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Luoma, M. Kay, M .S ., P a l l  Q iia rte r , 1973 M icroL io losy

Humoral and. C e llu la r  Aspects o f R e s is ta n c e  in  Mice t o  P ra n c is e lla  
T u la re n s is  S tra in  42^ P^G (88 p p .)

D ir e c to r :  C arl L, L a rso n  ^v-

U n t i l  r e c e n t ly , s tu d ie s  and hypotheses o f immunity to  tu la re m ia  
and o th e r  in t r a c e l lu la r  organisms have d e a lt  w ith  e i th e r  c e l lu la r  
o r humoral mechanisms. The immune response induced by e th e r -e x ­
tra c te d  an tigen  from PV a n c ls e lla  tu la re n s is  in  combination w ith  
v ia b le  Mycobacterium bovis s t ra in  BGi o f fe rs  an e x c e lle n t model f o r  
c o rre la t io n  o f the two responses.

Immunity to  P. t u la re n s is  s t r a in  425 P/̂ G r e s u lts  from a combina­
t io n  o f  s p e c if ic  antibody and increased b a c te r io c id a l c a p a c itie s  
o f the  re t ic u lo e n d o th e lia l system in  cooperation w ith  the  T c e l l  o r  
i t s  products, Sover'al l in e s  o f  evidence support th is  hypothesis ,
1 ) Immunization w ith  e th e r -e x tra c te d  antigen, in  combination w ith  
BOG o r h e a t-k ille d . B o rd e te lla  pe r tu ss is  p ro te c t mice from challenges  
o f g re a te r  than l o l -  c e l ls  o f  P, tu la re n s is  s t r a in  425 P/^G. Tliis  
is  an increase o f g re a te r  than 6 lo gs  o f p ro te c tio n  over JîKA 
immunized mice. 2 )  Passive t ra n s fe r  o f im m u n e  serum in to  BCf] 
stim u la te d  animals p ro te c ts  mice from  challenge w ith  10®' (LD^ ) c e l ls  
o f  P . tu la r e n s is s t r a in  4 2 5  Pj^G,, whereas, immune serum alone"^protected  
mice from a challenge o f  on ly  10 (LD^q) c e lls  o f the same organism.
3 ) The p ro te c t iv e  e f fe c ts  o f  the  combined BOl-fl'iA an tig en  are  
decreased by M in -U -S il and anti-m acropbcge serum and immunosuppressive 
agents which are e f fe c t iv e  in  e lim in a tio n  o f macrophages, 4 ) Immunity 
induced by the combined BOl-SflA an tigens is  abolished by treatm ent 
w ith  cyclophosphamide, an immunosuppressive agent e f fe c t iv e  in  e lim ­
in a tio n  o f the antibody producing c e l l ,  5 ) ‘iVoatment w ith  a n ti-th ym o ­
cyte  serum p a r t ia l ly  e lim in a te d  the  immunity induced by the combined 
v a cc in e , which p o s s ib ly  in d ic a te s  p a r t ic ip a t io n  o f th e  T lymphocyte 
and the lymphocyte products associated  w ith  these c e l ls .

Immunosuppressive techniques demonstrate a two or perhaps th re e  c e l l  
in te ra c t io n  in  immunity to  tu la re m ia . Cooperation o f antibody from  
B c e lls  and phagocytic macrophages are  p r im a r ily  invo lved  in  p ro te c t io n  
o f  mice ag a in st F , tu la re n s is  s t r a in  425 However, p roduction  o f
lymphocyte products by the  T c e l l  could be o f secondary importance and 
might be considered as a secondary c e l l  f o r  the  in duction  o f re s is ta n c e .

Delayed h y p e rs e n s it iv ity  to  WlA and acquired  re s is ta n c e  to  tu la re m ia  
are  thought to  be independent phenomena, Si.ipjjortivo evidence f o r  th is  
is  as fo llo w s : l )  Resistance to  h igh  doses o f  F , tu la re n s is  s t r a in
425 F^G is  induced w ith  both BOl-JüEA and B, p e r tussis-F ilA ; however, 
only  the  BOG-RFA com%)lex induces delayed h y p e r s e n s it iv i ty , 2 ) Roth
BOG-RRA and LVS induce delayed h y p e rs e n s it iv ity  to  R iti, but on ly  the  
l i v e  vaccine s t r a in  p ro te c ts  anim als from challenge w ith  the  h ig h ly  
v ir u le n t  Schu s t r a in ,  3 )  Reduction o f  the  delayed h y p e rs e n s it iv ity  
response w ith  ATS reduces re s is ta n c e  on ly  s l ig h t ly  ( i - 2  lo g s ) ,  4 )
In  v iv o  MIF In d u c tio n  d o es  n o t in c r e a s e  th e  p r o t e c t i v e  e f f e c t  o f  th e  
BOG-RRA complex in  m ice to  c h a l le n g e  w ith  F . t u l a r e n s i s  s t r a i n  Schu,
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CHAPTER I  

INTRODUCTION

There are  two b as ic  immunologic responses in  a h o s t: those

m ediated by humoral an tibody and those mediated by s p e c if ic  c e l lu la r  

components o f  the  c irc u la to ry  and lymphoid systems (2 4 ) ,  Humoral 

immunity re s u lts  from th e  p roduction  and s e c re tio n  o f  a n tib o d ie s  in to  

th e  e x t r a c e l lu la r  f lu id s .  A ntibody, immunoglobulin m olecules capable 

o f  re a c tin g  w ith  s p e c if ic  a n tig e n , can in flu e n c e  th e  fa te  o f  b a c te r ia  

in  v iv o  by ly s is  (complement dependent) o r  op so n iza tio n  (s p e c if ic  

antibody enhancement o f  phagocytosis) (6 6 ) ,  C e ll-m e d ia ted  immunity has 

been a t t r ib u te d  to  in t r in s ic  p ro p e rtie s  o f  c e l ls  s p e c i f ic a l ly  a lte re d  

by a n tig e n ic  s tim u la tio n  ra th e r  than  to  s p e c if ic  humoral fa c to rs  (5 2 ,5 4 ) .  

C e llu la r  immunity is  resp o n s ib le  f o r  r e je c t io n  o f  t is s u e  g r a f t s , 

immunity to  tumors in  man and o th e r an im als , and host re s is ta n c e  to  

in fe c t io n  by fa c u lta t iv e  in t r a c e l lu la r  organisms.

F a c u lta t iv e  in t r a c e l lu la r  b a c te r ia  s.re p a ra s ite s  o f  the r e t ic u lo ­

e n d o th e lia l system (RES), Examples o f  such microorganisms a re  found  

in  w id e ly  d iv e r s if ie d  genera in c lu d in g  r^cobacterium . L i s t e r ia . B ru c e lla . 

S alm onella . P a s te u re lla . Y e rs in ia , and P ra n c is e lla . Host re s is ta n c e  

to  in fe c t io n  by fa c u l t a t iv e  in t r a c e l lu la r  p a ra s ite s  n e ce s s ita te s  an 

improvement in  th e  a b i l i t y  o f  th e  host macrophages to  phagocytize and 

in a c t iv a te  b a c te r ia . The degree to  which s p e c if ic  antibody is  involved  

i s  o f  considerab le  controversy among numerous in v e s tig a to rs  (rev iew ed  

by 2 2 ,4 1 ,5 2 ,6 6 , 73.),

Acquired re s is ta n c e  to  f a c u l t a t iv e  In t r a c e l lu la r  b a c te r ia  is  

accompanied by th re e  co n d itio n s  which are  c o rre la te d  w ith  c e ll-m e d ia te d
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immune responses: 1 ) a co n s is ta n t a s s o c ia tio n  w ith  de layed -typ e  hyper­

s e n s i t iv i t y ;  2 ) the  in a b i l i t y  to  p a s s iv e ly  t r a n s fe r  th is  re s is ta n c e  

w ith  serum; and 3 )  a change in  a n t ib a c te r ia l  a c t iv i t y  o f  the host 

macrophages (5 2 ) .  The in v a r ia b le  as s o c ia tio n  o f these th re e  cond itions  

w ith  re s is ta n c e  to  c e r ta in  agents gave r is e  to  th e  idea o f  an immune 

mechanism d is t in c t  from and independent o f  an tib o d y . In te re s t  was, 

th e re fo re , d ire c te d  towards the  p o p u la tio n  o f  lymphoid and phagocytic  

c e lls  from immune and non-immune an im als. Jn v ivo and v i t r o  

stu d ies  demonstrated th a t  phagocytes from immune anim als e x h ib ite d  

g re a te r  a b i l i t y  to  in g es t and k i l l  b a c te r ia  than c e l ls  from non-immune 

donors, L u rie  (46,4?  ) made the i n i t i a l  observa tion  th a t  phagocytes 

from  ra b b its  immunized w ith  a tte n u a te d  tu b e rc le  b a c i l l i ,  in h ib ite d  

growth o f v ir u le n t  tu b e rc le  b a c i l l i ,  when both were p laced in  the  

a n te r io r  chamber o f  the  eye o f  a normal r a b b it .  S uter (? 0 ) demonstrated  

th a t  phagocytes from guinea p igs and ra b b its  immunized w ith  v ia b le  

Mycobacterium bovis s t r a in  BOG suppressed th e  m u lt ip l ic a t io n  o f  tu b e rc le  

b a c i l l i  v i t r o , A c e l lu la r  bas is  o f  immunity has been hypothesized  

to  e x p la in  res is ta n c e  to  in fe c t io n s  by B ru c e lla  sp, (23» 37» 51)»

L is t e r ia  monocytogenes (3 , 50 )♦ Salm onella e n t e r i t id is  (5 8 , 6 8 ) ,  and S, 

typhimurium (5 , 6 ,  5 3 ) .  The Increased b a c te r io c id a l cap ac ity  o f  

macrophages from anim als in fe c te d  w ith  these organism s, a lthough  

re s u lt in g  from  a s p e c if ic  immunological response, is  not s p e c if ic  fo r  

the  organisms which induced the response (5 1 ) .  A c tiv a te d  macrophages 

from anim als in fe c te d  w ith  one species o f b a c te r ia  show no d is c r im in a ­

t io n  and a re  sometimes more e f f i c ie n t  a t  p h ag o cy tiz in g  b a c te r ia  o f  an 

a n t ig e n ic a lly  u n re la te d  species (6 ,  2 3 , 38 , 5 1 ) ,  N o n -s p e c ific  

s tim u la tio n  o f  phagocytosis w ith  b a c te r ia l  lip o p o ly s ac c h a rid es  (4   ̂4,1 )
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and n o n -b a c te r ia l substances, such as sim ple l ip id s  ( l 6 )  and s u rfa c ta n ts  

( 1 7 ) ,  has been in te rp re te d  as su pp ortive  evidence fo r  the contention  

th a t  an tibody plays no p a r t  in  re s is ta n c e  to  fa c u l ta t iv e  In t r a c e l lu la r  

b a c te r ia .

In fe c t io n s  w ith  fa c u lta t iv e  in t r a c e l lu la r  b a c te r ia  le a d  to  production  

o f  s p e c if ic  opsonina, a n tib o d ie s  which promote phagocytosis. This  

in d ic a te s  th a t  a concept o f  an immune mechanism Independent o f  antibody  

need not be p o s tu la te d . In  v i t r o  s tu d ie s  by Mackaness (4 8 ,  49) 

in d ic a te d  th a t  th e re  was no d if fe re n c e  in  the a b i l i t y  o f macrophages 

from immune o r  non-immune ra b b its  to  in h ib i t  the growth o f  tu b e rc le  

b a c i l l i .  This may be exp la in ed  by the  absence o f  immune serum in  the  

c e l l  c u ltu re  environment employed in  these experim ents, Fong, e t  a l ,

(2 7 , 28) demonstrated a requ irem ent f o r  a humoral component f o r  

expression o f  b a c te r io c id a l c a p a c it ie s  o f  the  phagocytic  c e l l .  In  v ivo  

and i^  v i t r o  experim entation  on phagocytosis o f  B ru c e lla  and Salm onella  

species emphasized the  importance o f  immune serum f o r  the expression o f  

b a c te r io c id a l p o t e n t ia l i t ie s  o f  macrophages. Immune serum was req u ire d  

f o r  th e  p reven tion  o f  c y to to x ic  degeneration  o f  immune and normal 

phagocytes by v ir u le n t  B ru c e lla  m e lite n s ls  (p 2 , 23) .  V iru le n t  and 

a v iru le n t  Salm onella typhimurium incubated w ith  s p e c if ic  antiserum  were 

e f f i c ie n t l y  removed from th e  p e r ito n e a l c a v ity  and d ig es ted . In  the  

absence o f  immune serum, v ir u le n t  organisms were not e f fe c t iv e ly  removed 

even In  the  presence o f  1 ipopolysacchar ide  (l,P S ), a n o n -s p e c ific  s tim u la n t, 

A v iru le n t organism s, however, were e lim in a te d  ( 78 ) .  Subsequent e x p e r i­

m entation s u b s ta n tia te d  these re s u lts  (4 0 , 65) ,
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Although th e  h o s t-p a ra s ite  re la t io n s h ip s  in vo lved  w ith  In fe c t io n  

by fa c u lta t iv e  In t r a c e l lu la r  organisms have been s tu d ied  e x te n s iv e ly , 

the  mechanism(s) o f  re s is ta n c e  to  in fe c t io n  remains a p o in t o f  consider­

ab le  confusion, H o s t-p a ra s ite  re la t io n s h ip s  in  tu la re m ia  o f f e r  an 

e x c e lle n t  model f o r  studying immunity to  fa c u lt a t iv e  in t r a c e l lu la r  

organisms f o r  severa l reasons. There is  l i t t l e ,  i f  any, o p p o rtu n ity  f o r  

prev ious exposure o f la b o ra to ry  anim als to  the causative  agent o f  

tu la re m ia ; th is  is  an im portant co n s id era tio n  in  experim entation  w ith  

Gram -negative b a c te r ia . The ro le  which endotoxin p lays in  th e  patho­

genesis o f  the  disease is  not a v a r ia b le  s ince no e n d o to x in -lik e  

m a te ria l has been is o la te d  from F ra n c is e lla  tu la re n s is  ( 6 l ,  62 ) .  In  

a d d it io n , b a c te r ia l s t ra in s  w ith  v a ry in g  degrees o f  v iru le n c e  can be ob­

ta in e d , as can experim ental hosts d i f f e r in g  in  s u s c e p t ib i l i ty .

Two types o f immune responses have been as soc ia ted  w ith  acquired  

re s is ta n c e  to  tu la re m ia  in  the  mouse. The f i r s t  ty p e , which develops  

on ly  a f t e r  in fe c t io n  w ith  a v iru le n t  s tra in s  capable o f  p r o l i f e r a t io n  

In  v iv o , a llow s survival, o f  th e  host a f t e r  challenge w ith  s t ra in s  o f  

high v iru le n c e . This type o f  immunity has been considered to  be 

dependent on a s ta te  o f  a lte r e d  r e a c t iv i t y  o f  th e  phagocytic c e l ls  and 

to  be independent o f  e x t r a c e l lu la r  an tibody ( 6 9 , ?2, 73) ,  Acquired  

re s is ta n c e  to  tu la re m ia  is  tra n s fe rre d  a d o p tiv e ly  w ith  immune p e r ito n e a l  

exudate o r  spleen c e lls  ( l ,  7^1, 7 9 ). G la f l in  and Larson ( 1 3 ) observed  

a c o rre la t io n  between re s is ta n c e  and delayed h y p e rs e n s it iv ity  in  mice 

immunized w ith  th e  l iv e  vaccine  s t r a in  (LVS) o f  F , tu la re n s is  and 

challenged w ith  a h ig h ly  v ir u le n t  s t r a in  (S ch u ), In  a d d it io n , they  

detec ted  a requirem ent f o r  s p e c i f ic i t y  in  acqu ired  re s is ta n c e  to  th e  

Schu s t r a in  and th e  absence o f  n o n -s p e c if ic  immunity.
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A second type o f  immunity to  tu la re m ia  in  the  mouse, developing  

a f t e r  im munization w ith  n o n -v iab le  vaccines as w e ll as a f t e r  in fe c t io n ,  

p ro te c ts  o n ly  ag a in s t s t ra in s  o f le s s  than f u l l  v iru le n c e  (/+, 29 , 43 , 4 4 ) ,  

Immunity o f  the second type is  exp la in ed  p a r t i a l l y  by the a c tio n  o f  

humoral an tibody d ire c te d  a g a in s t th e  somatic an tig en s .

