hours and then subcultured on
trypbicase soy agar at 37°C for h8 hours. The growth from these

agar slopes was suspended in sterile normal ssliné, Total and viable
counts were done and tenfold dilutions fn normal saline for inveulation ¢
in Praonys and white mice were then prepared. Six groups uf 15 Praowys
and six groups of 10 white mice vers inoculsted subcuianeously

in the right hind leg with 0.5 wl of the dilutions containing from

1.1 %207 o 1.1 x 20% vhsble EVELL bacilli.

Ton Praohys and ten white wice Sn each group were keph for virukent

challenge and the other Praomyy survivors wera bled on the 29th day
for haemaggiubinating antibody tests. The animals were challenged
suboutancously oh the 2Gth day vilth %1,650 virulent P, pestis strain
96 us deternined by plabe counys, Autopsies were done on those
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anisals which dled and tissues of fresh animals were preserved in 10%

formod saline for histology. The silmols which were biled on day 29

were sacrificed and autopsies donc.

&) Pavhogenicity of the veceine strain,

Post vaccifiation deaths of 5/35 (33 1/%) Praomys imculated with

; 2.1 % 207 viable EVSLE bactill vere recorded on dey 2 {tio aninels)
and day 3 (thre aniwals). Of those vasoinated with 3.1 x 205

organisns 3/15 (20%) died on day 2 (two animals) and day 3 {ome

animak). One Prasmys vaccinated with 1,100 BY S1f bacilli died
on the lith day but this was probebly an intereurrent death as

P. pestls was not lsclated from the tissues and the posy-morten

appearance did not resemble the other vaseination deaths.

All the white mice survived this vascination.

The post-morten sppearancas aud culbares of Pravwys which died
after large EVSLE vaccine doses were typical of death due to acute

plague, Oedema was preseut at the inoculation site, the inguinal

Iyuph nodes were enlarged, the spleens 6f animals which died on the
3rd day were enlarged, bub not thoss which died on the 2nd day.,

The livers were slightly enlarged in b of § animals b’ the colour

vas normal, The kidneys were normal but the lungd in a1l casss

were: and a pleural exuvdate
P. pestis was isolated from the inguinal lymph rodes

of 6/8 antmals and either from the lungs, spleen or heart blod of

was present.

three of these, OCultures of twWo animals were negative.

Hisiulogically, the liver venules were geverely congested but thers
was not a marked increase in leucocytes in ¥hese gpaces. Increased

' swibers of Kopffer cells and small granulonetous evees of masro-




phages and polymorphoniclear cells were present in the simusoids.
The ved pulp of the spleen Was engorged with erythrocybes and a
marked increase in monocytes was evident. Numbers of giant cells
weve alse present.  The kidneys showed a marked congestion. of the
vascular spaces. ‘fhe aiveoli of the lungs were cedematous and

. L I the prlmonary vessels were congested.

These pathological changes are likely to be attributable to the
action of toiin as Pu pestis could not be identified in the

sections and few orgulsts could be isolated from the tissues.

b) Serolagical response of Praomys after vaccinatien.

Only the Praomys inoculated with doses of 11,000 EV3LL bacili ex
higher reacted serclogically 29 days after vacclmation, Agwiw
Sheve was o relationship betweon dose size and HA titre in 56

animals which rescted sérologically:

Vaceine dose Reciprocal of Reoiprocal of
HA Addve petmetric mean
o (day 29) titre
1,100,000 blyy 512 181
110,000 16, 6h(2), 256 8
b . 11,000 0, 16, 32, 126(2) 2
1,100 ofk) o
1o ofs) ¢

! ' Theye results confirm those of the 1yophilised vaceine trial in
Praonys that doses of 2,000 EVSLE bacdlld or lower do nob stimu-

late antibidies in this animal spoeies.

o) FPersistence of the veccine stralu in Praowys.
EVS1L doses between 118 and,

The twenty Praowye yaccinated with
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110,090 viakle organisms which wera bled 29 dags after vaceination
for serological tests, were sacriftesd. Autopsies wers done and

the tissues were culinred on blood agar and examined histologieally.

A11 the cultares were negative and ~t autopsy the tisoues apprared

¥

normal. Hicroscopically the tissues were singularly free ot
lestons excdpt for some residusl granuloma’ous areas of macrophage
1ufiltration in the liver.

d) Protection against virnlent challenge.
The deaths in white mice and Praomys challenged 28 days afier

vacoination are Msted in the following table:

White Mice Pracuys
Vacélne  Average HMorballty  Active  Avarage Hortallty  Active
dose day of Protection day of Protection
death Index death Tndex
11,000,000 6.0 1/10=10% &0 >21  0/10=0% > 210
1,100,000 5.0  1/0-10% 50 >21  0/lo=0%  >210
110,600 5.0 1/10=10% 50 8.0 1/i0=10% 8
1,60 b 6/10=60% 6.8 5.3 h/10-h0% 1.2
. 1,100 3.9 8/1080% L.y 3.3 10/10+100% 3.3
0o 37 10/10-100% .7 3.7 9/10%90% b1
unvaceinated . = 2.6
ontrole 2.9 10/10-00% 2,9 2,6 10/20-100%
. The animaly which dded hai post-nortem and 101 1 manif

of bubonio-deptinaenic plagus. 4 loval gelabitous oedems vas present,
ok the uite of inoctilation and in ',he‘snbwtanaauo tiseue; which was alse
hyperaemic, The inguinel ymgh nodes vere typieally enlarged and the
liver and spleen were also enlarged in some casés. Severe pathological
changes were present in the lunge of Praomys vaccinated with 110 EVSLL
organismy and hor . vacoinated with higher dosea, which died aftor
the third day, In thess animals the lungs wers hyperaemit hasmorrhagic
in patches, ocdematous and an exudata wam pregent in the pleural cavitys

These manifestatione wsra not prossnt in the lungs of Praomys
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110,000 viabie organisms which were bied 25 dsys after vaccination
for serslogieal tests, were sactificed.  Autopsies were done and
ihe tlssues were culbured op Slood agar dnd examined histologicnlly.
431 the cultures were negative and ot autapsy the tissues appeared
normal, Microscoplcally the tissuss were singilamly free of
leslons except for some reaidual granvlomatous aress of masrophage
dufittration in the Uiver.
) Protection againgt virylent challenge.

The deaths in white mice and Praouys challenged 28 days after
vageiation are Iisted in the following table:

Wnite Mioe Pracuys
Vatoine  Average Wwbality | Active  hverage Morielity  Active
dose day of Protection day of Protection
death Index Todex
1,000,000 6.0 1/10-10% 60 >2 0/20=0% »>o
1,100,400 5.0 1/200% 0 >21  0/20:0% >0
110,000 5.0 1/20=10% 50 8,6 1,/10-10% 8o
211,000 k. 6/10¢60% 6.8 5.3 L/10-0% 132
. 1,000 3.9 8/20=80% hay 3.3 10/10=1003 3.3
0o 3.7 10/10:0008 3.7 3.7 9/iwegoR b
avacelnated o5 10/20:200% 2.9 2.6 w0008 26

vontrols
. The apimals which died bad posb-morten and ‘banberiologiesl manifeatations
&f Ybonie-septicaenic pﬁlsigue. A looz) gelatinous oedena wis present
&b the site of inocwlation and in the subcutanecus Hissue, which was also
Myperaemic, The inguinal lymph nodes vers typically enlarged and the
Jiver and spleen were also enlarged in some cases, Severe pathologicel
Ghauges were present in the lungs of Praomys vaeninated with 210 EVSLE

organisns and those vaccinated with higher doses, which died after

the third day. In these auimels $he lungs wvere hyperaemic, ‘hasmorrhagic
oedematols znd sn exudate vas pragent in the pleusal pavidy.

These manifestations vers not present in +the dungs of Praonys

1n patohes,

L I R

. £



vaccinated with 1,100 EVSAT which dfed on the 3rd day, In
partially dumune snimals the lung lesions take some tims to
develop, whereas in non-dmmiane animals these lesions develop

early.

Bagteriologieal cultures on blood agar of lymh nodes, liver,

" epleen, idneys, lungs and hearb blood were positive for P. peatis.
Seotiions of the liver of these Praorys showed narked congestion of
the venules and oapillaries. Kuptfer cells weve loaded with inw
gested P. pestis and masses of free baiili were preseat in all
spaces (fig. 6, Severe miltiplication of P, pestis was also
progent in the spleen, which was congested, (ant cells and
increased nuxbers of nonocytes wers present in the splemic red
pulp (fig. 7). Iocalised oedena and slight hacmorrhagss vere
present in the lungs with large bacterial masses in the alveolar

walls (fig, 8), No myocardial lesions were seen.

'fhe %03 protective dose (FD;O) caloulated by Thompson's method vag
11,000 visble EVSLE baeilli for both Praomys and white mice inocu-
lated via the subcuteneous route., Mayor (1970) obtained a Py .
valge of 3,600 visble EVSLE bacilli for white rice by subcutanecus
inorulebion. The simltanects inoculstias of Praogys snd vhite
mice with the vaccine indfcates thab the same number of EVSLL
organisms are reguired to {mmnise these twe rodent species. The
higher protection conferved in Fraoys by each dilubion of the
vaccine, as shown by the protective indives; may be atiributed 4o

a greater invasiveness of the EVSLL strain in Praomys than in vhite
mice, Tais would result in a greater impact of the organisus on

the immunity mechapism of Praomys.
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large bacterial masses in the alveolar walls; x 240,
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The agar grown 1ive IVSAT veesine sppeared 4o huve & sdichtly

Bigher degree of ieity then the
Praowyz.  The Tyophilised vaccine in doses of 170,000,000 and
3,700,000 wisble organdsms cansed 3/10 (30%) and 1./30 (10%) mor-
tality Tespectively whereas 11,000,000 2od 1,100,000 wisble agare
grown organisms cansed 5/15 (33%) 208 3/15 (20%) meriality
‘respuotively. The numbirs of aninals vers too smsll hovever
4o fira delinite conelusions.

The protertion conferred in Praomys by the ager-grown EV5LS preperation
sy challenge with the wirlent ¥P8 P. pestis viraln was swch '

E.vatr lan the protection conferved by the lyophilfsed vaccine against
# challenge dose of the virulent P. pestis sirsin FI57. The highest
Frotection pauferred by the lyophilised yregaration was 60% with a dose
of 1.7 million orgenises and he protection indices afber inverlciia
of 370 million, 1.7 milldon and 170,000 organisms were 33, 20 and 18
respectively. Hovever, the Snovulation of 11 adllicn 2nd 1.1 willien
agar-grown EVEL ercenisws resulted in salid protertion of Praoms
ahereas 110,000 and 11,000 organisis conferred 0% ard 50% proteciion
.reapecﬁ:vely with active protection indfces of B0 and 13.2. A5 both
the 3P6 and FI57 P, pestis strzine sve Mighly virdent in Procyy 44

5 thab the i by the 2z waccine

wzo grester than thab of the lyophilised vaccine.

W BETREES e D) eim |



CHAPTER k.

and persis of and
virplent P, pestis in nornal and immne Praomys.

The fate of the EV plague strain 4n guinea pigs after subsutancans

inoculation in large doses was studied by Girard and Nadaody-Ralarosy

(2540).  Phese workers found that after O hours the organisns sold

ot be detected anywhere in the body, but then appeared successively

in the blood, spleen and 1iver and disappeared in the same order.

Investigating the invasiveness of virulent and abtemiated plegue strains
in mice and guizea pigs, Javets and Meyer (19Uha) shoved thab the route
ot infection felloved the sama rattern esiablished for other bacterial
infections, L.e. via the afferent lymphatics to the regional Lyeph
glands and ihen via the efferent lymphatics to the thoracic duch and
bence to blood stream, 1iver and spleen, In their investigations o
correlation could be found between the immunogenic potency of & given
attenuated strain for a certain uninal species and the extent avd
duration of infection produced by such a atrain in thab speoles, ‘hic

‘and other work led these authors to believe that the dmusvgente antivity

.
of a virulent plague strain is a function of the amtigeni mako-up and
5ob of the dnvarivé or pathogenic properties.

Korobkova and Samoilova (1962) also emphasised the impertance of the
antigemic constituion of a live vaccine, but stated that thoso siralns
which could not mAliply and remain in the body, do not confer lummiity
against plague., These workers found that doses of 50,000 - 100,000
fferent vacciae dems inocniated ly 115 white mice

miltiply in the enimal and can be isolated 10 - 18 days later from the
eite of inoculation, the regional lymph nodes, spleen and 1iver and alse




from the bleod and lungs. It was then postulated that immnity to
Plague develops in two phases, 2 "non-sterile" phase and a phase of
Teterile! posteinfectious inmmmity, The degree of immmnity of the
post-infections phase was said to be depencent on the length and
intensity of the 'non-sterile® phase. 4 short Tetentien of the

organisms in the body of a vaccinated animal led %o only weak immnity.

It was shown by the experiments described in chapters 2 and J that the
live EVSLL plague vaceine causes wmortality in Cercopithecus sethiops
and Pracnys (Mastomys) matalensis,  The invasiveness of the EVSLL
strain by subcutancous inoculation was then investigated in greater
dutall in Praowys, and comparative experiments done with a strain in
normal and immine animals of this species.

1) Invasiveness and persistence of abtenn-ted P, pestis strain

EVSLL in normal Praomys.

An EVSLT culturo grown on trypticase soy agar at 37°C for 2
hours, vas inoculated subcutaneously in the right hind 1 2 of
Praonys in o experiments. In'the £irst, 130,000 bacilli were
1noculated inta 18 Myﬁ asel dn the second 159,000 bacillL vere
noonlated into the sam number of antuals. In previous experi-
monts these nombers of bacilli caused ;m nmortelity and protested
vz o Praomys against virulent challenge. Tvo animals in each
ere saorificed by cervical disloeation after the

following intervals: 6 hours, 12 hours, 1, 2, 3, Sy 8, 10 and
2 days.
Mutopaies were done and the folluwing tissuos were Sulttred on tlood

agar and in nubrient broth after maseration using & palr of solssors:
inguinal 3ruiph hodes, splesn, Liver, kidneys, lungs and ‘heart blaod.
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‘ o ‘oulonies oy the agar were counted wnd the swbrient Troth tibes
wxapingd after 72 sours.  Srovih was ootfivmed dSochenizslly 5
'F» pesiis. Histolopical sections of $he above tissues wxoaph the
dmgiimal Lymih motics weme #lA0 Prepaed.
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Time ofter Aniwal Inguinal . . Heart
inboulation numbiy% lymph node SPeen Iiver Kidney lungs 3 oq

10 s 1 o o 4 0 o 0
2 0 o 0 © 0 0
3 Q o 0 8 o 0
L v o o -0 0 i
U gays 1 0 0 o ] D o
2 ° 0 ] ° 0 °
3 ° 0 0 0 ° )
[ o o o o o 0

Feaning of synbels: O Katrlent broth negative, plate negative
2+ Nutrient broth positive, plate negative
2+ Hutrient broth positive, 2-10 ¢ doniss on plate
3+ Hutrient broth positive,11-Z0 colonies on plate
L* Rukrdent brolh positive, » %0 colonies on plate

* srdmal rushers 1 and 2 were inoculated with 130,000 bacil3l end
wusbers 3 and ) were insculated with 150,000 bacildi,

The organisus invaded rapisly and could be detected in the inguinal lymph

nodes in 2 out of k Praszys after 6 hours. Spresding progressed through-
out the body after 12 hours, vhen orgeniams could be rectvered Trom the
spleen, Liver, kidney, Jungs 2nd heart blood, Flague basidli remained
generalised in ihe body for 2h hours when they coudd be Iselated from ¥
Iiver, lungs and heart blood. After this bime they wers ciewred very
yapidly, bub persisted n the lyrph nodes for 2 = 3 Qays, They vere
then cleared completsly atd could not b 3solated from any tissus.

Auvtopsy findings.

The tissues of 41l unirals sacrificed up o %k huurs after the subtus
‘taneons inueulation of IVSLE chowed uo abroswsl appearances.  After 2
duys the suboutaneous tissue besome hyperaemic it there was no vedeza.
fhe inguins) Lyrph nodes and spleens vere elorged and the livers were
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pale in colour, The lungs vers hyperaemic, No changes were observed
in the kidnsys. These pathological changes were cbserved for 5 days.

By the eighth day the organs had returned to normal and no abnormalities

were seen after this time.

Histology

Six hours afver the inoculation of live EVSLL organisms there was a
proliferation of monocytes in the spleen red pulp and constriction of
the sinusee (fig. 9). The follicles were distinct and few polymor-
phonuclear leucocytes were present. This prolifaratdon of monocytes
in the spleen became more extensive after 12 hours, and in the lungs
the alvaolar valls became thickened in places with a monocytic infil-
tration (fig, 10). Large numbers of polymorphonuciear and mononuclear
leucocytes were present in the spleen red pulp after 2L hours and

proliferation of the macrophages constricted the sinuses. At that

stage there was also an incrcase in poly lears and

in the liver venulés and small masses of these cells in the sinuscids
(fig. 11). Xn the lungs there were lsrge monocytic accumalations
.around the bronchioles and vessels and thickening of the alveolar walls
in parts (fig. 12). In the kidneys there were monocyte aggregates
ground the glomerull and amongst the cosvoluted fubules (fig. 13).

