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ABSTRACT

Viable attenuated tularemia vaccines have been shown to bt. effective
in immunizing mice and other animals against challenge with high].y virulent
Pasteurella tularensis. Nonviable preparations, however, induced little or
no resistance to challenge with even small numbers of virulent organisms.
It seemed reasonable to expect that antigenicity would be retained to a
greater extent if the organisms were killed by irradiation rather than by
chemicals or heat.

Vaccines rendered nonviable by the action of X-radiation produced
levels of immunity such that 20 to 30 per cent of immunized mice survived
intraperitoneal challenge with moderate doses of the highly virulent
SCHU S4 strain. Cysteamine at a concentration of 0.02 M was added to the
bacterial suspension prior to irradiation to minimize the indirect effects
of irradiation. Vaccines contained approximately 0s nonviable organisms
per milliliter. Proof of nonviability of irradiated vaccines was based on
(a) absence of colonies when irradiated vaccines were plated on solid
medium, (b) failure to isolate P. tularensis from sacrificed immunized
animals, and (c) the inability of treatment with streptomycin during
immunization to interfere with the development of immunity.



1t. IN iRODUrT ION

'meunizn t tot o f 8 uscept lb 1 a nals 1 W t ,t nonviabIe t la remito vrn .i Ier
has failed to evoke levels cif irunity such that, the aniwalas survive chal-
lenoge with appreciable numbers of fully virulent organisms. Accordingly,

It has been necessary to utilize _ess demanding criteria of protection for
demonstration of the :Lmnunizing ac.tivity of such preparations. Vaccires
con; ,irtng of viablo attenuated organisms, however, evoke appreciable
inunfty against challenge with fully virulent organisms even in sueceptible
animals such as white mice. Evidently the agents employed to render vac-
nines nonvlable destroy the protective antigenicity associated with viable
organisms.

It seemed possible that this antigenicity might be retained to a greater
extent if the organisms were killed by the action of ionizing radiation
rather than by heat or chemicals. This supposition is 'based on the hypothe-
sis that under conditions that inhibit indirect effects of irradiation,
organisms are rendered incapable of reproduction primarily by damage to
genetic material rather than by degradation of other structures of the
cell,7  Evidence had been obtained that irradiated vaccines were in fact
more effective in immunization against Ehrlich's ascites carcinoma than
were vaccines prepared in other ways.

8  This report describes experiments

testing the antigenicity of PasteurellA tularensis rendered nonviable by
exposure to ionizing radiatioir.

II. MATERIALS AND METHODS

A. STRAINS

The fully virulent SCHU 84 strain of P. tularensis was used for chal-

lenge. Vaccine preparations were usually derived from this strain. A
strain of reduced virulence designated LVS was used in some of the studies

as indicatcd. Stock cultures were maintained at 5
0 C on SB agar9 modified

by the omission of glutamic acid and N-acetyl glucosamine. Tiienty--four--
hour cultures were employed for all vaccine and challenge preparations. The

SCtHU S4 strain was tested for virulence in rabbits and guinet pigs and was
considered satisfsc tory for challenge if an intraperitonee.l injection of
ten or loss organisms was fatal for these animals in less than ten days.*

I in c, o;d I c I: tog the resear1Vch repotd here CX a, th(e loves L Igotore , adhe red to
"I''lviplcs ot Labo.ratory A.iWiI Care" as eqtab11 shed by the Na,1onial
"ocieLy for Medic:; lRerrnerth
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i.c suf ac, grow th from ' 24.otu ago.r i-4ti t : e iw.s Washed a; ith 0 1. po
Lagv Lti n In pItysio I ogic-.1 s-1. ire. UI( sata'etOd Othe wi, se t:he 't oWI

centre.t:-lo okt beCet(tra in t:Oj,. suspending 1laid was approxiisuatel y 10
or'ganisu .i per mil I liter, 3-Mercaptoethyiamine hydrochloride (cysteamine)
was added at a fina! Contcetitratiot of 0.02 M to the bacterial sumpens ion
prior tio i ro diat i.

