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ABSTRACT

This thesis d e s c r i b e s  the c o n s t r u c t i o n  of  a u x t r o p h i c  m u t a n t s  

of S a l m o n e l l a  t y p h i m u r i u m  and t h e i r  a s s e s s m e n t  as live 

v a c c i n e s  in the m o u s e  t y p h o i d  model.

Stable t r a n s p o s o n  g e n e r a t e d  a u x o t r o p h i c  m u t a t i o n s  in the 

aroma t i c  and p u r i n e  b i o s y n t h e t i c  p a t h w a y s  wer e  i n t r o d u c e d  

into m o u s e  v i r u l e n t  strains of S . t y p h i m u r i u m . These 

mutations, in a r o A , pur A , purE or a r o A  pu r  A  r e s u l t e d  in 

r e q u i r e m e n t s  for a r o m a t i c  compounds, adenosine, inosine, or 

aromatics plus ad e n o s i n e  respectively. A u x o t r o p h i c  m u t a n t s  

h ad limited c a p a c i t i e s  to r e p l icate in v i v o  in m i c e  w i t h  

g e n e t i c a l l y  d e t e r m i n e d  s u s c e p t i b i l i t y  (BALB/c) or r e s i s t a n c e  

(A/J) to S. t y p h i m u r i u m  i n f e c t i o n . ■purE m u t a n t s  w e r e  less 

att e n u a t e d  than e i ther a r o A , p u r A  or aroA p u r A  mutants.

F o l l o w i n g  i n t r avenous inf e c t i o n  of B A L B / c  mice, b o t h  aroA  

and pur A  m u t a n t s  p e r s i s t e d  for several w e e k s  in livers and 

spleens. aroA m u t a n t s  p e r s i s t e d  at h i g h e r  levels than p u r  A  

mu t a n t s  but the d u r a t i o n  of p e r s i s t e n c e  of the former was 

shorter. The a r o A  p u r A  d o uble m u t a n t s  e s t a b l i s h e d  a 

p e r s i s t e n t  low level infection, w h i c h  lasted at l e ast 10 

w e e k s .

The a b i l i t y  of these m u t a n t s  to p r o t e c t  mic e  a g a i n s t  

ch a l l e n g e  w i t h  v i r u l e n t  strains of S . t y p h i m u r i u m  was
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assessed after both intravenous and oral immunization. The
a roA m u t a n t s  gave g o o d  p r o t e c t i o n  w h e n  given by eith e r  

route. p ur A  m u t a n t s  w e r e  poor v a c c i n e s  w h e n  given 

i n t r a v e n o u s l y  and i n e f f e c t i v e  w h e n  g i ven orally. a r o A  p u r  A 

double m u t a n t s  w e r e  i n e f f e c t i v e  v a c c i n e s  b y  either route.

W h e n  g i v e n  orally, aroA m u t a n t s  are c a pable of  i n v a d i n g  and 

i n f e c t i n g  the m o n o n u c l e a r  pha g o c y t e  s y s t e m  of i n f e c t e d  mice. 

N e i t h e r  p ur A  nor a roA p u r  A  double m u t a n t s  w e r e  able to do 

t h i s .

The immune responses w e r e  followed in B A L B / c  mic e  i m m u n i z e d  

i n t r a v e n o u s l y  to a n a lyse the diff e r e n c e s  in e f f i c a c y  of the 

d i f f e r e n t  mutants. Sera from i m m unized m i c e  wer e  a n a l y s e d  

for s a l m o n e l l a  a n t i b o d i e s  u s i n g  an E L I S A  technique. High 

titres d e v e l o p e d  after intr a v e n o u s  infections w i t h  all 

mutants, a l t h o u g h  a r o A  i m m u n i z a t i o n  did induce h i g h e r  

titres. W h e n  co m p a r e d  for their a b i l i t y  to a c t i v a t e  

macr o p h a g e s ,  aroA m u t a n t s  were mor e  e f f e c t i v e  than p ur A  

m u t a n t s .

The dat a  p r e s e n t e d  show that d i f f e r e n t  a u x o t r o p h i c  m u t a n t s  

have w i d e l y  v a r y i n g  degrees of attenuation, v a c c i n e  

efficacy, and a b i lity to induce h u m o r a l  and c e l l - m e d i a t e d  

immune responses. The c o n s e q u e n c e s  of these findings in 

relation to the desi g n  of live v a c c i n e s  for use in m a n  are 

discussed.
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1.1 Typhoid Fever; pathogenesis and control.

1.1.1 P a t h o g e n e s i s  and epidemiology.

T y p h o i d  F e ver is an acute febrile d i sease of m a n  c a used by 

S a l m o n e l l a  typhi. A  m i l d e r  form called p a r a t y p h o i d  is c a u s e d  

b y  s e r o types of S. p a r a t y p h i . S . typhi is t r a n s m i t t e d  via 

the f a e c o-oral route. A f t e r  surviving the norm a l  h o s t  

barriers, such as s t o mach acid and n o r m a l  gut flora, the 

b a c t e r i a  e n t e r  the b o d y  via the Peyer's p a t ches in the 

ileum. Here, they e n ter and survive and m u l t i p l y  w i t h i n  

cells of the m a c r o p h a g e  line. T h e y  spread to the lymphatics 

and m e s e n t e r i c  nodes and, a f ter tra n s p o r t  a r o u n d  the body, 

they a c c u m u l a t e  and m u l t i p l y  in the organs of  the 

m o n o n u c l e a r p h a g o c y t e  system ( M PS), n a m e l y  the spleen, liver, 

lymph nodes and bone marrow. S . typhi can then be i s o lated 

from the blood.

There is no d i r e c t  a n imal m o d e l  for S , typhi infections 

since it o n l y  causes a serious illness in man. In 

c h i m p anzees S . typhi can cause a m i l d  i n f e ction after oral 

inf e c t i o n  (Edsall et al, 1960; Gaines et al, 1968) b u t  the 

costs make these e x p e r i m e n t s  prohibitive. V o l u n t e e r  studies 

c a r r i e d  out in the 19 6 0s, gave m u c h  e x p e r i m e n t a l  data on 

b o t h  the p a t h o g e n e s i s  of t y p h o i d  fever and on va c c i n e  

e f f i c a c y  (Hornick et al, 1970; Woodward, 1980). In these 

studies, v o l u n t e e r s  d r a n k  v a r i o u s  doses of S . typhi (Quailes 

strain) in 30ml milk. These studies h a d  the adv a n t a g e  that
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the v a c c i n a t i o n  and exposure h i s t o r i e s  of the v o l u n t e e r s

w e r e  known a nd d ose regimes could be controlled. The

s y m ptoms in v o l u n t e e r s  wh o  d e v e l o p e d  t y p h o i d  w e r e

e s s e n t i a l l y  i d e n t i c a l  to those in n a t u r a l l y  a c q u i r e d

disease. The chan c e  of  d e v e l o p i n g  c l i n i c a l  illness d e p e n d e d
3on the dose given. No volu n t e e r s  (0/14) who r e c e i v e d  10

. 5S. typhi d e v e l o p e d  typhoid. 10 gave an incidence of 28% 

(32/116) , 1 0 7 gave 50% (16/32) and a dose of 10^ S . typhi

gave clini c a l  t y p h o i d  to 95% (40/42). The inc u b a t i o n  p e r i o d  

was longer in the low dose g r oups a l t h o u g h  there w as a w i d e  

range of i n c u b a t i o n  periods in all dose groups. In the 

field, t r a n s m i s s i o n  is by i n g estion of c o n t a m i n a t e d  food or 

water. The cr i t i c a l  dose in n a t u r a l  infections is t h o u g h t  to 

be lower than that seen in the v o l u n t e e r  studies (Blaser and 

Newman, 1982). The dose r e c e i v e d  v a r i e s  a c c o r d i n g  to the 

route of transmission. W a t e r - b o r n e  t y p h o i d  probably results
5from a dose of a b out 10 w h i l s t  S , typhi can g r o w  to h i g h  

d e n s i t y  in food, r e s u l t i n g  in a m u c h  h i g h e r  dose (Hornick et 

al. 1970).