On the second and third day more polymorphonucleara and monooytes
appeared in the liver capillaries and simusoids (fig. 1), spleen
stauses and vessols (fig, 15) and in the lungs around the vessels,
bronchioli and in the alveolar walls (fig. 16), The liver and spleen
becass acutely congested; the sinuses were dilated and filled with
blood (fig, 1h). Honocyte accumulations were also present in the
glomeruli, By the £ifth day Shere was no congestion of the liver or
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Fig. 13. Section o” the kiduey of a Praonys (Mastorys) natalensis
killed 2i hours after cubcu¥AnéouS AMJESTIcn ol 1ive anten-
uated P. peeis strain TVSLf. Showing monocyle agsresates
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Section of the liver of = Praonys (Hastonys) matslensis killed
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o
.

k)



L

oy,

‘u

Section of the spleen of a Proomvs (Mastonr

Kkilled b8 hours after eube Bt tc e e

wated P. 2”5“.5 sirain
o8 al BeGurulabi

clear leucocytes; % 375

v,
?\
v
5
3 ?@
smaa Ve
X s‘ﬁf&‘
Fig. 16. Section of the lunp of a Pranmys (Fastonys) natalensis killed
1> hours after subcubansolis IRjection of 1ivé attenwited P.

pestis strain TWSLL. Snowing monosybe sscumlations Ln the
Fl¥esTar walls; x 20,
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splesn buk & Tew polymorphonuciesr and xonosytlc masses were mresemy

in the iiver

Humerons znd -

were sieo 5311} present in the spleen simses, Hegression of ihe

sractions then ocousred Tapid

3 By the eighth day a few suull mono- :
cytic messes were present in the liver simuoids and otber Hismes were )
i nornal in appeavamce.  The Miver also returned 4o mommal by he lhth B
E day. )

¥ 43} Inmvasivenses and persistence of ‘irulent P, pestis
strain MF6 in normed Pracoys. -

g Virutent P. pectis strain 15 was grown on rFpiicese soy ager ad
37°%0 for 24 hours asd three AIubions of & saspension ¥ers made, i
containing 12,000, 60,000 and 320,000 organisms.  These were i
4%en inoculated evboutaneonsiy din the rieh$ hund leg using 22

! : nimals 1or sach diluiion, One awimel inornlated with 120,700 ¢

4 i
- " organiens 953 on day 2, seven Szoenlated-with 120,00, £0,000
: or 12,800 arganisys died on day 3, and one imceuluted with 12,000 ‘

H ergaizns died on dsy 4. The remuining animals were sacrificed ;
by cerrical dislosation b the Lodlowing times affer fnoculstion: :
6, 12 hours, i, 2, 3 days. dut
: #issues were inosulated onte Ylood azar and into matrient troth

ciss vere done and the following

after maceration: imguingl Iymph nofe, iver, spleen, Kidmer,
Iungs and heart 2irod.  Thess were then iucsbated at 28°3 for 72
bours and 4he colonies eounted. Growth in the mutrient broth wee

; confirmed hiecherizally as P. pestis. e Sollowing tissues wive

j preserved in 10% veutval Tormol saline Tor histelogicdd exavinations
Jdiver, spleen, kiduey, duwngs.

EBacteriglozical resulis. o

As shown 3u the tablated resalis, baciliS conld nob be iselated frum
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any, aninals 6 hours after infection. P. pestis was first isolated
after 12 hours from the inguindl lymph node of one of six animals
ivioculated with 120,000 organisms, but thu other tissnes of this
sudmal and 21l cthers were negative ab that time. Positive cultures
swere obtained from all tisues examined of one Praoumys after 2h hours

but the other animals were pegative. Infection spread throughoud
the body after 4§ hours and the first death was also then recorded.
There weve no curvivors after 3 days, :

The bacteriologicel résults are tabulated as follows:

Time after Animal Susber of Inguinal
inocculation - number organisms Jyapk  Spleen wiver Kidney Lungs Heart

incculated  pode blood
6 nours 1 12,000 ° o o o o 0
2 12,600 o 0 0 ] Q o
3 60,600 4] ¢ Q [ o o
4 60,000 0 o o o o ©
3 120,000 [ [} o o o [
; [ 120,000 ° [ ¢ o o
; 12 hows 1 2,000 0 o o o o o
; 2 12,000 0 o 0 o o ©
; 3 60,000 ° o o o o 0
: . L £0,000 o o o o o o
5 120,000 24 0 0 o o6 ©
é 220,000 ] [4 o [ ] o
; 1 day 1 12,000 ° o 0 o o ©
i 2 12,000 0 o o 6 o .0
; 3 60,000 o [ s o 0
A 60,000 0 o © o o 0
1 120,000 ke 3% 2+ 2+ 2+
; 6 120,000 0 e o o o ©
: 2 daye 1 12,000 I+ 0 1+ 2+
2 12,000 I+ 2 2 0 1+ 3
; 3 60,000 b+ W 3+ e 1e 3+
i 4 60,000 b+ ¥ 0 2% 0 ]
5 120,000 I+ W b [ T
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Tive after M‘L'ml Nasber 02 Inguinal
inceulation mx.nber organi: ly:umh Spleen Liver Kidney Lunas Heart
‘blood

inm.ulated node

3 days 1 12,000 b+ [ T R S
2 12,00 b+ L.t b e b

i3 60,000 I | L Y T

B 60,000 W+ kvl -

Meaning of syibéls as in previous table.
Autopsy findings.

Tae inguinal Iymph nodes were slightly enlarged six hours after inosula- .
tion but all other tissues were normal. After 12 ltours the sitn of
Anacnlation was cedematous asd the ingninal ygsh nodes were further
enlarged. These reactions intensified after 2ls hours, the lunge becawe
hyperasmic znd the liver was emlarged, The livers then devrloped a ver% ]

dark red colour and the spleen also became enlarged. These changes were

also noted three days arter and were also ic of
those aninals which dled of plague.

Histolopy.

o histologleal changes vere observed until 2l hours after inoculation,

when the liver sinuses and sinusolids became congested, and monocytes

in these i Very few ear leucooytes
were seen in he liver sechions at that time {fig, 17). The moneru~
§lears alse increased in number in the iidney glomeruli, the spleen
simises and areund the vesssls in the lungs. After L3 hours the muber
‘of polyporphomuclears increased preatly in the liver simigoids and spleen
sinuses. The latter also becanme congested st that time {frig. 18).
Oedera fluid wag present in some alveclar spaces after 3 days amd menc-
fmelear and polymorphonuclésr leucocytes infiltrated iuto the alveolar

walls which were also thickensd ' (fig. 19).
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Fig. 19. Sectfon of the lunz of a Pra {astonys)
killed 72 hours after sud TS INGEALTen OF Vitalenb
P, pestis strain ¥Pb, Showing cedema, thickeming of dhe
Aveolar walls aed infiltration of podymorphormelenr and
xononuclear jeucooyies; X id.
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4il)  Anvasiveness of virulend P, pembis in immne Pracwys.

Rraomys ware imminised by subcwtaneous inaculation dn the right
thind ‘leg with 130,000 Live agar-grown attenusted P. pestls atrain
EVSME. These animsls were then inoswlated subentancously 28
dnys dater in the same site with 50,000 virmlent P. pestis sirain
MP6, This culiuve was grewn vn iryphicase soy agar ab 377G for
2l -howrs,  Four animals were then sacrificed by cervical dislo-
cation ab each of the following times: & heurs, 12 henvs, 24
hours, 2, 3y 65 9, Ih and 21 days.

The following bissucs were cultuved in nutrient hroth. sni on hleod.
apar: inguinal lymph-nodes, spleen, liver, lddneys, dungs-asd
heart blood. These were then incubated at 28°C for 48 heurs and
he coloniss counted on the agar. Urowth in the broth was con-
firmed bdochenically as P. pesbis. The following tissues were
preserved in 10¥ newtral formol saline for hiskology: :liver,
spleen, kidneys and lungs,

Bacteriolonionl Tesults,

AThB yeoults of the bavtericlopical cultures ave given in tie folluiting

‘bable:

Time after  Anwl Ingeinal Spleen Liver Kidney Iuhgs Heavd
Annoulabioe mumber Jymph node Hlood

6 hours 1 o » D ¢ ©o D

2 ° o © 6 o D

B 3 0 o B o 0 O

& 2+ 6 0 e 0 D

12 -houvs 1 [ [ I 5 o B

2 0 o 0 ¢ 0 D

3 o n o6 © 8 P

[ - 0 0 o o B D




T _ofter

Silsen Tiver Ridney Timge Fourh !

K dota Tngeie ‘
dnosulation numiber Tyngh node | btlagd
T day 2 ® °© a o w5 o
2 [ o+ B o . 0 w©
3 o 0 0 ks o ‘0
i B A 0 O D T
2 days 1 24 a0 B o
2 o o 1 3+] 0 0
3 [ 5 © L
% v 2+ 1 I+ o 2w
3 rinys 2 o 2 0 o 0. B
2 o 2w e e-tp Y
3 0 5 ©° ®{o o ;
L 4 ] LI S i
6 dagn kS [0 o I D O 9 :
2 0 s o 0o D B
3 (] 14 k23 > B 224 Y
k 24 2 0 0 0 B H
9 dnys Fy 0 2 0 P @ 0 e
2 v o » o o B P
3 I W W B m D K
L [ v 0 L
*Al days 3 0 1] 3+ L) 0 i j"5~
2 o o o a ] o i
3 2 ¢ o 5 & D
" E-S D 0 0 ] o w
21t 1 8 5 ® o 2 v R
2 » o o g D ‘
3 0 v o LI R
b ° s D 2 o D

Hsaning of symbols as ia previons totle,

B pestis ves duolated Tron the ingwingd lyuph node of one animed &
houre after jnosuletdon. Organisns could mot be detested in any
other +tipsuns anbil 2h hours abber dnfectiony ab thet tiwe P. pestdy
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! spread to the inguinal iymph node and, f.  After two days infection
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 swy not have beea fully immune and may have eventnally died from
this infection. Bacilli conld be fsolated from the organs of other
aninals after 6 - 9 days and persisted in the tissues for at lenst three
weeks. These organisms were vonfirmed to be virulent P. pestis by
inoculation of white mice.

Autopsy findings.

A1) tissue~ were normal in appsarance for 2% hours after inoculation.
After UB hours thore was slight oodems at the site of inoculation ~nd

i the ingninal lymph node was erlarged, Three days after inoculation

i cedema and a pus nodule were present at the site of inoculation, The
ymph nodes, spleen and liver vere slightly enlarged. These changes
persisted for two veeks and after 21 days a oreamy pus noduls persisted

at, the site of inoculation, the ingainal lymph node was slightly swollen
and the spleen Was slightly emlerged. ALl other organs appeared normal.

Hstulogy,
Twelve hours after inoculation, smoll granulomatous areas of menonuclear

and polymorphonuclear leucoeytes appeared in the Liver sinugolds (fig.

20). 4% thet tims thers was also a prolifevation of menocytes in the

spleen ved pulp, but few polymorphonuclears were present {fig, 21).
1In the lvnge vedama fluid was present in @ few air spacea and some
Elveolar walls were thickened, accompanied by macrophage infiliration
(fig. 22). The liver and spleen then becane congosted and polymorpho-
tiaclears appeared in the spleen sinuses. By the 6ih day these changes
raached & maximum; ab which stage ‘there Way gevere lymphoid and mono-

-
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Fig. 21, Scotion of the suleen of a1 lwwne Praorys (Mastorys) mitalensis
Killed 12 houss afber suocutaneous Injcotion of VArulshL Ev
estis srain 7P6. Showiny proliferation of monocytes in the
red putp; x 2ko.
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cytic proliferation in the spleen, Regression of ths inflamatory
reactions then occurred, the lungs being the first to return to normal

after 9 days, After two wesks the liver and spleen were no longer

d but small were present in the liver
sinusoids, The monocybic and polymorphomuclear hyperplasia also

persiated in the spleen,

Provious vork on the fate of virulent and attenuated P. pestis in
normal and immune experimentel andimals has shown that protective
attenuated strains invade and spread rapldly throughout the body.
After subcutaneous or intravenous incoulation, such strains persist
in the tissues of mice and guinea pigs for 7 - 18 Jays (Walker ot al.,
1953; Jawetz and Meyer, 19hlib and Korobkova and Samoilova, 1962).
Korobkova and Samoilova (1962) maintained that the intensity of im-
vasion and duration of persistence wevs of primary importance in the
egtablishment of immunity, and Markenson and Ben-Efraim (1969) showed
that protection by attenvated strains in mice and guinea pigs was in

direct proportion to the duration of persistence,

“In Proomys the invasion and spread of the attenualed EY51f strain after
subcubansous inoculabion 1s as rapid and extensive as has been deseribed

for other attenuated strains in mice.
EVS1L strain is however much shorter in Praomys (3 days) than protective

attonuated strains in mice and gaisea pigs. The intensity of invasion

therefore seems %o be of great importance in establishing immuity in
Praomys.
The route of infection of virnlent P. pestis in mice after subcutaneous

inoculation is via the lymphatics and Jymph glands to the blood stream

and then o the iver and spleen (Javets and Meyer, 15Wb). In Praonys

The period of persistence of the

{ f
i




the route of infection is similar 4o that in white mice, but the bgcilli
appear o remein locslised ab the site of incowlation longer, as Viru-
lent; P. pestis could not be izolated from the regional Lymph nodss or
other tissues for some time after suheutaneous Lnoculation. The
bacilli appeared in smal) numbers in the Lywph node of one amimal after
12 hours and then miltiplied there to Teach large numbers in this tissue
after 2 days. At that time bacilli had also spread to other organs in
small mumbers. Multiplication then took place thraughout the body and

masses of bacilli were present in all tissues within 3 days.

In fmrune guinea pigs and mice the spread of virulent P. pestls differs
orily quantitatively from that observed in normal animals (Jawetz and
Meyer, 19hlib}.  Virulent bacilli persist in immune mice for 7 - G days.
In iomune Praomys the spread of virulenb P. pestis is similar to that
in normal animals and also differs quantitatively as was found in
puinea pigs and mice, The persistence of the virulent strain is how-

ever much longer in imumne Praomys {at least 21 days) than in imwne

mice or guinee plgs. This obser could be of epideniological
Saportance as the persistence or viruleni bacilli in immre aninals in
“the £4c1d may be one mechanisn by which flague can persist in enzootic
foci (Meyer et al., 1543). Under certain circumstances these animals
nzy booons bacteraemic and spread of infection by fleas could result.

This may then be the ul':uate source of a plague outbreak.

Goldenberg ot al, (196k) reported the isolation of virulent P, pestls
from apparently healthy Microtns californicus vhich were highly resis-

tant to plague. Organisns were recovered from the blood and the
blood filbeping organs = the apleen, Liver, kidneys and bone marrows
These voies were then implicated in the Teservoiring mechanism of

plague in the San Francisco area. 4 pimilar situation msy exist in
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South Africa if viruleat P. pestis persisis in FPraomys or other wild

rodents in enzootic areas.

Histological changes ir. the guines plg splean afber sibmmbancous
inoculation of the abtenuated EV strain wers described by Bablet, I
Girard and Robic (1937), After the Tifth day the ved pulp contatned -

small nodular masses of retioular cells, in the centre of which were I
\
|

)
i
|
[

groups of cells a fav bacilid. b

y ey,
This was folloved by a proiifaration of the reticular and endothelial TN,

, elements, as a result of which the white pulp hecame indistinet. o
These changes reached a peak on the 10th dey and then began to regress.
By the 30tk day the nodules had disappeared.

After intramuscular injection of white mice with cortisone, attenuated

P, pestis strains proiuce bacteraemia end fatal infections similar to

that caused by futly virulenb strains {Payne et al., 1953), This

effect of cortisone was wbtributed to an inhibition of local inflamma~

tory 4l and infection-localicing particularly the

phagoeytes,  The natural defence mechanisms sgainst P. pestis infec-

4ion were stated to be primarily cellular and depend on localization
of the infection by derivatives of the reticulo-endothelial system in

k . econjunction with the local mobilization of polymorshonuclear leucocytes.

Subcutaneous inoculation of Praomys with the attenuated EVSLL strain
resulted in an initial proliferation of monocybes within 12 hours in
the spleen and alveoler walls of the lungs, This wag then followed

by the appearance of polymorphonuciear Jencocytes in tha liver, spleen
and lungs, and resulted ina vapid clearing of bacilli frum the lssuos
within 3 days. Regression of the intlammatory reaction then occurred

rapidly and had cleared nompletely by the Bth to ith day.
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After subcutaneous inoculation of mormal Prachys with virulent Be pestls
there were no histclogical changes within the first 2ls hours, but then
accumalations of mononuclear leucocytes appeared in the liver sinusoids.,
y Abundant polymorphonuolear leuccoytes appeared after 48 hours in the
Liver and spleen sinuses and the alveolar walls of the lungs. Inocu-
latdon of immme Praomys with virulent P. pestis resulted in a reaction
similar to that observed ufter inoculation of the attenuated strain in

normal animels, bub the inflamatory process lasted longer. f

' The reaction reached a maximum afier 6 days and regression was slover

as dati of and monocy cells d in

the liver and spleen afber two weeks.

These histological reactions of Pracmys to abtenuat+d ard virulent

P. pestis are similar to those descrived by Javetz and Meyer {3shib)
for these strains in vhite mice, but the changes cccurring in the

latter animals persisted for longer periods.

Pracwys therefore differs fron vhite mice and guinea plgs in certain
respects in 15 reaction to subcutaneous inooulation of virulent snd
attenuaten P. pestis. Olearance of attenuated otrains fro normal
Praceys Ae more rapid than in white mice or guinea pigs, although the
rato and extent of invasion but nob the duration of persistence in the

H 1 tions to

three aniral species are similar.
with attenuated P, pestis in normal Praonys and white mice were similar,
] bub the shorter deration of the inflemmatory reaction in Praonys sgress

with a more rapid clearance of bacilld from the tissues.

Infection of normal Pracmys with viralent P, pestis follovs the sare

routs as in white mice, but the Tate of spread to the body tissues is

slover, Localisabion of the bacilld at thie inooulation site is impli~
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pestis persists for longer periods in

in white mite or gulnea pigs.

Virulent P.

Praomys than

cated.
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CHAFTER 3,

Jntracuiansons inoculation of Fraomys using
the bifarcated needle [ o

The wipleasant local and systemic reactions in man produced by live
attenmated plague vaccines Ls reduced 3f the vascine s administered
by the $ntradermal or epidermal roue (Wovikova, 1955, Dermina, 1956
(voth guoted in Pollitzer, 1960} and Meyor, 1970). To determine
whether the residual virclence of an attenuated ive vancirie is Lover
4f sdminfetered Lntrecutaneousty, Fraomys were inoculated with ¢
1yophiliged EVSif culture by this route.