In v e s tig a tio n  o f  immune responses to  fa c u l t a t iv e  in t r a c e l lu la r  

organisms has been a ided by ^  v i t r o  c o rre la te s  o f  delayed hyper­

s e n s i t iv i t y ,  Rich and Lewis (6 4 ) observed m ig ra tio n  in h ib i t io n ,  in  

th e  presence o f s p e c if ic  a n tig e n , o f  c e l ls  from tu b e rc u lin  s e n s it iv e  

spleen ex p la n ts . Th is  e a r ly  work was supported by George and Vaughn 

(3 0 ) and D avid , e t  a l .  ( 2 0 ) .  P e r ito n e a l c e l ls  from s e n s itiz e d  guinea  

p ig s  e :d iib it in g  delayed h y p e rs e n s it iv ity  were in h ib ite d  in  m ig ra tio n  from  

c a p il la r y  tubes incubated in  tis s u e  c u ltu re  medium supplemented w ith  

s p e c if ic  an tig e n . P e r ito n e a l c e l ls  from normal anim als d id  not e x h ib it  

th is  in h ib ite d  m ig ra tio n . Bloom and Bennett (? )  suggested th a t  the  

e f fe c to r  c e lls  in  the  macrophage in h ib i t io n  te s t  were s e n s it iz e d  

lym phocytes,

S e n s itize d  lymphocytes secre te  s o lu b le  p ro te in , termed macrophage 

in h ib i to r y  fa c to r  (M IF ) is  n o n -d ia ly z a b le , heat s ta b le  (56^0 f o r  30 m in ,)  

and has a m olecular w eight o f  6 0 ,0 0 0 -7 0 ,0 0 0  ( 7 ,6 0 ) .  I t  is  produced by 

s tim u la tio n  o f  s e n s it iz e d  lymphocytes w ith  s p e c if ic  an tig en  and not w ith  

u n re la te d  an tigens (6 o ) , However, once produced, MIP e x e rts  i t s  e f fe c ts  

in  a  n o n -s p e c ific  manner. Another r e s u l t  o f  in te ra c t io n  between 

s e n s it iz e d  lymphocytes and s p e c if ic  an tig e n  is  th e  tran s fo rm atio n  o f  

th e  lymphocytes in to  b la s t  c e l ls  (2 1 ) ,  Th is  seems to  be a n o n -s p e c ific  

re a c tio n  and not n e c e s s a rily  asso c ia ted  w ith  de layed  h y p e rs e n s it iv ity .
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A hypothesis s e t fo r th  by WaJcsman (7? ) attem pts to  e x p la in  delayed  

re a c tio n s  ^  v iv o , by c o rre la t io n  o f  the data  ob ta ined  from v i t r o  

ob serva tio n s . The a n tig e n  e l i c i t in g  the  response comes in to  contact 

w ith  s e n s itiz e d  lymphocytes c ir c u la t in g  in  the  v ic in i t y  o f  th e  in je c t io n  

s i t e .  The in te ra c t io n  between lymphocytes and an tig e n  induces th e  c e lls  

to  produce MIF which in  tu rn  h inders  the  flo w  o f  monocytes. These 

monocytes adhere to  the  vesse l w a l l ,  d i f f e r e n t ia t e  in to  macrophages, 

and m igrate  through th e  w a ll in to  th e  a rea  o f  in je c t io n .  The maci'ophages 

a tta c k  o r  in g es t the  a n tig e n , which is  then destroyed through the a c tio n  

o f  i t s  hydrolases.

I t  has been proposed th a t  acquired  re s is ta n c e  to  fa c u lt a t iv e  

in t r a c e l lu la r  p a ra s ite s  could be a t ta in e d  through d e layed -typ e  hyper­

s e n s i t iv i t y  (18, 5 2 ) ,  Mackaness (5 0 )  and C o llin s  and Mackaness (1 5 )  

observed co n s is tan t a s so c ia tio n  between occurrence o f re s is ta n c e  and 

delayed h y p e rs e n s it iv ity  in  l i s t e r io s is  and s a lm o n e llo s is , re s p e c t iv e ly .  

A d d itio n a l c o rre la t io n  between re s is ta n c e  and delayed h y p e rs e n s it iv ity  

has been observed in  tu b e rc u lo s is  (7 1 ) and b ru c e llo s is  (5 '- ) ,  In  these  

in fe c t io n s , the onset o f  delayed h y p e rs e n s it iv ity  c o rre la te s  w ith  the  

appearance o f  a c tiv a te d  macrophages. I t  is  w e ll known, however, th a t  

to  induce delayed h y p e rs e n s it iv ity  w ith o u t accompanying re s is ta n c e  is  

p o ss ib le  (2 2 , 2 3 , 3 1 , 5 2 ) ,

E v a lu a tio n  o f  th e  importance lymphocytes and o th e r c e l lu la r  

components o f  the  immune response to  fa c u l t a t iv e  in t r a c e l lu la r  b a c te r ia  

provided a means f o r  d e fin in g  th e  mechanism(s) in vo lved . C e llu la r  

cooperation in  the  genesis o f  c e l lu la r  and hvunoral immunity has been 

w e ll documented ( l 4 ,  5 5 , 5 & ). At le a s t  th re e  c e l l  types have been
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im p lic a te d  in  th e se  resp onses: a thymus d e r iv e d , th o ta  p o s i t iv e ,

lym p h o c y tic  c e l l  ( T - c e l l  (56 ) j a bone m arro w -derjved  thym us-independent 

lym p h o c y tic  c e l l  ( 3 - c e l l ) ,  a p re c u rs o r o f  hifrh r a t e  an tib o d y  s y n th e s iz in g  

c e l ls  ( 5 6 ) ;  and a s u r fa c e -a d h e re n t, p h a g o c y tic  c e l l  (m acrophage) ( 5 7 ) .

The f i r s t  two a re  b e lie v e d  to  be a n tig e n  s p e c i f ic  and c lo n a l ly  p re ­

d eterm ined  (1 1 ) ,  presum ably v ia  c e l l  s u rfa c e  re c e p to rs  th a t  a re  a n tig e n  

s p e c i f ic  (1 2 , 2 5 ) ,  The t h i r d  c e l l  type  has a n o n -s p e c if ic  r o le  necessary  

in  both  th e  e f f e r e n t  and a f f e r e n t  a rc s  o f  th e  immune response (3 3 )

( p r io r  to  a n tib o d y  p ro d u c tio n  o r  a l t e r e d  c e l l u l a r  r e a c t i v i t y ) .  O nly  

r e c e n t ly  has th e  morphology o f  lym phoid t is s u e  been c l a r i f i e d  in  term s  

o f  c e l l  p o p u la tio n  dynamics and m ig ra t io n  s tream s, Cowans and K n ig ht 

( 3 2 ) d e s c rib e d  a p o p u la tio n  o f  sm a ll r a t  lym phocytes which r e c ir c u la t e d  

between th e  b lood  stream  and ly m p h a tic s . These c e l ls  p o p u la te d  th e  

c o rte x  o f  th e  lymph nodes and th e  p e r i a r t e r i o l a r  w h ite  p u lp  o f  th e  

s p leen  and were term ed thym us-dependent s in c e  d e p le t io n  o f  th e  a re a  

occurs in  neona,taD.ly thym ectom ized a n im a ls . Two o th e r  a rea s  were 

d is t in g u is h a b le  in  lymph nodes. The m ed u lla  c o n s is te d  o f  a s e s s i le  

p o p u la tio n  r ic h  in  plasm a c e l ls  and macrophages. In  th e  o u te r  c o rte x  

o f  th e  lymph node and a d ja c e n t to  th e  p e r i a r t e r i o l a r  w h ite  sheath  o f  

th e  sp le e n  were a re a s  composed o f  d e n s e ly  packed s m all lym phocytes , 

th e  p rim a ry  f o l l i c l e s .  These c e l ls  appeared to  be thym us-independent and 

im p o rta n t in  p ro d u c tio n  o f  humoral a n t ib o d ie s .

Immunosuppressive te c h n iq u e s , used to  e l im in a te  one o r  more 

r e s is ta n c e  fa c t o r s ,  have been c o r r e la te d  w ith  d e a c t iv a t io n  a n d /o r  

e lim in a t io n  o f  c e l lu la r  components in v o lv e d  in  p ro d u c tio n  o f  an immune 

response, A l l is o n  (2 )  has noted t h a t  th e  immune s ta te  t r a n s fe r r e d  v ia
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Immune sera  was reduced d ra m a tic a lly  in  anim als tre a te d  w ith  cyclo ­

phosphamide, H is to lo g ic a l exam ination (7 5 ) o f  tis s u e s  from  anim als  

t re a te d  w ith  cyclophosphamide showed marked d e p le tio n  o f  the  lymphocyte 

p o p u la tio n  from  the  lymph f o l l i c l e s ,  th e  c o rte x , and the c o rtic o -m e d u lla ry  

ju n c t io n , areas assoc iated  w ith  B -c e ll  popu la tio ns  and antibody production , 

In  a d d it io n , r e la t iv e ly  l i t t l e  e f fe c t  on th e  lymphocytes in  the  p e r i -  

c o r t ic a l  areas o f  th e  lymph nodes and th e  thymus-dependent areas o f  the  

spleen was noted. Antithym ocyte serum (ATS) used as an immunosuppressive 

agent a f fe c ts  p r im a r ily  the  c e l ls  resp o n s ib le  f o r  c e ll-m e d ia te d  immunity. 

Levey and Medawar (4 5 ) f i r s t  proposed the use o f  ATS as an immuno­

suppressive agent e f fe c t iv e  in  in h ib i t in g  homograft r e je c t io n .  The 

e f fe c t  o f  ATS on in d u c tio n  o f  delayed h y p e rs e n s it iv ity  was f i r s t  noted  

when trea tm en t w ith  ATS was found to  have an e f fe c t  on the p e r ic o r t ic a l  

area  o f  th e  lymph node (5 9 ) .  A nti-thym ocyte serum had l i t t l e  e f fe c t  on 

th e  lymph node f o l l i c l e s ,  the  c e l ls  o f th e  germ inal c e n te rs , o r  on the  

p r o l i f e r a t io n  o f  plasma c e l ls  in  the  m edullary cords and the  c o r t ic o -  

m edullary ju n c tio n  (5 9 ) .  D e p le tio n  o f  sm all lymphocytes caused a 

re d u c tio n  in  s ize  o f  th e  p e r ic o r t ic a l  areas and replacem ent by a c t iv e  

phagocytes o f  the  RES, e f fe c ts  observed in  neonatal thymectomy o r  

athym ic mice (5 9 ) .  Mackaness, e t  (5 4 ) have observed suppression o f  

re s is ta n c e  in  l i s t e r io s is  in  an im als tre a te d  w ith  ATS.

Anti-macrophage serum (AMS) and s i l i c a  a re  immunosuppressive agents  

a c tin g  a g a in s t the macrophage, Unanue (? 6 ) f i r s t  demonstrated th a t  a 

s p e c if ic  AMS ( to  mouse macrophages) may be ob ta in ed  in  r a b b its .  A n ti­

macrophage serum e f f e c t iv e ly  decreases the  phagocytic  a c t iv i t y  o f  

macrophages iu  v iv o  and in te r fe r e s  w ith  an tibody responses to  p a r t ic u la te  

an tig ens  when trea tm en t precedes im m unization (3 ^ ) .  The p o te n tia t in g
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e f f e c t  o f  s i l i c a  is  due to  th e  d e s tru c t io n  o f  m acrophages, S i l i c a  

p a r t ic le s  a re  d e s tr u c t iv e  to  macrophages because th e  p a r t ic le s  a re  

e f f i c i e n t l y  ta ke n  up by th ese  c e l ls  and r e a c t  r e l a t i v e l y  r a p id ly  w ith  

th e  membranes su rrou nd ing  th e  secondary lysosom es. R eac tio n  w ith  th ese  

membranes r e s u lts  in  d e s tru c t io n  o f  th e  p e rm e a b il i ty  b a r r ie r  a llo w in g  

escape o f  enzymes in to  th e  cytoplasm » producing  e x te n s iv e  g e n e ra l 

damage and death  o f  th e  c e l l .

A cquired re s is ta n c e  to  f a c u l t a t iv e  i n t r a c e l l u l a r  p a ra s ite s  occup ies  

an ambiguous p o s it io n  in  immunology. Mechanisms r e g u la t in g  a c q u ire d  

re s is ta n c e  to  these p a ra s ite s  may be c l a r i f i e d  by in v e s t ig a t io n  a t  th e  

c e l lu la r  l e v e l .  The F ra .n c ls e l] a t u la r e n s is system p ro v id e s  an e x c e l le n t  

model f o r  c o r r e la t in g  humoral and c e l lu la r  im munity and f o r  showing 

w hether th e  re s is ta n c e  to  f a c u l t a t iv e  i n t r a c e l l u l a r  organism s occurs  

a t  th e  c e l lu la r  l e v e l ,  humoral l e v e l ,  o r  both  le v e ls .

S tatem ent o f  problem

Im m unological s tu d ie s  to  d a te , d e a lin g  w ith  f a c u l t a t iv e  in t r a ­

c e l lu la r  b a c te r ia ,  have employed organism s o f  low  v ir u le n c e ,  such as 

L i s t e r ia  monocytogenes o r  organism s th a t  a re  te c h n ic a l ly  d i f f i c u l t  to  

study as is  cobacterium  tu b e r c u lo s is , P r a n c is e l la  tu la r e n s is  is  an 

e x c e l le n t  organism  f o r  th e  study o f  im m unological responses in v o lv e d  in  

re s is ta n c e  to  f a c u l t a t iv e  i n t r a c e l l u l a r  b a c te r ia .  T h is  organism  is  

h ig h ly  v i r u le n t  f o r  m ice , th e  tim e  o f  o n set o f  d is e a s e  in  th e se  an im a ls  

i s  w e ll  e s ta b lis h e d , and s ta n d ard  c u l t u r a l  methods a re  a v a i la b le  which  

a llo w  f o r  an e f f e c t iv e  s tudy  o f  th e  immune a p p a ra tu s . The purpose o f  

t h is  in v e s t ig a t io n  was to  exam ine th e  c e l l u l a r  components in v o lv e d  in  

re s is ta n c e  (b o th  humoral and c e l l u l a r )  in  mice to  tu la r e m ia .  As p a r t  o f
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th is  s tu d y , a delayed h y p e rs e n s it iv ity  response s tim u la te d  by k i l le d  

P, tu la re n s is  organisms in  combination w ith  v ia b le  BCG vaccine was 

examined.
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CHAPTER I I  

MATERIALS AND METHODS

Experim ental animaJ.s

Swiss-W eLster m ice, 5 to  7 weeks o ld  from the  colony m aintained a t  

Rocky Mountain L ab o ra to ry , H am ilton , Montana, were used throughout th is  

in v e s t ig a t io n .