W H O  figures s u g g e s t  there are about 1 m i l l i o n  cases of 

t y p h o i d  e ach y e a r  m o s t l y  in d e v e l o p i n g  countries. The 

m a j o r i t y  of cases are school-age c h i l d r e n  or y o u n g  adults. 

T y p h o i d  is rare in y o u n g  children: the reason for this is

unclear. The a p p a r e n t  r e s i stance of the older age groups has 

b e e n  att r i b u t e d  to i n c r eased im m u n i t y  following s u b c linical  

infection (Ashcroft et al, 1967). This v i e w  has b een
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r e c e n t l y  s t r e n g h t e n e d  by  M u r p h y  et al (1987) w h o  s h o w e d  that  

90% of adult v o l u n t e e r s  t e s t e d  in Santiago h a d  p e r i p h e r a l  

b l o o d  lymphocytes w h i c h  p r o l i f e r a t e d  w h e n  s t i m u l a t e d  in 

v i t r o  w i t h  S . typhi antigens. These authors s u g g e s t  that 

there are seven s u b c linical cases of typhoid in S a n tiago for 

every one diagnosed.

1.1.2 P a r e n t e r a l  v a c c i n a t i o n  a g a i n s t  t y p hoid fever.

The first attempts to v a c c i n a t e  against t y p h o i d  w e r e  in the 

late 19th c e n t u r y  w h e n  W r i g h t  (Wright and Semple, 1897; 

Wright, 1900,1902) t e sted crude k i lled S . typhi p r e p a r a t i o n s  

in India and the Boer War. A  m a j o r  field trial w a s  set up 

d u r i n g  the F i r s t  W o r l d  W a r  in which 95% of  all B r i t i s h  

troops in F r a n c e  w e r e  vaccinated. The results were 

e n c o u r a g i n g  w i t h  a lower incidence^ of ty p h o i d  in Br i t i s h  

forces c o m p a r e d  w i t h  o t her forces in similar conditions. 

V a c c i n e  p r e p a r a t i o n s  u s e d  in the first h a l f  of this c e n t u r y  

w e r e  crude. One improvement, suggested by F e l i x  (1938; 

1941) , was that v a c cines should be i n a c t i v a t e d  by  75% 

alcohol, since this p r e s e r v e s  Vi antigen, a capsular 

p o l y s a c c h a r i d e  an t i g e n  found on  m o s t  strains of S. typhi. It 

was later e s t a b l i s h e d  that a c e t o n e  tre a t m e n t  is b e t t e r  for 

p r e s e r v a t i o n  of Vi antigen (Landy, 1953).

In the late 1950s and e a rly 1960s, a series of p r o p e r l y  

c o n t r o l l e d  field trials were set up by the W H O  to d e t e rmine 

the e f f i c a c y  of p a r e n t e r a l  inac t i v a t e d  t y p h o i d  vaccines.
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M o s t  of  these t r i a l s  w e r e  c e n t r e d  in endemic areas, a nd wer e  

c o n d u c t e d  w i t h  scho o l - a g e  ch i l d r e n  and y o u n g  adults. The 

r e s u l t s  of the f i rst field trial, in Yugoslavia, w h i c h  was 

d e s i g n e d  to co m p a r e  alcohol and h e a t / p h e n o l  i n a c t i v a t e d  

p reparations, (Yugoslav T y p h o i d  Commision, 1957; 1962)

s u g g e s t e d  that the h e a t / p h e n o l  i n a c t i v a t e d  v a c cine was 

better. The next set of trials w e r e  to test and compare the 

e f f i c a c y  of d r i e d  h e a t - p h e n o l  inac t i v a t e d  (L) and acetone 

i n a c t i v a t e d  (K) v a c c i n e  p reparations. Trials w e r e  set up in 

B r i t i s h  G u i a n a  (Typhoid Panel, UK  D e p a r t m e n t  of T e c h n i c a l  

Co-operation, 1964; A s h c r o f t  et al, 1967), P o l a n d  (Polish 

T y p h o i d  Commitee, 1965) and U S S R  (Hejfec, 1965; Hejfec et 

al, 1966). These sug g e s t e d  that the K va c c i n e  gave a high e r  

degree and longer l a s ting levels of p r o t e c t i o n  than the L 

vaccine.

A b s e n t e e i s m  re s u l t e d  in 10% of the v a c c inees in the P o l i s h  

and G u i a n a  trials r e c e i v i n g  o n l y  one dose. Those in the 

B r i t i s h  Guiana trial who re c e i v e d  only one dose were solidly 

p r o t e c t e d  t h r o u g h o u t  the w h ole 7 year o b s e r v a t i o n  p e riod 

(Ashcroft et. al, 1967) , w h i l s t  those in the Russian trials 

w e r e  p r o t e c t e d  for only 10 m o n t h s  (Hejfec et al, 1968; 

19 69) . A  trial was set up in Tonga (Tapa and Cvjetanovic, 

1975) to try to resolve the c o n f l i c t i n g  results w i t h  

v a c c i n e e s  ge t t i n g  one or two d o ses of v a c c i n e  K. T wo doses 

gave o n l y  40% p r o t e c t i o n  over a 7 yea r  f o l l o w  up p e r i o d  

(compared to 79-93% in other trials) and one dose gave no
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protection. It has b een s u g g e s t e d  that the low v a c c i n e  

e f f i c a c y  seen in this t r ial was b e c a u s e  t y p h o i d  is 

f o o d -borne in Tonga. This w o u l d  resu l t  in h i g h  i n f ective 

doses w h i c h  m a y  o v e r w h e l m  the e f f e c t s  of v accination.

T he field t r i a l s  w e r e  all c o n d u c t e d  in areas w h e r e  t y p h o i d  

is endemic. It is p r o bable that m a n y  of the v a c c i n e e s  had 

a l r e a d y  had s u b c l i n i c a l  exp o s u r e  to S . typhi and tha t  the 

v a c c i n a t i o n  w as a c t i n g  as a booster. V o l u n t e e r  c h a l l e n g e  

studies were c a r r i e d  out at the U n i v e r s i t y  of M a r y l a n d  to 

test the e f f i c a c y  of v a c cine in v o l u n t e e r s  w i t h  no p r e v i o u s  

ex p o s u r e  to S . t y phi (Hornick et aT, 1970; Woodward, 1980). 