Fifty bifurcated ncadies were sherilised sepavately in covbon wool
plugped test tubes. The hair was then shaved off the Tight thighs of
£if4y Praomys to prevent small droplets of vaceine belng picked from
the needle before it wus applied to the skin, The lyophilised EVSLY

vaceine was then rrconstituted as for the inoeulation of

Praomys by adding 10 ml sterile normal saline to each vial. These
suspensions were then pooled in a 100 ml Erlemmeyer flask, 4 total

count wag dons on a tenfold dilution in 1,5% formol salire in a counting
chanber.  Sequential tenfold dilublons were then made on the pool by
diluving 2 ml of the inocultm with 18 ml normal salins. A separate
sterile needle was diprad into each dilution of the sequesce and thus
charged with inoculpm, This was sceonplished by holding the end of
the needle with sterile forceps and the needle dipped to a point of
about 1 un above the origin of the bifurcation. If it was dipped
further, droplets would adhere to the needle and ron down onto the
point of inooulabion énd thus substantisdly dncreass the dosage apelied.
The fully charged needle was then dropped into a tube of 10 ml sterile
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normal saline. Sequentdal tenfuld diiwtions vwers then made of initisl
dilutions and 0.1 ml of each was pleted on biood agar plates. The
plates were then incubated at 28°C for 72 hours before counting the
colomies. The mumber of visble organisms on the noedles was caloula-
4ed from these cownts. Thus with the noedie dipéed into the poold, an
average of 29 colonies was comnted on 2 plates which rercived 0.1 ml
of 2 1072 dilution of the tube into wideh the Tully cherged needle was
ropped.  This Ls equal 3o 20 x 1/0.1 (awount plated) x 20° (2 ten-
£01d dilutions) x 10 {approximate dilution factor of the tube Teveiving
the moedle dteelf} or 20 x 10 visble organisns om the mesdle tip. + ]

On those pletes marked "direet" 0,1 ml saline was added to the petrd
dish and he fully charged needle was washed in the selize while filting
the plate. Dilwbions and plate counts were made stcording to the

following schame:




10 mt saline in
each of 5 vials

/ﬁp\/lml\rl m\

X
o 10 m 9 ml 9 ml
saline saline saline

Fool
0.1 ml l 0.1 nd

cmt«zss} 296 Count= } 2
TN
202 16 m Ulo nl 9%
saline saline | [saline

o m l

- @ &
count-55 J66

Count= py

/— aip ~
18 md 10 nil
sline saline

0.8 Ll

% 5 ot }127 Counte 9}27

102

"
3

CGount™y 43

-2 B mi 30 b
o U :a‘u.ne Usaline

‘igg’ B

Gotnbez iy U3 Count=1§}9

on nee
28 x 1

jon needle:
6 x 107

ton needle:
26 x 10°
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2 m

18 ml
saline

2 m

18 ml
saline

2m

-B7 -

Dip

Plate § plates with 0.2 ml on each,

needle}

10 ml -
saline .

!
0,5 m

cuunt-g} 3

Count 1 b, 6, 6, 5, &:

rotal = 23 organiems per ml in 10”7 dilution,
Potal count = 2,69 x 107 per wl in pood

743 2 200 x 100 = 8,63 visbility,

2,68 x 107
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Dilution of Tnocult Viabl, 1
inoowlation vigble count o: v'}eis‘{z miﬁﬁ.
ver nt

10°(poct) 23 x 107 28 x 10% 0,202
10t 23 x 106 s6x103 - 0,87
107 23 % 20° 26 x 20° 0,113
1073 23 x 10t 860 0437
107 23 x 103 20 . 0.122

Average = 0,203%

This average of 0.20° was tiien applied to each dilwtion of the

inoculum counb b ¢'.vain unifornly graded values,

Thus:  Highest dosage group » 23 x 107 per al X 0.00203

= 166,00
and thus: Mﬁun of incculunm AVerngad viability agtually injected
10°(poo1) 466,500 E
;o 18,650
107 1,669
107 L6t
w0t ur

The animals were obgrved for cutaneois veactions for 5 deys after
vaccination, but the skin remained healthy in all. There were no
fatalities after vacelmation.

After 28 days these Praonys were challenged with 8,420 virvlent P, pestis
strain F357 incoudated subcutaneously in the right hind leg. Wi.thin
10 days after challenge 411 the animals vacoloated with 4,669 W31f
bacllli intracutaneously had died of ascute septicaemic plagie:. There
wag & survival rate of 30% and 60Y in the groups incoulated with
16,690 and 16,900 organioms vespeotively, Results of the virulent
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challenge are shovm in the following table:

(i) e sy e Ao
(day 29) challenge death
485,500 8,k20 7% we 20
16,690 8,20 /10 3 1.9
1,669 8,k20 10/20 3k 3
467 8,420 10/10 31 3.1
47 8,420 10/10 1.2 e

Post-morten wxanination of the animals which died after challenge
revealed a typical picture of oath due to plague, with haemor ages

and cedema ab the site of invenlation and subcutaneons tizsue, and

snlarged inguinal lymph nodes, liver amd spleen. Involvement of the

lungs appeared to be mere severe in animals which died after the third
day. In these animsly there wes marked hyporasmia and naemorrhages,
oedera and pleural fluid, whereas lung oedema and Fleural fiuid were
absend in the early deaths.

The rate of probestlon against virulent challenge given by the vaccine
insonlated imtracubeneously is similar to that given by the Iyophilised

EVSLL vaccing inoctlated suboutsneously in Praomys. Doses of 1,700

visble organiens and lover inoculabed 1y, gave mo
to challenge, wheroas 17,630, L 70,000 and 1,700,000 organisns protested

174, 66% and 60% of animals respectively,

Althongh thers were no apparent changes at the site of inocnlation after
introcutanecus vaccination the involvement of Irwph nodes conld not be
deternined by palpaticn on account of the smell size of the animal.

Tnosulatisn of Yyophilised IVSLE live vaceine via the intracutaneous




poute in doses between 466,200 and LY visble organisms feiled to cauce

oy vaccinabion fatalities. This was not wnexpected however as
1,700,000 Tieble inoealated cansed 10% mor-

Wty 1k snindls which received doses of 170,000 and lover swurvived
the veceination, As Migh foses of the vacoite ouuld mob be sbtained

1y single inoculations nokng bifurcated needles, any dLlferences in the

pathozenicity of the vaccine could not be deteoted in Pracw) using the

intracutaneous roue.




. CHAPTER 6.

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

The cbservation that the residual virelence of an EV76 strain which
had been passaged through iron treated guines pigs, could be readily
detocted in Praomys warrented the tesving of the original EVIG strain
which had beer used extensively for homan inoculation, A culture of
this sirain had been maintained at the Tnstitut Pasteur in Paris by
regular sgar subcwiture, A suboulbure of this strain was obtained
by Dr. K.F. Heyer thr ugh the courtesy of Dr. Girard and vas msde
available 10 @ lyophilised state and designated the EV76 (Paris)
strain. Tested at the George Willizus Hooper Foundatien, this cul-
ture was found to be non-pathogenic for guinea plgs in doses up to
26,300,000 viable organisns given suboutaneously and even by intra-
venous inoculation in & dose of 100,000 erganisms the EV 76 (Paris)
strain was non-pathogenic fox white mice. The 50% protective dose
‘(PDSO) for white mice vas 38 decermined by the iniraperitoneal route
and 2,800 by the subcutaneous ronte. Tn addition to the immmogenic
ability, the ’gramilona’ forminmg properties in g ines plgs, specitisd
for the original isolate in 1932, and the biochesical characteristics
were retained during ilts maintainance at the Institub Pastewr fer
nearly 35 years. The following characterivtics of the strain vers
astermined (Keyer, 1970); Pigment -, Fl+, O dependence +, Uracil
depordence -, Pesticin T -, Pesticin IT +, Fibrinolysin-.

1. Sueutreoss inoculation of & single doss of lyophilieed
V76 (Paris) veacine in Praomys

Five vials of the lyophilised vavcine V76 Lot No. G-2- MFG Date Aug




1969, Walter Reed were pooked in o 200 ml Rrlenmayer flask after sdding
10 m2 normal saline to each vial. - 4 1:10 qilution of this pool in
1.5% formol. saline vas prepared and a total count done in a counting
chaber. ~ Tenfold dilutdons of the vaccine pool Were then prepared in
nornal saline for inoculation in Praomys. Plate counts were done on
the 107 and 205 atlutions by adding 0.2 ml of the dilution to sach of
5 bleod agar plates and counting the colonies after incubation at 28%C
for 72 hours.  Sixty Praomys were divided into 6 groups of 10 animals,
Zach of the ten animals was inoculated subtubaneously in the right hind
deg with 0.5 7 of he appropriate vaccine dilutien, The following
total and visble numbers of organisms were injected:

Group Total nunber of Nurber of visble
10 antnzls esch organiems por dose organisms per doss
1 3.2 x 2% 2.2 x 207
be] 3.2 %20 2.2 x 16
Iz saxd 2,2 % 100
™ 3,02 10° e x 208
v 3.1 do 2.2 2200
’ v 3.1 % 20° 2.2 x 10°

The animals were inspected daily for 3 weeks.

Pathopenioity of the vaceine.

Four of the 10 Praonys inoculated with 22,000,000 viable EV?6 {Parie)
organisne died after 3 (two animals), 4 and 6 dsys. P. pestis could
only be isolated from the inguinal lymph nodes on blood agar. At
postemorten the site of inoculation was not sbnormal, there being no
haemerrhages or ogdena and the subcutunsous tssue &l showed ar

sbaence of pathological changes. The lnguinal Lymph nodes of o
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animals were eularged, the spleens of the other two were smail in size
and the adrenzls were haemorrhegic, The lungs showed severe pathoe
logical changes in the form of hyperaemia, haemorchages and cedema and

clear f1uid was present in the pleurai cavities of all four animals,

Aninals dnoculated with vacoine doses of 2.2 x 108 to 2.2 x 107 viable
orgenisms survived.

Protection against virulent challengo,
A1 the surviving animals were challenged 23 days after vaccination
with 21,500 virulent P. pestis strain }P6 grown at 26°C for LB hours,
inocalated subcutaneously in the right hind leg 'in 0,5 ml amovnts.
The follewing deaths were recorded after challenges

Vaceine Deaths % mortality Average day ?pgi:?égan
dose of death Tndex
2.2 x 10? 0/6 0 >e >ee
22x20% o Lo 6.3 8.1
22xw0® 80 8 61 7.6
ze2xid 80 B 1.0 5.0
2,2x10°  10/10 160 2.8 2.8
zzx 10" 10/10 206 2.9 2,9

The Py, caloulated by tho method of Thorpeon 43 927,600 viable 76

(Puris) organisms for Praorys.

Postemorten sppearances of the animals which died were typical of acute
septicaenic plague, Oedema and haemorrhages were present at the eite
of inoculation and in the subcutaneous tissue. The inguinal lymph
nodés were enlarged 29 was the llver and the spleen, The cortex of

the kidneys was pale and there was extensive lung involvement in the
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form of haemorrhages and oedems, Pleural exundabes were most often

present, P, pestis was taolated from all the tissues cultured.

That the original EV76 strain has a residual virlence in animals is
confixmed by this sxperiment. This characteristic is not revealed

in normal mice even by intravenous inoculation, although some local

and systemic reactions were abserved in three primate species after
intradernal inoculation of 26,800,000 vieble EV 76 (Paris) organisms

(Meyer, 1970).

The reatisation that the immumogenic potency of the live EV plague

vaceine deteriorated in the lyophilised state (Meyer, personal commmd~

cavion and obearvations on the EVSLY vaccine in Praomys) prompted the

testing of agar~grown cultures of these vaceines.

2. Pathogenicity and immtaogenic efficacy of an agar-groun
EV?6 {Paris) vacoine in Praonys,

n isolate of the lyophilised E¥76 (Paris) vaccine, stored in gelatine-
agar pellets by the method of Staxp (L947), vas grom on trypticase soy
agar slopes ab 37°C for U8 howrs, The culture was hen washed off in

normal saline and total and viable counts wers done,

Six dilnbions of the vaccine were inoculated subcutaneously in 0.5 =l

amounts in the right hind leg of Praonys using 10 animals per dilution.

The following numbers of organisms were inoculated inko each animalt

Total nurber of Nurher of viable
organisms per dose organisma per dose
1 Bl x 300 5.5 ¢ 200
o 6 x 107 8.5 x 107
m s x20° 5.8 x 208
v 6 x 20° B x m:
v 6t x 20 5.5'% 20
L 6 x 20° 5.5 x 107




The residual viralence of an agar-groun vuliure of IV {Paris) was

waliected by the following deaths ozeurring afier vaccination of

©  Praomyst
Vaceine Vaceination
doce fataibics o o SRS
2,52 10° 6/10 2, 3(2, 6, B, 13 5.9
5.5 x 207 /10 38) 30
5.5 x 108 2/ 2,3 2.5
5.5 x 0% 1/ 27 {intercurvent)
5.5 %300 1/10 17 (interenrrent)

#utopsy and bacteriological findings wers fyplosl of buboric-septi-

caemic plaguet

osdema and hasmarrbages were Dresent at the site of

inopulation snd in the subtutanenus tissue - most cases but mot all,

non-haemorrhogic Iywphademopathy was present &n ail bub § animals,

nécrosis aud eniargensnt of the Liver znd spleen, extensive lung in~

with

plearsl exsdates, P, pestia wes isolated

from inguinal lymph nedes, spleen, liver, Kidneys, lungs and heart

Tiood.

These vaccinabion fatalities clearly atfest to the Tact that the eriginsl
EV16 icolate is invasive; 1t causes 203 fatalities when 5,500,000 orga-
rishs are inocalsted or 4z igh a5 607 mortality vith 55 uillien o 550

#ion viable

organicmes.

The survivors of this waceine trial were challenged subeataneously in
{he righy hind leg 28 days later with 37,000 vizble P. pestis strain

96,  Ten contpsl unvascinated Praocws were Agocnlated simdltaneously.

The agarsgrovn EY76 culture proved to be highty immanogenic in these

doses, thers being moréalities only in the groups incculated with the




STV

+hzée Loweyt veccine doses:

ol =l Rl - N
challenge 1A
50 millien :fald o/5 o >z »210
%5 milion 8/10 ofls 0 >2  >upn
5,5 miilion /10 0/8 [} > 2
350,000 0/10 2/9 23 10,5 156
55,00 o/10 3/9 3 2.0 20
5,500 o/an 640 60 7.3 12

* 0 = mean time of death in deya.

Death due Yo bubonic-sipticasic plague in the aninals vhich died was
confiracd bacteriologioully end by autopey. A Fg, valte conld mot
Be caleal ‘. from thess results folloving the high protection conferred

by the large doses.

The apar-growm sultere in ihls axperiuent posssssed a slightly Migher
residual virulence and (reater prote mive capouity sgainst virwlent
‘ehallenge, than the lyophilised isclate. Whether this greater viru-
Zence of the sgar-grovin vaceine was real or merely coincidental had to

be confirued by & second epertment. .

kN ive stedy of the po city an ioacy
of an arar—zrown 7976 (Pu’ (FL o) Varcize in Pm:vmys aod kh:.te miee.

970) ang others that white mice are mob

Tt has been shoun by Keper
inoenlation of 1live

adversely affected by the
plagne vascines of ihe KV strain. Vhether the white ®ico used Toutinely

at the South &frican Tastitute For Nefical Research were sindlarly




unaffeckied had:to be determined,  The reactin of these aiimils comld
- aise Bimilbaneously be compared witl: that of Pragmys to the live EV

plague vaccine.

A EVT6 (Paris) culture was groun on agar at 37°C for L8 howrs and
. suspended in normal salire, Tenfold dilvbions vere then prepared and
0.5 1l of the ar opriate dilubion vas inoculated into the right hind

+ dug of each of 15 Praomys and 20 whire mice,

The doses inoculated into each animal were as follows:-

Group Total nuuber of Number of viable
organions per dose organtsms per dose
T 6.7 x 106 L7 x 208
b3 6.7 x 20° h7x 100
m 6.7 x 108 . 17 2 304
b2 6.7 x 20° b7 % 103
v 6.7 x 10° L7 x10°
v e w
’ Aftor vasoinatton ki Pracwys dnoculated vith k,700,000 viable EVI6
(Paris) died (days 2 (two animals), 3 acd k).

* At post-morton there was oedems at Yhe site of inconlation without
necrosis and ons, which 6 ed on day 2, had haemorrhages. The sub-
eubaneons tlsste was hyperaemisc and two hed hacmorrhages. The
inguingl Lyih node of only one, which died on day 2, vas enlarged.
The spleen, liver and kidneys wore noraal in arpearance but the
adpranals were haemorrhagic, The lunys wers hypevasmic, haemorahagic
and oedenstous, and there was straw coloured £iuid in the pleural

i covitiea. P, postis vas culbured on blood agar from the dngulnal




Lymph node of one, which died on day 2, and from the splosns of two
others, Cultures of all other organs were nogative, Ona animal had
putrified and 2. pestis could not be culbured,

Histological examination of the tissuzs reveated congestion of the

Liver with some small Lomats areas of and a few

polyacrphonuclear leucocytes (fig, 23), Spleen sinuses were dilated
with red cells and monocytes; glant cells were alse present (fig. 2h).
Kidneys had marked glomeruler congestion and necrosis of cells in the ‘
convoluted tubules {fig. 25), The lungs ware congested, being parti-
cularly marked in areas below the plemra; =i sacs filled with red
el 11, oedema Fluid in groups of air sacr in lotular arrangements;
monosytes and some polymorphonuclesr infiltration into alveolar walls

{fig. 26).

Five inbercurrent deaths were recovded; groups I (2) (day 26), 1V
(day 28); V (day 26) and VI {day 29). 411 the white mice survived

the vaceination.