H a rtle y  s t r a in  gu inea p ig s , ob ta ined  lo c a l ly ,  were used fo r  

in  v iv o  and _in v i t r o  dem onstration o f  delayed h y p e rs e n s it iv ity .

A d u lt, New Zealand w h ite  r a b b its ,  ob ta ined  lo c a l ly ,  were employed 

f o r  production  o f  a n t is e ra  f o r  passive tra n s fe r  and immunosuppressive 

s tu d ie s .

A ll  anim als were allow ed food and w ater ad l i b itum .

Challenge organisms

S tra in s  o f P ra n c is e lla  tu la re n s is  were obta ined in  ly o p h iliz e d  

form from D r, J ,F .  B e l l ,  Rocky Mountain L ab o ra to ry , H am ilton , Montana 

These organisms were m aintained on g lu co se -cys te in e  h e a rt agar (D ifc o )  

supplemented w ith  whole r a b b it  blood to  a f in a l  co ncen tra tion  o f  

5 p e rc en t, P ra n c is e lla  tu la re n s is  s t r a in  425 F^G, a s t r a in  o f  high  

v iru le n c e  f o r  guinea p igs  and mice (L D ^^l-lO  organisms) but o f low  

v iru le n c e  in  r a b b its ,  was used in  the  m a jo r ity  o f th e  experim ents in  

th is  in v e s t ig a t io n , P ra n c is e lla  tu la re n s is  s t r a in  Schu, a s t r a in  o f  

high v iru le n c e  in  h ig h e r mammals, has an LD^^ o f 1 -10  organisms in  

m ice, gu inea p ig s , and ra b b its  and was used as th e  challenge  

organism in  some o f  th e  experim ents.

Challenge doses were prepared by washing c e l ls  from a 24 hour 

c u ltu re  o f  F , tu la re n s is  w ith  s t e r i l e  g e la t in  s a lin e  (SGS) (O . l^  g e la t in

11

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



12

+ 1% N a d ) ,  The c e l ls  were washed once in  SGS and centrifu f^ed a t

8 .0 0 0  X  g ( a t  4  C) in  an RC-2B Sorval. c e n tr ifu g e . The c e l ls  were 

resuspended and d i lu te d  s e r ia l ly  in  SGS from  an ap p ro p ria te  concen tra tion  

which was based on read ings o f  tu r b id i t y  in  the  Klett-Suramerson photo­

e le c t r ic  c o lo rim e te r f i t t e d  w ith  a #42 b lue f i l t e r .  The number o f

v ia b le  organisms used f o r  chaü.lenge was determ ined by the  p la t in g  technique  

o f Fenner (2 6 ) ,  Three 0 .1  ml drons o f  a p p ro p ria te  d i lu t io n s  were placed  

on each o f 2 p la te s , which were incubated a t  37 C f o r  2 -4  days, and then  

counted.

Vaccines

K th e r-e x tra c te d  an tig en  (ESa) was prepared according to  the  

method o f  Larson (43 ) .  Washings from  48 hour c u ltu re s  o f P. tu la re n s is  

s t r a in  425 o r s t r a in  Schu were used to in o c u la te  f la s k s  o f peptone 

bro th  (O .i'^  glucose, ?% peptone, 1% N a d )  which were incubated 48 hours 

a t  37 G on a shaker. The c e l ls  were harvested by c e n tr ifu g a t io n  a t

8 .000  X  g f o r  30 m inutes. A f te r  washing c e l ls  3 tim es in  SGS, the  

resuspended c e lls  were tre a te d  w ith  equal volumes o f e th y l e th e r  and 

allow ed to  stand f o r  24 hours. The aqueous phase was drawn in to  a 

s t e r i le  serum b o t t le ,  incubated a t  80 G u n t i l  re s id u a l e th e r  had 

evaporated , and s to red  a t  5 C. Immunizing doses were made by d i lu t io n  

o f  the  an tig en  w ith  SGS to  a K le t t  read ing  o f  10 0 , and 0 ,2  ml o f  the  

d ilu te d  an tig en  was in je c te d  in to  th e  ta iJ . ve in s  o f  mice.

V ia b le  BOG vaccine was prepared as described  by Larson, e t  a l . 

(unpublished d a ta ) .  F lasks  o f  Dubos medium (D ifc o )  were in o cu la ted  

w ith  cobacterium bovls  s t r a in  BOG, m ainta ined on Hohn’ s medium (D ifc o )
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and incubated f o r  5 to  7 days a t  37 C« The c u ltu re  was tra n s fe rre d  an 

a d d it io n a l tim e and allow ed to  incubate another week. The c e l ls  were 

harvested  by c e n tr ifu g a t io n  a t  5000 x g and washed th re e  tim es w ith  

Dubos medium. The c e l ls  were resuspended in  Dubos medium and ad justed  

to  a d e n s ity  o f  200 K le t t  u n its  and sto red  a t  -2 0  G, Mice were immunized

l . v .  w ith  0 .2  ml o f  suspension ad ju s ted  to  a d e n s ity  o f  200 K le t t  u n its  

( K le t t  2 0 0 ). V ia b le  counts were done according to  the method o f  

Penner (2 6 ) .

A K le t t  200 suspension o f  v ia b le  BOG vaccine was d ilu te d  1 :1 w ith

a K le t t  200 suspension o f  EEA to  in v e s tig a te  th e  combined e f fe c ts  o f

a s p e c if ic  and a n o n -s p e c ific  vacc in e , A 0 ,2  ml in je c t io n  o f  th e

BOG-ESA suspension was made in to  th e  t a i l  v e in  o f  the  mouse,

B o rd e te lla  p e rtu s s is  vaccine prepared by D r. A. C, B la s k e tt ,

Rocky Mountain L a b o ra to ry , H am ilto n , Montana, was used in  s tud ies

comparing the n o n -s p e c ific  immune response in vo lved  w ith  a l i v e  and

k i l l e d  an tig en . The vaccine  was prepared by heatin g  B. p e rtu s s is

s t ra in  3379-LgSj^^ f o r  1 hour a t  56 C, The h e a t -k i l le d  suspension o f

c e l ls  was d ia ly ze d  a g a in s t s a lin e  and s to red  a t  5 C. An immunizing
c

dose o f  2 ,5  X 10 c e l ls  was g iven  in  the t a i l  v e in .

B a c te r ia l a g g lu tin a tio n
g

A standard suspension o f  10 fo rm al in  k i l l e d  c e lls  o f  P. tui. a ren s is  

s t r a in  425 was used as th e  ag g lu tin o g e n . Serum was c o lle c te d  by 

poo ling  blood from 10 to  15 p re v io u s ly  immunized m ice, A constant 

volume o f 0 ,5  ml o f  th e  agg lu tinogen  was added to  tw o -fo ld  d i lu t io n s  

( 0 ,5  m l) o f  serum.
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P re p ara tio n  o f  immunosuppressive agents

A nti-thym ocyte serum (ATS) -  A d u lt, New Zealand w h ite  ra b b its

7 7were g iven  in travenous in je c t io n s  o f  2 ,4  x 10 -  3 ,2  x 10 mouse

thymocytes a t  weekly in te r v a ls .  Thymus g lan d s , suspended in  minimal 

e s s e n tia l medium (MEM) supplemented w ith  5 u n its  o f  h e p a rin , were s ieved  

through 40 mesh screens to  o b ta in  a s in g le  c e l l  suspension. The 

thymocytes were washed th re e  tim es in  MEM + yfo f e t a l  c a l f  serum (PCS), 

incubated f o r  4 hours a t  37 C to  e lim in a te  contam inating g lass  adherent 

c e l ls ,  counted, and in je c te d  in to  the  r a b b its .  Two weeks fo llo w in g  the  

f in a l  s t im u la tio n , the  ra b b its  were exsanguinated by c a rd iac  puncture. 

The serum was separated , adsorbed e ig h t tim es w ith  mouse l i v e r  powder 

(acetone d r ie d ) ,  and s to red  a t  -2 0  C, Ih e  leu ko a g g lu t in â t ion  t i t e r  was 

128, One fo u rth  ml o f  ATS was g iven  in to  th e  t a i l  v e in  o f  th e  mouse 

24 hours preceding c h a lle n g e , s im ultaneously  w ith  th e  c h a lle n g e , and 

24 hours a f t e r  th e  challenge w ith  P, tu la r e n s is .

Anti-macrophage serum (AMS) was prepared by the same method 

described above. However, g lass  adherent c e l ls  from th e  p e r ito n e a l 

c a v ity  o f  th e  mouse were used as th e  s t im u la n t. Anti-macrophage serum 

was adm in istered  in t r a p e r ito n e a lly  ( ip )  a t  the  same tim e in te rv a ls  as 

the ATS.

S i] ic a  -  The s i l i c a  p re p a ra tio n  consisted  o f a s a lin e  suspension 

o f #  216 M in -U -S il (W h itta k e r , C la rk e , and D a n ie ls , I n c . ) ,  The 

M in -U -S il was suspended a t  a  co n c e n tra tio n  o f  250 mg/ml, and 0 ,2  ml was 

in je c te d  ip  in to  mice 4  hours b e fo re  ch a lle n g e ,

Qyclophosphamlde -  Cyclophosphamide (CP) (Q ytotoxan, Head-Johnson) 

was suspended in  s a lin e  a t  a c o n c e n tra tio n  o f  30 m,g/ml. Treatment was
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begun 14 days a f t e r  i n i t i a l  im m unization. Two doses o f  150 mg/kg were 

g iven  ip  7 days a p a r t .

P ro te c tio n  te s ts

P ro te c tio n  a g a in s t challenge in fe c t io n s  was measured in  terms o f  

s u rv iv a l o f  mice a f t e r  subcutaneous ( s . c . )  o r  ip  In je c t io n  w ith  s e r ia l  

d ilu t io n s  o f  organisms. Immunized o r  c o n tro l mice in  groups o f 6 -12  

were in o cu la te d  s .c .  o r  ip  w ith  0 .2  ml o f  each d i lu t io n .  Deaths in  

challenged mice were fo llo w ed  d a i ly  f o r  l̂ f̂  days a t  which tim e the  

{6 3 ) and th e  mean tim e o f  death were c a lc u la te d . The degree o f pro­

te c t io n  a ffo rd e d  by a p a r t ic u la r  vaccine was determ ined by s u b tra c tin g  

the lo g  va lue o f  the c o n tro l group from th a t  o f  th e  experim ental

group.

Test f o r  h y p e rs e n s it iv ity

Groups o f 5 -10  mice each were in je c te d  in  one hind footpad w ith  

0 .0 3  ml o f  a K Lett 50 suspension o f  ElEA in  s a lin e . Equal volumes o f  

s a lin e  alone were in je c te d  in to  th e  c o n tr a la te r a l fo o tp ad . At 4 , 1 2 ,

2 4 , and 48 hours, the foo tpad  th icknesses were measured w ith  a d ia l  

gauge c a lip e r  (S c h n e llt 'â s te r , K ro p lin ) ,  S ig n ific a n c e  in  the d iffe re n c e s  

in  th ickness o f  s a lin e  and ESA in o cu la te d  f e e t  in  each group was 

determ ined by S tud en t's  t  t e s t .

Groups o f fo u r  guinea p igs  each were in je c te d  w ith  0 .1  ml o f  

K Lett 10 to  K Lett 200 suspensions o f  ERA, Measurement o f  the hyper­

s e n s it iv e  area  and comparable n o n -h yp ersen s itiv e  areas on the  guinea  

p ig s  was done w ith  the d ia l  gauge c a lip e r  a t  2 ,  4 ,  8 , 12 , 24 and 48 

hours.
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In  v i t r o  c o rre la te s  to  de layed  h y p e r s e n s it iv i ty

Macrophage in h ib i t io n  te s t  -  The macrophage in h ib i t io n  te s t  

employed in  th is  in v e s t ig a t io n  was a m o d ific a tio n  o f  th a t  d e scrib ed  by 

David (1 9 ) and George and Vaughn 0 0  ) .  Animals immunized p re v io u s ly  

and shown to  develop cutaneous de layed  h y p e r s e n s it iv i ty  a f t e r  in je c t io n  

w ith  a n tig e n  were used in  these experim en ts . In  a d d it io n , gu inea p igs  

immunized w ith  EEA a lo ne  and e x h ib it in g  o n ly  immediate h y p e rs e n s it iv i ty  

were used as c o n tro ls .

Each anim al under study was in je c te d  ip  w ith  30 ml o f  s t e r i l e  

l i g h t  m inera l o i l  96 hours p r io r  to  h a rv es t o f  th e  p e r ito n e a l c e l ls .  

Fo llo w in g  s a c r i f ic e  o f  th e  a n im a l, c e l ls  were harvested  by in je c t io n  

o f  30 ml o f  MEM supplemented w ith  5 u n its  o f  h e p a rin  in to  th e  p e r ito n e a l  

c a v ity  o f  th e  gu inea p ig . The p e r ito n e a l f l u i d  was withdrawn from  th e  

c a v ity  w ith  a s y rin g e , t ra n s fe r re d  to  a s t e r i l e ,  c o ld , s ep ara to ry  fu n n e l,  

and al.lowed to  sep ara te  in to  o il. and aqueous phases f o r  30 mln a t  4  C,

The aqueous phase was drawn o f f  in to  c e n tr ifu g e  tu b es , and th e  c e l ls  were 

c e n tr ifu g e d  a t  500 x g f o r  15 m in. F o llo w in g  c e n tr i fu g a t io n ,  the  

su pernatan t f l u i d  was d iscard ed  and th e  c e l ls  resuspended in  I#M , The 

c e l ls  were washed tw ic e  and resuspended to  a  c o n c e n tra tio n  o f  10^ in  

MEM supplemented w ith  15% normal gu inea p ig  serum.

The c e l ls  were drawn in to  s t e r i l e  h e m a to c rit tu b es , one end o f  

which was h e a t-s e a le d , then  c e n tr ifu g e d  a t  500 x g f o r  10 m in. The 

h e m a to c rit tubes were cu t a t  th e  c e ll-s u p e rn a ta n t  f l u i d  in te r fa c e ,  and 

th e  fragm ents c o n ta in in g  th e  c e l ls  were p laced in  s t e r i l e  Mackaness 

t is s u e  c u ltu re  chambers. Each chamber re c e iv e d  MEM o r  MEM c o n ta in in g  

30 ug/m l o f  EEA, In  a d d it io n , to  e lim in a te  b a c te r ia l  g row th , 50 ug/m l
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o f  s tre p to m y c in  and 50 u n its /m l o f  p e n i c i l l i n  were in c o rp o ra te d  in to  

th e  MEK, The chambers were in cu b ated  a t  37 G f o r  24  to  48 hours .

M ig ra tio n  p a tte rn s  were tra c e d  and reco rd ed  u s in g  a  Bausch and Lonib 

camera lu c id a .  Areas o f  m ig ra tio n  in  square m il l im e te r s  (mm ) were 

d eterm in ed  by measurement o f  th e  a re a  o f  th e  t r a c in g  w ith  a Gelman 

p i animet e r .