V o l u n t e e r s  r e c e i v e d  3 doses of the L or K va c c i n e s  and w e r e  

c h a l l e n g e d  o r a l l y  w i t h  v a r y i n g  doses of S . typhi (Quailes

Strain) from 3 m o n t h s  to 1 y e a r  later. The levels of
. 5p r o t e c t i o n  w e r e  low. In those c h a l l e n g e d  w i t h  10 S. typhi

(approximately 1 I D 2 cj) p r o t e c t i o n  w as a r o u n d  70% in b o t h  the
7L and K v a c c i n a t e d  groups. V o l u n t e e r s  c h a l l e n g e d  w i t h  10 or

910 S . typhi showed no s i g n i f i c a n t  levels of protection. 

T h ese results support the t h e o r y  that the p a r e n t e r a l  

inactivated v a c c i n e  is eff e c t i v e  a g a i n s t  low dose  

w a t e r - b o r n e  t y p h o i d  (such as in B r i t i s h  Guiana) b u t  

ineffective a g a i n s t  hig h  dose, food-borne t y p h o i d  (such as 

in T o n g a ) .
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1.1.3 Immune res p o n s e s  d u r i n g  clinical typhoid and 

v a c c i n a t i o n .

Since W i d a l ' s  (1896) first reports of a g glutination, immune 

r e s p o n s e s  to t y p h o i d  hav e  b e e n  m e a s u r e d  b y  titres of serum 

a n t i b o d i e s  to surface antigens. The m a i n  ant i b o d i e s  t e s t e d  

are a g a i n s t  the l i p o p o l y s a c c h a r i d e  (LPS) 0 antigen, the Vi 

c a p s u l a r  a n t igen a nd flagella p r o t e i n  H antigens. The 

v a l i d i t y  of this as a m e a s u r e  of p r o t e c t i v e  i m m unity is 

doubtful. In the field-trials, no c o r r e l a t i o n  was seen 

b e t w e e n  a n t i - 0  a nd a n t i-Vi titres and protection, al t h o u g h  

it was s u g gested that anti-H titres m a y  indicate levels of 

p r o t e c t i o n  (Benenson, 1964). However, in the v o l u n t e e r  

studies (Hornick et al, 1970) there was no c o r r e l a t i o n 

b e t w e e n  p o s t - v a c c i n a t i o n  a n t i b o d y  titres and protection.

A n t i b o d y  titres to Vi p o l y s a c c h a r i d e  w e r e  found n ot to 

c o r r e l a t e  w i t h  i m m unity (Hornick et al, 1970). Robbins and 

c o - w orkers advocate the use of pu r i f i e d  capsu l a r  

p o l y s a c c h a r i d e  as a p a r e n t e r a l  vaccine. R e c e n t  field trials 

in South A f r i c a  (Klugman et al 1987) and N e p a l  (Acharya et 

a l , 1987) show that a Vi  p o l y s a c c h a r i d e  va c c i n e  induced 

a p p r o x i m a t e l y  70% protection. T h e s e  levels are similar to 

those g i ven by t r a d i t i o n a l  w h o l e  cell v a c c i n e s  and a g ain are 

p r o b a b l y  due to b o o s t i n g  of ex i s t i n g  immunity. The v a c c i n e  

d id have the advantage of n ot g i v i n g  the u n p l e a s a n t  side 

effects a t t r i b u t e d  to the e n d o t o x i n  c o m p o n e n t  of the w h o l e  

cell v a c c i n e  (Klugman et al, 1987). It s h ould be n o t e d  that
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the p o s e s s i o n  of Vi a n tigen is n o t  e s s e n t i a l  for v i r u l e n c e  

since b o t h  H o r n i c k  et al (1970) a nd Hone et aJL (1988) h ave  

r e p o r t e d  the inc i d e n c e  of ty p h o i d  c a used by  n o n - V i  p r o d u c i n g  

s t r a i n s .

Since the p o r t a l  of e n try of t y p h o i d  is the gut, one w o u l d  

e x p e c t  that i m m u n i t y  at the gut m u c o s a  m i g h t  p r e v e n t  

infection. P a r e n t e r a l  k i l l e d  va c c i n e s  are u n a b l e  to induce 

m u c o s a l  immunity, and i n a c t i v a t e d  typhoid v a c c i n e s  given 

o r a l l y  are inef f e c t i v e  in h u mans (Hornick et al, 1970; Du 

P o n t  et al, 1971; Ch u t t a n i  et al, 1971; 1972; 1973).

S. typhi specific IgA has b e e n  i s o lated from the stools 

(Cancelleri and Fara, 1985), and IgA sec r e t i n g  cells from 

the b l o o d  (Kantele, A r v i l o m m i  and Jokinen, 1986) of 

v o l u n t e e r s  v a c c i n a t e d  w i t h  a live vaccine, strain Ty21a.

It is a s s u m e d  that in o r der to c o ntrol typhoid, as w i t h  

o t h e r  in t r a c e l l u l a r  infections, a cell m e d i a t e d  immune 

re s p o n s e  is required. U n fortunately, few h u m a n  studies h a v e  

b e e n  p e r f o r m e d  to supply supp o r t i n g  data. T h e r e  have been  

reports of l e u k ocyte m i g r a t i o n  i nhibition re s p o n s e s  in 

t y p h o i d  pat i e n t s  (Kumar et al, 1974; B a l a k v i s h n a  Sama et a l , 

1977; N a t h  et al, 1977) and reports o f  lym p h o c y t e  

p r o l i f e r a t i v e  r e s p onses from b l o o d  l ymphocytes of t y p h o i d  

pa t i e n t s  (Mogensen, 1979; M u r p h y  et al 1987). No leu k o c y t e  

m i g r a t i o n  inhi b i t i o n  responses w e r e  seen in v a c c i n e e s  wh o  

re c e i v e d  a p a r e n t e r a l  i n a c t i v a t e d  v a c c i n e  (Nath et al,
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1977) , a l t h o u g h  b l o o d  lymp h o c y t e s  from v a c c i n e e s  do give a 

s i g n i f i c a n t  p r o l i f e r a t i v e  res p o n s e  (J. R h o d e s  p e r s o n a l  

c o m m u n i c a t i o n ) .

1.1.4 C o n c l u s i o n s  from p a r e n t e r a l  vaccination: the nee d  for 

a n e w  vaccine. * 1

The o b s e r v a t i o n s  d e s c r i b e d  above h i g h l i g h t  b o t h  the 

e f f e c t i v e n e s s  of p a r e n t e r a l  k i l l e d  t y p h o i d  v a c c i n e s  and 

their limitations. The m a i n  c r i t icisms of p a r e n t e r a l  t y p h o i d  

v a c c i n a t i o n  are:

1. It fails to stimulate a cel l  m e d i a t e d  immune response.

2. It fails to s t i m ulate m u c o s a l  immunity.

3. It is i n e f f e c t i v e  a g a i n s t  high dose challenge.

4. There are m a n y  u npleasant, often severe, side-effects.

It is clear that a n e w  v a c c i n e  is desirable. IdealLy this 

v a c c i n e  must:

1. Be ca p a b l e  of i n d ucing p r o t e c t i v e  humoral, m u c o s a l  and 

c e l lular immune responses.