Ten animals in each group were kepb for virulent challe,  and the
‘vemainder were bled for sercloglca’ test on day 1h and day 30, after
wiiloh they were sacrificed for autopsy amd bacteriologleal culture.
The serological vesponse of Praomys bo vaccination as deternined by

the haemagelutination test is shown by the follouing titrest

ARG Y5 i
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o .
Saction of the liver of a Proomvs (Hastomys) natalensis which
died aftor subcutancous Lnjection of abbenuated . pesiis
strain ™76 (Paris). GShowinz a granlomatous ares o
i phages and polymorphonuclear leucocytes; X 2h0.
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Fip, 24, Section of ihe spleen of a Praowys (M:Astum{rs) natale:
v g 5 injéation of atieniated P.
atrain TV76 (Paris). Showing congeston of the Sinkises and a

giant cell; x 2hU.
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Vaceine  Fnimal v ) 33 4
dose. wamber of HA Litre of Oeometric of HA bitre of Geometaic
ik days -mean titre % days  mean fitre
after vag~  (day )  after vace  (day 30)
cination cination
115700,000 I:35 256 256 -
570,000 IIsA1 negative 128
Traz 256 -3
II:13 sh 32
mak o x 256
15 256 1% [
47,000 * TEL:2L &4 T
TIE:12 &4 512
1113 [ 256
fre3ai o 2
I8 ° s 52
b,700 VA2 286 256
3va13 [33 0
vk 0 °
s 0 n 2
. hro Va2 0 4
a3 4 0 '
vl L4 °
Vs o ° °
1 TR 0 -
vI:l3 o "
I Q 0
visls o 0 °




anigals inoculated with L,700

- 202 -

with doses of 4,700 viable EVI6 (Yaris) or Lover were positive,

Generally the serolopical titres vere Low and few animals inoculated

fhere

was not mich variation between the bitres on day 1k and day 30, bub it
is difficult to explain the higher titres on day 3 than duy 14 dn

vaceination,

Sty

strain MP6,

Nultiplicati

of the BV

straln would not be expested after thab time and the bacterivlogical,

cultures of tiseues were negative in animals examined two weeks after

' Bacteriologival cultures of the tissues of these animals bied for
perology were negative when they were sacrificed 30 days after vacei-

There vere no pathological changes in the tiasues st poste

I axcept the lungs of soma which were hyperaemic ahd hacmorrhagic

in patches, which probably resulted from the anaesthesid.

Thirty days after vaceination ten white mice and ten Praomys in each
vascine group except the highsst vasoine dose group in which thers

vere only § survivors, were challenged with 25,000 virulent P. pestis

The incculum was suspercied in 0.5 wl normal saline and

injerted subcutaneously into the -t <hb hind leg.
white mice and ten Praomys were irluded as controle.

the folluwing deaths of Praomys and white wios Were rocomled:

Ten unvaccinated

After challesge

] Fraongs

Vacoing Deaths after £ mortality Average day
3534 ° g;ﬂlengs of death

k700,000 2/8 25 8.5

3 k70,000 /1 10 6.0

5 k7,600 b/10 o 9.0

by700 5/10 50 he

70 8/10 ] 3.0

ur 10/10 130 2.9

ML 10/10 e 3.5




White Mice
Vaceine Deaths after ta: a
et st st % mortality krorago day APT
ki, 700,000 1/10 10 Lo ko
5 470,000 o/10 [} >a >20-
17,000 /10 ko 6.2 18.5
4,700 6/10 60 5.9 9.8
' 170 5/10 50 3.2 AN
w7 9/10 20 3. 3
il 10/10 200 bt a7

Bacteriological and autopsy findings of wiwaccinated control white mice ,

* were typical of bubonic septicacwic piague. and cadena

g were present at the site of inoculation; the inguinal lymph nodes wers
enlarged, as was the spleen and liver. Fost-morbem [indings of the

vaccinated white mice which died after challenge differed from the con-
trols in the pathology of he lungs. Hyperaemia, haemorrhages and in
some cases oedema and a plewral exudate vere present in the vaccinated

animals whereas thase changes were sbsent in the unvaceinated controls.

Autopsy Findings of vaccinated Praomys which died after virilent chal-
Lenge were similar o thosc of bhe white mice. Histological examination
of the tissues showed the Ffollowing patholegical changess

Iiver: Congosted and degenerativs changes in the liver cslls and some w . f

targs granulomatous areas of pol Zevcocyte and

inriltretion and P, pistis masses (fiz. 27).

imleen: Harked congestion of venous sinitses and pulp speces. Small

areas of hyperplasia with necrosis surroended by groups of leucocytes
with large clusters of F. pestis (fig. 28).

Kidneys! Oongestion of the glomerull with fev P. peatis in the blood
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sterya) natclensis vhich

Testls strain V7€
owing a lorge
granuiomatous area of polymorphonuclear lencocybe and macro-
phage infiltratdon and P, pestis masces; x 375,

s’ A ﬁ%‘

e e

b st v e B

Fig. 28. Section of the spleen of & Preomys (Mastorys) matale
had been immnised with the Acenvatd F. ge:ﬁ: Bira.d ave

(Paris), ond died after virulent chalieiige.  Showing conzostion

of the simses, leucocytes and clusters of P. pestis; x 37
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wesgels; mecrosis of e convoluted fabular cells (fiz. 29).

Lungs:  Congestion, air sacs fiiled with cells mod clumps of 2, pasiis

surraanded by alvesli vith hemogenesus oedems Tiuid {fig, 30).

Hsard: Ierge tyocardial fnfarct seem in one specinen With masses of
P. pestis spreading from the coronary vessel to the nyocardial mmsels
fitees {fig. 31).

The S0F protective dose calealated by the method of Thompson was 1,700
+lable EV76 {Paris) for white mice and 9,072 far Proomys. The lover
active protecilon index of the highest vaceine dose (4,700,000 visble
arganlens) coupared with the second highest dose {470,000 viable
organisme) ix, both white mice znd Preomys can prebably be expleined by
the toxic effect of these large vaccine doses Which left the maimals
in a slightly weakened siate, possibly by damaze of xhe immmoclopheal
mechanism or Blockag. of the reticulo-enfothelial system. They were
#then overceme by the viralent challenge dose.

4. Two doses of lyophilised EV76 (Pariz) vaccine insculsted
subsatansously,

Immnisation of humans with Live plague vaceines has mainly becn done
using a single doee, vkils two doses of iilled vacvine are nouslly piven
with boosters periodically ab 6 - 12 month imtervals {Meyer, 1370,
Birard, 1963, Urasset, 192). Althoueh it has been femvnstrated that
large duses of live XV vaceine immoniee Preomys thess mey e pathogentc
1o the sxtent of being lethal. Doses lower than 100,000 viable BV
-organiems inoculsted in & single dose give oxly slipht protectdon agslust
wiwdent challenge,  Although low desss wexe nob drmonogsnic in Praomys

4% was nob knows Fhether the snimalls were sensitised, A bwo dose

sehedtde of the live FY 76 {Pers4) vaccine was thevefore incetlated in

a
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Five wiads of 47 \Faris) vacine Tob Yo, 0-2 XFG Dabe dug 1559 Valter

3&2& were pooled 1, ths sdditicn of 10 %l rormel salinme to sach. After
& total count on & 1510 2ilutien i formol saline vas done, <iluliens of
+the veccipe were prepared in mormal seline, Flate counts were done and
10 Pracnys were inosulated subsataneonsly in the right hind leg with 0.5

il of each dilotion, The nuwbersol crganisms impculated wers as Lol =

Group Total count per dose Tiable count per ¢ .

I 06z 3P 323380
s yeza0l 1.2 xad
fréd Lz u® 12520
b7 L6220 2zt -
¥ Bt % 20" TS
o ALY 1.2 x 207
After vaseinablon one amimd ith 12,000,000 vistls trgard

died on ey 2 and wne inovulabed with 32,000 died on day 7. AL dhe

.nuxsrs wurvived.
N

Foartesn duys after prinary vaceinablon the schefille wos repested vsing
approxinately the saze doses. Actoal ssunts of the second fnotulation

were as fallowns

Sroup Totad count per doce Vigble coutt per doss

I 22 x2° .2 % 1

f+ PRy 2.2 268

B 32510 22230

™ 3,226 22z 20t

v 3= xb 2.2 216

¥i T osasw 22 x1? :
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' After this incculation ane animal vaceinated with 22,000,000 and one
;| vaccinated with 22,000 viable organiems died on day 5 and the tthers
urvived,

The post-morbom ppearance of the anime?, which ded after the first
Anooulation of 12,000,000 EV76 (Parie) wes typical of acute plagae,
with oedemz and haemorrhages at the sits of inoculation and in the
subcutaneous tissue. The liver was enlarged but the splasin and kid-
neys appeared normal. The lungs were hyperaemic with some haemorrhages

but there “fas no‘s:mﬂata in the pleural cavity. P. pestis was isolated

from the liver, spleen and ingeinal lymph nodes. Death of the single

animat ofter primary inoculation of 12,J00 EV76 {Paris) was intercurrent

a5 a1l the tissues appeared normal and P. pestis was not isolated.

he pathological changes of the animal which diea § days after $ho
second inoculztion of 22,000,000 viakle EVT6 (Paris)wers less marked.
The- inguinal iymph nodes were enlarged and the subcutaneous tissue was
fwperaemic and haemorrhagic. Other tdssues appeared normel including
the site of inoculation, liver, spleen and kidneys, althongh the lungs
ere slightly hypersemic., P. pesiis was isolated from the inguinal
iynph noos.  The deat on doy § of the animal vacoinated with 22,000

organies was intercurrent. .

A1 the surviving animals were challenged 23 days after the second vace
cination with 21,500 viruleni P, pestis strain MP6 suspended in 0.5 ml

novmal saline inocwlated subcutaneously in the right hind leg, The

following deaths were then recérded:




Vascine  Vaouimalion Desthe after % mortality Average  APX
deaths day of

dose challenge
death

12,000,000
22,000,000 2720 o/8 [ >0 >z

1,200,000
2,200,000 0/10 /10 10 ;. »20

120,000
220,000 /10 20 0 62 9.8

12,000
w000 /% /8 L] 3.3 3

1,200
2,200 0/10 9/10 %0 3.3 3L

120
220 0/10 10/10 100 3L ERY

The animals which died after virulent chollenge had gross pathological
and ical of babont plague.,

As it can be assumed that the active protection index is directiy
Telated to the mass of protective anbigen(s) available for anbibhdy
production {Burrows and Bacon, 1956}, it is evident from the above
experiments with sirgle and two EV76 (ards) vacuinme doses that low
numbers of these organisms were unchle to wultlply sigaificently in
Praomys. A single dose of 2,200,000 viable bacilli reconstituted
fron the lyophilised state, conferred some protection {API-1S.7) and
this was greatly increased by 2 second dose of approximately the same
nuder of micro-organisms (API raised t03210). 4 lov degiee of
immuinity was conferred on Pragmys by a single dose of 220,000 viable
baciili with & restltant API of 7.6, After a second dose of appraxi~

mately the sawe surber of bacilli, the active probection index was




walsed to 9.8,  Lower doses of the vaccine than these hovewer, pre-

tected very few Praomys ageinst virulent challenge.

%,  Vroeination with a live rophilised EV76 (Paric
=%
poter by oo B o s Srete) vmaifeﬁs
cine,

One of $he main disadvantages of 2 live attenuated plague vaccine is
the unpleasant local and systemic reuctions which they canse, Birard
(1963) hovever, atfributes the Wgh inmunogenicity of the KV strain to
its partial virulence and the reactions it causes. This low patho-
genicity has been shown to be readily detectable in Pravwys by teath

after subcutaneous inoculation.

The following experiment was done to determine #hether the pathopenicity
of the EV76 strain sould be rednced by primsry imunisation with a single
dose of killed plague vaceine, The TSP plague vaczine (§ mediup) Pulk
Tob No. 037961 was diluted 1:5 in normal saline, to contain 8l milidon
organisms per 0.2 mi. This dose was then inoculated subcutaneously i
the right hind leg of cach of 10 Praomgs. Tvo vecks luter § wizla of
‘the 1ive vaccine EV76 - Girard Lot No. G-2 KFG Date ag 1969 Walier Reed.
were reconstituted with 10 ml normal saline per viel, A 1:30 gilution
was done in 1,57 foraol saline for a telal count and tenfold dilutivns
ure done in nermsl sEline for piate cownts. 0.5 vl of the meat sus-
pension was then inoculated subcutanecusly into the right hind leg of

each of the 10 Praomys. This dose, which contalned 3,1 x J.O8 folal and

2.2 % 107 visble organisws, caused 10 ~ 4OF mortality in non-vaccinated

Praomys.

After the innculstion of the live vaccine 2 Praomys died on the setond

and third day. The prganisns were only 4solated from the Lywph notes
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and ab autepsy there were few pathological changes. There were ne
signs of haemorrhages ar codema at the site of imeculation or in the
subcutaneous tissue and the liver, spleen and kidneys were normel in
appeararse.  The inguinal lymph nodes were enlorged and tha lungs vire
seversly aifected; hyperaeiia, haemorrhages, cedema dnd plewal exu-

dates were present.

The death of, these animls reveals th.t 85,000,000 killed P, pestis

in a single inoculation will not protect Praomys when, on the 3hth

day they are reinoculated with a live EV vaccine in a dose which causes
10 - J0% mortality in non-vacoinated Praomys. The pathological changes
indicated that immunity wes not sufficient to inhibit the invasivencss

of the vrganisms and death dus to severe toxaemia in the lungs ensued,

Tho 8 surviving Praomys were challenged 23 days later with 21,500 vieble
viralent P, pestis stralniié. One animal died on day 9 of bubonic-

ticsemic plague; the survived.
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CHAPIZR 7.

Immnisation of Praonys with a 1ive attemated
plague vacSine using oombined oral
and subeutaneous reutes of adminisiration.

Attempbe to reduce de reactions to inooculation uf live piague vaccines
in man and experimenial animals have been made by investipgating various

routes of inotulation. Thus the intracutansous route has been used in

the U,5.5.R: and in the U,5.4. in experimental animals and huwan trials
The reactions caused by the live plague vaceines ars Less seveie when
administer~d by this route than when they are inoculated subcutaneously
(Xorobkova, 1955). Meyer (197C) has found however, that thase varcines
are still sufficiently imvasive to cause death in suscepbible snimaly
when administered intradermally.

Administration via the oral route has been uted to & more limited
extent in experimental amimals,  Ib has been shown thai large doses
of up te 1,000 million organisms of Yive vaceine administered orally
are harmless to guinea pigs (Korobkeva et al., 1570},  The adminisira-
‘tion of EV vaccine strains via the oral route or in cerbination with

intracutaneous inoculation conferred solid protection on guinea pige.

the purpose of the present experiment in Praomys vas %o deteraine
whether the SVSLY plague strain is pathugenic in this auiral species
vhen adiiniatered orelly and whether immunity could be established in
then by this technigue, and also to investigate the effectivensss of

inoculatden,

conbined oral istration and

An EVB1C cdliure grown o agar ab 37°C for A8 hours vus shspended in
nornal, saline and tvo dilutions containing 5 x 168 and 1.5 x 107 viable
organisms per ml weré prepared, One hundred and ten Praimys were
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divided into 1) groups of 10 animals ard plaved in separate cages.
The two vaceine dilutions were then administered orally in 0.2 ml
amounts, using 18 gauge 2 inch Luer~lock hypodermic syringe heedles
of which the ends had been rownded off, The vaceine wus' introduced
slovly into the buccal vavity at the back of the wmeuth &p the
antna) sualloved, Fach Praonys in fitr groups of 10 veseived 300
nillion bacilli orally and each animal of L ather groups received 300
millicn bacilli oraldy.

Thyee of the groups which received 100 mllion bacilli orally and three
which received 300 milliun, were inooulated subcutaneously iwmediately
aftervards with dilutions cenvaining 103,000; 10,000 er 1,000 visble
bacilli. These dilubions were then also inoculated into each of 10
animals which had not received an oral adminivtrabion of the vaceine,

ALl the animals bo which 300 million beeslli hed been administered
orally, including those animals which received combined oral and subsu=
taneots inoeulabions, were given second 2nd third doses of 200 milien
bacilli orslly on the two following deys. These were freshly grown
‘eultirce for the second and third oral sdministrations.

“he decen Laveulated ars summaristd in the following tables

Duse Namber of Route
£ G::igals inoculations
in each)
b 100 million 3 oral.
2 360 miliion 1 oral
3 100,000 1 subcutanaous
2400 ) 3 oral
b w0 m@ 1} subentanenus] cOHbined
300 inill: 2 oral 'l
¥ * mo,’o'gg} 1} uu\zmn.amemxs} conbined

S
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(0" inas Tose thooniabions fote
L
6 10,000 3 subcutanesus
’ e mﬂ.}iogg} 2 anbcgﬁ}xeom} combined
8 *° ml%::égg ﬂ suhczﬁieaus} cozbined i
9 1,000 1 subewtaneous i
® PR ) e e
» PR A e cobiam

sleven aninals L the following groups died afber vaccinations

Group Yaceination denthe Days of death
T after first
Humber Percentage inoculation
{average)
1 1/10 10 6
2 150 10 5
3 2/0 20 57 (6
7 2/10 20 2,7 (4.5) :
8 310 30 3,5,7 (3}
10 /10 0 1 X N
n 1/10 10 1

Post-uorten Zindings of those aninals which died after vaceine
‘admipistration,

a)  Deaths afier orsl administration

Group 3 (100 sillion) and Group 2 (300 million)

The subcutdneous tissue of the abdomen and thorax was hyperaemic
and haemorrhagic. Inguinal lyrph nodes were not enlarged but ol |
on culturs produced a confluent growth of P. pestis, Spleens




b

vere hypereenic and grossly enlarged to abont tiice vhe normal
size. Histolog'>ally taere was severs congestion of the
sinusss and P. pestls in lerge bacteriel masses (fig. 32). Con-
fluent growths of P. pestis were cultured. Livers were normal
in size, pale and mottled in appearsnce,

1ty there was of the sinusoid

areas of monoeyts infiltraiion avd P. pestis in large bacterial

masses (fig. 33). Bacteriological cultwrs showed confiuvent growihs
of P. pestis. Kidneys were pale and Flabby and histologically

there was congestion of the blood vessels, buy no P. pestis were

seen, From cach kiduey more than 50 P. pestis colonies were %
cultured, s
The lungs were normal ia npperrance ab autopsy and o histological

exainabion, dut more than Su P. peshis colonies wers cultured PR

fron esch lung. Culturss of the heart blood produced 30 Po pestis
colonies from one animal and a confluent growth from the other.