The percen tage  o f  macrophage m ig ra tio n  in  th e  presence o f  a n tig e n

is  d e fin e d  as th e  m ig ra tio n  in d e x  ( M l ) ,

M T = mean a re a  o f  m ig ra tio n  w ith  a n tig e n
• • mean a re a  o f  m ig ra tio n  w ith o u t a n tig e n  ^

The p e rc e n t in h ib i t io n  o f  m ig ra tio n  (P IM ) is  c a lc u la te d  b y : PIM = 1 0 0 - M , I ,

P ass ive  t r a n s fe r  o f  im m unity

P assive  t r a n s fe r  o f  serum and a d o p tiv e  t r a n s f e r  o f  c e l ls  was done 

by a m o d if ic a t io n  o f  th e  method o f  A lle n  (l ) ,  M ice immunized and 

boosted w ith  BOG-EEA w ere a n e s th e t iz e d  w ith  e th e r  and exanguinatod  by 

c a rd ia c  p u n c tu re . The sp leens  wore e x c is e d  and washed in  c o ld  MEM, 

p la c e d  in  P e t r i  d is h e s  w ith  MEM +  1 0 ^  PCS, and minced and te ased  a p a r t  

w ith  s t e r i l e  fo rc e p ts .  Large p ie c e s  o f  d e b r is  were removed by f i l t e r i n g

th e  suspension through a  w ire  mesh s c re e n . The r e s u lt in g  f i l t r a t e

c o n ta in in g  in d iv id u a l ly  suspended c e l ls  was co u n ted , c e n tr ifu g e d  a t  500

8rpm f o r  15  m in , and resuspended in  MEM to  a c o n c e n tra tio n  o f  5 .0  x 10  

c e l ls /m l .  R e c ip ie n t m ice , 6 -8  weeks o ld ,  were in je c te d  ip  w ith  1 ml 

o f  th e  c e l l  suspension. Serum from  th e  same mice was sep ara ted  and 

in je c te d  in to  th e  p e r ito n e a l c a v ity  o f  th e  r e c ip ie n t  mice s im u lta n e o u s ly  

w ith  th e  t r a n s fe r r e d  s p le e n  c e l l s .  C h a llen g e  o f  th e  r e c ip ie n t  mice was 

done 4  hours a f t e r  t r a n s f e r  o f  th e  c e l ls  and serum.
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RESULTS

Attem pt to  produce n o n -s p e c ific  immunity to  F. tu la re n s ls  s t ra in  U-23 F^G, 

N o n -s p e c ific  s t im u la tio n  o f the  re t ic u lo e n d o th e lia l system (RE:s), 

r e fe r re d  to  as n o n -s p e c ific  immunity, has teen  shown to  be e f fe c t iv e  in  

p reven tin g  d iseases caused by fa c u lta t iv e  in t r a c e l lu la r  organisms. 

Im m unization w ith  v ia b le  BOG p ro te c ts  mice subsequently challenged w ith  

a s t r a in  o f  L is te r ia  monocytogenes e x h ib it in g  low v iru le n c e  (5 0 , 51 ) .  

Remington, e t  aL. ( 4 2 ) ,  produced p ro te c tio n  in  mice to  a m oderately  

v ir u le n t  s t r a in  o f  Toxoplasma g o n d ii by im m unization w ith  Freund complete 

ad juvan t (FCA),

An experim ent was performed to  determ ine i f  mice immunized w ith  

v ia b le  BOG vaccine were p ro tec ted  a g a in s t challenge w ith  F , tu la re n s ls  

s t r a in  425 F^G. Groups o f  mice were immunized in traven ou s ly  w ith  v ia b le  

BOG (4 ,2  X 10*^ [v ia b le  u n i ts ] )  th re e  weeks previous to  challenge w ith  

s e r ia l  te n fo ld  d i lu t io n  o f  P. tu la re n s ls  s t r a in  425 Fj,̂ G. Table I  and 

F ig u re  1 show th a t  im munization w ith  BOG re s u lte d  in  an increase o f 

0 ,4  to  1 ,3  days in  the  mean tim e o f  death (MTD), but th a t  the m o r ta lity  

r a t io s  and LD^^ va lues were the same f o r  normal and BOG immune mice.

The n o n -s p e c ific  s t im u la tio n  o f the RES w ith  BOG gave v i r t u a l ly  no 

p ro te c tio n  ag a in s t cha llenge w ith  F , tu la r e n s ls .

18
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Table  I ,  Attempt to  induce n o n -s p e c ific  re s is ta n c e  to  subcutaneous 
challenge w ith  P, tu la re n s ls  s t r a in  425 F,̂ G in  mice immunized 3 weeks 
p re v io u s ly  w ith  v ia b le  BOC" (4 .2  x lo 7  v , u , )  adm in istered  i . v .

Challenge  
dose o f  
F , tu la re n s is

T V 7 u ,T  ■ ■

BOG immunized mice Control mice

d/t% MTD^ d / t MTD

10^ 1 4 /1 4 4 ,7 16/16 4 ,0

10^ 1 4 /1 4 5 ,3 16/16 4 ,0

io'+ 1 4 /1 4 5 .6 16/16 5 .0

10^ 14 /14 5 ,4 1,6 /1 6 5 .0

10^ 1 4 /1 4 6 .0 16/16 5 .1

10^ 1 4 /1 4 6 ,0 16/16 5 .1

^ 1 7 ,7  organisms <,1 7 ,7  organisms

^ D e a th s /to ta l challenged .

^ Mean tim e o f  death  in  days.

S p e c if ic  Immunity to  F , t u la r ens ls  s t r a in  425 F̂ ^G.

Although immunity to  f a c u l t a t iv e  in t r a r e l lu la r  p a ra s ite s  is  

considered to  be a c e l lu la r  process independent o f an tib ody , some 

evidence e x is ts  which dem onstrates a  requ irem ent fo r  a s p e c if ic  humoral 

fa c to r  in  immunity to  tu la re m ia , Larson (4 3 ) demonstrated th a t  passive  

t r a n s fe r  o f  hyperimmune serum p ro te c te d  r a ts  from  challenge w ith  ftO .ly  

v ir u le n t  F , tu la r e n s is . B e l l , e t  a l ,  ( 4 )  showed th a t  mice immunized 

w ith  an an tig en  (ESA) re le a s e d  a f t e r  e th e r  tre a tm e n t o f  F, tu l a ren s is  

e x h ib ite d  p ro te c tio n  (3 ,8 2  lo g s ) to  in fe c t io n  w ith  F , tu la re n s is  s t r a in  

425 Fj^G, Experiments were perform ed to  determ ine the  degree o f p ro te c tio n  

by mice s p e c i f ic a l ly  immunized and challenged  w ith  F . tu la re n s is  s t ra in
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425 Pj^G.

Experim ent 1 -  Passive tr a n s fe r  o f  s p e c if ic  immune serum.

Pour hours p r io r  to  challenge w ith  s e r ia l  te n - fo ld  d i lu t io n s  o f  

P. tu la re n s is  s t r a in  425 groups o f mice were in je c te d  w ith  0 ,2 5  ml

o f  adsorbed normal o r  immune ra b b it  a n t i - t u l  a ren s is  serum. Experim ental 

re s u lts  a re  shown in  ïb b le  I I  and F ig u re  2 , Passive tra n s fe r  o f  hyper­

immune serum increased th e  MTD by a t  le a s t  two days and a ffo rd e d  fo u r  

lo g s  o f  p ro te c tio n  compared to  th a t  obtained w ith  normal ra b b it  serum. 

This demonstrates a  requ irem ent fo r  s p e c if ic  antibody in  immunity to  

tu la re m ia .

Table I I ,  Passive t r a n s fe r  o f  immunity by i . v ,  in je c t io n  o f r a b b it  
a n t i- tu la re n s e  serum to  mice subsequently challenged s .c ,  w ith  F , 
tu la re n s is  s t r a in  425 Fj^G,

Challenge  
dose o f  

F . tu la re n s is
T v . iT )

R esu lts  ob ta ined  in  mine 
Immune Serum

tre a te d  w ith  
Normal Serum

d / t^ MTD^ d / t MTD

10^ 10/12 5 .2 12/12 3 .5

10^ 8/12 5 .7 12/12 3 .5

10^ 6 /1 2 9 .2 12/12 4 .3

10^ 2 /1 2 8 ,0 12/12 5 .2

10^ 2 /1 2 9 .0 12/12 6 ,1

10^ 2 /1 2 11 .0 12/12 6 .3

10^ 0/ l 2 - 12/12 6 .5

^^50 10^ organisms 1 organism

D e a th s /to ta l challenged . 

Mean tim e o f death  in  days.
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Experim ent 2 -  A c tiv e  im m unization w ith  e th e r -e x tra c te d  an tig en  (EÜA),

Th is  experim ent was performed to  determ ine the  degree o f  p ro te c tio n  

a ffo rd e d  by im m unization w ith  EEA adm in istered  e i th e r  by the intravenous  

o r in tra p e r ito n e a l ro u te s . Groups o f mice were in je c te d  w ith  0 ,2  ml o f 

a K le t t  100 suspension o f EEA from  F. tu la r e n s is s t r a in  423 Two

weeks l a t e r  groups o f immune and nonimmune mice were challenged sub- 

cutaneously w ith  F , tu la re n s is  s t r a in  425 F̂ ^G, The r e s u lts ,  shown in  

Table I I I  and F ig u res  3 and 4 , in d ic a te d  th a t  immunized mice were
3

r e s is ta n t  to  a t  le a s t  10 more organisms than were normal mice, In t r a ­

p e r ito n e a l im m unization appeared to  p ro te c t mice b e t te r  than in travenous  

im m unization but th e  in crease  was not s ig n if ic a n t .

Combined s p e c if ic  and n o n -s p e c if ic  immunity in  p ro te c t io n  a g a in s t F , 

tu la re n s is  s t r a in  425 F̂ ^G.

‘ A lle n  (1 )  and Thorpe and Marcus (7 2 , ?4) m aintained th a t re s is ta n c e  

to  tu la re m ia  in  mice is  dependent e n t i r e ly  upon enhancement o f the  

b a c te r io c id a l capac ity  o f immune macrophages. However, C la f l in  and 

Larson (1 3 ) demonstrated a requ irem ent f o r  a s p e c if ic  l i v e  vaccine th a t  

produced both an an tibody and a c e ll-m e d ia te d  response to  p ro te c t mice 

from tu la re m ic  in fe c t io n  caused by F . tu la re n s is  s t r a in  425

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table I I I ,  P ro te c tiv e  e f fe c ts  o f  im m unization w ith  EEA in  mice challenged  
subcutaneously w ith  s e ria l. 1 0 - fo ld  d i lu t io n s  o f F . tu la re n s is  s t r a in  
425 F^G.

R esults obtained  in  mice immunized w ith

Challenge  
dose o f  

P , tu la re n s is
T v . u . r '

EEA ( i . p . ) EEA ( i . v . ) Control

d / t^ MTD^ d / t  MTD d / t MTD

10? 12/16 7 .2 16/16 5 .8 16/16 4 ,6

10« 10/16 5 .8 16/16 6 ,2 16/16 5 .4

10? 10/16 5 .9 8 /1 4  6 ,5 16/16 5 .2

10^ 10 /16 5 .8 8 /1 4  8 .0 16/16 5 .5

10^ 8 /1 6 7 .4 12 /18  7 .8 16/16 5 .6

lo'^ 6 / l 6 8 ,0 6 /1 4  9 .0 16/16 6 .0

10^ 6 /1 6 8 .2 4 /1 4  9 .2 16/16 6 .1

102 2 /1 6 7 .0 2 /1 4  9 .4 16/16 6 .1

l-°50 10^ 1q4 .2 7 < 1 0 “

Logs o f  
p ro te c tio n > 10^ 102 '27 -

D e a th s /to ta l cha llenged ,

^ Mean tim e o f  death  in  days,

Experim ent 1 -  The com bination o f  passive  immunity and n o n -s p e c ific  
immunity to  tu la re m ia

This experim ent was perform ed to  determ ine i f  th e  combined e f fe c ts  

o f passive tra n s fe r  o f s p e c if ic  immune serum and n o n -s p e c ific  s t im u la tio n  

to  th e  RES would be more e f fe c t iv e  in  p ro te c t in g  mice ag a in s t tu la re m ic
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in fe c t io n . Groups o f normal mice and mice immunized days p rev io u s ly  

w ith  v ia b le  BOG were in je c te d  w ith  0 .2 5  ml o f norm al-or r a b b i t - a n t i -  

tu la re n s is  fo u r  hours b e fo re  challenge w ith  s e r ia l  te n - fo ld  d i lu t io n s  o f 

P , tu l.a ren s is  s t r a in  /+25 P^G. R esults  shown in  Table IV  and F igures 5 -8  

demonstrated th a t  enhanced RES a c t iv i t y  in  combination w ith  passive  

t r a n s fe r  o f  hyperimmune serum increased the  by g re a te r  than 2 logs

over th a t  a t ta in e d  w ith  immune serum a lo n e .

Experim ent 2 -  S p e c if ic  a c t iv e  im m unization in  combination w ith  non­
s p e c if ic  im m unization w ith  v ia b le  BOG,

Groups o f normal mice and mice immunized w ith  EEA, BOG, o r both

were challenged subcutaneously w ith  s e r ia l  te n - fo ld  d i lu t io n s  o f P.

tu la re n s is  s t r a in  425 P^^. The re s u lts  from  ty p ic a l experim ents are

shown in  Table V and F igures  9 -1 2 , The combined vaccines increase the

in  mice challenged w ith  P. tu la re n s is  s t r a in  425 P̂ Ĝ by 5 logs to

g re a te r  than 10^^ c e l ls .
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Table IV , P ro te c tiv e  e f f e c t  o f a d m in is tra tio n  o f hyperimmune serum and 
Im m unization w ith  BCD in  mice chal.lenced subcutaneously w ith  s e r ia l
1 0 - fo ld d i lu t io n s o f P. tu la re n s is  s t r . 425 P^G ■

R esults ob ta ined  from mice
Normal

Challenge serum BCD Immune

tre a te d

serum

w ith
BOG + 

immune serum

(v .u ,  ) d / t * MTD^ d / t MTD d / t MTD d / t MTD

106 12/12 3 .5 12/12 5 .0 10/12 5 .2 0 /1 2 -

lo 5 12/12 3 .5 12 /12 5 .5 8 /1 2 5 .7 0 /1 2 -

10^ 12/12 4 .3 10/12 6 .7 6 /1 2 9 .2 0 /12 -

10^ 12/12 5 .2 10/12 7 .6 2 /1 2 8 .0 0 /12 -

10^ 12/12 6 .1 12/12 7 .6 2 /1 2 9 .0 0 /12 -

10^ 12/12 6 .3 12/12 7 .3 2 /1 2 11 .0 0 /12 -

10° 12/12 6 .5 12/12 6 .5 0 /1 2 — 0/12 -

< 1  organism <1 organism 10^ > 10^

a Deaths per t o t a l  mice challenged.