2. Have no side-effects.

3. Be e f f e c t i v e  w h e n  d e l i v e r e d  orally.

4. Be e f f e c t i v e  a g a inst h i g h  dose infections.

W o r k  to d e v e l o p  such a v a c c i n e  has been u n d e r w a y  for over 20 

years. M o s t  w o r k  has been c a r r i e d  out w i t h  the m o u s e  m o d e l

26



and the r e s u l t s  have s u g g e s t e d  that live va c c i n e s  are m o r e  

e f f e c t i v e  (Collins, 1974). L i v e  vaccine c a n d i d a t e s  h ave been  

d e v e l o p e d  a n d  w i l l  be d i s c u s s e d  in detail later.

1.2 The M o u s e  M o d e l  of T y p h o i d  Fever.

1.2.1 The n e e d  for an animal model.

Human v o l u n t e e r  studies are impractical: they p r e s e n t  risks 

for the v o l u n t e e r s  and the info r m a t i o n  the y  g e n e r a t e  is 

limited. A pa r a l l e l  a n imal m o d e l  is r e q u i r e d  for m o r e  

d e t a i l e d  studies on p a t h o g e n e s i s  and immunity. F ortunately, 

certain species of salmonella, such as S . t y p h i m u r i u m  and

S. e n t e r i t i d i s , cause a d i sease in m i c e  w h i c h  c l o s e l y  

resembles typhoid.

M a n y  factors a f fect the course and o u t c o m e  of s a l m o n e l l a  

inf e c t i o n s  in mice. T h e y  include the route of  i n f e c t i o n  

used, the d ose and v i r u l e n c e  of the i n f e c t i n g  organism, and 

the s u s c e p t i b i l i t y  of the m o u s e  to infection. A t  least three 

factors inf l u e n c e  the s u s c e p t i b i l i t y  of the m o u s e  to 

infection: g e n e t i c a l l y  d e t e r m i n e d  susceptibility, a c q u i r e d

immunity and secondary imp a i r m e n t  of immunity. The fol l o w i n g 

section w i l l  d e s cribe in deta i l  p a t h o g e n e s i s  and i m m u n i t y  in 

this model, d r a w i n g  c o m p a r i s o n s  w i t h  the h u m a n  d i s e a s e  w h e r e  

a p p r o p r i a t e .
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1.2.2 Routes of infection.
The n a t u r a l  route of i n f e ction in b o t h  h u m a n  a nd m u r i n e  

t y p h o i d  is oral. E a r l y  w o r k  w i t h  the m o u s e  m o d e l  s u g g e s t e d  

that the b a c t e r i a  e n t e r e d  the b l ood s t ream d i r e c t l y  from the 

gut. C o l l i n s  (1970) found that S. e n t e r itidis c o u l d  be 

d e t e c t e d  in the livers and spleens of o r a l l y  i n f e c t e d  mic e 

b e f o r e  d e t e c t i o n  in m e s e n t e r i c  lymph nodes. However, mor e  

d e t a i l e d  studies did not c o n f i r m  this view. C a r t e r  and 

Collins (1974) followed the course of  oral i n f e ction by

S. e n t e r i t i d i s  in CDl and B6D2 mice. The b a c t e r i a  invaded 

p r i m a r i l y  vi a  the Peyer's patches of the terminal i l e u m  and 

thence into the d i stal m e s e n t e r i c  nodes, from w h i c h  they 

w ere c u l t u r e d  in the first 24 hours. No e a r l y  b a c t e r e m i a  was 

found. I n f e ction was p o s s i b l e  w h e n  b a c t e r i a  w ere in j e c t e d  

d i r e c t l y  into the c a e c u m  or the . r e c t u m  but since the 

b a c t e r i a  d r a i n e d  into d i f f e r e n t  lymph nodes to those 

following an oral infection, it was c o n c l u d e d  t hat these 

w e r e  not n a t u r a l  routes of infection. Cart e r  and Collins
3(1975) u s e d  H - t h y m i d i n e  i n c o r p o r a t i o n  to follow c e l l u l a r  

p r o l i f e r a t i o n  in r e s ponse to i n f e c t i o n  in the Peyer's 

patches and spleens of B6D2 mice. In o r a l l y  i n f e c t e d  mice, 

Peyer's p a t c h e s  r e s p o n d e d  before spleens, sug g e s t i n g  that 

they w ere infected first. W h e n  m i c e  were in f e c t e d  

i n t r a v e n o u s l y  (i.v.), Peyer's patches and spleens r e s p o n d e d 

together. This is further evi d e n c e  to support the t h e o r y  

that the infection p a s s e s  t h r o u g h  the gut l y m phoid system 

befo r e  systemic spread.
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Oral s a l m o n e l l a  i n f e c t i o n  is infl u e n c e d  by factors other 

than the v i r u l e n c e  of the ba c t e r i a  and host immunity. The 

s t o mach acid pr e s e n t s  a n a t ural b a r r i e r  to infection, as 

does the n o rmal gut flora. In g n o t o b i o t i c  m i c e  (Collins and 

Carter, 1978) or m i c e  w h o s e  gut flora has bee n  d i s r u p t e d  by 

a n t i b i o t i c  tr e a t m e n t  (Bohnhoff and Miller, 1962; Que and 

Hentges, 1985) m u c h  lower oral doses are lethal.

E x p e r i m e n t a l  m o d e l s  have been e s t a b l i s h e d  w h i c h  use 

p a r e n t e r a l  infection to by-pass these factors. The cour s e  of 

the inf e c t i o n  can be a l t e r e d  d e p e n d i n g  on w h e t h e r  the oral, 

s u b c utaneous (s.c.), i n t r a p e r i t o n e a l  (i.p.) or i.v. routes 

are used. S u bcutaneous infection m i m i c s  the oral route in so 

far as the infection p a sses t h r o u g h  d r a i n i n g  lymph nodes, 

albeit d i f f e r e n t  ones (Carter and Co l l i n s ,  1974; Collins, 

A u c l a i r  a nd Mackaness, 1977). The i.p. and i.v. routes 

bypass lymph node involvement. In the i.p. m o d e l  the 

b a c t e r i a  are free to m u l t i p l y  e x t r a c e l l u l a r l y  w i t h i n  the 

p e r i t o n e a l  cavity. This creates a large infectious pool, 

w h i c h  c o n t i n u a l l y  seeds the rest of the body. In the i.v. 

m o d e l  the m a j o r i t y  of the i n o culum is found in livers and 

spleens w i t h i n  a few m i n u t e s  of injection. There has been 

great d e bate over the relative m e r i t s  of the v a r i o u s  

p a r e n t e r a l  routes in st u d i n g  immunity to m o u s e  typhoid. The 

results ob t a i n e d  by the i.v., or s.c. m o d e l  are p r o b a b l y  

c l oser than the i.p. m o d e l  to the oral route (Collins, 1971;
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1974; 1979). The i.v. m o d e l  has bee n  u s e d  in this s t udy whe n  

p a r e n t e r a l  i n f e c t i o n  was required.

1.2.3 Factors d e t e r m i n i n g  the v i r u l e n c e  of salmonella.

The f a c t o r s  w h ic h  c o n f e r  v i r u l e n c e  on s a lm o n e l la  a r e  

m u l t i p l e  and m o s t ly  unknow n. D i f f e r e n t  s t r a i n s  o f  s a lm o n e l la  

a r e  a l s o  h i g h l y  h o s t  s p e c i f i c ;  f o r  ex a m p le  S. p u llo r u m  i s  

a v i r u l e n t  f o r  m ic e  b u t  h ig h ly  v i r u l e n t  f o r  c h ic k e n s ,  w h i l s t

S . t y p h i  i s  o n ly  v i r u l e n t  in  m an. The f a c t o r s  w h ich  

d e te r m in e  t h i s  h o s t  s p e c i f i c i t y  a r e  unknown.