Deaths after subcutaneous inoculation {Grown 3 ~ 100,090 organisnc}

‘The subcutansous tissue was hyperarmic and haemorrhagic and the

inguinal lymph nodes were slightly enlarged.

Bactericlogical culture of the labtiwr reselted in a confluent
growth of P, pestis.  The spleens were grossly enlarged and

flaby, Mistologically there was severe tongestion of the red
pulp with a large .ucrease in mosonaclear cells, and cluwps of

P. pestis were present throughout the red puln, A. conflient
growth of P. pestis was cultured. The livers wers pale and mottled

In appesrace and sections shoved there was an inoreaso in menocytes
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Se.tion of th
died after or:
pestis str
Targs bacier

51, Showin: conzestiorn
macses; % 375,

Section of the liver of a Praomys (Masb
dced after oral administraifon of 150 million attenusted
P. pestis strain NSL. Shoving congestion of the sinusoids
and a grannosatons areay x 2U0.
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and Kupffer cells. Bactirial masses of P. pestis wera also seen
in the simscids. PBactericlogical sulture showed a confluent
: growth of P opestia,

“he kidneys were pale and Ilsbty. Histologically there was
congestion of the vessels and glomerwli bui no P. pestis were
sean. Hore than 50 P. pestis coloniss wers cultuved p imorulin.
The Iungs were hyperaemlc and hacmorrhagic in patches, © foa-
was present but no fluid was seen in the plourel cavidles. Hige
tologyt some oedema T1luid in air spaces, but lungs alasst com-

pletely co, u and o call

infiltration, Many red blood cells amongst sucleated cell masses.
Clumps of B, pestls ancngst the micleated cells, Culture: oua~
fluent growth of P, pesids,

©) Deaths after conbined oral administration and
subcutaneons incsulation

Group 10, (100 million oral combined with 1,000 subtutansous)

Death of the animal in Group 10 on day 1 may have bewn the Tesult

. of i1 i ing from of the vaccine,

The lungs wers filled with bloodetained fluid ab post-mortsn and

counts of P. pestis colonies fron the tissues vere as follows:
Inguizal Tysph node 2, spleen 50, kidnsys 8, liver 50, lungs
sonfluent; heart blood confluest.

Groups: 7 (100 milldon oral combined with 10,000 subcutansous)
B (300 million oral vodbined with 10,000 subeutanecia)

31 {300 million oral conbined with 1,000 subcutanecus}

he subcutoncons +seus of the thorax and sbdomer uas lyperenic,

and some vedema wes present,  Ingwiasl Ayaph nodes were slighily
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enlarged and bacteriological cultures were confluent growths of
2. pestia in 211 except Group 11, which was negabive. Splesos
were slightly enlarged or norsal in size and histologically
there ¥as congestion of the sinuces and an increae $n mopomme
clear cells. Cultares shoved vonfluent growth of P. pestis in
a1l except Group 11, which was negative, Kidneys were pale in
colowr and flabby in textore. In section thera was congestion

of the glomerull with red bleod cells and mononuciear cells,

There were confiuent growtis of P. pestis on coltere in all wxcept
Croup 11, which was negative, ILivers were pale and mittied in
appearance and histologically there was slight congestion of the
sinusoids, with an increase in monocries. The cultures showed
confluent growihs of P. pestis in all except Group 11, which was
negative. Lungs were hyperaemic and had pabshy Azemorrhages,
with nedeme present in all. Sections showed oeiimd I3uit was
present in the air spaces. Cultures of all the snimals had
confluent growtns of P. pestds. KHeart blood cultures shoved

confluent growths of P, pestis.

“Idve abtemated P, pestls strain EVSLE is invasive and casses texic- .
bacteraemic deaths in Praomys even when administered via the or.l route
and not merely on inoeulation, The vrgenisms spread from the,

buseal cavity, probably via the sibmarillary or retropharyngesl lyuph
nodes to the blood strean und heace to all the tissuwes. Ina labora-
tory experincnt with subhuven primztes (Hacacas rhesus and ¥, cynomslens

}, Heyer and Larson (1560) showed that virulent P, peeiis

philinpinensis
could enter the upper Tespiratory tract turough the lymphatie tissues

of the orcpharyme. Ths afferent Aysphatics then carried the plagus

ST O > < ¥ ik o




bacilli 4o the reglonal lymph modes and induced primary buboes, and
septicaemia followed rapidly.. Thiz is also the mest likely route
of imvasion of the S¢S straln in Pramys after ordl aduinistration,
¥o pathological differencss could be detected betwesn those Prapmys
sihich died after subcutaneous inoculation of the EVSLL strain and
those Wilch died after oral admisisiration.

Tenty one days after adwiplotration of the vaccing all the animals
were challenged subcutaneously with ihe viralent P. pestis straia IF6
in a dose of 18,000 viable organisus, and ten umvaocinated contrals
were challenged stuultaneovsly.

Results of the challenge are talulated as follows:

troup Vaccine Namber of  Houte Challenge survivors
dose inocalations Fawber %
2 200 mildion 3 oral oy b
2 390 million 1 oral 879 8
3 100,000 1 subeui. 78 87
100 mYizo 3 eral
L + " } 3o/1n o
. 100,000 1 subout.
) w11 1 oral
5 30 e } whe 200 *
100,000 1 subcud.
é 10,008 1 subcuks 5/ s .
oral’)
1 10 riillian 3 ] W &
10,900 1 subout,
1 oral
8 3 milsen w 00
: 10,000 1 subent,
P 1,000 1 subout, L1 b
0 100 zildion 3 oral } a0 .
1,000 1 subeut.
R 2 oral } - »
1 sibeuh,

2,000




412 the doaths were confirmed as bubonic-septicoensc plagne by .~
antopey and bacterivlogital cultore,

This experiment revealed that a dose of 100 million live abtenuated

P. pestis strain IVSLL will confer solid protection o Praomys ageinst
viruleritv challehge, when vaccinaced vla the oral route on thres succes-
sive days. The same total dose whon glven in one inovuletion orally
gives slightly less protection (B8%). A single dose of 100,000 EV5IT
organdems tnovulated subsutansously will confor the same proteciion on
Praomys as 300 miliion orgenisns administered srally. The subou-
tancons inoculabien of 100,000 or 10,000 organisss given simlbaneonely
6 the oral dosa of 300 miflion, will raise the protection of the ol
dose from 68% to 100%. A dose of 1,000 organisms, insculated subcu-
taneously does not enhance the protection of a single oral dose of

300 nillion organisrs,
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CHAPTER 8.
Vaceination of Praomys with two attenuated P, pestis

sbrains lacking difTeFent single virulence deTerminants.

The importance of the in the

of B. pestis has been thoroughly investigated oy Barrows and Bacon
{1958). From their work they concluded that Fl antigen is of great

importance in conferring immnity against experimental infection with o,

viruleat Fi+ strains, In addition it was shown that W antigens are
not less mportant for this purpose. Meximum protection was achieved
by the use of vacoines containing both Fu and Vw antigens. They also
ouncluged that the abllity of strains o form pigmented colonies (P+)
may be associated vith a product which may be antigenic and plav an
smportant role in Lmmnity,

Uonsidering She importance of these three virulence factors in immanity
$o plague, it was decided to immnise Praonys with two atzsnuated 2.

poatis strains, which together possessed tho characters Fl+, W and

Pé, to dsternine whether these would indues » bigher level of fwmnity .
han sirgle attenuated strain lacking either W or P

The two attenuated P. pesbis strains EVT6 {Paris) and 7T§ivide] S, both

sively for human were
EVI6 (Paris) is Fl+, W+ and P~

of which have been used

selested for this invesiigation.

(Burrows and Bacon, 1958) but a certain percantage of stock culture

populations are kaown to fack sther viralense detirminants, siich as

pesticin . (Surgalla et al., 2970), 378 way sleo be yracil dependent
(Neyer personal communication)s The £976 (Paris) strain used in this
experiment was & subculture obtained by Dr. K.F. Meyer, of the original

EV?6 steain maintained at tke Institut Postour, Paris, Tiiwided S is :




Fl¢, W- and P+, The classiowl strain ¥Iiiwidej® Suooth described
" by Otten (1936) vwas origimelly obtatlned from a plague Tab at Tjiwided

in Netherlands Bast Indies. 4 culture of this sirain has been repeatedly
purified at the Microbiologleal Rescarch Establishuent, Porten by single
woleny selection and waintained in the dry state (Burrows and Bacon,
195ka).  Through the courtesy of Dra TM. Barreus, a subculiure of

this strain vas obtained in Getober 1968.

The J0Y protective dosa of the Tiiwidej strain was first determined in
Praomys by subeutaneous inocadation of 6 Jdilutivns of & culture grown

on agar at 37°C for 48 hours.

fhe followlng nusbers of orgarisms Wore inooulated:

Group Humber of Total nunber Number of
sninsls of organisms vigble

organisms

2 10 15200 1.3x 1200

2 10 155205 1328

3 10 1.8 x 205 13x20°

. N 10 5% 101' 1.3x 10"

g 10 15 x 200 1.3 2 103

6 10 1.8 x 107 1,3 x 10

eve exanined datly and all exsopt one in grop 3, which

gurvived the yaccine

The nuinals Wi
died of an intercurrent infection en dsy 28,
211 these animals were chatlenged subeu=

inoculation. After 21 days
This culture was

tanoously with the virulent B pestis strain uP6,

ineubabed ab 26°0 for 2l beurs and suspended in normil saline.

that each aninal received, &

From the Sotul count 1t wes caloulated ; ’
en non-vacoinayed o ;

dose of 38,000 organisms 41 & 0.8 nb anounts




control Praomys were also inotulated similtaneously.

After challenge the following deaths were vevordeds ;

Group  Vaceire doss  Survivors/  Persent e
ey / o dverage day 4P ,

sortality of death !

1 13,000,000 /10 0 10.0 100

2 1,300,000 < /10 0 7.0 70 '

3 130,000 /9 s k.8 10.8 )

b 13,000 6/10 o ko 10.0 S

5 1,300 3/10 ° L7 6.7 s

3 i3 2/10 80 3.2 ko i
Gontrol nil /20 100 2.9 2.9 :

Deaths were confirmed bacteriologically and by autopsy as due to busmic- Lo |7

sepiicaenic plagie, o difference could be seen in the auntopsy appear-

ances of the animals inoculated with different vaccine doses, Toe 50% .
protective dose caloulated by Thompson's noving averages was 23,120 L

vigble organisms.

Vacoination of Praguys With two sttenuated F. pestis cultures larking
different single viralence antigens was éarrled out as follows! ‘cul-
tures of Tiiwidej and EVT6 (Paris) were inccilaiad onbo trypticate soy
sgar asd incubated at 37°C for U hours.  Thess wers then muspeided - i

in normal saline and total cotnis done.

Gompardson of the protection conferred by inoculating tio atternated : v
B pestis cultures lacking different single viralence antigons vith :
that of tio doses of the same straln, and slso single doses of eaih
strain uwas carried out acunrding 4o the feliowing suuvary: 2 x
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First inoculation Second inceulation

{one wonth later) V%g:te::n:hhsla}_::ﬁa

second Vaceination)
EV?6 (Paris) EVIS (Paris) PG
el [ . MFG
TS EV76 (Paris) w6
s - £
BY76 (Puris) - MP
. 7 W
76 (Pards) 1P6

Oultures of the Tjiwide} and EVIE (Paris) P. pestls strains were plantid
onto trypticase soy agar and in.ubated at 37°C for k8 hours. These
wwere then suspendsd in normal saline and fotal counts dome. Tenfold
dilutions of each culture were then prepared in normal saline and plate

counts done on the highest dilutions.

Thirty Preomys vere inoouluted subcutaneonsly with the 107 dilution

of the Tjtside] culture containing 30,000 organisms, of which 15,000
¥ere viable. In addition, the vther dilutions vwers lnoculated subcu~
taneously into each of 5 Praomys per dilution for serolegical teat.
Thus the numbers of antmals inoculated with the Tiiwidej strain were

a3 followss
Group Total number llumbeglnr Ngbar of
viable ROMYS
of orgenions argantems seaTiTed
1 3.0 x 28 ngx10° ]
2 3.0 x 207 1.8x 10;' 5
3 3.0 x 30 1.5 £ 10° H
k 3.0 x 100 LY J.ol4 5
5 3.0 x 10 1.5 % 10 s
1 3.0 x 10 1.5 x 103 5
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A% the sane time each of tuenty Praomys wers inoculated subcutaneously
with 9,600 EV76 {Paris) organisms.

The § Praomys in each group wers ther bled 28 days after vaccination
and e sera fested for BA antibodies to the Praction 1 antigen. The
titres obtained are as follows:

Oroup Nuwber of viable Andez), Reciprocalof Reciprocal of
titre

Tjiwided. organisme nuxber- Ha Geometric
nean titre
1 150,000,000 1 02k
2 512
3 1024
b 102k
1 2048 292k
2 15,000,000 3 102
7 51z :
8 128
9 o2k
10 256 s
3 1,500,000 u 18
12 256
a3 328
. 1 256
15 128 169
% 150,000 16 32
17 128
18 256
19 32
20 128 6l
g 15,000 2L
2
23
24
8

8

i

8

&b

8

§ 1,7%0 2 i
; 16

[

8

u




The serological response of eath animal was not stricily related to

the dose inoculated; however there Was an associztion between the size

of the vaceine duse and the geometric mean titre, Doses of 185,000
viable organisns or loso resulted in very few serologlcal reactors, but

higher doses Tesulted in géometric mean tite % of 18k or over.

Tventy eight days after the first inoculabion, booster doscs were given.

The EVY4 (.Paris) and Ijividej strains were culiured on trypticase soy

agar at 37°C for 8 hours. The oulture vas suspendsd in mormal saline,

total counbs dome, and tenfold dilutions prepared. Plate counts were (R

done on the highest dilution. Ten Pragmys previously imoculated with

the EV76 (Paris) vareine wers reinocuisted suboutaneotsly with 13,000
organisms of the same strain. Ten Praomys previonsly inoculated with
the Tjfwidej vaceine vere also reinoculated with the same EVY6 (Paris)

dose and ten pravicus} aninals were to act as

booster contrals. Ten Praowps previonsly inoculated with Tiiwidej

vaceine were reinoculated shbeutencously with 11,000 viable organisms

of the same strain and ten uninoculated animals vere with
this dose as booster controls., Ter Praonys inoculated with the Tjiwide]

strain and ten vaccinated with the EV?6 (Paris) strain were not revae-~

cinated. !

A13, the animsls survived the vaccine inoculations, Iventy eight days
after the second vaccination, thoy were challenged subcutaneously with
& virulent culture of strain KPé in a dose of 28,500 viable orgenisms,
This cultave was grown at 26% for 2l hours on trypticase soy agar.
et unvaceinated control Praomys were also challenged simultaneousiy.

After chellenge the following deaths were recorded:
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Firct

Vaceinstien imoculatton D6 T B I EE - . Gomtral

schedule Second B8 s mvrs =5 v
- - x

Deaths after challengs 310 3/10 1/106 570 8/ /30 5o 10/10
FPercent mortality P P® 0 H & W % 100 '
Average day of death .3 200 5.0 60 50 7.8 80 3.3 -

AT UNT 333 500 12,0 6.3 19,5 .0 33
The 50% protective dose ~f an agar-grown EV76 (Paris) culture 4n Pracmys s ’
as ied by previous vas 4,700 visble crgantsus inocu~ o CopT

lated suvcutaniecusly. When a dose of 13,000 organisns was inoculsted

into Praomys in thic experiment 2ud these aninals were challenged one

ronth later, 507 of the animals survived, the A.P.I. being 16,0, Mhen

9,600 ergan’sms vere inoculated and ihe aninsls challenged 2 months
latrr, there was 805 mortality and an A.P.J. of 6.3, The immmnity con- LR
ferred by this vaccine ksl therefore declined over these two womths.

The 502 protestive dose of an ager-grow Tiiwides enlturs was 23,120

= Ty inoculetion in Praomys. When a dose of

11,000 organisns of this colture was dnoculated subcutanecusly, Log of

B
.

the animals succumbed 1o virglent challenge one month later and resnited
3n an A.P.I. of 19,5. 4 doge of 15,000 visble ergemisns conferrved 503
protection against virulent chellenge 2 montbs later, with an AP 1, of
12,0. Some reduction in the immunity conferred by this vaccine there-

fore also appearsd o have feken place over these tuo months.

Two doses of the EVIE {Paris) vaccine given one wonth apart protected
70 of Praorys sgainst virclent chelleage, the AP.2. being b7, The
second dose had & booster effect on the dmuunity and raised the protec-

t4on dndex considerably sbove those of ihe singlé dose,

Ny " S LOCALRNE i a ik L e it jois
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A medond dose of the Tjiwife] strain hud & mizdisr booster elfert on

the dmmrity. wisan of ths

Yy iwo doses of
he Ttwide] Sirain with that of two doses of the BVS {Parts) wtrstn
Hhows ’!.na}‘, the Tabter resulted in a higher prn‘t.ecﬁbn “dndex but the
persent morality wes the sare.

Imawrisation with an EV76 (Paris) vacoine one month after ax drittal
fose o Tjiwide] vaccine resulted dn the hishest rate of protection
(o) and the AT (50.0) was drigher than dhatb using %wo doses of

THT6 {Paris) waseine (U7.7) or o dopes uf thy Tiimided whvain 33.3)
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CEAPTER 9.