Mean tim e o f  death,
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Table  V , The e ffe c tiv e n e s s  o f  s p e c if ic  im m unization w ith  e th e r -tre a te d  
P , tu la re n s is  (EPÎA) and n o n -s p e c ific  im m unization w ith  v ia b le  BCC  ̂ on 
mice challenged subcutaneously w ith  s e r ia l  10- f o ld  d i lu t io n s  o f F , 
tu la re n s is  s t r .  425

Challenge
dose

( v . u . )

R esults  ob ta ined  from  
C ontrol BOG + EEA

mice tre a te d  
BOG

w ith
EEA

d / t * MTD^ d / t  MTD d / t MTD d / t MTD

16 /16 3 .4 2 /1 6  7 .0 16 /16 3 .9 16/16 5 .0

10^° 16/16 3 .6 2 /1 6  7 .2 16/16 3 .9 16/16 5 .4

10^ 16 /16 4 ,6 2 /1 6  7 .2 16/16 4 ,0 16/16 5 .8

10= 16/16 5 .4 0 /1 6 16/16 4 .3 16/16 6 .2

10? 16/16 5 .2 0 /1 6 16/17 4 ,2 9 /1 6 6 ,5

10= 16 /16 5 .5 0 /1 6 16 /16 4 .7 8 /1 6 8 .0

10= 16 /16 5 .6 0 /1 6 16 /16 5 .3 6 /1 6 7 .8

' ‘“ 50 < 10^ > 10^- < 10^ 10^

Logs o f  
p ro te c tio n 0 > i o f 0 10^

^ Deaths p e r t o t a l  mice challenged ,

^ Mean tim e o f  death ,

°  K le t t  200 suspensions o f  BOG + ESA combined; 0 .2  ml In je c te d  i . v ,
2 weeks befo re  ch a lle n g e .

Experim ent 3 -  E f fe c ts  o f  d i f f e r e n t  ro u te s  o f  BOG in je c t io n  on EEA 
immunized mice,

Hibbs ( 34) and Ilib b s , a l ,  (3 5 , 3 6 ) have observed a g re a te r  non­

s p e c if ic  p ro te c t iv e  e f f e c t  i f  both BOG and th e  challenge organisms are  

in je c te d  by th e  same ro u te . An experim ent was performed to  determ ine  

th e  e f fe c t  o f d i f f e r e n t  ro u te s  o f BOG im m unization in  mice immunized 

sim ultaneously  w ith  EEA and challenged  subsequently w ith  F , tu la re n s is
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s t r a in  4-25 P̂ ^G. Groups o f  mice were in je c te d  i . v , ,  i . p , ,  o r s .c .  w ith  

0 ,2  ml o f  a K le t t  100 suspension o f BOG, At the same tim e , a l l  groups 

o f mice were immunized i . p ,  w ith  0 ,2  ml o f  a K le t t  100 suspension o f EEA. 

Table V I  and F ig u re  13 re p re s e n t th e  d a ta  ob tained  from a ty p ic a l e x p e ri­

ment, Mice immunized in tra v en o u s ly  w ith  BOG e l i c i t e d  a g re a te r  degree 

o f  p ro te c t io n  to  a l l  ro u te s  o f c h a lle n g e , demonstrated by increased  

va lues  and decreased m o r ta lity  r a t io s .  Subcutaneous challenge produced 

the  h ig h e s t va lues  in  comparison to  o th e r ro u tes  o f  in fe c t io n .

Animals immunized w ith  e i th e r  BOG o r ESA alone d id  not su rv ive  challenges
7

o f 10 c e l ls  o f P . tu la r e n s is . Mean tim e o f death va lues from groups o f  

mice challenged w ith  10^^ c e l ls  demonstrated increased s u rv iv a l tim es  

and p o ss ib ly  a g re a te r  degree o f p ro te c t io n  when BOG im munization and 

F . tu la re n s is  challenge was done by th e  same ro u te .
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Table V I ,  E f fe c ts  o f d i f f e r e n t  ro u tes  o f  BCH im m unization on EEA 
immunized mice challenged i . v , ,  s , c . ,  i . p .  w ith  F , tu la re n s is  s t r a in  
425 Fj5̂ G.

mis
liSA

( i . p . )

Route o f  
BCG 

In je c t io n

Route o f  
Challenge

Challenge
Dose d /t** MTD®

(days^

0 .2 i . v . i . v . 1 0 « 8 /8 2 ,0

0 .2 i . v . i . v . 10^- 8 /8 4 ,0

0 .2 i . v . s .c . 10*3 3 /8 5 .0

0 .2 i . v . s .c . 10** 0 /8 -

0 .2 i . v . I . p . 1.0*3 6 /8 2 ,5
0 .2 i . v . i . p . 10** 4 /8 4 .3

0 ,2 s .c . i . v . 10*3 8 /8 2 .0

0 .2 s .c . i . v . 10** 8 /8 2 .1

0 .2 s .c . s .c . 10*3 5 /8 6 .8

0 .2 s .c . s .c . 10 ** 4 /8 6 .5
0 .2 s .c . i . p . 10*3 8 /8 2 .4

0 .2 s .c . i . p . 10** 8 /8 3 .8

0 .2 i . p . i . v . 10*3 5 /5 2 .8

0 .2 i . p . i . v . 10 ** 5 /5 3 .6

0 ,2 i . p . s .c . 10*3 2 /6 5 .0

0 .2 i . p . s .c . 1 0 ** 0 /6

0 ,2 i . p . i . p . 10*3 7 /8 3 .4

0 .2 i . p . i . p . 10 ** 5 /8 5 .8

0 .2 - i . v . 10? 4 /5 2 ,8

0 .2 s .c . 10? 5 /5 4 ,0

0 .2 ** i . p . 10? 5 /5 4 ,0

0 ,2  ml K le t t  100.

D e a th /to ta l challenged . 
Mean tijne o f  death .
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Experim ent 4  -  A c tive  im m unization w ith  EEA in  combination w ith  non­
s p e c if ic  im m unization w ith  h e a t - k i l le d  B orde t el l a  p e rtu s s is .

Th is  experim ent was performed to  determ ine i f  th e  p ro te c t iv e  e f fe c t  

observed from the com bination o f BOC and E!2A im munization was unique to  

th a t  n o n -s p e c ific  s tim u la n t o r  ;lf s t im u la tio n  o f  th e  RES by o th er sub­

stances would produce s im ila r  r e s u lts .  Groups o f  mice were immunized 

w ith  h e a t -k i l le d  B, p e r tu s s is , EEA o r both and challenged w ith  P, 

tu la r e n s is s t r a in  42^ F^G in  th e  manner described in  Experiment 2 o f 

th is  s e c tio n . Experim ental r e s u lts  shown in  Table V I I  and F igures  14-17  

in d ic a te  th a t  s p e c if ic  an tibody in  com bination w ith  s tim u la tio n  o f the  

RES by e i th e r  a v ia b le  o r  a k i l l e d  s tim u la n t are responsib le  f o r  immunity 

to  tu la re m ia  caused l%y P. tu la re n s is  s t r a in  425 F̂ ^G,

Table V I I ,  The e ffe c tiv e n e s s  o f s e p c if ic  im m unization w ith  e th e r -tre a te d  
P . tu la re n s is  (EEA) and n o n -s p e c if ic  im m unization w ith  h e a t -k i l le d  
B o rd e te lla  p e rtu s s is  on mice challenged w ith  s e r ia l  1 0 - fo ld  d ilu t io n s  
o f P. t u la re n s is  425 P;^G.

C hallenge
dose

( v ,u . )

R e s u l ts  o b ta in e d  from  
! C o n tro l B, p e r t u s s i s

+ EEA

m ice t r e a t e d  
B, p e r t u s s i s

w ith
EEA

d /t^ MTD^ d / t  MTD d / t MTD d / t MTD

io i( ) - - 2 /1 0  6 ,5 - — 4 /7 6 .3
10®

10®

— - 0 /8 10 /10 3 .5 4 /7 8 .4
8 /8 ^ .5 0 /8 6 /8 3 .6 6 /9 7 .7

lo"" 8 /8 4 ,5 0 /8 8 /8 4 .9 3 /7 9 .0
10^ 8 /8 4 .5 7 /8 5 .0 3 /7 9 .2

<10^ > 1 0 ^ ° < 1 0 2 10^*^

^ Deaths per t o t a l  mice ch a llenged , 

b
Mean tim e o f  death .
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Adoptive t r a n s fe r  o f immunity to  F , tu la re n s is  s t r a i n 425 P^G.

Adoptive t r a n s fe r  o f immunity has been used c la s s ic a lly  to  demon­

s t r a te  c e ll-m e d ia te d  im munity, AD.len ( l ) ,  Thorpe and Marcus (? 4 ) ,  and 

G L a flin  and Larson (1 3 ) dem onstrated adoptive t r a n s fe r  o f immunity to  

tu la re m ia . T ra n s fe r o f  BOG-EEA immune sp leen c e lls  w ith  and w ithou t 

immune serum d id  not t r a n s fe r  immunity to  P. tu la re n s ls  s t r a in  425 Pj^G.

A  m o d ific a tio n  o f th e  method o f A lle n  ( 1 )  was employed. C e lls  from the  

spleens o f  anim als immunised i . v .  w ith  0 , 2  ml K le t t  1 0 0  suspension o f

BOG-EEA 2 weeks e a r l i e r  were in je c te d  i . p ,  in to  normal mice. These mice 

were tre a te d  i . p ,  w ith  e i t h e r  immune o r normal serum and were challenged

4 hours l a t e r .  The re s u lts  ob ta ined  from  the adoptive tra n s fe r  e x p e ri­

ment axe shown in  Table V I I I ,  Extension in  MTD is  observed in  mice 

re c e iv in g  immune c e l ls  and serum, but the  m o r ta lity  r a t io s  are  s im ila r  

In  a l l  groups. The re s u lts  o f th is  experim ent are over-shadowed by the  

fa c t  th a t  he te ro g en e ic , r a th e r  than a llo g e n e ic  anim als were used. Ai.so, 

in  many cases mice must be ir r a d ia te d  to  c re a te  areas in  the spleen fo r  

the  tra n s fe rre d  c e l ls  to  lo c a te .
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Table  V I I I ,  Adoptive t r a n s fe r  o f immunity to  F. tu la re n s ls  s t r a in  
^25 w ith  sp leen c e l ls .

C e lls  tra n s fe rre d
( 5 .0  X 10® i , p . ) to  
r e c ip ie n t  mice

Serum tra n s fe rre d
( 0 ,2 5  mis i . v , )

Challenge 
dose 

( v . u . )
d / t ^ MTD^

immune sp leen c e lls Immune 1.0̂ ' 8 /8 5 .4
immune sp leen c e l ls Immune 10" 8 /8 5 .7
immune sp leen c e l ls Normal 10^ 8 /8 4 .4

immune spleen c e l ls Normal 10^ 8 /8 4 .4

normal spleen c e l ls Immune 10^ 8 /8 3 .4

normal sp leen c e l ls Immune 10^ 8 /8 3 .5
normal spleen c e l ls Normal 10^ 8 /8 3 .0

normal spleen c e l ls Normal 10^ 8 /8 3 .0

immune spleen c e l ls — - ——— 3 /8 5 .0

normal spleen c e l ls — —— 2 /8 5 .0

BOG-EEA immune 
donor mice

— — — 0 /8

^ D e a th s /to ta l challenged ,

^ Mean tim e o f  death ,

Eîvaln a tio n  o f  the immune response produced by v a c c in a tio n  w ith  v ia b le  
BOG and EE A,

Experiment 1 -  P roduction  o f an tibody

B a c te r ia l a g g lu t in a t io n  te s ts  were performed on serum from immune 

mice to  determ ine i f  th e  an tibody t i t e r  c o rre la te d  w ith  the degree o f  

p ro te c tio n  a ffo rd e d  by th e  v a rio u s  vaccines p re v io u s ly  mentioned, Seruni 

was c o lle c te d  by c a rd iac  puncture o r  from  th e  a x ia l  v e in  from groups o f 

mice ( 10) immunized i , v ,  w ith  BOG, ESA o r  b o th , Tlie mice were boosted 

w ith  EI<ÏA 7 days a f t e r  prim ary  im m unization a,nd were b led  l 4  days a f t e r  

bo osting . The re s u lts  shown in  F ig u re  I 8 in d ic a te d  no d iffe re n c e  in
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th e  an tibody t i t e r s  o f  mice immunized w ith  EEA o r the  BOG-E32A complex, 

in d ic a t in g  a  la c k  o f  c o r re la t io n  between antibody t i t e r  and the degree 

o f p ro te c t io n ,

Guinea p igs a ls o , were immunized w ith  the th re e  an tig ens . Antibody 

t i t e r s  o f EBA immunized and EOCl-EEA immunized a,nimals were the same 

(F ig .  1 9 ) .

Ebcnerlmont 2 -  In d u c tio n  o f immediate and delayed h y p e rs e n s it iv ity .

S ta tes  o f  h y p e rs e n s it iv ity  have been shown to  c o rre la te  c lo s e ly  

w ith  types o f  immune responses, i . e .  humoral o r c e l lu la r .  Immediate 

h y p e rs e n s it iv it ie s  have been shown to  r e s u lt  from e f fe c ts  o f an tig en -  

antibody re a c tio n s  whereas, delayed h y p e rs e n s it iv it ie s  c o rre la te  c lo se ly  

w ith  c e ll-m e d ia te d  immunity. S tudies o f such h y p e rs e n s it iv it ie s  could 

revea], fa c to rs  re sp o n s ib le  f o r  th e  immune response in  question .

Groups o f unimmunized mice and mice immunized w ith  BCK, RIBA and 

both were te s te d  by in je c t io n  o f  0 .0 3  ml (K le t t  50) o f ESA in to  the  

hind fo o tp ad . Increases in  th e  th ickn ess  o f the  footpad in je c te d  w ith  

th e  s k in  te s t  an tig en  over the  o th e r h ind footpad  in je c te d  w ith  0 ,0 3  ml 

o f s a lin e  were recorded . R esu lts  a re  In d ic a te d  in  F ig  w e  20 . Mice 

immunized w ith  both BOG and ESA gave p o s it iv e  sk in  te s ts  o f both the  

immediate and delayed ty p e s . The re a c t io n  increased in  s iz e  a t  two hours, 

peaked a t 4  hours, was reduced in  s iz e  a t  tw e lve  hours, but increased  

again a t  24 hours. Th is  re a c t io n  had decreased in  s iz e  by 48 hours and 

was n e g lig ab le  by 72 hours. Mice in je c te d  w ith  ERA alone showed an 

immediate re a c tio n  but a de layed re a c t io n  was not observed.

In  order to  d e fin e  more s a t is f a c t o r i ly  the  s k in  re ac tio n s  observed 

in  m ice,.groups o f fo u r  gu inea p igs were in je c te d  w ith  BOG, EBA, o r both.
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The s k in  r e a c t i o n s  o b se rv ed  in  m ice c o r r e l a t e d  t o  th o s e  o b se rv ed  in  

g u in e a  p i g s .  T ab le  IX in d ic a t e s  th e  d a ta  o b ta in e d  from  24 ho u r s k in  

t e s t s  i n  g ro u p s  o f  g u in e a  p ig s  immunised w ith  th e  th r e e  a n t ig e n s .  D elayed 

s k in  t e s t s  w ere o b se rv e d  fo l lo w in g  i n j e c t i o n  o f  a s  l i t t l e  a s  a  K le t t  10 

su s p e n s io n  o f  ESA.

T ab le  IX. T w en ty -fo u r h o u r s k in  t e s t s  in  g u in e a  p ig s  immunized w ith
v ia b l e  BOG, e t h e r - t r e a t e d P. t u l a r e n s i s  o r  b o th .