S a l m o n e l l a  can a c t i v e l y  invade e u k a r y o t i c  cells (Finley, 

G u m b i n e r  and Falkow, 198 8) , but the i m p o rtance o f  this in 

p a t h o g e n e s i s  is n ot known. G e n e t i c  approaches h a v e  n o w  

i d e n t i f i e d  genes in enteric p a t h o g e n e s  such as S h i g e l l a  spp 

(Sansonetti, K o p e c o  and Formal, 1982ab) and Y e r s i n i a  spp 

(Isberg and Falkow, 1985; M i l l e r  and Falkow, 1988) w h i c h  are 

r e q u i r e d  for invasion. A  m u t a n t  of S. e n t e r i t i d i s  has been 

isolated w h i c h  is u n a b l e  to invade Hep2 cells (Miller, 

p e r s o n a l  c o m m u n i c a t i o n ) . However, w h e n  t e sted for v i r u l e n c e  

in B A L B / c  m i c e  its oral LD50 is similar to that of its 

parent. F u t h e r  "invasion minus" m u t a n t s  of S. c h o l e r a e s u i s  

have b e e n  i d e n t i f i e d  (Finley et al. in press) an d  are 

c u r r e n t l y  b e ing t e s t e d  for m o u s e  virulence.

V ir u le n t  s a lm o n e l la  can  r e s i s t  th e  b a c t e r i c i d a l  a c t i v i t y  o f  

m a cro p h a g es and s u r v iv e  and grow  w i t h in  them  ( M it s u h a s h i ,
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Sato and Tanaka, 1961; Ushiba, 1965; Lissner, S w anson and 

O'Brien, 1983; F i e l d s  et al, 1986; H a r r i n g t o n  and Hormaeche, 

19 87) . Once inside the cells t h e y  are r e s i s t a n t  to the 

b a c t e r i c i d a l  ac t i o n s  of a n t i b o d y  and c o m p l e m e n t  (Rous and 

Jones, 1916). Fields et al (1986) have d e s c r i b e d  a n u m b e r  of 

m u t a n t s  of S . t y p h i m u r i u m  w i t h  r e d u c e d  a b i l i t y  to survive  

w i t h i n  cul t u r e d  m a c r ophages. M a n y  of these m u t a n t s  have 

r e d u c e d  virulence. It has b e e n  s u g g e s t e d  that flagella m a y  

play a role in i n t r a c e l l u l a r  survival (Carsiotis et a l , 

1984; W e i n s t e i n  et_ aJ., 1984) but this v i e w  has been di s p u t e d  

(Benjamin et a_l, 1986ab) .

M a n y  b a c t e r i a l  p a t h o g e n s  c o n t a i n  p l a smids w h i c h  encode  

p o t e n t i a l  v i r u l e n c e  determinants. These include shigella, 

y e r s i n i a  and salmonella. M a n y  s a l m onella c o n tain large 

m o l e c u l a r  w e i g h t  plasmids. Recent g e n e t i c  studies have shown 

a clear role for these p l a smids in virulence. Strains c u red 

of t h eir plasmids, or w i t h  t r a n s p o s o n s  ins e r t e d  in the 

plasmid, have r e d u c e d  v i r u l e n c e  in m i c e  and chickens. The 

role of the p l a s m i d  in vir u l e n c e  is still u n c l e a r  since it 

has b een v a r i o u s l y  a s c r i b e d  to a d h e s i o n  and in v a s i o n  (Jones 

et al, 1982), s e r u m  res i s t a n c e  (Vanderbosch, R a b e r t  and 

Jones, 1987), or r e s i s t a n c e  to i n f l a m a t o r y  m a c r o p h a g e s  

(Heffernan et a_l, 1987; Popoff, p e r s o n a l  communication). 

Interestingly, S . typhi does not p o ssess such a plasmid. 

T r a n s f e r  of a p l a s m i d  from S . t y p h i m u r i u m  to S . typhi does
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n o t  b e s t o w  m o u s e  v i r u l e n c e  on  S. typhi (Popoff p e r s o n a l  

c o m m u n i c a t i o n ) .

The l i p o p o l y s a c c h a r i d e  (LPS) in the cell w a l l  is imp o r t a n t 

in virulence. W h e n  the structure of the LPS is altered, such 

that the O - p o l y s a c c h a r i d e  side chains are lost, the strain 

changes from smooth to rough. In m a n y  strains this change is 

a s s o c i a t e d  w i t h  loss of v i r u l e n c e  (Nakano and Saito, 1969; 

Roantree, 1971) . Some exc e p t i o n s  do exist, Fields et al 

(1986) r e p o r t e d  a rough v a r i a n t  of a vir u l e n t  S . t y p h i m u r i u m  

w h i c h  is v i r u l e n t  for BALB/c mice, and Hormaeche (personal 

communication) has a rough strain of S. c h o l e r a e s u i s  w h i c h  

is h i g h l y  virulent. W hen this r o u g h  strain is a d m i n i s t e r e d  

i.v. to BALB/c mice, it is first k i lled to a g r e a t e r  exte n t  

than a smooth strain but then the .survivors g r o w  rapidly, 

k i l ling the mouse. These o b s e r v a t i o n s  suggest that the 

smooth LPS is imp o r t a n t  for S. c holeraesuis to resist 

initial ki l l i n g  seen in the first few hours after infection, 

b ut plays a n e g l i g i b l e  role in in t r a c e l l u l a r  survival and 

g r o w t h .

The type of O - a n t i g e n  pr e s e n t  on the ba c t e r i a  p l ays a role 

in v i r u lence in the i.p. infection (Makela, V a l t o n e n  and 

Valtonen, 1973) . S a l m o n e l l a  strains w e r e  c o n s t r u c t e d  to be 

isogenic e x c e p t  for t h eir O-antigens. A  v i r u l e n t  

S. t y p h i m u r i u m  (0-1, 4, 5, 12) was cons t r u c t e d  to be 0-1, 9, 

12 and a v i r u l e n t  S. ente r i t i d i s  (0-1, 9, 12) was
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c o n s t r u c t e d  to be 0-1, 4, 5, 12. In the i.p. model, strains 

p o s e s s i n g  0-1, 4, 5, 12 wer e  always m ore v i r u l e n t  than those 

w i t h  0-1, 9, 12. Similarly, 0-6, 7 strains w e r e  less

v i r u l e n t  than e i t h e r  0-4, 5 or 0-9 strains (Makela et a l ,

1973). No d i f f e r e n c e s  w ere seen b e t w e e n  the v i r u l e n c e  of 

0-4, 5 and 0-9 strains w h e n  t h e y  wer e  g i ven i.v. (Hormaeche 

p e r s o n a l  c o m m u n i c a t i o n ) . The diff e r e n c e s  in v i r u l e n c e  in the 

i.p. m o d e l  can be e x p l a i n e d  by  the d i f f e r e n t  abi l i t i e s  of 

the O - a n t i g e n s  to ac t i v a t e  the a l t e r n a t i v e  c o m p lement  

pathway. 0-6,7 LPS consumes c o m p l e m e n t  faster than 0-9, 

w h i c h  is, in turn, faster than 0-4,5 LPS (Grossman and 

Leive, 1984) . This is m o r e  important in the i.p. than the 

i.v. m o d e l  b e c ause the r e s i d e n t  p e r i t o n e a l  m a c r o p h a g e s  

p h a g o c y t o s e  b a c t e r i a  p o o r l y  unless t hey are opsonised. 