Vacoination of Praomys with an abbenuated non-
pigrented, Fraction l-nogative P. pestis strain,

1t was Teported by Janssen and Surgalla (1969) that a nom-capsulated
variant of P, pestis was nore immmogsnic in Rhesus monkeys (Macaca
milatta) than other live vaccines used for hawan inoculation. The
1solate did not cause serious illness to Rhesus mopkeys, even when

velatively large nubers of organisms were admi and protected

these animals against challenge with typicol viralent plague strains,
The non-pignented variant was selected f.om the non-cagsulated strain
123 described by SBwrrows (1957) and pessessed the following charw i~
teristics:

plgment =, Fl-, Purine dependence -, Pesticin 1+, Pesbivin il+, Fibrin +
(¥eyer, 1970). '

A freege-dried preparation of the non-pigmested 423 strain was manu-
factured by the Walter Reed Institute for Hedleal Rasearch, tiashington
and made available for testing in Pruonys. Tests done by Neyer (1970}

showed that the £ dried p on was well by guinea

pigs in Joses of 27 million orgamisns inoculated by the intraperitoncal
and subcutancous routes. The PDgy values in thess eninals vere 1,300

Sollowing intraperitoneal and 2,200 folloning subcutaeons vaccination.
The same preparabion as used in the guinea pige proved lethal to 503 of

mice when incenlated intraverously in doses of 500 viable organisms.

Five vials of the vaccine NPM - 23V Lot No. HPM -2 Dec 68 were pooled
by rehydrating sach vial with 10 m normzl saline and adding the total

stiount to a 100 ml Eriemmeyer flask. A total count was then done on &

TR ey T




G

- 132 -

tenfold dllution in L.5¥ forsol saline using & counting chasber. Ton-
fold dilutions of the vacoine pool were made in normal saline and plate

counts were done.

Fifty Pracmys were divided into 5 groups of 19 and each animal placed
in a separate cage. The vaceine dilubions were inocuiated subcutaneous~
1y in 0.5 ml anounts and each animal received the following pumber of
organisus calowlated from the total aud plate counts:

[l Prampin sath) ur:gziim:;w{:‘;:nﬁneﬂ or):;:x\:g:wo{n?éﬁﬁad
1 1 % 10 1.7 x 208
b3 1.2 % 207 1.7 = 306
1 11 x 20 1.7 x 10
w 1.1 % 20t 17x 20
v 11 x 103 1.7 x 102

fThree animals inooulabed with 176 million viable non-pignented 323
organtems died; one on day 2 and two on day h. ALl the remiming
aninals savived, A post-mortem of the animal which died on the

second day after showed a and 8% the
site of incculation and subcutanecus bissuo with s sbsence of oedema.
The inguinal lymph nndes were enlarged and the edrenals were enlarged
and hacmorrhagic, The lungs wers hyperssmic but thers was no cedems
of pleursl fluid. Cultures of the inguinal Lymgh nodes, spleen ard
lungs wers positive for Pu pestis, Pathological changes in the animals
which died on the fourth day after vaccination were more extensive than
those which died on the second doy. Again there ¥as &n absence of
oedena at he site of inoculation and in the subcutaneons tissue but the
spleens were enlarged and the lings were hyperaenic, haemorrhagic and
-haemorrhagic fiuid wds present in the pleural caviues.

cedematous.  Muco:
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P. pestds was isolated from the liver, spleen and kidneys of one of

these aninals and from the inguinal lymph node of the other.

The non-pigmented 123 strain is sufflciently invasive in Pracuys to
cause mortality when inoulated ix high doses. The viable dor.s of
non-plguented ¥23 baeilli inoculated in this experinent vere the same
as those of the lyophilised ZVSAf strain inoculated in Prasmys {Chap-
ter 3). Comparing the resulss of thuse two experiments the non-pigen-
ted ¥23 strain may have a slightly lover pathogenivity then the yo-
philiced EVEIL; the nom-pigmented ¥23 strain caused 30% vactination
fatalilfes in 2 dose of 170 million bub no mortality in lower doses and
the EVSL{ strain caused 307 ard 203 vaccination fatelirits in doses of
170 millien and 1.7 willion vespectively.

Twenty eight days after vaceinabion the Pracmys were challenged with
virulent P. pestis strain MP6. The culture was grovn for 18 hours ab
37° on trypticase soy agar and susperded in normal saline. & totel
count was done in a countirg chamber and tenfcld dilutions of the neat
suspension prepared in norasl saline, Plate counts were done on §

blood agar plates. Zech vaceinated Pracmys and 10 control umvacclnnied
Fraomys vere inooulated subcutancously in the right hind leg with 0.5 ul
of the 107> dilution of the virulens P, pestis susvension, Wideh cont.zinaim
& total of 3,900 organtevs of which 2,150 vere viable. After virulent
chillenge 1l but one animal died; the deaths are tabulated as follows:




Yaceina dose  Veoolnatien  Aver

" age day  Challemge  Average d
(viable non WrElity  of  desth  mortalily ot maty
pigrented 123 ter elter

organisns) vacoinution chellengs

F10,000,000 3/20 = 302 3.3 5/7 = 862 Lo

17,000,000 o/ 10/10 = 100% 37

0710 = 3008 3.5

0

270,000 o/10 o
1,700 o/lo 0 10/20 = 1005 b3

0

170 0/10 30/10 = 100% 3.9
uovaoeinsted
ooptrols - - 10/10 = 100% 32

Fost-nortem appearances and bactericlogicsl findings were iyploal of 4

bubonic-septicasnic plagno.

The strmin ¥23 criginally studied by Durrows and Bacon {1958) did mob
Troduce Fi antt=on {(Fl-}, produced ¥ and ¥ axtigens {Wi+), formed
pigmented ve rutes (P+) and was independent of purines for growth (Puf).
This dsolate was fully virelent dn white wice. A mutent {sheein ¥1B)
of this straiz which wus ponpdpmanted bi, retained the other charac~
seriztics, hud stbenusted virdlence La white mice but was awmprotective

againet viralent challenge.

Heyer (1970) inooilsted the nan-pigmentsd 123 miant described Yy Famsen
into three speciss of nou-human primates; Hanmman langurs (Fresbybis
entellus}, vervets (Jerconitheous acthigps) and macaques (Hacacs miatial.

Striling differcnoes in the susceptibility of thesw three priwate spesies
Ao the srooulation uf this mutaut were oboerved. A1) the mmcaguss !
survived the vascinablon bub 2 of tbn 6 verveis and 4I1 the lygurs dled
betsiten the seventh and nineteenth day after inoswiotion, as 2 resutt
of invasion of the orgomisns. Whem the sirain was ioculsted inte
Proonys in 2 dose of 270 million #iable organtans, 3 out of 30 aninals
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died, but .all bhose inoculated with lewer doses survived,  After
virnlent challenge, one of i Sercopithecus and 1) of four Hasaca
| ybta vaceinated siith the non-pigmented HP3 matant snrwiv:(;‘ye!‘,
personal commanication),  Nnly one of 57 Proouys waceinated with
these organiums survived the chillenge Acse.

These results strongly emphosise the dmportance of bhe arimgl species
in dnvestigating plague vaccines, Hacaque monkeys were only slightly
afferted by inoctlation of the non-pigmented %23 shrain and were vom-
pletaly protected ageinst wirulent chellenges 2 of 6 vervet movkeys
died alter inceulation of the strain and one of the survivors was
protected; all of § langurs died afber iroculation of the strodn.
There was an attenuated virvlence of ike strain in Praonye and only

alight of the sur . The of the strais ia

Praomys was similer to that of strein Mi§ in white mive described by
Surrows (1956}, This strain hes the seme genetic conciitution as the

aon-pignented £23 muitant.

Tntdl, further vork 38 done on the infection of various animal species

with non-pigmented, Fl- P. pestls straine, one tan ouly speovlate (

the ressons for the -ericity in some and in other
animsls, The difference in dovasivensss of the ron-pignented K23
strain fn She 3 primabe species and Praowys may be abtribitable to
differences in availability of irom in these animals. This is knowm

10 be b Limiting factor for the virclence of non-pigmented Py pestis

abratns (Jockoon and Burrows, 1956b).  The pignented porent wirain of

this weccine is fully virelent in mice, Compensation for the P~ Fastor

in the mutant, with differences in availability of irom, may result in

4n vimdenoe of this vaccine, s obssrvad

amn of

in these aniual speciss. The lov raves of protectien of vervel modkeys




Bt gl a ol e

s

and Praomys are in agreementi it results of previcus work on vaseine

strains which lack the F1 antigen., The solid protection sonferred
in macaques is wsexplained and will have to be olarified by farther
work on this species as suggested by Meyer (1970).

The absence of peritoneal and pleural transudates in fatal M23 vacei~
nations 1n langur wonkeys, in vontrast to EVSIL infections, was noted
by Heyer (1970).  Tn Praomys oepticaemic desth, following suboobansos
inoculation of the non-tigmented ¥2? strain, vas sharacterised by an
absence of oedems in the lungs and subeutaneous tissues and also the

absence of fluid in the pleural cavity.

Moyer suggested that these observations in langurs ware associated with
vhanges in the water metabolisw as & result of non-specific diarrhosa
and the inability, or umillingness, of the animals to replace the loss
by drinking water. As the absenoe of oecdema was common to both lavgurs
a0 Praongs, one may speculate that these pathological changes are
attributable o a characteristic of the abtenuated P. pestis strainm,
notably the sbsence of FL antigen. This is certeinly an uspect of the
pathelogy of plague which requires furthor investigation.

Maiy 2
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CHAPTER 10.
b 4
Imsusiogenic efficacy of ld1led Plague vaceines in Praomys.

The present status of killed plagne vaceines hes been sumiarised by
Meyer (1970). Although numerous kilied vacelnes have been developed
for use in experimental animals, the one ussd must extensively for
himan inoculation is the American USP ;™ gue vaccine, The lacal and
systemlc reactions in man foliowing imt.isl basic incculation are with
fow excepbions relatively mild, Controlled fisld trisls have not
been conducted to assess the efficacy of this vaceine. However the
experience of ¥.5. Army personnel in Vietnam, where a high frequency
of plague outbreaks exists, reveals that persons repeatedly vacoinated

- with USP vaccine enjoy almost complete freedom from plague; despite

epquent exposure bo the disease (Meyer, 1970).

The USP plague vascine is an agueous suspension of virulent Pe pestia

195/P isclated in 1948 from a case of acpticaemi¢ plague in India.

Ihe stack cultare 18 kept on bleod agar in the cold in sorew top bottles,
with otcastenal passage through guinea pigs in order to maintain the viru-
lance at & g, of 3 - 15 organiens for miee.  The culture is grown on '
age (& meddiwm, low in levels of Anti A and Antl B blood group substances)

1in Houx bottles at 37°C for 48 houss. The organisms ave harvested in .
physielogical aaline and killed by adding formalin to an overall concen-
tration of 0.6%, Viability tests ave then done. The culture is then
ailuted 4n a finsd phenol concentration of 0.5%, and the standardised
suspension is supplied in 20 ml vacvine vials, each il contatning 2 x 167

baeilll,

Toxi-

Standardised procedures have besn adopted to svaluate the vadeine.
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elty and safety tests are performed on guines pigs and white mice.
Each of three guinea pigs (veighing 300 - k0O gm) 1s 4noculated intra-

peritoneally with the human dose (1 ml = 2 x 10° organtems). A series
of white mice are likew'se inoculated intraperitaneslly with 0.5 ml of
the vacoine.  Al) animals must survive without significant symptams
or weight 1oss. The imunogenicity of the vaccine is determined by
the mouse potensy test which 1s a modification of the procedurs
developed by Sokhey (1939). Fach lot of the vaccine is tested on 100
white mice, 20 mice for each of five graded threefold dilutions. Dilu-
tions are inoculated intraperitoreally in two doses of 0.2 ml each, with
a seven day interval between injections. On the seventh day after ihe
second inoculation of vaccine, the uice are challenged subcutuneonsly
with 0.2 ml of 2 suspension contatning 2,000 ~ 4,000 virulent P. pestis.
This dose must kill 1003 of ten control mice inocnlated similiancously.
A11 the mice are observed for 1l days after challenge and dead mice are
antopsied and smears made from the spleens, A reference vaccine is
tested similtansously in the same number of white mice. Tnls reference
vacoine is a formalin-killed preparation lyophilised in the amount
‘vepresenting L ml of vaceins, sealed in visls and maintained in the cold
away from light, The content of 4 vial is reconstituted with 1 ak
sterils vater, and as 1t contains a stabilizer it is unifornly suspend-
able, The threefold dilutions are prepared fron this suspension in
saline, dnoculated intraperitoneally and tho aninals challenged as with

the vaccins being tosted.

The offlcacy of the USP killed vaccine and the reference vaccine was

tested in Praomys using the standard mouse potency test and also by

subcubaneous inoculation.




Subcutaneous inoculation,

Blagus vaceine (£ wedism) Bulk Tot No. ¥0 37961 cordaiming 2.1 x 106°
organisms per nl was diluted in nowmsl salins as followss 1:5, 1:15,
1:45, 14135, 11405, 1:1,215,  fhese dflutiens vere inoculated subdu-
taneously in the right bind leg in 0.2 nl amounts, Into 6 groups of
Irapmys using ten animals for each dilubiom, Fresh dilutlons of the
vaceine were then prepared 1) days later and the sae dilutions pre-
pared, The animals were then reinoculated with the sane doses of the
vaccine.  The Praomys were kept under observation for two weeks: ail
survived. Twenty three days after the secohd inocnlation these
Praonys and 10 unvaccinated ¢ trols were challenged with 21,500 viem-
lent P, pestis strain MPG inoculated suheutancously in ¢he right hind
leg 4n 0.5 ml amounts, This was & twemty four hour culture grown

on trypticase soy agar at 37°C.

Al'ter challenge the aninals vere kegt under chservation for 21 days

and the following deachs vers vecorded:

T
in each of 2 alter death
inotulations  challengs

s Bl x 208 b/10 10 9.2 23

s e /1 & 63 108
ns saxwd 700 w W 69
s saxw® 8/10 [ 4 5.1
105 1.0 x08 9/10 % 53 S
Y25 3.5x 08 810 %0 e 3

L 10/10 00 3.0 30
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Autopsies were done on )1 fne auimls which died, and the spleen and

hoart blood were cultured on bloog agars  Patholegiezl champes were

typival of buboni¢-septicasmic plagee and P. pestis was isolated from

all spect The 50% doso eal N—

5 . .
moving averages was 6l x 107 organisns given 4n tvo doses of 0,2 x)
anpunts.

The TSP vaccine vas shom in this expuriment to be protectivs in Praomys
when inocdlated subcutaneously, When inoculabed dntramuscularly in 2 nl
amounts imbe Langur monkeys (Preshybis eolellus) and given hoosters of
0.2 1l ivtramuscularly 86 days latsr, this vaccine gives 608 Protection
against a severe suboutaneons virulent challenge (Meyer, 1970).

Intreperitonesl inoculation.

The average 507 protective doss of the USP vaceine in Swiss Websber
white mice by the iutraperitoneal routa is 30 x 100 organions given
4o two 0.2 nil doses oue weck zpart, the challenge dose belng adminis-
tered one weuk after the -econd insculation (Wever, personal copmuri-

cation),

Iaving estabiished that Praomys can he imminised with the TSP vaceise

by ‘the subcutancous voube, the siandard mouss pobency test wag done to
deternine whether . e immnising dosé was similar to thab in Swiss

Webster mice.

The TSP plague vaccine 9 mediun", batch Fo. MDITSEL (otal count =

2.1 % 20° organiens per nil) wus diluted as followe in sorsal salines

215, 1218, 1¢45, 1:135, 1:405 and 1£1,218.
of Mologies Standards, N.I.E., Bethesda,

The reference jlague

vaceine lot No. 2, Division

Bd, {total couat = 2.2 x 10 orpantons pex o) was aleo shuilarly

A TR A T AL I i
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diluted. These were the stanfard dilulioss used for the test in
Swlss Webster mice, For the inoeulation of each of these vaccines. N

1200 Praomys were divided into § grovps of 20 and put in separate

cages.  The vaccinze dilublons from 1:05 to 111,218 were then invou-
lated intraperitoneally in 0,2 mi amounts, Each of these saimis
was then revaccinated with the same vaccine dilution one week later.
K11 the animals were then challenged one wesk after ihe second anocu-
lation with 5,200 P, pestly strain MP6, inoculated subcutenéously on
the inosr gide of the right hind leg in 0.2 ml amounts. A viralence
4itration of this challenge dose was also done in navaccinated contzol

Procuys using tenfold dilubions. The following deaths were recordeds
USP plagus vaceins "E medimn® Hefersnce vacnine

Vaccine  Totel No. Tumber % Ave. APL Numder % Ave.
- o of  morta- day of r

of  morta- day
tion organisns deaths lity death deaths  1ity
after after death
chal~ chal~
lenge Tenge
15 Bx20f 1820 75 b2 5.6 1320 & 35
5 oaxa0f B0 T3 Bk 59 BTV W Bk

3/135 sax0® 2020 w0 25 25 1920 95 7Y

e, 3ox105 2o/20 00 b 2k 0 %5 28
ms asx10° W w0 23 25 070 3W 2.8

Trvaceinated controls
g Nomber of % Average day
Ch:ﬁzn;a deaths wortality of death
5,200 10/10 100 2.7
520 10/20 100 3.6
52 10/10 200 ha
3.2 8/10 Bo b .

Avtopaies and atteriolaginal culturss confirmed the deaths as fubonies

septicaemic plagres

Py RS T e :




Intraperitoneal inoculation of

Praonys with the same doses of vactine

as used in the standard mouse potency test resulted in a higher mortality
rate than in Suiss Webster mive. 4 50% protective dose could thesefors
not be caleulated.  However, tho grotection infless are stnilar vhen
the vaceine is adninistered by the suboatansous or inbraperdtoneal

routes.

The virulence titration of the challenge dose 4n unvaccinated Praonys
confirned the high susceptibility of the species to plagus. A Aose of
8.2 isms inoculated killed 8/10 animals.

A repeat experiment was then done 4o detarmine the 50% protective dose
of the USP vaceine in Pracnys by intraperitonosl imseulation, using
higher doses of the vacoine. Thresfold diluticne of the USP plagte
vaccine "E medimm® {total count = 2,1 x 107 organtsre per m) vere pre-
pared in normal ssline, These were then inoculated by the intraperis

toneal route in 0.2 ml amoun$s using 10 Praomys for each dilution. One

week later the same dilutions of the vacoing were prepared and the animals
revaccinated. A culture of virwlent P, pestis strain MP6 was grown on
trypticase soy agar at 28°C for Zh hours. The vaccinated Praomvs were
challenged subcutaneously on the imner side uf the right hind leg, one
week after the second vaccine doss with 6,300 viable organisms. Ten

wnvaceinabed control Praomys were slso chalienged simalianecusly.