1° Skin  t e s t Mean L es io n D im ensions
W idth L ength T h ickness Volume

A ntigen A n tigen (mm) (mm) (mm) (mm^)

BOG-EEA EGA 18 18 25 303.8

BOG on ly EEA 2 2 0 ,1 0 ,2

EBA EEA 4 4 0 .3 1 .8

None EBA 2 2 0 .1 0 ,2

The e f f i c a c y  o f  h e a t - k i l l e d  B, r e r t u s s i s  and v ia b le  BOG in  combina­

t i o n  w ith  ESA a s  in d u c e rs  o f  d e la y e d - ty p e  h y p e r s e n s i t i v i t y  was s tu d ie d  

in  m ice . G roups o f  m ice w ere immunized w ith  B, p e r t u s s i s , BOG, ESA, and 

B, p e r t u s s i s  and EËA, o r  BOG and EEA, F o u r te e n  day s a f t e r  im m unization  

g ro u p s  o f  te n  m ice w ere s k in  t e s t e d .  The r e s u l t s  a re  shown in  F ig ,  21 , 

The BCG and EEA c o m b in a tio n  was th e  o n ly  v a c c in e  t e s t e d  t h a t  induced  

a  d e la y ed  h y p e r s e n s i t i v i t y  s k in  r e a c t i o n ,  how ever B. p e r t u s s l s -EIEA and 

EEA p roduced  im m ediate h y p e r s e n s i t i v i t y  o n ly ,

MIF An a ly s i s

To e lu c id a t e  f u r t h e r  th e  d e la y e d  h y p e r s e n s i t i v i t y  r e a c t io n  in v o lv e d  

in  th e  BOG-EEA sy s te m , i ji  v i t r o  c o r r e l a t i o n s  o f  d e la y e d  h y p e r s e n s i t i v i t y  

w ere p e rfo rm ed , D avid 0 9  ) and  D av id , e t  a l ,  (20 ) and Bloom and
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B ennett (7 ) developed the  c a p il la r y  tube method fo r  d e te c tio n  o f  macro­

phage in h ib i t io n  fa c to r  (MTP), Groups o f guinea p igs were immunized 

w ith  BOG, EISA, o r b o th . P e r ito n e a l exudate c e l ls  were c o lle c te d  and 

c a p i l la r y  tube MIF assays were perform ed. Table X shows re s u lts  obtained  

from  the  average va lues  o f  10 Sykes-Moore chambers.

Table X, ^  v i t r o  dem onstration o f macrophage in h ib i t io n  fa c to r  in  
guinea p igs  s e n s it iz e d  w ith  BOG, EEA o r  bo th .

Source o f  P e r ito n e a l 
Exudate C e lls

In cub atio n
Medium

M .I.^ Percent
In h ib it io n

Norm, Guinea Pigs no an tig en 1 .5 4 100 0 .00
K le t t  50 EEA 1.43 94 6 .00

Guinea P igs S tim ula ted no an tig en 2 .1 0 100 0 .00
w ith  BOG and EBA K le t t  50 EEA 0 .4 5 20 80.00

Guinea Pigs S tim ula ted no an tig en 1 .57 100 0 .00
w ith  BOG IQ e t t  50 EEA 1 .45 92 8 .00

Guinea Pigs S tim ulated no an tig en 1./+8 100 0 ,00
w ith  EEA K le t^  50 EGA 1 .62 100 0 .00

^ Mean Area o f  M ig ra tio n ,

'  M ig ra tio n  index =

M ig ra tio n  o f p e r ito n e a l c e l ls  from  guinea p igs s tim u la ted  w ith  

BOG-EEA was in h ib ite d  80^  when c e l ls  were Incubated w ith  ESA, In  c o n tra s t, 

c e lls  from anim als immunized w ith  BOG o r EliJA alone were in h ib ite d  8^ o r  

le s s . This s u b s ta n tia te s  th e  ^  v iv o  s tu d ie s  and demonstrates delayed 

h y p e rs e n s it iv ity  to  EEA in  mice immunized w ith  BOG-EEA,

Immunosunpression o f  p ro te c t iv e  e f fe c ts  e x h ib ite d  by combined BOG and 
ESA im m unization.

Several immunosuppressive agents have been shown to  e lim in a te  one

o f th e  c e l lu la r  components im po rtan t in  th e  immune mechanism; th is  makes
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i t  p o s s ib le  to  study th e  im portance o f  a  s in g le  c e l l  in  re s is ta n c e  to  

tu la re m ia .

Experim ent 1 -  E ffe c ts  o f an ti-tliym o c y te  serum (ATS),

A nti-thym ocyte  serum (ATS) has been shown to  e lim in a te  the  thymus- 

d e riv e d  (T ) lymphocyte and to  be e f fe c t iv e  in  e lim in a tio n  o f the  c e l l -  

m ediated immune response, Maclcaness and H i l l  (5 4 ) observed lo ss  o f 

immunity to  L is t e r ia  monocytogenes in  anim als tre a te d  w ith  anti-lym pho­

cyte  g lo b u lin , Q a f l i n  and. Larson ( l3  ) used F . tu la re n s ls  s t r a in  LVS as 

a vaccine and showed a decrease in  p ro te c t iv e  e f fe c t  in  A TS -treated  immune 

mice challenged w ith  F , tu la re n s ls  s t r a in  Schu. Experiments were performed 

to  determ ine the  e f fe c ts  o f ATS trea tm e n t and probable importance o f the  

T -c e l l  in  mice immunized w ith  BOG and EEA and challenged w ith  F , tu la re n s ls  

s t r a in  425 F ^ ,  Groups o f normal and BOG-EEA immu.ne mice were tre a te d  

i , v ,  w ith  a s in g le  dose o f 0 ,2 5  mi. o f  ATS 24 hours p r io r  to  challenge, 

sim ultaneously w ith  c h a lle n g e , o r 24- hours a fte r- challenge w ith  F, 

tu la re n s ls  s t ra in  425 Treatm ent w ith  ATS a t  th is  tim e e lim in a te s

a p re -e x is ta n t  Immune s ta te .  Challenges were made by the  subcutaneous 

ro u te . Table X I and F ig u re  22 show th e  e f fe c t  o f  ATS trea tm e n t. At 

high challenge doses, a decrease o f a t  le a s t  one lo g  in  the p ro te c tiv e  

e f fe c ts  o f the, combined v a c c in e .

Experiment 2 -  Immunosuppressive e f fe c ts  o f  cyclophosphamide,

A llis o n  (2 )  observed an in crease  in  p a th o g e n ic ity  o f Coxsackie B 

v iru s  in  a d u lt  mice tre a te d  w ith  cyclophosphamide. Treatment w ith  

cyclophosphamide has been observed to  be e f fe c t iv e  in  reducing numbers 

o f  antibody producing B -c e lls  (7 5 ) .  Experim ents were performed to  d e te c t 

th e  e f fe c t  o f  cyclophosphamide on th e  immune response provoked by BOG
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Tab le  X I ,  Immunosuppressive e f fe c ts  o f  i . v ,  ATS treatm ent on mice 
immunized w ith  Bdl-ESA and challen/red s .c ,  w ith  F , tv ilaxonsis s t ra in
425 F^G, ^

Immunizing
Antigen

Time o f  ATS 
Treatm ent 

( 0 ,2 5  ml -  i , v , )

Challenge
dose d / t^ MTD^ “ 50

10^° 5 /a 7 ,0
24 hours 10^ 2 /8 7 .0 0 C
n r io r  to Q
challenge 10 3 /a 10,0

lo l® 4 /8 7 .1

B0G-EB14 w ith  challenge 10^
0

1 /8 10,0 lo io
10 0 /8 -

6 /8 7 .0
24 hours 10^ 4 /8 6 ,5 Q

B03-EEA post 10^
challenge 10 1 /8 11.1

BOG-EEA - 10’-° 0 /8 - > lo io

24 hours 10« 8 /8 3 .5 7
None p r io r  to 7 < 10^

challenge 10" 8 /8 3 .7

w ith 10® 8 /8 3 .6 7
None challenge n < 10^̂

10^ 8 /8 3 .5

24 hours 10® 8 /8 3 .5 7
None post 7 ^  10^

challenge 10" 8 /8 3 .0

None None 107 8 /8 4 .0 <  lo"^

None 0 .2 4  ml — 0 /8 - -

D e a th s /to ta l challenged , 

Mean tim e o f d ea th ,

0 ,2  ml K le t t  100 i , v .
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and Eh.A and to  e v a lu a te  the  degree to  which antibody and B -c e lls  are 

in v o lv e d . Groups o f  normal and BOG-SEA immunized mice were tre a te d  i . p ,

7 and 14- days a f t e r  im m unization w ith  150 mg/kg o f cyclophosphamide. 

Twenty-one days a f t e r  im m unization mice were challenged I . p ,  w ith  E, 

tu la re n s  is  s t r a in  425 Pj^G. R esults  are  shown in  Table X I I  and F igure 23. 

Treatm ent w ith  cyclophosphamide reduced the  to  le s s  than 10^ organisms,

th is  demonstrates the  im portance o f s p e c if ic  antibody and the p a r t ic ip a t io n  

o f the  B -c e ll  in  immunity induced by BOG and ESA.

Table X I I .  E ffe c ts  o f  tre a tm e n t w ith  two 150 mg/kg doses o f cyclo ­
phosphamide (CP) on mice immune to  P. tu la re n s ls  s t r a in  425 F̂ ^G.

Im munization  
w ith  BOG-EEA^

CP
Treatm ent

Challenge  
dose o f  

F . tu la re n s ls  
I v . u .  )

d / t^ MTD°

4" + 10® 8 /8 3 .6
+ + 10& 8 /8 4 .9
+ + 10^ 8 /8 4 .3
+ + — 3 /8 4 .0
+ - 10® 1 /8 6 ,0

- + 10® 8 /8 2 .8

- + 10^ 8 /8 2 .5
- + lo"^ 8 /8 4 .8

- + - 3 /8 6 .0

- - 10^ 8 /8 3 .3

0 ,2  ml K le t t  100 i . v .  

D e a th s /to ta l ch a llenged . 

Mean tim e o f  death .
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Experim ent 3 -  Immunosuppressive e f fe c ts  o f  anti-m acrophage serum and 
s i l i c a ,

A lle n  ( l  ) and Thorpe and Marcus ( 72 , 7 3 ,? 4 ) m ain ta in  th a t  immunity 

to  tu la re m ia  re s u lts  from s tim u la tio n  o f  the re t ic u lo e n d o th e lia l system.

Anti-m acrophage serum and s i l i c a  a re  e f fe c t iv e  e lim in a tin g  macrophages, 

The prim ary  e f fe c to r  c e l l  o f  the  RES, Experiments were performed to  

determ ine th e  immunosuppressive e f fe c ts  o f  these immunosuppressive agents,

a . Groups o f  normal and BOO-EEA immunized mice were tre a te d  i , p ,  

w ith  A1ÎS 24 hours p r io r  t o ,  s im ultaneously w ith , and 24 hours a f t e r  i ,p .  

challenge w ith  tu la re n s ls  s t r a in  42.5 P'/,pt Table X I I I  and F igure  24 

show AMS trea tm e n t p r io r  to  challenge reduced the 1,0^^ by g re a te r  than

4  lo g s . Treatm ent a f t e r  challenge reduced the by 8 lo g s , which

demonstrates a requ irem ent f o r  the macrophage in  production o f immunity 

to  P, tu la re n s ls  s t r a in  425 Pj^G,

b . Groups o f mice were tre a te d  i . p ,  w ith  50 mg o f H in -U -S il 4  hours 

p r io r  to  ch a llen g e , s im ultaneously  w ith  ch a llen g e , and 4 hours a f te r  

challenge w ith  P, tu la re n s ls  s t r a in  425 Pj^C, R esults shown in  Table XIV 

and F ig u re  25 agree w ith  th e  re s u lts  obtained w ith  AMS, M in -U -S il decreases 

the  by g re a te r  than 8 lo g s , dem onstrating t)ie  importance o f the

macrophage in  Immunity produced by BOG and Eâ A, No d iffe re n c e  e x is ts  in  

d a ta  obtained from groups tre a te d  a t  d i f f e r e n t  tim es in  r e la t io n  to  

challenge.
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Table  X I I I ,  E îffec ts  o f  AMS in je c te d  i . p ,  on mice immunized w ith  B03-E2A 
and challenged i . p ,  w ith  F , tu la re n s ls  s t r a in  425

Immunizing
Antigen

Time o f AMS 
Treatm ent 

( 0 .2 5  ml -  i . p . )

C hallenge
dose d / t^ MTD^ ^^50
io“ 6 /8 4.00

24 hours 10® 6 /8 5 .00 A
B02-E33A^ p r io r  to A 10

challenge 1C) 4 /8 5 .2 5

io“ 7 /8 3 .6
to® 5 /8 5 ,0 7 4BOO-EEA w ith  challenge A l o / '
10 1 /8 7 .0

jpio 7 /8 4 .2

24 hours 10® 7 /8 4 .0 A
BOG-EEA post A 10^

challenge 10 4 /8 3 .6

BOG-EEA - lo“ 0 /8 - >10^®

24 hours 10® 8 /8 2 .0 p
None p r io r  to ? <10

challenge 10 8 /8 3 .7

w ith 10^ 8 /8 1 .0 6
None challenge p ' <10

10 8 /8 3 .3

24 hours 1 0 ^ 8 /8 1 .1 6
None post p <10

challenge 10 8 /8 3 .0

None None 10^ 8 /8 3 .2 <10^

None 0 .2 5  ml — 0 /8 - -

^ D e a th s /to t a], ch a llenged , 

^ Mean tim e o f  death ,

0 ,2  ml K le t t  1.00 i . v .
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T ab le  XIV. E f f e c t s  o f  i . p ,  t r e a tm e n t  o f  Min- 
w ith  BCG and EEA and c h a lle n g e d  i . p ,  w ith  P.

U-Sil. on mice immunized 
t u l a r e n s i s  s t r a i n  425 P^G.

Immunizing
Antigen

Time o f  
Treatm ent 

(50 mg/ml i . p , )

C hallenge
Dose d / t^ MTD^ " s o

10° 8 /8 3 .5
4  hours 10° 8 /8 4 .6

bcg- e s a '̂ p r io r  to h. <10^
challenge 10 8 /8 4 .6

10^ 5 /8 4 ,6

10° 8 /8 3 .8

10° 8 /8 3 .9
BOG-EEA w ith  challenge h <10^

10 8 /8 3 .7
10^ 5 /8 4 .2

l o : 8 /8 3 .2
4  hours 10 8 /8 5 .6 o

BOG-EEA post 4 < lo r
challenge 8 /8 5 .6

10 8 /8 5 .5

BOG-EEA 10® 0 /8 - >10^

4  hours 10“̂ 8 /8 2 .3 o
None p r io r  to o <10

challenge 8 /8 2 ,3

w ith lo '* 8 /8 1 .6 2
None challenge < 10

10 8 /8 2 .3

4 hours lo '^ 8 /8 2 .1 2
None post o <10

c h a ll enge 10 8 /8 1 .8

None None 10^ 8 /8 2 ,0 10^

None 50 mg/ml — 0 /8 - -

D e a th s / to ta l  c h a lle n g e d , 

Mean tim e  o f  d e a th ,

0 ,2  ml K le t t  100 i , v .
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E ffe c ts  o f  ImmunosuTooressIve trea tm en t on hypersensi t i v I t y  re a c tio n s .

E lim in a t io n  o f immediate o r  delayed h y p e rs e n s it iv ity  occurs w ith  

some Immunosuppressive tre a tm e n ts , F lf;u re  26 shows the e f fe c t  o f various  

immunosuppressive trea tm ents  on th e  h y p e rs e n s it iv ity  sk in  rea c tio n s  to  

ESA in  mice immunized w ith  B(X! and EEA, A ll  immunosuppressive agents 

were adm in is tered  i . p .  A nti-thym ocyte serum decreased by 50^  the immediate 

h y p e rs e n s it iv ity  response and reduced th e  delayed re a c tio n  by 75%* The 

immediate h y p e rs e n s it iv ity  response was reduced by 8 7 . 5^  w ith  cyclophos­

phamide; however, th e  delayed re a c tio n  was decreased only 37,5%. Mln- 

U-SÜ- and AMS e lim in a te d  both h y p e rs e n s it iv ity  responses.