Therefore, 0-6,7 strains w h i c h  bin d  mor e  c o m p l e m e n t  than 0-9 

or 0-4, 5 strains are m o r e  r e a dily p h a g o c y t o s e d  and k i lled

b y  r e s i d e n t  p e r i t o n e a l  macrophages. This reduces the 

e f f e c t i v e  infecting dose and so appears to reduce vir u l e n c e  

(Saxen, Reima and Makela, 1987).

1.2.4 Genetic co n t r o l  of res i s t a n c e  to s a l m onella  

i n f e c t i o n s .

Early w o r k e r s  w i t h  the m o u s e  m o d e l  n o t e d  t h a t  d i f f e r e n t  

m o u s e  strains had d i f f e r e n t  degrees of s u s c e p t i b i l i t y  or 

resi s t a n c e  to s a l m onella infections (Webster, 1924; 1933ab;

Gowen, 1948; 1960). Studies w i t h  inbred m o u s e  strains have 

allowed id e n t i f i c a t i o n  of several genes w h i c h  control
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resistance to salmonella. These will be discussed in detail
below.

j£ZjL
In b r e d  m ouse s t r a i n s  f a l l  i n t o  tw o d i s t i n c t  g r o u p s  when

50their s.c. or i.v. LD 's for S . t y p h i m u r i u m  C5 are m e a s u r e d  

(Plant and Glynn, 1974; 1976; 1977; 1979; Hormaeche, 1979a). 

Some m o u s e  strains are h i g h l y  sensitive, w h ile othe r s  are 

h i g h l y  resistant. No i ntermediate stages are found, a l t h o u g h  

the lty p h e n o t y p e  can be o v e r c o m e  b y  other g e n e t i c a l l y  

d e t e r m i n e d  s u s c e p t i b i l i t i e s  d i s c u s s e d  below. E x p e r i m e n t s  

w i t h  Fl h y b rids and b a c k c r o s s e s  s u g g e s t e d  that r e s i s t a n c e  

was c o ded by a single d o m i n a n t  gene or c l u ster of c l o s e l y  

linked genes, d e s i g n a t e d  ity (Plant and Glynn, 1976; 1977), 

w h i c h  m a p p e d  to c h r o m o s o m e  1 (Plant and Glynn, 1979). ity 

also controls innate resi s t a n c e  to L. d o n ovani (under the 

name l s h ) (Plant et a_l, 19 82) , M, t uberculosis BCG (b e g ) 

(Gros, Skamene and Forget, 1981; F o r g e t  et a_l, 1981) and 

M. l e p r a e m u r i u m  (Brown, Glynn and Plant, 1982). No t  all 

intra c e l l u l a r  p a t h o g e n s  are c o n t r o l l e d  by i t y , since 

L. m o n o c y t o g e n e s  (Stevenson, K o n g s h a v n  and Skamene, 1981; 

G e r vais S t e v e n s o n  and Skamene, 1984) and Y e r s i n i a  

e n t e r o c o l i t i c a  (Hancock, S c h a e d l e r  and MacDonald, 1986; 

1988) , for example, have dif f e r e n t  g e n e t i c  c o n trol systems.

ity acts in the e a r l y  par t  of the salmonella i n f e ction by 

c o n t r o l l i n g  the ne t  rate of increase of salm o n e l l a e  in
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livers and spleens of infected m i c e  (Hormaeche, 1979ab) and 

its e f f ects are e v i d e n t  w i t h i n  the first 24 hours of 

i n f e c t i o n  (Swanson and O'Brien, 1983). The e f f e c t  of ity is 

m e d i a t e d  solely by macrophages. Its expr e s s i o n  is s e n s itive 

to silica t r e a t m e n t  (O'Brien, S c her and Formal, 1979), w h i c h  

affects m a c r o p h a g e  function, but is res i s t a n t  to r a d i a t i o n  

(Hormaeche et al, 1983) s u g g e s t i n g  non-dividing, resident 

m a c r o p h a g e s  are involved. E x p r e s s i o n  of ity is independent of 

d e l a y e d  type s e n s i t i v i t y  (DTH) (Hormaeche, 1979b) or  T-cells 

(O'Brien and Metcalf, 1982) . ity can be e x p r e s s e d  in v i tro 

by cu l t u r e d  p e r i t o n e a l  m a c r o p h a g e s  (Lissner et. al, 1983) and 

liver k u p f f e r  cells (Harrington and Hormaeche, 1986). There 

is still some d e bate over the exact m o d e  of a c t i o n  of i t y , 

w ith claims that it is due to either b a c t e r i o s t a t i c  or 

b a c t e r i o c i d a l  a c t i vities of macrophages. In v i v o  evidence 

o b t a i n e d  b y  following the survival of n o n -replicating, 

t e m p e r a t u r e  sensitive strains (Hormaeche, P e t t i f o r  and 

Brock, 1981), or by following in vivo g r o w t h  b y  s e g r e g a t i o n  

of a n o n - r e p l i c a t i n g  phage in m ice of d i f f e r e n t  ity types 

(Homaeche, 1980) , has s u g gested a b a c t e r i o s t a t i c  mechanism. 

lsh has been d e m o n s t r a t e d  in v i t r o  w ith L e i s h m a n i a  infected 

kupffer cells (Crocker, B l a c k w e l l  and Bradley, 19 84) . This 

r e p o r t  also s u g gested a b a c t e r i o s t a t i c  mechanism. Ne i t h e r  

the a b i l i t y  of m a c r o p h a g e s  to phag o c y t o s e  (Groschel, Paas 

and Rosenberg, 1970; Swanson and O'Brien, 1983? Gros et al, 

1983) nor the a b i l i t y  of C , p a r v u m  to a c t ivate t h e m  (Briles 

et a l , 198 6) is a f f e c t e d  by i t y , although ityr m a c r o p h a g e s
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are r e p o r t e d  to h a v e  h i g h e r  levels of e x p r e s s i o n  of I-A 

a n t i g e n s  than i t y s (Zwilling, V e s p a  and Massie, 1987).

G e n e t i c s  of r e s i s t a n c e  in C3H lineage mice.