A GCeneral Electric. axtitrnn X-'ray macbiae operating lt one million
clec tron volts and three milliamperee (no added filtration, half-val.ue
layer equal to 3.6 millimeters of lead) was used to irradiate 2.0 or 4.0
milliliters of bacterial suspension in 35-mm-diameter Carrel flasks. Four
flaks were placed one on top of another in the nose cone of the X-ray
machine Irradiation was periodically interrupted to change the sequence
of flasks. Consequently, the distance from the target to the bacterial
suspension varied from 10 to 13 centimeters and the dose rate from 8700
roentgens to 51.50 roentgens per minute; however, the total dose of irradia-
tion to each flask was I0P roentgens. The irradiated suapersions were
diluted 1:10 in gelatin-saline, plated on SB agar to test for viability,
and injected into mice within two hours after irradiation,

C. IMMUNIZATION AND CHALL.NGE SCHDULES

Iemunizing injections of 1,0 milliliter containing approximately 1.0
organisms were administered intraperitoneally to 15-. to 20-gram white mice.
Mice were challenged intraperitoneally two weeks later with approximately
200 SCHU 84 strain organIsms suspended in gelatiamsaline. Foshay vaccine,
prepared by Dr. Lee Foshay, was a whole-cell suspension of strain 8C01* 84,
concentrated by centrifugation, sterilized by 0.25 per cent phenol and 0.1
pet: cent. thimeroal, and lyophilized. When reconstituted with 0.25 per
cent aqueous phenol, the vaccine contained approximately 7.5 x 109 killed
organisms per milliliter.

'niti . experIiesi' a were dearlgsnmed to elucidate the Intoe] ationships
aniong the, dose of irradiation, cell viability, rirulence, and antigenicity.
..,,rnril conentrat ons of attenuated LVS organioms and virulent SH00 84
orgt ., ms were oit posed so graded doses of K-.irradiatlon in the absence of

[ i e-; 1A I , a .e l tats w r per is is this were ot-s.idesr-,d hasic
s rse.:r ts .'dies. rscompiled in TabJe I.



T. I 1. ,MV.T VKiNY -M AM;ONi I. JON'?KNIT VPON,

Viable Cel Is/ml Viable , ell tl.
mm.nizing X-Ray Dose, Befor'e After Mouse Respons 2Jn

S tra in roentgen Irradla tton Irradila ilon

LVS 20, 000 1-03 Y 10 790 1hunlu1-iized1-

IVS 30,000 1.03 x 10 0 Not inmunized"

S,<Ht S4 30,000 CO RU 320 Deathd /

SCU 84 40,000 4.0 X Io6' 0 Not Im.unL.ie.d

SCIei 84 300,000 1.67 x 1010 160 Death

SCHU S4 6 , 0 , 1.67 x 10" 1 nm tri nIeird

a. Groups of 10 mice were injected intraperitoneally with 1-0 milliliter
of a 1:10 dilution of the irradiated suspensions; survivors were
challenged intraperitoneally two weeks Later with approximately 100
SCU 84 organisms.

b. Immunized: Challenged mice demonstrated a higher per cent survival
and increased Average Day of Death (AID) over unimunized control mice.

c. Not immunized: No differences were observed between experimental and
control mice.

d. Death: Mice succumbed during the immunization period.

As the concentration of bacteria was increased, the dose of irradiation
required for sterilization increased. This observation is compatible with
Jfiradiatlon studies in which the D3 7 * has been measured.1i  The increased
atount of irradiation required to kill bacteria as the cell concentration
is increased has been attributed to a decreased oxygen tension resulting
from an imbalance between the endogenous 'espiration of the cells and the
diffusion of oxygen into the suspension,' 

t Although es than 1 in 100

ITS organim3 Aurvived 20,000 roentgens, the surviving organisms, even at
a 1:10 di lutin, inducd active I2.5ffunity (Table I, line 1). Futhermore,
irrldiated SC U S4 strein organisms killed mice in low concentrations when
ltss than I in i0 organisms survived irradiation. These two ohservations
Inodicated that the immunogenicity and thn virulence of the surviving
organisms were not appreciably altered by irradiation, The requirement
for a hi gh concent ration of nonviable E. .l oeLe organisms for iemunization

Dose of irradiation that permits survival of 37 per cent of the orgait ms.
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K:- M01(0 [li IJ V wan;c I e'rtd i - cn ( I LIV Iujed rtJixee a ft.ee .IsImiI11n:Uc f'. :1'oi 1(1. t I e~~
ban ii i readaLft Ld o rgan ]o'.t e ts at fc.corded ill the lal; .0lne of
';Ible I w-,ere 1h1c ifiret : ldication that irr..diar-ed bacte'ria could leduce
a Live ImialzriniLy to tuiiaremi,

A,, E~fIOT'CT OF CYSTEAMINE ON IMMUNOGENIC CAPACITY OF IRRADIATED ORGANISMS

The dose of X-,irradiation required to sterilize a saline sus'tpension of
101 Lncterna per milliliter is of such magnitude that the indirect effects
of radiation due to formation of free radicals are of importance. In an

attempt to minimize chemical alterations of antigenic corpoaents by free
radicals, bacteria were irradiated in the presence of cysteamine. This com-
pound was nelected because of its protective effect on bacteria egainst the
indirect effects of ionieing radiation. 41 Suspensfons of SCRU 84 strain
organisms were exposed to X-rays in the presence of 0M02 M cysteamine to
determine the effect on the antigenicity of irradiated cells. An irradia-
lion dose of &Ot rocntgeno sterilized all bacterial suspensions. The
iimunogenicity of irradiated bacteria was greater if cysteamine was present
during irradiation (Figure 1); higher concentration of cysteamine appeared
to be no more effective than 0.02 M (Table II). The toxic dose of cysteanine
for mice was between 4 .5 milligrams and 9.0 milligrams.