Immunity to  P. tu la re n s is  s t r a in  Schu.

Rrperim ent 1 -

G L a flin  and Larson ( l 3 )  showed immunity induced by attenuated  F, 

tu la re n s is  to  F . tu la re n s is  s t r a in  Schu is  accompanied by delayed hyper­

s e n s i t iv i t y  to  e th e r -e x tra c te d  ant:i_gen, A requirem ent fo r  s p e c if ic i ty  

was a lso  d e te c te d . Experim ents were performed to  determ ine i f  the  

combined BOl-ESA vaccine which a lso  induced delayed h y p e rs e n s itiv ity  to  

EBA, induced immunity to  P . tu la re n s ls  s t r a in  Schu, Groups o f normal 

mice and mice immunized w ith  BOG, EEA from F . tu la re n s is  s t r a in  42^ Fĵ Ĉ 

o r s t r a in  Schu o r both  were challenged  w ith  P. tu la re n s is  s t r a in  Schu, 

Tables XV and XVI show exten s io n  in  MTD in  BOG-EEA mice but LD^^ and 

m o rta lity  r a t io s  rem ain unchanged. No s ig n if ic a n t  d iffe re n c e  is  observed 

in  d a ta  obtained from those experim ents comparing EEA from th e  Schu s t ra in  

o r th e  425 P^G s t r a in .
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Table  XV, The e f fe c ts  o f Immunisation w ith  BCG and e th e r -tre a te d  c e lls  
o f  P. tu la re n s ls  s t r a in  42^ F.G in  mice in fe c te d  w ith  s e r ia l  d ilu t io n s  
o f  P. tu la re n s ls  s t r a in  Schu.

Challenge  
dose o f  

F, tu la re n s is  
( v . u . )

BOG and ESA BOG Control

d/t* MTD^ d / t MTD d / t MTD d / t  MTD

10̂ 10/10 6,6 8/8 4 .875 8/8 5.25 8/8 4.3
10̂ lo/io 7 .5 8/8 4 ,400 8/8 5.60 8/8 4.0
10 10/10 8.6 8/8 4.400 8/8 5.25 8/8 3.7

C 10 c e l ls  ̂10 c e lls <10 c e lls  <10 c e lls

^ D e a th /to ta l challenged . 

^ Mean tim e o f  death .

Table X V I, E f fe c ts  o f  im muniaation w ith  v ia b le  BOl and e th e r -tre a te d  c e lls  
o f F , tu la re n s is  s t r a in  Schu in  mice challenged w ith  s e r ia l  d i lu t io n s  o f 
F . tu la re n s is  s t r a in  Schu,

Challenge  
dose o f  

F , tu la re n s is  
( v . u , 7

BOG and EEA BOG EEA Control

d / t^ MTD^ d / t MTD d / t MTD d / t MTD

10^ 8 /8 6 .6 8 /8 4 .1 8 /8 4 ,9 8 /8 3 .7 5

10^ 8 /8 6 ,6 8 /8 4 ,2 8 /8 5 .9 8 /8 4 .0 0

10 8 /8 6 ,3 8 /8 3 .9 8 /8 4 ,9 8 /8 3 .7 5

^ ^ 0 <10 c e l ls <10 c e l ls <10 c e lls <10 c e lls

^ D e a th /to ta l ch a llen g ed , 

^ Mean tim e o f  d ea th .
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Experim ent 2 -

BOG immune anim als g iven  a booster dose o f p u r i f ie d  p ro te in  d e r iv a ­

t iv e  (PPD) a few hours b e fo re  o r  sim ultaneous to  challenge have boon 

shown to  p ro te c t anim als ag a in s t growth o f m alignant melanoma (Larson  

unpublished d a ta ) .  Boosting w ith  PPD is  b e lie v e d  to  s tim u la te  production  

o f lymphocyte products o f importance in  delayed h y p e rs e n s itiv ity  re a c tio n . 

Experim ents were perform ed to  determ ine i f  BQG-ESA immune mice boosted 

k  hours p r io r  to  challenge w ith  PPD have increased immunity to  P. 

tu la re n s is  s t r a in  Schu, Table X V II shows the re s u lts  observed, PPD 

boosting o f  BOG-EBA immune mice does not induce p ro te c tio n  ag a in st  

challenge w ith  P , tu la re n s is  s t r a in  Schu,

Table X V I I ,  E f fe c ts  o f boosting  B01-EEA immune mice w ith  PPD ( i , p , )  4 
hours p r io r  to  ( i . p , )  challenge w ith  P. tu la re n s is  s t r a in  Schu,

Immunl%ing
Antigen

PPD
Treatm ent

Challenge  
dose ( v .u . ) d / t^ MTD^

BOG-EEA® 300 ug io3 8 /9 5 .1
BOG-EEA 300 tig 10" 8 /8 5 .4

BOG-EEA 300 ug 10 8 /8 5 .0

BOG-EEA - 10^ 8 /8 5 .1
BOG-EEA — 10^ 8 /8 5 .8

BOG-EEA - 10 8 /8 5 .9
ESA® 300 ug 10^ 8 /8 3 .8

tl3A - 10^ 8 /8 3 .8

BOG® 300 ug 10 8 /8 3 .3
BOG - 10 8 /8 3 .4
None 300 ug 10 8 /8 3 .0

None — 10 8 /8 3 .3

^ D e a th /to ta l challenged, 

Mean tim e o f d eath ,

^ 0 ,2  ml K le t t  1.00 i . v .
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CIÎAPTER T I 

DISCUSSION

F r a n c ls e lla  tu la re n s ls  is  a fa c u lta t iv e  in t r a c e l lu la r  organism  

which in fe c ts  c e l ls  o f the  re t ic u lo e n d o th e lia l system o f susceptib le  

an im a ls . As in  b ru c e llo s is  and tu b e rc u lo s is , re s is tan c e  to  tu la re m ia  

g e n e ra lly  has been considered to  be d i r e c t ly  re la te d  to  an increase In  

th e  fu n c tio n a l cap ac ity  o f  phagocytic  c e l ls .  S te fanye , e t  a l .  (6 9 ) 

observed th a t  in t r a c e l lu la r  d e s tru c tio n  by normal guinea p ig  p e rito n e a l 

exudate c e l ls  o f  va rio u s  s tra in s  o f £ .  tu la re n s ls  c o rre la te d  w ith  the  

v iru le n c e  o f th e  organisms In  v iv o . Husiwara, o t a l . , as c ite d  by 

C la f l in  and Larson ( l 3 ) t  demonstrated th a t  v ir u le n t  and a v iru le n t  s tra in s  

o f P. tu la re n s ls  were phagocytosed a t  the same r a te .  However, v ir u le n t  

organisms were capable o f  in t r a c e l lu la r  p r o l i fe r a t io n  whereas a v iru le n t  

s tra in s  were d ig es te d . Phagocytes from tu la re m ia  immune guinea p ig s , 

ra b b its  and mice possessed increased in g e s tiv e  and d ig e s tiv e  c a p a c itie s  

as compared to  c e l ls  from  normal an im als . Thorpe and Marcus (?2,  73 ) 

m aintained th a t  th e  degree o f  in t r a c e l lu la r  d e s tru c tio n  o f the organisms 

in  phagocytes taken from  both normal and immune anim als was independent 

o f an tibody. These s tu d ies  im p lied  th a t  increased res is tan ce  in  acquired  

immunity to  tu la re m ia  was dependent on enhanced c a p a b il i t ie s  o f  the  

phagocytes to  d estro y  th e  organisms and th a t  s p e c if ic  antibody is  o f  

secondary Im portance. F u rth e r  work by Thorpe and Marcus (? ^ ) and A llen  

(1 ) ,  w ith  m ice, and Woodward, e t  ( 7 9 ) ,  w ith  r a ts ,  demonstrated th a t  

p e rito n e a l exudate c e l ls  o r  sp leen c e l ls  from immune animals could  

p ro te c t a d o p tiv e ly  normal r e c ip ie n ts  which were challenged w ith  f u l l y

63
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v ir u le n t  F , tu la r e n s ls . Although these s tud ies  im p lica ted  a c e l lu la r  

immune mechanism, the heterogeneous p o pu la tio n  o f c e lls  u t i l i z e d  should 

be considered . S p len ic  c e l ls  from mice are h is to lo g ic a lly  h ig h ly  

heterogeneous, co n ta in in g  lymphocytes o f both thymus ( T - c e l l )  and bone 

marrow o r b u rs a l-e q u iv a le n t ( B - c e l l )  o r ig in s  and a lso  phagocytes o f the  

re t ic u lo e n d o th e lia l  system (2 4 ) .  P e r ito n e a l exudate c e l ls ,  inc lud ing  

those s tim u la te d  w ith  s p e c ia l i r r i t a n t s ,  c o n ta in , in  a d d itio n  to  macro­

phages, up to  30/^ lymphocytes and 10-15^  PMNs, The heterog ene ity  o f the  

c e l l  p o p u la tio n  in  t r a n s fe r  s tu d ies  resvû ts  in  d i f f i c u l t y  o f e v a lu a tio n  

th e  r o le  o f  in d iv id u a l c e l lu la r  elements as m ediators o f  immunity. Even 

though re s is ta n c e  may r e s t  w ith  the  phagocytic c e l l ,  the in duction  and 

expression o f t h e i r  a c t iv i t y  may depend upon in te ra c t io n  w ith  o th er  

lymphoid c e l ls  o r t h e i r  products (2 4 ) ,

Larson ^ 3  ) showed th a t  o th e r fa c to rs  may determ ine the f in a l  out­

come in  re s is ta n c e  o f  r a ts  to  tu la re m ia . He observed a degree o f p ro te c tio n  

in  anim als challenged w ith  fu ) .ly  v ir u le n t  F . tu la re n s is  when e th e r-e x tra c te d  

an tig en  was employed as a, v a c c in e . B e l l ,  e t  (^^) demonstrated a  ̂

s im ila r  phenomena in  mice challenged w ith  P. tu la re n s is  s t ra in  42 5 F̂ ^C.

From d a ta  presented in  th is  th e s is ,  i t  is  apparent th a t  in  mice 

challenged w ith  high doses o f  F . tu la re n s is  s t ra in  425 Fj,̂ G, immunity was 

dependent upon a com bination o f s p e c if ic  im m unization p lus n o n -s p e c ific  

s tim u la tio n  o f th e  r e t ic u lo e n d o th e lia l  system. Several l in e s  o f evidence  

support th is  th e o ry . V ia b le  M ycobacterium bovis s t r a in  B03 or h e a t -k i l le d  

Bordet e l l a  p e rtu s s is  a re  both  e x c e lle n t  s tim u la n ts  o f n o n -s p e c ific  immunity. 

Mice s tim u la te d  w ith  these vaccines were not p ro te c te d  against challenge

w ith  P. tu la re n s is  s t r a in  425 F.G o r F. tu la re n s is  s t r a in  Schu, This is  —— — —— — ■
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in  c o n tra s t to  re s u lts  obtained w ith  o ther fa c u lta t iv e  in t r a c e l lu la r

p a ra s ite s , Mackaness (50#51 ) has shown th a t BOG immunization is

p ro te c t iv e  in  anim als challenged w ith  L is te r ia  monocytogenes. 52berg

(2 2 ) and E lb e rg , e t  a l ,  (2 3 ) could s tim u la te  n o n -s p e c ific  res is tan ce  to

b ru c e llo s is . However# these authors also demonstrated an immune serum

requ irem ent in  v i t r o , which demonstrates a possib le  requirem ent fo r

s p e c if ic  humoral fa c to rs . Immunity to  F , tu la re n s is  s tra in  425 was

not dependent s o le ly  on the a c t iv a t io n  o f  the RiiS but req u ired  o th er

s p e c if ic  components. A ctive  immunization w ith  e th e r-e x tra c te d  antigen

(E2BA) s im ultaneously w ith  v ia b le  BCG protected  mice against a challenge
12o f  g re a te r  than 10 organisms o f F , tu la re n s is  s tra in  425 F^G, Either- 

e x tra c te d  an tig en  alone p ro tec ted  mice to  a 10^ challenge dose o f the  

same organism. S p e c ific  antibody was shown to be p resen t, but the t i t e r  

d id  not c o rre la te  w ith  the  high degree o f p ro te c tio n  afforded  w ith  the  

combined a n tig e n . S im ila r  re s u lts  were obtained when h e a t -k i l le d  B, 

p e rtu s s is  was employed w ith  IlfiA, Passive tra n s fe r  o f immune serum in to  

BOG immune mice re s u lte d  in  an increase o f a t  le a s t  two logs o f p ro te c tio n  

when compared to  anim als g iven immune serum al.one. These re s u lts  imply 

a mechanism in v o lv in g  th e  macrophage a,s an ul,tim ate e f fe c to r  o r k i l l e r  

c e l l  a ided by o p so n iza tio n  o f  an tibody.

To d e fin e  more c le a r ly  the immune mechanism responsib le f o r  p ro te c tio n  

o f anim als ag a in s t tu la re m ia  and o th e r fa c u lta t iv e  in t r a c e l lu la r  p a ra s ite s ,  

th e  cooperation  between c e l lu la r  components was in v e s tig a te d , Immuno- 

suppressive agents c a re fu l ly  adm in istered can be e f fe c t iv e  in  e lim in a tio n  

o f  one o f  th e  c e l lu la r  components involved in  the induction  o f an immune 

response, T u rk , e t  a l . (7 5 ) demonstrated, h is to lo g ic a lly #  a d e p le tio n
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o f  th e  B -c e ll  areas o f  the  spleen and lymph nodes w ith  r e la t iv e ly  l i t t l e  

e f fe c t  on th e  T -c e l l  areas in  anim als tre a te d  w ith  cyclophosphamide. 

F u n c t io n a lly , a normal T -c e l l  response was associated  w ith  reduced. B -c e ll  

a c t i v i t y .  Mice which had been immunized w ith  BCn-SSA and then tre a te d  

w ith  CP gave an o f  le s s  than 1.0^ c e l l  o f F . tu la re n s is  s t ra in  425

Pj^G, whereas th e  was g re a te r  than 10^ fo r  mice which had been only

immunized and not tre a te d  w ith  CP, Qyci ophospha.mide treatm ent decreased 

the  immediate h y p e rs e n s it iv ity  response to  EEA but had l i t t l e  e f fe c t  on 

th e  delayed h y p e rs e n s it iv ity  response. These re s u lts  in d ica ted  the  

p a r t ic ip a t io n  o f  th e  B -c e ll  in  immunity to  F, tu la re n s is  s t ra in  425 F̂ Ĝ, 

E lim in a tio n  o f  B -c e lls  resp ons ib le  fo r  antibody production and o f  

immediate h y p e rs e n s it iv i ty , im p lied  the e lim in a tio n  o f a s p e c if ic  antibody  

component in  the  response, in  qu estion . This da ta  fu r th e r  su bstan tia ted  

a requ irem ent f o r  s p e c if ic  fa c to rs , in  a d d it io n  to  enhancement o f the  

RES, in  immunity to  tu la re m ia . These re s u lts  concur w ith  those o f  

E lb e rg , e t  a l ,  (2 3 ) and Whitby and Rowley (? 8 ) , These authors noted an 

augm entation o f phagocytosis and in t r a c e l lu la r  k i l l in g  when macrophages 

from anim als immune to  b ru c e llo s is  and sa lm onellos is  (re s p e c tiv e ly )  were 

incubated w ith  immune serum. The antibody Involved in  the immune response 

to  tu la re m ia  seems to  be an opsonin which aides the  ingestion  and d ig e s tio n  

o f  th e  invad ing organisms. There i s ,  however, a p o s s ib i l i ty  th a t  cy to - 

p h i l ic  antibody w ith  high a v id ity  f o r  macrophages was also involved in  

production  o f  the immune response to  F , tu la re n s is . This antibody has 

been associated  w ith  immunity in  sa lm onellos is  ( 65) ,  and is  a possib le  

e x p la n a tio n  f o r  a la c k  o f c o rre la t io n  in  the antibody t i t e r  and the degree 

o f  re s is ta n c e  ob ta ined  w ith  BGl-FEA im m unization. The increase in
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p ro te c t iv e  e f fe c ts  of a c tiv e  immunization in  compaxison to  passive  

t r a n s fe r  o f  immune serum In to  BCG immune animals could a lso  be expla ined  

by a c y to p h ilic  component not found in  the immune serum.