C 3 H / H e J  m i c e  carry the m u t a n t  allele L p s Q w h i c h  m a k e s  t hem  

h y p o r e s p o n s i v e  to endotoxin. C 3H lineage m i c e  are lty and, 

e x c e p t  for C3H/HeJ, are e n d o t o x i n  responsive. C 3 H / H e J  mice 

are s u s c e ptible to s.c. or i.p. in f e c t i o n  w i t h  

S . t y p h i m u r i u m  (Robson and Vas, 1972) w h e n  c o m p a r e d  to m ost  

o t h e r  C3H strains, a n d  this d i f f e r e n c e  has b e e n  a t t r i b u t e d  

to the L p s Q a l lele (O'Brien et al, 1980). The role o f  L p s Q 

in s u s c e p t i b i l i t y  was d i s p u t e d  by E i s e n s t e i n  and co-workers 

(Eisenstein et a^L, 1982) w ho found that w h i l s t  C 3 H / H e J  mice 

w ere LPS h y p o r e s p o n s i v e  and salmonella susceptible, 

C 3 H / H e N C r l B r  w e r e  LPS r e s p onsive b ut still salmonella 

sensitive. Other strains showed i ntermediate resistance. It 

is p r o b a b l e  that the factors d e t e r m i n i n g  s u s c e p t i b i l i t y  in 

C3H lineage mic e  are multiple. (C3H/HeJ x C3H/FeJ) Fl mic e  

w e r e  bot h  s a l m o n e l l a  r e s i s t a n t  and LPS responsive,

s u g g e s t i n g  that e ach strain ha d  a separate d e f e c t  w h i c h  w as  

c o m p l e m e n t e d  in the Fl hybrid. Further m a t i n g  e x p e r i m e n t s  

c o n f i r m e d  the m u l t i f a c t o r i a l  nature of s u s c e p t i b i l i t y  in C3H 

m i c e  (O'Brien and Rosenstreich, 1983; O ' B r i e n  et al, 1985).

xid,

C B A  m i c e  carry the resistant, ityr , allele. C B A / N  m ice c a rry 

an X - l i n k e d  gene, x i d , w h i c h  confers a d e f i e n c y  or absence
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of B-cell function (Scher, 1980) . Mice homologous for xid
are susceptible to S . t y p h i m u r i u m  infections (O'Brien et a l , 

1979), a p p a r e n t l y  be c a u s e  t h e y  are unable to m a k e  an 

a d e q u a t e  ant i b o d y  re s p o n s e  later in the infection (O'Brien, 

S c h e r  and Metcalf, 1981).

C o n t r o l  by M H C  linked genes.

H o r m a e c h e  et al (1985) d e s c r i b e d  late e m e r g i n g  r e s i s t a n c e  in 

l t y  mice of the BIO lineage. U s i n g  H2 congenic BIO mice 

t h e y  showed that this r e s i stance is linked to H2 and m a p s  to 

the I-E subregion. Mice w i t h  a r e s i s t a n t  h a p l o t y p e  are more 

abl e  to clear inf e c t i o n  w i t h  less v i r u l e n t  strains from 

livers and spleens than those w i t h  a sensitive haplotype.

O t h e r  g e n e s .

C 5 7 L  and D B A / 2 J  mice, a l t hough b o t h  ity , u l t i m a t e l y  succumb 

late in the infection. This is g e n e t i c a l l y  c o n t r o l l e d  and is 

t h o u g h t  to be e n c o d e d  by a single r e c e ssive gene w h i c h  has 

n o t  yet bee n  m a p p e d  bu t  is n o t  link e d  to i t y , lps or xid 

(O'Brien, Tayl o r  and R o s e n s t r e i c h , 1984).

G e n e t i c  control in o t her animals.

G e n e t i c  control similar to ity has rec e n t l y  been found in 

ch i c k e n s  (Barrow, p e r sonal c o m m u n i c a t i o n ) . C o n c lusive 

ev i d e n c e  of g e n e t i c  control of r e s i s t a n c e  to t y p h o i d  in m a n  

is yet to be produced. However, some studies (De V r i e s  et al^ 

1979? Naylor, 1983) suggest it m a y  exist.
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F i g . 1.1 Schematic r e p r e s e n t a t i o n  of the four phases of an 

i.v. salmonella infection in livers and spleens. Phase 1 

represents the initial re d u c t i o n  of the innoculum. Phase 2 

is e xponential growth of the challange. Phase 3 is c o ntrol 

of bacterial growth and plateau. Phase 4 shows clearance of 

the infection from the MPS.
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1.2.5 The course of an i.v. infection in the mouse model.
The course of a s a l m o n e l l a  i n f ection in m i c e  can be d i v i d e d  

into d i s t i n c t  phases. The e x a c t  course followed, and its 

outcome, d e p e n d s  on the c o m b i n a t i o n  of m o u s e  strain, 

b a c t e r i a l  s t rain and route of  infection used. Since the i.v. 

route of i n f e c t i o n  has bee n  u sed for m u c h  of  the w o r k  

d e s c r i b e d  in this thesis the following d e s c r i p t i o n  w i l l  

c o n c e n t r a t e  on this model. The infection has 4 phas e s  w h i c h  

are r e p r e s e n t e d  in Fig. 1.1. The d e s c r i p t i o n  covers o nly the 

infection in livers and spleens. Lymph n o des t h r o u g h o u t  the 

b o d y  are also seeded d u r i n g  i . v . i n f e c t i o n  (Collins, 1 9 6 9 a b ) . 

The i.p., s.c. and oral routes diff e r  o n l y  in the e a r l y  

stages of the infection. Once e s t a b l i s h e d  in livers and 

spleens, the course of the infection is e s s e n t i a l l y  the 

s a m e .

Phase 1. An i n f e c t i n g  dose, a d m i n i s t e r e d  i.v., is r a p i d l y  

r e m o v e d  from the blood. The m a j o r i t y  of the c h a l l e n g e  is 

found in livers and spleens w i t h i n  the first 30 m i n u t e s  of 

infection. Once e n t r a p p e d  in livers and spleens, the n u m b e r s  

of viable b a c t e r i a  are r e d u c e d  ove r  the n e x t  6 hours (Akeda 

et a l , 1981). Resident, fixed m a c r o p h a g e s  are r e s p o n s i b l e  

for this k i l l i n g  since the process is r e s i s t a n t  to 

X-irradiation, w h i c h  affects p o l y m o r p h o n u c l e a r  leukocytes 

(PMNL) and monocytes, but sensitive to carrageenan, a 

m a c r o p h a g e  inh i b i t o r  (Akeda et al, 1981). A  similar  

situation e x i s t s  w i t h  listeria (Mitsuyama et al, 1978;
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N e w b o r g  a n d  North, 1980) a n d  t u b e r c u l o s i s  (North, 1974) 

infections. The i n i tial b l o o d  clearance is e n h a n c e d  by 

op s o n i c  a n t i b o d y  (Biozzi et aJL, 1961; A k eda et al, 1981; 

Mackaness, Bl a n d e n  and Collins, 1966) as is the

i n t r a c e l l u l a r  ki l l i n g  (Akeda et a_l, 1981) .

Phase 2. Some of the b a c t e r i a  e n t r a p p e d  in liver and spleen

m a y  survive the initial p e r i o d  of in t r a c e l l u l a r  k i l l i n g  and

then g r o w  e x p o n e n t i a l l y  w i t h i n  the m a c r o p h a g e s  of  the liver

and spleen. The outcome of the infection depends on w h e t h e r

the m o u s e  is able to c o n trol the g r o w t h  of the b a c t e r i a
0

b e fore it re a c h e s  lethal levels (always b e t w e e n  10 and
g10 /organ, M e y n e l l  and Meynell, 1958; Hobson, 1957c). If a 

susceptible m o u s e  is c h a l l e n g e d  w i t h  a v i r u l e n t  strain, or a 

r e s i s t a n t  m o u s e  w i t h  a large dose of a v i r u l e n t  strain, the 

m o u s e  is o v e r c o m e  by  the infection and dies. This is 

p o r t r a y e d  in Fig. 1.1 as a b r o k e n  line. S h ould the c h a l lenge 

o r g a n i s m  be less v i r u l e n t  or a low dose of a v i r u l e n t  strain 

given to a r e s i s t a n t  mouse, the b a c t e r i a  still g r o w  

e x p o n e n t i a l l y  but m o r e  slowly (Hormaeche, 1979ab; Hor m a e c h e  

et a l , 1981) .