Seven replicate experiments were carried out in which cells were exposed
to 1W0 roentgens In the presence of 0.02 M cysteamine Groups of 10 to 2.0
mice were im.aunized intraperitoneally with 1.0 milliliter of a tenfold dilu-
Lion of the irradiated vaccine, and challenged twd weeks later with approxi-.
me.ely 200 SCHU S4 organisms, Table Il presents the combined results of
theLse experiments.

B, NONVIABILITY 07F ITIADIATED PREPARATIONS

The nonviability of irradiated bacteria has special significance because
mice can be effectively imuunized with viable attenuated strains of P.
tulereneisY .o' 1 45 Proof that the irradiated bacteria employed in thKese
experiments were nonviable is based on the following observations. No
colonies developed when irradiated suspensions were plated on 811 agar. If
as few as one to ten viable SC-U S4 sitrain organisms remained in a 1:10
dilution of the irradiated vaccine, mice would have succumbed prior to
challenge. This did not OCCur, Viable P. Lularensis could not be isolatfd
from the liver, lung, or spleen of mice sacrificed on Day i, 2, 3, 6, or 10
i ol l.wing itminilnZFiLt on with Irradiated su pens Ions . FurLI.imoce, da1. Jy
a tinmi S tx.aI i ol of f00 FIl.c itgra iu of- st rupt nmiyc i n I o nifte start tog one d y
before and ending si× days after a single irm.aunizting injectilo of I-rmdia ted
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TA i, [. nFvv-Cr OTl CYC[rItNvI!w ccNs'lTA'rfxoN

ONl ANT ICTEN YC I.?Y

Cys~twellaiw,.! o;ta I, V Av : e ])a
U~J~~e1ia ~ ote I. #9 ,xeae Day

Concentrat onhI Rat i. / Mortality,% of Death

0.02 V3 8/1.0 80 11.1

O. 05 M [/10 100 8.8

0.1.0 M 7/8 88 10.6

0.20 M 16J 19 84 11.4

0.80 M Toxic for mice

Co.t rols:

No immunization 1.0/10 100 3.9

a , Cysteamine concentration during irradiation, Prepara-
tions were diluted 1:10 prior to injection.

b. Number of mlice cumb to chalieje
Number of mice challenged.

TABLE III. IMMUNOOENICITY OF IRADATED VACCINESA /

Mortal1 ty Average Day

Ratio- Mortality,% of Death

Irradiated 71/89 80 11.8

vaccine (50-9 5)
-/  (9.9 .. 15.2)

None 68/68 100 4.4

a. Combined results of seven replicate experiments.
b. Number of mi.ce sucecuibina to challene.

Number of mice chat lenged.
c, Numbers In parentheaes refer to range of individual

experiments.
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l,.' 4.i :o i ;,c"own t 1 . .f l l 1. i (: i'h . e c l. lipale L i t tiIlli v l .w

vnc cijn w' e a atice i on t .at edn o t ie r eta 4i.r ned ne'xzi

acaLiv I-y for Sewoc days a L 5"C but tnmrtoge:[ciL :y Was bys ivy the U:Ift:ih
la, of storage (Table TV).

TABLE IV. i:IrECT 01' STORAGE ON 1111412NOGNCITY
OF IRRADIATED VACCINE!1'

TU1i.me of Storage Per Cant Average Day
at 50C Mortality of Death

2 hours 80 12.9

I day 89 10.0

7 days 70 12.6

50 days 100 87

Control,
no immunization 100 /4,2

a. Vaccine prepared by irradiation with i0t roentgens
in. the presence of 0,02 M cysteamine. Mice were
ianaunized with 1.0 milliliter Intraperitoneally

containing approximately 1.5 x 100 organisms and
challenged two weeks later with Si.UT S4 strain
arganisms.