In travenous trea tm ent w ith  anti-thym ocyte serum o f BCG-l^A immune 

mice reduced the  L D ^  by 1 -2  lo gs  in  mice challenged subcutaneously 

w ith  F , tu la re n s is  s t r a in  425 Although a decrease in  the  L D ^  was

observed, th e  e f fe c ts  o f  ATS in  th is  system wero f a r  le s s  d e trim en ta l 

than those observed by d a f l i n  and. Larson ( l 3 )  in  mice immunized w ith  

th e  l i v e  vaccine s t r a in  o f P, tu la re n s is . Mackaness (5 0 , 51) observed 

complete a b o li t io n  o f  immunity to  L is t e r ia  monocytogenes in  immune mice 

t re a te d  w ith  an ti-lym p ho cyte  g lo b u lin . These re s u lts  a lso  con tras t w ith  

the  d a ta  ob tained  in  th e  present experim ents. I t  has been observed th a t  

th e  ro u te  o f  challenge is  Im portant in  ATS trea tm en t. The Immunosuppressive 

e f fe c t  is  most apparent when animals are  challenged in travenously  and 

le a s t  apparent in  subcutaneous challenges, however, mice do not survive

i . v ,  challenge w ith  F , t u la re n s is . This may be exp la ined  by the inaccess­

i b i l i t y  o f  ex travascu lax  lymphocytes to  in travenous a d m in is tra tio n  o f  

ATS, P a r t ia l  a b o lit io n  w ith  subcutaneous challenge is  perhaps in d ic a tiv e  

o f  a T - c e l l  fu n c tio n  in  immunity to  tu la re m ia , T -c e lls  are known to  be 

necessary f o r  the in d u c tio n  o f  c e ll-m e d ia te d  immunity and in  the production  

o f a delayed h y p e rs e n s it iv ity  response. Treatment w ith  ATS reduced the  

delayed h y p e rs e n s it iv ity  response to  EBA but had l i t t l e  e f fe c t  on the  

immediate h y p e rs e n s it iv ity  re a c tio n . The e f fe c ts  o f ATS on the  delayed  

response shows an in te ra c t io n  o f  the  vaccine or a component o f  the vaccine  

w ith  the  T - c e l l ,  Th is in te ra c t io n  o f  an tig en  w ith  T -c e lls  could s tim u la te  

prod uction  o f  lymphocyte products which are  p o stu la ted  by several.
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in v e s t ig a to rs  to  a c t iv a te  th e  ce ll-m e d ia te d  immune apparatus. The 

absence o f  the T - c e l l  and the  fu n c tio n s  associated  w ith  th is  c e l l  may be 

an ex p la n a tio n  f o r  the  decrease in  p ro te c tiv e  e f fe c ts  o f  the BOG-EKA 

vacc in e  in  anima3.s tre a te d  w ith  ATS,

Anti-macrophage serum (AMS) and s i l i c a  (M in -U -S il)  are known to  be 

e f fe c t iv e  in  e lim in a tio n  o f the m ajor phagocytic c e lls  o f the RES,

BOS-EEA immune m ice, tre a te d  in tra p e r ito n e a lly  w ith  a 50 mg dose o f  

K in -U -S Ü  are  no lo n g e r r e s is ta n t  to  a challenge o f g re a te r  than 10 '̂ 

c e l ls  o f  F , tu la re n s is  s t r a in  425 , comp^ed to  un treated  contro ls

which a re  re s is ta n t  to  a 10^^ ch a llenge . Treatment w ith  AMS was le s s  ' 

e f fe c t iv e  bu t reduced th e  by g re a te r  than th re e  lo g s . This

d if fe re n c e  in  immunosuppressive e f fe c ts  o f the two anti-macrophage agents 

was probably due to  a d if fe re n c e  in  th e  mechanism o f a c tio n  on the macro­

phage, M in -U -S il is  a  fa s te r  a c tin g  agent th a t  is  engulfed rap id i.y  by 

the macrophage. Th is mechanism is  more d ir e c t  and probably e f fe c ts  

more macrophages. Anti-macrophage serum re q u ire s  absorotion onto the  

macrophage and th e  a c tio n  o f the immune mechanisms o f the animal to  

destroy  the  m acrophage-antibody complex. This process is  more in d ire c t  

and re q u ire s  a g re a te r  le n g th  o f  tim e fo r  d e s tru c tio n  o f the macrophage. 

M in -U -S il would be en g u lfed  a ls o  by the  o th er phagocytes (granid.ocytes) 

o f the  RES, e lim in a tin g  any phagocytosis o f the in fe c t in g  organism. The 

e f fe c ts  o f AMS is  more s p e c i f ic a l ly  d ire c te d  a t the macrophage and would 

not in vo lv e  th e  o th e r c e l ls  mentioned, (see m a te ria ls  and methods). 

Reduction o f  re s is ta n c e  by AMS and M in -U -S il demonstrates the importance 

o f  th e  macrophage, and phagocytic  c e l ls  in  g e n e ra l, in  m anifesting  

immunity to  F , tu la re n s is  s t r a in  425 F̂ ^G. Absence o f d ig es tio n  and
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in a c t iv a t io n  o f the  invading organisms by phagocytic c e lls  can allow  

growth o f  massive numbers o f organisms ; th is  can overpower the immune 

apparatus. These re s u lts  support hypothesis ma.de by A llen  ( l ) ,  Thorne 

and Tfercus (7 2 7̂3»7^)»and Stefanye, e t  (6 9 ) who m aintain th a t immunity 

to  tu la re m ia  is  due to  enhanced phagocytic a c t iv i ty  o f the RES. Another 

e x p la n a tio n  f o r  the  e f fe c t  o f  these immunosuppressive agents could be 

th e  a b i l i t y  o f  macrophages to  process the antigens requ ired  fo r  the  

s t im u la tio n  o f  a s u f f ic ie n t  number o f antibody producing c e lls .  In ­

s u f f ic ie n t  processing o f an tigen could e f fe c t  the a c t iv i ty  o f the T -c e ll  

re s u lt in g  in  the  absence o f the so lub le  mediators which may p lay  a ro le  

in  the  immune response in  question . A b o litio n  o f the immediate and the 

delayed  h y p e rs e n s it iv ity  responses is  observed w ith  both AMS and M in -U -S il, 

i f  trea tm e n t occurs p r io r  to  skin  te s t in g , Tliis demonstrates a re q u ire ­

ment f o r  th e  macrophage in  both o f these responses. I t  has been observed 

by severa l workers (8 , 1 0 ) th a t  macrophages arc requ ired  fo r  a delayed  

h y p e rs e n s it iv ity  response. However, the ro le  o f the macrophage in  

immediate h y p e rs e n s it iv ity  is  les s  w e ll d e fin ed . In  s u f f ic ie n t  processing  

o f  the  an tig en  w ith  the re s u lta n t  absence o f antibody production could 

e x p la in  th e  e f fe c t  o f  these immunosuppressive agents on immediate hyper­

s e n s i t iv i t y  (3 9 ) .

Im m unization w ith  BC3G-SEA induces delayed h y p e rs e n s itiv ity  to EEA 

in  mice and guinea p ig s , a cond ition  not observed in  animals immunized 

w ith  EEA o r BOl alone o r  w ith  o ther p reparations o f F. tu ia re n s jn  k i l le d  

vacc in es , d a f l i n  and Larson (1 3 ) have shown delayed h y p e rs e n s itiv ity  

to  EEA in  anim als immunized w ith  the l iv e  vaccine s tra in  o f F . t i ü arensi s . 

The r e la t io n s h ip  between delayed h y p e rs e n s itiv ity  and acquired c e l lu la r
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r e s i s t a n c e  t o  i n f e c t io n  rem a in s  a c la s s ic a l problem, e s p e c ia lly  in  

r e l a t i o n  to  f a c u l t a t i v e  in t r a c e l lu la r  organisms. Techniques performed 

i n  th e s e  s t u d i e s  have demonstrated a sep jira tion  o f these phenomena.

Delayed h y p e rs e n s it iv ity  to  EEA and res is tan c e  to  tu la re m ia  are indepen­

dent phenomena. This is  demonstrated by several l in e s  o f evidence. F i r s t ,  

re s is ta n c e  o f  mice to  challenge w ith  high doses o f F, tu ] arensis  s tra in  

t̂-25 is  a ffo rd e d  by immunization w ith  ESA in  combination w ith  v ia b le  

BOG o r  h e a t - k i l le d  B. p e rtu s s is . However, delayed h y p e rs e n s itiv ity  to  

EISA was induced by th e  BOG-HEA complex but not by the B, -nortussis-ESA 

complex. Second, even though the BOG-EEA combined vaccine and the l iv e  

vaccine s t r a in  (LVS) both induced delayed h y p e rs e n s it iv ity  to  EEA, only  

LVS induce p ro te c tio n  to  challenge w ith  F , t u la r ensis s t ra in  Schu (1 3 ) .  

Im m unization w ith  the  BOG-EEA complex extended the mean tim e o f death; 

which demonstrates some degree o f pro te  cl. io n , but the vaccine was 

in e f fe c t iv e  in  preventing  eventual death from tu la re m ia . T h ird , decrease 

o f th e  delayed h y p e rs e n s it iv ity  response to  EEA w ith  ATS is  not comparable 

to  the  s l ig h t  red u c tio n  o f  the  p ro te c tiv e  e f fe c t  o f the combined vaccine. 

F o u rth , ^  v i t r o  study o f  delayed h y p c rs e n s itiv ity  reac tio n s  induced by 

BOC-EEA demonstrated production  o f  macropha.ge in h ib it io n  fa c to r  (M IF ). 

However, im v iv o  techniques fo r  the production o f MIF and o ther lymphocyte 

products re s u lte d  in  no increased immunity to  P, tu la re n s is  s t ra in  Schu, 

This  is  in  o p p o s itio n  to  observations and hypotheses made by Waksman (7 7 )

and M ackaness and B landen (57-).

These fo u r  preceding p o in ts  rep resen t a. study th a t  is  in  opposition  

to  those by C o llin s  and Mackaness ( l 5 )  w ith  sa l monell os is  a,nd Mackaness 

and Blanden (5 2 )  v;ith  tu b e rc u lo s is . However, observations made by Gordon
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(31 ) usiriç d i f fe r e n t  methods are  s im ila r  and demonstrate a la c k  o f 

c o r re la t io n  between delayed h y p e rs e n s it iv ity  a,nd immunity to tu la re m ia . 

These re s u lts  in d ic a te  th a t  those m an ifestations are independent 

immvmologic phenomena. Delayed h y p e rs e n s it iv ity  does not r e f le c t  the  

s ta tu s  o f re s is ta n c e  to  in fe c t io n  in  a host.
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SUF-ÏÏIARY

Immunity to  F , tu la re n s is  s t ra in  tf-25 re s u lts  from a combination 

o f  s p e c if ic  antibody and increased b a c te r io c id a l c a p a c itie s  o f the  

r e t ic u lo e n d o th e lia l system in  cooperation w ith  the T -c e ll or i t s  products. 

S evera l l in e s  o f  evidence support th is  hypothesis, l )  Immuni?;ation w ith  

e th e r -e x tra c te d  an t% en  in  combination w ith  BOl o r h e a t -k i l le d  Bordet e l l  a 

pe r tu s s is  p ro te c t mice from challenges o f g re a te r  than 10^^ c e lls  o f

tu la re n s is  s t r a in  425 F/^G, Tais is  an increase o f g re a te r  than 6 lops  

o f p ro te c t io n  over EEA immunized mice, 2 ) Passive tra n s fe r  o f immuiie 

serum in to  BOG s tim u la te d  anim als p ro te c ts  mice from challenf^e w ith  10^ 

(LD^q ) c e l ls  o f  F , tu la re n s is  s t ra in  425 F̂ ^C, whereas, immune serum alone 

p ro te c te d  mice from a challenge o f only 10̂ *̂  (LD^^) c e lls  o f the same 

organism, 3 )  The p ro te c t iv e  e f fe c ts  o f the combined BŒ-EFA antigen  

are  decreased by M in -U -S il and anti-nacrophage serum and immunosuppressive 

agents which are e f fe c t iv e  in  e lim in a tio n  o f  macrophages, 4 ) Immunity 

induced by th e  combined BOG-EÎIA antigens is  abolls lied  by treatm ent w ith  

cyclophosphamide, an immunosuppressive agent e f fe c t iv e  in  e lim in a tio n  

o f  th e  antibody producing c e l l .  5 )  Treatment w ith  anti-thym ocyte serum 

p a r t i a l l y  e lim in a te d  th e  Immunity induced by the combined vaccine, which 

p o ss ib ly  in d ic a te s  p a r t ic ip a t io n  o f the T lymphocyte and the lymphocyte 

products assoc ia ted  w ith  these c e l ls .

Immunosuppressive techniques demonstrate a two o r perhaps th ree  

c e l l  in te ra c t io n  in  Immunity to  tu la re m ia . Cooperation o f antibody from  

B -c e lls  and phagocytic  macrophages a ie  p r im a r ily  involved in  p ro tec tio n  

o f  mice ag a in s t P , tu la re n s is  s t r a in  425 F̂ ^G. However, production o f
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lymphocyte products by the  T -c e l l  could be o f secondary Importance and 

m ight be considered as a secondary c e l l  f o r  the Induction  o f re s is ta n c e . 

Delayed h y p e rs e n s it iv ity  to  EKA and acquired res is tan ce  to  tu la rem ia  

are  thought to  be independent phenomena. Supportive evidence fo r  th is  is  

as fo llo w s : l )  Resistance to  high doses o f F , tu la re n s is  s tra in  425

is  Induced w ith  both BOG-îüEA and B, pe r tu s s is-FFA; however, only the BGG- 

EÏEA complex induces delayed h y p e rs e n s it iv ity , 2 ) Both BOG-SFA and LVS 

induce delayed h y p e rs e n s it iv ity  to  ESA, but only the l iv e  vaccine s tra in  

p ro te c ts  anim als from challenge w ith  the  h igh ly  v ir u le n t  Schu s t ra in .

3 ) Reduction o f  the delayed h y p e rs e n s it iv ity  response w ith  ATS reduces 

re s is ta n c e  on ly  s l ig h t ly  ( l - 2  lo g s ) . 4 ) In  v ivo  MW induction  does not 

increase th e  p ro te c t iv e  e f fe c t  o f the  301-EEA complex in  mice to  challenge  

w ith  F . tu la re n s is  s t r a in  Schu.
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