The animals were observed for 21 days and the following deaths recorded:




T
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Vaccine Total Hi i

dilation ::xgn:ixi-s;: di:&:g::i; m::::;ﬂn.:y %%::é; APL
Neat 2,1 x 107 3/10 30 6.3 21,0
3 7.0 x 208 2/ @0 L5 2.3
vy 2.3 x 10 3/10 % 9.8 1.6
121 7.8 x 107 /10 70 8.1 2.5
e 26x07 9410 % 53 ¢ %
1/2b3 8.6 x 208 9/10 © 5.7 6.3
/129 2.9 x 20° 910 %0 W7 5.2
yasr 10x b 8/10 8 5.6 e
Gontrol nld 10/20 100 b0 B0

Deaths vere confirnad %o be due to buboiic-septicsemic plague by autopsy
and ically. The 50%
method was 80 x 106 organisms given in two doses of 0,2 ml amounis, This

dose calcwlated by Thompson's

vélue is similar to that oblained by subcutaneous inoculation of this
vaccine in Praomys. Tt is of importance %o nte that ths protestion
indices of live vaccines were Nigher than those of the killed vascines,

when sintlar doses were inoculated sither once or twice.
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In the ing pages the : Tesdits of an & i

3nte the use ol live and killed plague vacoines in Some animsl species
were presented.  Bwphatis was placed on vaccines which have been or
are in w5 for numan inotnlation npaiest plagus. The significance of
thess resalts will now be discussed in relation to previous experirental
work and the present knowledge of the immnogenicity of plag.e vaccines.

Iive plague vascines.

Although 1ive vaccines were advocated very early in the history of
Plague fmmnisation by Strong {1906) and later by many oibers, ab pre-
mewh they are need only on & _uildd svale.  These vaccines were showe
$o confer greater protsvtion wradnst srulent challenge in experimental
aninsls and the advosates of these vacoinés claimed there wae also
‘betier protection in man. Live plagee vacsines lave been used extens
sively thronghout the worid in tie past bat feil into disrepute a5 &
restilt of the loosi and geaeralited reactiens which they caused, alivouzb
it has been repeatedly olaimel that these reactions are wild. JToday
Live vascines {EV sirain) appear tnly to be used in Vietnan (Neyer, 1970} ».
where a high frequency of plague has existed since 1962 {Gavanangh et al.,
1958),

Mtompts to find @ Flagls varine of groater immmogenleity have Tecently
again focused abtention on the experimental use of live attensated
steaina. 4 highly effestivs vacelns in netded mainly for plagus conteol
when other well kmown means ca% uo longer e applied, such as under the

hestile conditions existing in Vietnam. It is rlso 3uportant for the




protection of aboratary and £1e14 persomsl dmvestigating

breaks. The EV76 strein is the Live vacoine which has bee; nost

widely used for human dmmunization snd is the Aive plague vaceine of

lague vub~

chotce Tecomnended by the World fealth Crpamisation (1970)

The prineiple ains of recent experimentel vork have been o develon

standrrd techniques for the

tion of 4 ieity and tests
fer measuring the degree of protection conferred, and develop methods
of reducing the reactions caused by the inoctlation of these Mive

organisms,

Evaluation of the EVS)S s

4 subcultnre of the EVTA vacoine strain taken to the U.5.A. from Mada~
gascar in 1951 was passaged thvough guinea pigs Previously inooulased
with non-toxic dopes of iron salts to stabilise the vaceine antigenice
w1y snd o increase the imalvogenic cepacity. Thls EVSLL sulture was
then preserve? by lyophilisetior: and made available for experimenbal

vse. The 50% protective dose (FDED) By the subcutaneous rogte wos

3,800 viable orzamismus for Tiee and § for guinea pigs.  The prepuration
proved highly pathogenic for vervet moskeys (Cercopithecus setitons) dnd
langurs {Prosbytis estellus), but sot for macagues {ayer, 1970).

) coudusted a trizl of the EVSLL vameize
ougly bean vareinated

Meyer (personal. commnication

in 1h human volunteers, 10 of wnon hed not previs

or exposed to plague, and ki wbo hud besn maecinated with ths original
_ BV6 strain. Inonulaticn was dome imiracutanesucly with bifucated

nesdles and caused pustules and blisters exceeding 10 mm in diameter.
and intensity of the repctions

4

s
No sharply defined differemces in extent
1 inated 2ud P

A

were noted between or
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individuals.

However, thers wes a disifnet dose-reaction relation-
ship; 2 miliion organiems (U punctures) cansed slightly more nwrkad‘
inflammetion than 530,000 bacilli (1 puneture). Axillary lymph
nodes Were never palpable. Systemic reactions were ghsent bub the
white blood cell counts were alightly elevated in 8 of the i men
2l - 48 hours after inoculation, The doses did not stimulate sig-
nificant serologial titres and no bouster effect was noted, in
humans the LVSLE strain therefore produces defimite inflamatory
reactions but no invasion intc lyaph nodes when inv: ited in small

doses.

The pathogericity of he EVSMS plague struin in Gevoopithecus asthicos

was confirmed in the preseny work, Toses between 201 and lOﬁ

viable
orgariens ivoculzted sWbontensously caped a Yotal of 1% deaths (26%)
in 50 vervet monkeys, Even doses as low as 101 organisus vere able
4o invade, miltiply and cause death in this sviml species, When
nosulated subcataneously into Prammys (fattouys) natalensis this vace
cine strein caused death of tho animals only im high doses beteon

11x 10 and 1.7 x 108 viable organisus.  Fifty guinea piga noculated

with the same doses of the vaccine ay the Cercopithecus, survived,

In G sothiops the EVSLE siratn prodused high Mk antibocy titres to
8 bact11d, but 4n

the FL antigen in all doses petween 101 and 1.0 % 10
Praomys doses of 1, 700 viable organisis or lower !‘ailed to stimulate
antibodies.

The vacoine conferred & nigh rate of protection in guinea pigs to

virulent challenge oh day 28, Bven a dose of 108 viable EVSLL pro~

tected 7/10 guinea pigs and higher dones conferred sonplete protection.

The serolopical reactions 4n guinsa pigs wer® not determined. Sever




of 10 Cercopithecus resisted subcutancous challenge inoculetion of
$. ,ﬁo virvient B. pestis 170 days after vaccination, but there did not

appear to be a relationship between the rate of protestion and dose of o
the vaccine. ‘

The ('.hre; aninals which suconnbed to virulent challenge i
had Tecelved 1,009 x 18°, 1,009 x 30° or 2,009 visble TVSIF organdens.

The protection of Pracuys was direetly related to the vaccine dose, as
shovn Ly the percaniage mortelily and the protection index. Some

relationship alse existed beilween the serological response and the vate

of protection. A doss of 1,700 erganisme which did not stimdate

circulating F1 antibodies, protected 27% of Praomys and the protection
index ves 4.8, 170,000 organisms stimulated antibodies in all the
animals tested and conferred protection on 66% with a protection index i
of 18. The sane or only slightly higher protection was conferred by

bigher vaceine doses,

Striking diffeventes therefore exish in the pathogenicity ‘and rate of
protection of the live EVSLL plague vaccine in these three onimal

species. |

‘It is kmow that maximm virulence of P. pestis can be expressed only by ¢
those bacilli posseseing all of a nuxber of different, independently ;
dotermined chavacters, which include: Fi sntigen (FL+}, V and W auti~
gens {Vi+), the ability to produce pignented coloniea op & defined
P+) and the ability to synthethise purines
soxigentedty (24}, ‘V,‘

nediun containisg haenin (
(Pu+).  Others, which may also be of impottanics &xe:
5 (Pp¥) and ontigen 4 (W) (Burvows, 1963), With most

pesticinopenici®y
abtenmated stralng their svirulence tan be attributed to the sbsence of

[ one op more of these characters. N

Tt 45 known Shab Pe devivatives of irulent strsine display the gh ‘
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virulence of their P+ parents in mice which had been injected with

small, non-toxle swounts of iren salts (Jackson and Burrows, 1556b).
e injected Lron not only reduces the Lbgy value to hat of viraient
strains, but also permits growth 1n vive to the large population
characteristic of virulent infections. Burrows (1953) concluded that
injosted ixon Provides an escential elemont not sutficientag:

avewtble
to P~ breilli in vive. \

It has been shown {(Jackson and Burcows, 1956b) that the attennated
strain KV76 behaves as o fully virlent strain in mico previousiy
inoculated with ferrous sulphate. The nastage of this strain through
dron troated guinea pigs would, therefore, sedect a population of
bacilli lacking only the virtlence determinant for which the iron com-
pensates, 1.e, the abillty to form pigment on a defined wedium (P+),
Differences in the pathogenicity of the strain designated B¥SLE in
different animal species would therefors most likely be a reflection
of the svailable iron. In Cercopithetus this is apparently such that
low doses of these bacilli are sble to multiply and invade and cause
death of a certein proportion (26%) of ivdividuals, while the others
become 11, as reflected by a rise in fenperature and ¥hite cell count.
Hnltiplivation of the strain was confirmed by positive blood cultures
i monkeys U to 1§ days after subcatansons imoculstion of doses ag low
a8 10). bacilli (tabie 1), This would explain why &l doses of the
sos in serclogical titres and similar ratss of
It ts likely

vactine cause similar ri:
protection agalnst virulent challeage after 6 honths.
that the avallebility of iron in giinea pige is less than in Gerco=
ent for multiplication of the organisms v bo

for the bacilli to reach a lethal dose

1.6 % 107 virulent organtsny

pithecus but surfici
inmunogenie, but not sufficient
for the aninal, which is estimsted to be

{Gooking et al., 1960), A low dose of 100 orgasiems which proteoted
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70% of the individuals after 28 days may not have been able to mtd-

ply sufficiently to reach a fully imrunogense population, whereas a

dose of 1,000 organisus or more <onferred compliets ‘protettion, possiviy
by o greater degree of miltiplication,

The avallabllit® of iron is probably the lowest in Pragys of the three

species.  If this 35 50, 1% may ~xplain why low doses of the VLT

strain are unsble to mwitiply in this species and therefore do not

logical F1 ies and do not protect against virnlent
challenge. High doses betwesn 1.7 nillion and 170 million EVSLL
ba:illi do however dnvade and cause mortality in this amissl »veclec

after subcubaneous inoculation. .

It was shown by Albizo and Surgella (1970), that vimident P pestis
Alexsnder strain produces a lipepolysuccharide cndobexis - kich exbibits

cal endotoxic properties and safficient toxicity to
contribute or sccount fer death in suall lavoratory suimals. The g
for white mice by intrasperitoneal inaculation vas Llh Y Approximately '
70 Ug, of the endotorin for both guinea pigs and white Kice could be
“extracted from 1.8 x 100- organisms, The lethal dose of DVSLE Zacilli

in Praomys therefore approaches he dose from which a lethsl dose of
toxin is extractable, asswring this striin contains the see swount of

endoboxin as a fully virulen stTain. The EVSLE strain would therefore

only require slight mltiplication in Pragmye to Teach the lethel dose

of mice. The aveilability of iron in different anizal species in vivo
is a fieid of investization whieh reyuires further stady. It would be
of importance to know to whab cxtent and in what form iren i available
to P~ sirains, especisily in ran, for the Anvestigation of strains which

may be considersd as pandidates for 1se s vaccinec.
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Although high vaccine doses stimilate n serological response in

Praonys
he impact on the immunity meshanisn is lower than in Cercopitbecus or

prines pige, as only 33% - 403 protection is conferred ageinst virulent
challenge.  4n intermediate dose of 170,000 baciili is sufficient bo

glve the same protection rate as the high doses (337) but, not sufficlent
o canse morsality, '

These experinents using the EVSLE vaceine were carried oub with &
yophilised preparation. Thls method of pressTvation is the gunerelly
accepted nethod for preservation of stook cultures of bagteria and

viruses, but has not always been useful for P, pestis {Heckly et al.,
1958).  These workers found a leorge decrease in the viabddity of 10
. pestis stralns imvestigated and also the virulence of the highly

virvlent strain 139L. They suggected that lyophilisation and storage
in the aried stete sdversely affect the viradence of the bacilli with-
ont destroying their viability in ¥Witro. Cuch vells requive some time
4o vehydrate or repair sublethal damage and vhen injected into an asimal

the majority of such damaged cells are destroyed by the host before they

become fully ivated and ). as infec units, Simiter
seductions in visbility of the EV76 strain after Dyophilisation hove *

been encountered by Girard (1953) and were also experienved in the

present work, High viabilities were howsver found by Quan, Chen and

fieyer {1996) and by Berman et ale

nsted sirains of P. pestis which had either
or wers considered as potentisl vaceine stratns.

righility of vaccine strains after Yyophilisa-

(1970) ¥ho used & nutber of stten- v
been used in the production

of live veccines,

These discrepancies in

1sined, bat the dtgon and
genteity of ke BV

4lon hyve mot yet been eXp:
that Lyophilisation impairs wisbility aod dmmuno;
sto mecotnt i geternining the potency and phells

straln must be token L
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ife of & 3ive vacelne.  This is of conelderable Smportance when

effective live plague vaceines must be deivered anywhere and at any

tims, especially to areas remote from the production laboratory.

On account of the drop i viability experienced in the lyophitised
strains recelved for test in Praonys, experiments were conducted

using cultures freshly grown on agar. fThese preparations caused a

higher mortality rate in Praomys tha the lyophilised cultures, bul

211 white nice inoculated subcutaneously with the same doses survived.
Tk was again estzBlished that doses of 1,000 EVSLL orgarisms or lses
do not stimalate circulating HA antibudies, but the protection rabe
agelnst virulent challenge was greater than the lyophilised prepara-
tion in the higher vacoine doses. Iyophiliration therefore does have
an adverse effect on the sttenuated EVSLE strain, as the ability ic
invade and cange death dn high doges wes reduced and the immsdty

against virnlent challenge was less. of Iive
plague vaccines in dried gelatin pcllets according %0 the method of

Stamp (1547), way be @ more +-sirable nethod than Iyophilisstien.

14, wns shown by Soviet authors and by Keyer {1976}, that live atien-
wated plagne vaccines produce Less seviTe locah and systeric renctions

when administered by the intradernal route. Thie technigque of admini.

stration of the 1ive EVSLL vaccine was used in Proomys but, the bigh
doses attatned by subsutaneous inoculation could not be reached by

single intradermsl puncture, and a1l ihe aminals survived the vavedna-

4ion, The pathopeivity of the vaceise sold therefore D
Tha protection conferred agalast

4 dosa (66,900 visble EVSLL boei1ld}

astive protection indtm =

{170,000 vigble

ot be deters

mined by the intregermal route.
virulent challenge by the Righes
inoenlated inéracutaneously (403 mortality,

10) was comparsble with that askioved BF 2 similar dose
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EV5LL bacd1li) inoculated subntaneously (332

wortality, active ghin
tection dndex = 18), ’

Although the Sntradermal ronte may be advamtagsous far Teducing the

local and systemic reactions to the arcine in man, a higher rate of

protection using intermediate doser of the vaceine coudd not be

achieved by this route than by subeutaneons inoculation in Pram nyE,

Byaluation of the EVI6 strain.

Investigation of the original EVI6 calture kepd at the Institnt Pasteur,
Paris shoved this culture o have approximately the sane Py, value fa
. white mice as the EVSLL strain by cubeutaneous inooulaticn (Meyer, 1970).

Hhen inoculated intradernally &n a dose of 26,800,000 viable orgamisns
4into three non-buwan primate species, the ZV76 culture also proved ta be
highly imvesive and pathogenic (Keyer, 1§70). ZLocal reactdons were

oboervi 1 tn four langurs (Presbytis emtellus) in the frim of erythenstous

indurated lesions, Fever, anorexia and loss of aggressiveness were moted
in a11. Systemic reactions were less mrked in 6 vervets {Cercopithecus
‘asthiops) though slight rises in temperature for one ov two diys were
yecorded and positive blood calbures were obiained on the £ifth day from
two aninale, Lol Teactions in i maceques (acovs milatta) were con-
fined o pinhead pink modules. Cne micagus died on the Bih day after
vacolnation and EV76 organisms vere isolsted from the heart blood and
other tissues. A second suimal contrasted an imtercurrent Streptococcus

inTection and died widle being held for vimlent challenge, AL the
ninsls challenged, survived the infection.

; & slinicol trisl of vhis vascine was done in Bumn volunterrs by Neyer
{perscnal communication}, Df 5 men with nodistory of fg@uns plague

B O —
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2 were & Sab

ALl with 406,000 and 3 H;.ﬁz
Sual) erythematous nodules developed 2% the site
of inoctlation but there were mo febrize reackions, and no exilary
Iyuph adencpatiy developed, HNone of he men developed sermm snii~
Yodies 1o the ¥1 antigen,

1,400,000 organiems.

Four ren previusly vactinated with the
TSP killed varcine Weve aiso inchuded in trds ‘trig} and three of
these received 3,600,000 and one received hOB,000 B¥76 {Paris) orgm-
iems.  There wes no serclogical booster effect, in these four men.