k Godor, K., U.S. Army Biologice ]. aboa t :rins: unjpub'.ithed rcsu Le,



if .FIN iTVENESO( CIHNICALLY. K1LI1.%D AND VIABEI, VACCINFS

Ihffe i.nInogen:icLty of two other types ot P. tularensis vaceinies were
c.V a I II, ed . The. Fonhey vaccInae cona, e a prxl teoly ,. x 10 1
SCHU S4 attain org.n:isms per milliliter. Viable vaccine was prepared from
a 24,-hourgrown SB agar 6l.at of INS organisms. Cells were removed, from
the slant with gelatin-saline and diluted to contain 227 organisms per
milliliter. Groups of 36 to 39 mice were injected with 1,0 milliliter
intraperitonea.ly of one of the vaccine preparations. Fourteen days later
each of the groups was divided into four subgroups and challenged intra.
peritoneally with 20,000, 2,000, 200, or 20 viable SCHU S4. strain organisms.
Mice injected with the Foshay vaccine were not protected against an intra-
peritoneal challenge with even small challenge doses; one animal of ten
survived challenge with 20 SCHU 84 strain organisms. These results agree
with previous results of Ruchman and Foshaj with an almost similar phenol-
killed vaccine. All animals injected with viable vaccine survived challenge
with from 20 to 20,000 SCHU S4 strain organisms, These results agree with
those reported by igelsbach and Downs.

IV. DISCUSSION

Evaluation of the immunizing activity of the irradiated vaccine prepara-
tion requires comparison with previous nonviable vaccines and with attenuated
viable vaccines . The antigenicity of previous nonviable vaccines was demon-
strated in animals less susceptible to tularemia than white mice by challenge

with strains of less than full virulence, or with extremely small challenge
doses. ,6 These vaccines usually failed to immunize susceptible animals to
the degree that they could survive challenge with appreciable numbers of
fully virulent organisms. Results obtained with the vaccine of Foshay in
the present study were in agreement with those in previous reports.

The ether-extracted vaccine described by Bell and colleagues ban been
evaluated almost entirely by challenge of immunized aninis with strain 425
of P. tularensis.I Although this strain is highly virulent for mice, it is
essentially avirulent for rabbits; mice are readily protected' gainst it by
various nonviable antigens. The demonstration of imunisation sgainet this
strain by the ether-extracted vaccines provides no indication that the vac-
cine would also protect against fully virulent strains such as SCHU S4. In
liimited experiments, three injections of the vaccine were shown to confer
detectable immunity a ainst subcutaneous challenge with strain 14, stated
to be fully virulent. It is probable that ether-extracted vaccine had
greater protective activity than Foshay vaccines.

S .. .......



J~n ent Itheinsuu t~yaai no ch ilugew~tij.. Eu]. ly yin Jle1 I onrinisiiens
that is civoked by the Present irradiated prepra.t ios is of a hligher orider
itha that evokkd by FOhaaiy v-nccic. The. imei ty roey a_- 1 be "eaY er than
that evoked by the thor-Kext.rac ,d. vaccine of Bell and assoctia ete, athoiugh
no dire.ct co ipaie on baa been made. The present irradiated prepa ratiens
are less effCectiAve than viable vaccines , however, at least in lie n.maz
tiom of mice. ' Many variables that astay influence the antigenicity of the
irradiated preparations have not been investigated, and it seems probable
that considerable increase in antigenicity nay be anticipated as a result
of further study. Doubtless the protection may also be increased by use
of multiple immunizing injections and by administration of the challenge
dose by routes that represent a less severe test of imm'tunity than the
inttraperitoneal.

Ionizing radiation has been shown to be a superior killing agent in
preparation of other vaccines. PolleyC demonstrated the iiiduction of
active immunity with gamma-irradiated influenza virus. It was reported
by Carpenter at a 1' that irradiated tubercle bacilli were as effective
as BCG vaccine in protectig miee against tuberculosis. Donaldson and
Mitchell. showed that the administration of. X-.irradiated preparations of
Ehrlich's aseltes carcinoma protected mice against a subsequent transplant
of this tumor, whereas preparations killed by desiccation, freezing and
thawing, or by mecanical grinding were ineffective.

IV. SUMMARY

Pasteurella tularensis strain SCHU S4 rendered nonviable by exposure
to X-irradiation was shown to immunize mice as determined by increased
resistance to intraperitoneal challenge with several hundred virulent
organisms. The mean survival time of the immunized animals was increased
iarkedly as compared with controls and a portion, ranging from 5 to 50
per cent in. different experiments, survived challenge. Injection of
approximately 1.0 organims was necessary to stimulate a minimal imimune
response. The antigenic.ty was Increased when 0.02 M cysteamine wal added
to the bacterial suspensioon prior to irradiation to minimize the indirect
effects of irradiation. Nonviability of the irradiated vaccines was
established by culture, by repeated failure to detect viable organisms
in tissues of Imunized mice, and by persistence of the protective effect
of the vaccine when the animals received streptomycin for several days
following immunization.
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