A higher doze of 28 wiYisen visble EVY6 {Paris) organisns was 4hen
i_nn::ula‘k«ed intradermally into these nine men and Teur others who had
1o provious contact with plague vaccine. The losal reactions produced
in 511 ihese volunieers were stubed to be uncceeptable by Fubiio Health
workers. Mo €levations in body temperature tr chenges in the white
blood cell count were recorded. The serological results iu antibody
titres and wouse protection indices reflected low titres in response fo
cutaneons multiple puncture vaccination, HMeyer supgested that the
Tocal reaction immbilised the inoculzted P. pestis in the skinand

port of the into the iymgh nodss, s few
antibody producing cells vers brought 1y contect with emtiges, e
suspected that the antigenic mess Teoching the cirewlation wes inade-
uate and therefoce failed to exert a definite bocster effect on the

i3 pat in sous raized the

mouse ps
baemagglutinins.,
To vvercons fhe cotoncons Feeistance to 1lve plague waveines the IVTS

iated subenanecusly i & gose of G5 mittion
of vhon § had been yréviously vaecimated

{Parie) strain was inos
~~vizhle vrganisms iuto 12 B,
had ted mo previeus contact ¥ith plague vaccite.
quite marked and the opinion ¥Es that

with USP vaceine sod 7

Loeal and systemic Teactitns vere




the side effects were more

than those
with the USP vaceines, In the previously uninoculated men the sero.
logloal response shoved a rise in haemagglutinating antibodies, bub

s

with one exception there were no mouse protective sntibodies. 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 tuerelore established that the live

E¢76 (Paris) vaccine exerts a significant booster-dose effect in pre- o n

viously vaccinated human subjeots, while the antibody response in the

non-vacecinated 4s similar to that induced by a single dose of USP

killed vaccine on the 28th day after inoculation.

Subcuteneous inoculation of the lyophilised EVI6 (Purds) vaceine futo s

Praonys in a dose of 22 million viable bacilli proved fatal to b of 10
antnals but ot in lover doses, In comparison, the lyophidised KL '
vaceine in a dose 1 1T % lﬂg baciili ceused 3 deatbs in 1V and L&

death in 10 Pracsys inoculated with 1.7 x 208 bactIli. e Ipuphilised N

EV76 {Peris) vaccine conferved complete protection on Pracmys in a dose ;
of 2.2 x 107 viohle crganiess, vhereas the highest dese of lyophilised
WL (1.7 x 100 baci13d) protected 66F of Praowys. e protecidon |

rates of lower doses of these two vaccines were aiwilar,

lation of freshly grown agar cultures of the EV76
(Paris) vacoine proved to be more pathogenic in Proomye than the

& doss of 22 milllen lyophilised bacilld
eused fatalities

Subcutaneous inect

Lyophilisud preparation.
cauged 40% mortality, wheress the agar-groun sulturs o
in 207 of amimals inoculated with 4.5 pd1lion, and L0F of animals

nosulaied with 6,7 million, DosoE £ 56 nillion awd 550 millien
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baoilld each vesulted in 60f mortality. & simllar morbality ab
o van

obtained after snooul
(3% - 11 x 20"

bacilli; 208 - 1,1 x 1:: ::1m) ;u: T )
protection Were achieved with the agar-grown EVI6 (I"aris) vZ::n::n :
the lyophilised proparation. Doses of 4,700 agar-grown EV76 (Paris)
fasled to stimdate significant MA itres in Praomys, bub the geonstric
siean titres 30 days after subcutaneous inoculatien of 47,000 aud 470,900
tacilLl ware 1e15h and 1:48 respavtively, Thls inveskigation of lybe e
philised and sgar-grown preyavakion of the 5976 (Paris) strain in Pramwys
contirus the deterioration of the vaccine after freeze dryivg.

The V7% (Paris) vaccine, nsed Por the mass vaccinatlon of hunars is
pathogenic in Yroomys in large ¢ ses, cmuses lozal and systemic reac-
4ions in subhumax priwates and iscal reactions ia humon velumteers.

The strain is however nonpathogenic for geinea plgs and white mice,

#ven bty inbravenous inetulation of dne Jatber {Maper, 1570).

The subcutansous Trocilation of a karge duse of TIE {Parts) veceine o

failed to protect Praguys sgalast s pathogenieity of a second large

“tose innculated two veeks dater, The tine interval between the o .

doses was probably tec shorb and dia not allew tiwe for recovery of the

yeticulo-endothalial system. o Lo doses of tho vaceine Fatled to .

boogter the protention when the aninals yerc challenged 23 days after

the second dese. However two doses of 1,2 milldon and 2.2 million
7 %o 210, Inoaw

viawl organisms raised the protection index Srom 15,

lation of 2.2 million viable
primary limunisation with B5 nidion VP yiiied vaccite organists failed

76 (Parls) organlsms to weaks after

ylens challengo. Tats prinary

%o protect all the Praomys sfter v
b the rosidul virt-

Smendsabion also dbd not protect e animls agalns

e e TN
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lence of the EF organisns, but agsin the sccomd Lnocilation may have

besn too early.

Although no local Teaction vould be detacted ab the site of inosulation [

of the EV vaccine in Prasmys, small doses of organioms are eliminated

without having the opportunity of stindlating dmmnity. There is soms
indication that this clearing of crganisms nay be more afficient if

inoculation is done intracutanecusly.

Large dosas of the BV strain adwind i it

Praouys resulted in sufficient invasion of organisms to stimlate unti

bodies and protect the animals againsh virulent challenge. A second
large dose of the vaseine resulted in booeting the immmity cunferred
by an initial large dose of FV vaccine. Dasic imumisation with killed
vaceing it led to Teduce the harnlul effects of 1ive vascine adninistered

fio wesks later; a similar observation was recorded in humai solustesrs.

Tnvasiveness of atbenuated apd virw ant Pu pestis in Praowys. H

Tnvestigation of the invasivenssa of tu. EVELS strain in Pracmys
revesled that from the site of inoculation an mmnogenic doge of \
organisms is transported via the afferent lymphatics to tha regional

1ymph nodes within & hours. popanisns spread to the blood strean

probably via the efferent Lymptics and thoracie dust and Toached the :

Yiver »ud splesn vithin 12 hows, Cleerance fron theae sltes is effec-
sniszs may persist in the reglonal

ted after 1 - 2 days, bub the o8
1yuph ‘modes for 2 - 3 days. Infoction by fully virglent orginiss ia
eotablished withouban srficient parrie~ provided by 4he vegienal lymph

nodes. As the virulent preinnd conld not be detected in the thesues .
for 5 longer period than sttensated organisms, 4b is sesponted that



virwlent B pastis initially renains Josalised at tho site of fnocu~
lation where it multiplies,

througho

After 2 to 48 hours the bacilli spread
ut the body and death usnally follows on the third ppe Fourth
day.

The spread of virulent P. pestis incenlated subcutaneously inte immune

Praomys appear %o resemble an attenuated strain in normal enmalu,. but
differs in the rate of spread, In sume cases the organisms ~each the
regional lynph nodes within 6 hours and gradually spread to the iver
and spleen.  Invasion throughout the body 3a effeched within 6 = 9
days but the mumbers of organisms remain at a low order. Clearanse
from the body is gradual and viruleat P, pestds can persist in the

regional lywph nodes and spleen for ab least 2 - 3 weeks.

fthe mode of infection in Praoays with attensated P, pestis agrees with
that described by Javetz and Meyer (15hha) and Faibich (196h) for white
mice, confirming the ssquence of Lynphatic to haemstogenous spread.
They algo established that the same routs of invasion applies for viru-
lent organisms and thab this infection differed only in extent, but ot
4n kind from an attenuated stvain in whits mlee, The {uction of

Pracmys however wth virulenb P. pestis does not show the rapld dla-
the body as in white mice, but

of these il

the later sequence of lysphatiz to haemabogenous spread appears o e
the same in these two vodents.
shenusted strain from nornal Pracnys is in

of Jawelz and Meyer (16bkia}, who could net
temated strain with the

The papid clearance of the a
agrecment with the findings

corrolate the immunogenic potendy of an at
duration of infection produced by such a strain,  Markenson and Benw
Efrate (1969) however found thab attenuated :1ages gtrains persistod i




the Livers and spleens of non-tamunised mice and guines pigs in direct
proportion t0 thelr protective power, They showed tht sbraing ¥9
and BV76 persisted the longest. Ty sntensity of infection in Pracnys
as shown by generalised spresd Yhroughout the body way account for the
adequate antigenic stimilas and subsequent probestion, Tils s in
agreement with the concept of Forchkova and Scmeilova {1962}, who
stress the importance of the intensity of infection by live vactins
strains. "

Investigation of the 3 and of

2. peatis
in Praomys agrees with the statement of Jawetz and Meyer (19hka) thas the

immunogente activity doss not only denend on the survival of a plages :
arganism, but alse on its anbigenic nke-wp. The intensity of dmaston !
in Praomys does, however appear to play an important role. In spite of

the rapid clearance Shere is enough axposare of antigens to antibody

producing cells to provide an adoguate immne response, The importance .

of the antigenic strustuve was demonstrated by the eshanced protection
glven by two live vaccines {EV?6 and Tiwidej) lacking . Iferent viru-
lence antigens but together having the fuil complement of antigenic

virulence determinants.

tomoined oral and subeutaneous administrabion of a live vaccd, . ,

Combined oral and intracutaneous administration of the BV strain in :
stigated by Korobksva v ales (1970),  These workers

ghowed that a small dose of the vaceine impoulated intrecstancously LN

guinsa pigs was inve

itsalf ia ot very effective in stimlating frounity, bat it enhances

the resistance produced by orsl vacoination,  Their resylts shoved that

msabion with 500 vacoine organisns 273 of

after intracutaneous is
challenge aud a single oral dose of 2000

gulnea pigs survived a viralent

otected Lt of gaines pige against the challenge irfes-

million baedlli pr

% SE——— A IR
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thoni  An oral dose of 3,000 miliien EV organisma combited with simul~

taneous intracutancous inoculation of 500 bacilid resulbed in protection
of 60% of guinea pigs against viruwlent challenge. - This vaté of protes-
tion was raised to 90% wien oral administration of the vadcine was given
in 3 doses of 1000 million and uonbined with similianeous Lntracutaneons

tion of 500 vactine A
Ir Praomys the EVSLY strain is sufficiently invasive to cause mortality ‘ i

evan when inoculated via the oral route in doses of 300 million orgenisms,
The portal of entry was most ikely the suomaxiXlary and rebropharyngsal
1ymph nodes similar to a virulent infection of he upper respiratory
tract ¢ monkeys demonstrated by Meyer and Lavson (1960), fThe liver,
spleen-and other organs weré then inveded, probably vis the afferent
Iymphatios. Repeated doses of the vaccine given orally on three succes—
give days conferred better protection against virulent challenge than

the same number of ovganisms administered in a single dose, This triple

tration ensured the pe 4on of 4 greater nunber of organisms.

14 4s 1ikely that only o small proportion of the baci2li administered

orally invade the tissues, as & single dose of 100,000 KV5LL inoculated

siboutaneously confers the same protestion on Praomys as ox
Tn view of the dnvasive properiies

e dose of

300 milljon organisms given orelly.
she orgl route in Praomys, 1t 1s unlikely

of the EV vacclae strain vis

that this route will be used for husan 4 untsation.

Assesgment of the immunogenic effect af kpown viralence determinants
——————

in vaosine strains,

Trvestigation o the imsunity of B pestis strains lackdng different
rows and Bacon (1958) confirmed the impor-

virnlence determinatts by Bur
ahdth had proviousty ‘been eshbne\u;d

tatice of the Fraction 1 sutigells
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by Heyer and ks associates (Baker ot 1., 1952, Chen, 1952, Walker
s

et gl 1953 and Ghen and Keyer, 2955,
Bacon 1956a).

and W antigens (Bunrows and
The abiTity to form pigmented solonies on & defined

modtun (P+) wad also found 4o be of duporisnce, by thet 1 nrressed

strains having the detsrminauts T+
and/or W, bub was ineffective in ‘their absance.

the inmonogenicity in miee of
E. pestis oonteins
other antigens (Burrows, 1+,3), some of viish ave important in deter-
wining the virulense of the batillus and may also be irportast n
immuaity by enhancing the Smunogenicity of Fl snd W amtigens, or
popsibly also be immmogenic by themselves,

Prar~ys wers dmmunised with two 1ive atiennated P. pestls strains which
‘togethor possess the three virelence determinants wihish Lave beot sebnb-
Lished o be important in immwniby to plagne, This was an stiempt to
Geleridne whether these would copfer grester imunity then a sisgle
strain,  The strains used were: EVTS (Paris), wiich in Fi+, T aod

P-; and Tiiwads) which is Flv, P+ and V-

Subcwtaneous invoulation of the strain Tiiwidej proved to be mopatno-
‘genic in Praomys in doses up 30 150 million viable vrganiswe. The
strainw. .o highly ismmogenic in tiis auinal sponies, bvb the 507
prt bective dose (23,120 via ble oacilll} vas higher ithan the FI76
(Paris) strain {9,072 viable baciili). Ihe serclogieal responct 25
@eternined by the average HA titre Tor esch dose, wad 4y proportlon to
the dose of orgamisns dnouulsted. Dosss of 15,000 orgeniens and lover

failed Yo stimilate slgnificsnt H Titree,

th

The protection amadnad virulesd chutlenge conferred in Preomys by bo

the Tjiaidej and EVI6 (Paris) struins declines after two sontdis, bab 2
13 dide,

dous ons month piher. +he
booster Lnooulabion of the S0 proteckive 4o




prinary inoculation,

BIves reater protection than & single dose.
Alternate inoculations with both these strains in the same animal
ctimiflates greater inmunity than two inoculabios of the same strain
This confirms the importance of the antigenic comstitution of
strain in immmity to plague.

the

The Live plague vaccines used dn South Africa for uman drmunisation
by Grasset and Pirie consisted of & mixtuve of the EV and Tjiwidej
strains, in anounts of 500 million orzanisms of vach strain per dose
(Gregset, .9U2). In this way the virilence detorminants, not known
to be important in immnity {0 plague ab the tine, were imoculated
fortnitously and may have partly contriduted %o the success of the
immunisation programse. During two plague outbreaks in 19h1, 206
persons who were close conbacts of pneumonic and bukonic cases were
turmunised wih the mixed waceine, Six of these peracns contacted
plague and 5 died. The one ckse whick recovered was immunised 5 - 6

days before pontact and thoss which died were vaccinated after contzot.

The serological response to one dosc of Yive W6 (Paris) vaccine in
fan is similar to that induced by a single dose of USP killed vaccine
on the 2Bth day after inmanisstion, In order 1o attain a mouse pro-

tection index indire.tly ing satisfactory prote against

plague, a sesond booster inoculation is required (Meyer, personal
communication). As two doses of Live vatcine are required to induce
e study in Fraomys indicates

V76 (Parts)

significant irmuity, evidence from th
that, 14 might vo advantageons to use tho Tiiwide) and
stralns in successive inovulations one oonth apart for human dmmunisa-
tion, These preliminary resulis in Praowd using two Live attenuated
strains laoling different virslence determinants are sncouraging and -

Morlhy of future imvestigablon, possibly in primates and this may even~




tually lead to trials in humen voluntesn

Importance of the Fraction I anticer,

A Mive altenwated plague strain designated 23, deficient in FL anti: ‘
gen (F1-) and the ability to form pigmented eolomies on & defined

nediam {P-), protected macagues (Kavaca milatta) against acrosol chale

lenge when inoculated intradermally and cansed orly siight oead yeac-
tions (Janssen wnd Surgalls,1969). This strain was subsequently shown

o be nighly virulent in langars (Presbybis entellus) by intrademmal

inoculation, less virulent in vervets (Carscpithesss aefbiops) buy

«cs were only slightdy affected (Neyer, 1970). This vaceine has
10y «.on tested in humen volunteers. The pathogeniclty of the non~
ptgranted M23 strain in Praomys proved to be similer to the EVSLE aud
076 {Paris) strains. The pigrented psvent N23 strain which lacks
the ¥1 antigen (Fl-) i highly virnlest in mice {Burraws, 2958}, I%
43 %o be expected thersfore thab the pathogenicity of a mon-pighented
sutant of this strain would be sinflar to other nom-pigaented P. pestls
stratas in laboratory andsals. ¢.n is confirsed by the experimental
findings in subhuman primates aud ah Fracaye. The yroteciion agatnst
virulent challenge afforded by the mon-pigmnted 73 strain ¥as 1o in
Sereapi theous but a1l five mcagues challengad 257 daye after vacoinas
4ton with thix stradn survived (eyer, 1970).  Pracays wers mob pro-
gven in doses of 170 miliioa viele organisms,

but a5 Fr P- attenuated P, pestis strains protect, this animsl species,
against plagues

1 1o an iporteat antigen dn the uwnity of Praci¥e
ques by this von-piginted 423 strain, when
nat Jethal sl or subcatanesus chal~
infection 3n these anizmsla

tetted by shis strain

The protection of wuca
inoculated intradermaily, agad
lenge vas wnexpected,  Tmmnity to”




-163 &

; 19 probably estalilished by antigens of tils stvain other than Fraction
1. The organisne WALy sufTiciently in macagués $o esteblish an
but not

0 reach a Jethal dsse.
The ine’ility of the mon-pigmented ¥23 stvein %o setabiish lmeunity in ‘
graonys Wes similar to the behsviowr of genetically fdentiedl P, pestls

strelns in white mice (Burrowe and Bacon, 1558).

Fuoeination of man with the H23 P- strain vould probably be tolerated
46 Well as or bebier than the EVEML or IVY6 (Paris) vancines, bub e
pmiikely to be equally pratestive, ss 3t Jacks the T2 anbigen which
Tas been shown % be important 3n a1l experimental aniils xeert

FACAQUES.

Killed vacrines.

Stondurd tuste on leboratory spinals bsve shown that killed plague vas-
cines are relstively Aneffective in protecting guinea pige agalnst B
; virulent challenge although edeomate for mice (Jawsts and Heyer, 1843
and Girard, 1555, The norsal hwan dose of 3 X 367 TSP vacsine
©orgaritns only protected 10 - 207 of guinea plgs against virulent
challenge (Heyer, 1970). Howover when the vecoine is administered
in darge Tepeated doses or Wilh atjuvants, he protection yate can ve
rateed to B0 - 1008 in goinex pigs. High retes of protection in goinea
pigs vere aleo achicved by Smith and Pockman (1566) With 2 non-toxio
vatsise propared from ookl vall terial of the attenated T, pestis
E strain EV76.

otlvnlof[‘s?plangaccinet‘nﬂammrﬂn ‘
pdused no losal oF systerde reachions

Intrammscylar inosulaticn

k Jangurs {Presbyids entellus) pr
5 0,2 =l
(Meyer, 2570).  After vooster sntramusoular inperdations ¥ith
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