Phase 3. The third p h a s e  of the infection b e gins at around 

days 4 or 5. At this time, the m o use is able to m o u n t  a 

cellular immune r e s ponse w h i c h  can control the g r o w t h  of the 

ba c t e r i a  (Zinkernagel, 1976). This is followed b y  a pl a t e a u  

w h e r e  b a c t e r i a l  growth is k e p t  in check. C o n t r o l  of  g r o w t h
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appears to r e q uire cell di v i s i o n  since it is sen s i t i v e  to 

i r r a d i a t i o n  (Newborg and North, 1980; H o r m a e c h e  et al, 1983; 

H e f f e r n a n  et a]L 1987) . It is a p p a r e n t l y  d e p e n d e n t  on an 

influx of m a c r ophages, w h i c h  rad i a t i o n  s h i e lding e x p e r i m e n t s  

suggest are d e r i v e d  from the bone m a r r o w  (Hormaeche, 

p e r s o n a l  c o m m u n i c a t i o n ) . The exact m e c h a n i s m s  of the initial 

m a c r o p h a g e  a c t i v a t i o n  in s almonella infections remain 

unclear. M a c r o p h a g e  activation, as m e a s u r e d  by s u p p r e s s i o n  

of growth, appears to be a local event since two sal m o n e l l a  

strains w i t h i n  the same m o u s e  g r o w  and are c o n t r o l l e d  

i n d e p e n d e n t l y  of each o t her (Maskell et aJL, 1987a) . The 

i n d uction of p l a t e a u  w h e r e  bac t e r i a l  g r o w t h  is c o n t r o l l e d  

appears to be i n d e p e n d e n t  of T-cells. In nude m i c e  this has 

been shown for sal m o n e l l a  (O'Brien and Metcalf, 1982) and 

listeria (Newborg and North, 1980). J h e  nude m o u s e  m o d e l  has 

the d i s a d v a n t a g e  that there appears to be a h igh bas e  line 

level of m a c r o p h a g e  a c t i v a t i o n  in u n i n f e c t e d  mice (Newborg 

and North, 1980). M ore recently, wor k  w i t h  severe c o m b i n e d  

i m m u n o d e f i c e n c y  (SCID) mice, w h i c h  lack all f unctional  

lymphocytes, has shown that m a c r o p h a g e  a c t i v a t i o n  by  

listeria, as judged by control of g r o w t h  and e x p r e s s i o n  of 

I-A antigens, is i n d e p e n d e n t  of T - c ells (Bancroft et al, 

19 86) . In the salmonella model, M a s k e l l  et al (1987a) showed 

that T- c e l l s  are not re q u i r e d  for s u p r ession of growth. 

Here, m i c e  were d e p l e t e d  of T-cells by adult t h y m e c t o m y  and 

in vivo t r e a t m e n t  w i t h  m o n o c l o n a l  a n t i bodies a g a i n s t  

T-cells. Growth of v i r u l e n t  S . t y p h i m u r i u m  C5 was c o n t r o l l e d
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e q u a l l y  w e l l  in  n orm al and T - c e l l  d e p le t e d  (B lO xA /J) F l  

m ic e .

If a c t i v a t i o n  of m a c r o p h a g e s  in s a l m onella and listeria 

i n f e ctions is i n d e p e n d e n t  of T-cells, we are left w i t h  the 

q u e s t i o n  of w h a t  p r o v i d e s  the a c t i v a t i n g  signals. B a n c r o f t  

et al (1986) have p r o p o s e d  tha t  na t u r a l  killer (NK) cells 

are the source of i n t e rferon (IFN)-gamma w h i c h  a c t i vates 

m a c r o p h a g e  in SCID mice. It has r e c e n t l y  been r e p o r t e d  that 

C3H lineage mice, im m u n i s e d  w i t h  an a roA S. t y p h i m u r i u m  

mutant, SL3235, have a b u rst of NK a c t i v i t y  b e t w e e n  the 

second and fourth d ay after infection (Schafer and 

Eisenstein, 1988). This is the p e r i o d  i m m e d i a t e l y  before 

m a c r o p h a g e  a c t i v a t i o n  as a s s e s s e d  by r e s i s t a n c e  to 

s a l m o n e l l a  and listeria challenge (Killar and Eisenstein, 

1985) and tumor cell k i l l i n g  (Schafer, N a n c y  and Eisenstein, 

1988) . It is p o s s i b l e  that NK  cells are the source of 

m a c r o p h a g e  a c t i v a t i n g  lymphokines: this area needs further

e x a m i n a t i o n .

Once p l a t e a u  has bee n  attained, the b a c t e r i a l  levels m a y  

remain constant, o f ten i n d e f i n i t e l y  (Hobson, 1957a? Ma s k e l l  

and Hormaeche, 1985) , or the m o u s e  m a y  clear the infection  

from its MPS. M a i n t e n a n c e  of p l a t e a u  p r o b a b l y  d e p ends on the 

pr e s e n c e  of ac t i v a t e d  m acrophages. This is s u p p o r t e d  b y  the 

o b s e r v a t i o n s  t hat d u ring plateau, m i c e  are immune to a 

number of h e t e r o l o g u s  i n t r a c e l l u l a r  pathogens, such as
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listeria ( Z i n k e r n a g e l , 1976) , and also immune to s a l m o n e l l a  

of d i f f e r e n t  serotypes (Collins, M a c k a n e s s  and Blanden, 

1966) . A  similar situation is seen in m i c e  i n f e c t e d  w i t h  

b r u c e l l a  and m y c o b a c t e r i a  (Mackaness, 1964). A c t i v a t e d  

m a c r o p h a g e s  alone do not a p pear u n a b l e  to m a i n t a i n  p l a t e a u  

completely. W o r k  w i t h  nude m i c e  shows that w h i l s t  t h e y  are 

ca p a b l e  of c o n t r o l l i n g  b o t h  s a l m onella and listeria 

infections the levels of ba c t e r i a  in livers and spleens 

still slowly increase and the mic e  e v e n t u a l l y  s u c cumb to the 

i n f ection (O'Brien and Metcalf, 1982; N e w b o r g  and North, 

198 0) . T h ere is p r e s u m a b l y  some i n v o l v e m e n t  of  T- c e l l s  in 

this p e r i o d  since m o s t  m o u s e  strains are c a p able of  m o u n t i n g  

a d e l a y e d  type h y p e r s e n s i t i v i t y  r e s ponse to s a l m onella  

antigens and salm o n e l l a  specific T - c ells can be d e t e c t e d  

(Attridge and K o t l a r s k i ,  1985ab; Paul et al, 1985) b u t  the 

role has n o t  yet b een elucidated.

Phase 4. The fourth p h ase is clearance of the i n f e ction 

from livers and spleens. Mic e  appear capable of c o m p l e t e l y  

e l i m i n a t i n g  o nly the m o s t  a t t e nuated of salmonella. It is 

t h o u g h t  that T-cells pla y  a role in cle a r a n c e  a l t h o u g h  this 

has still to be proven. C i r c u m s t a n t i a l  e v i d e n c e  is that 

T - c e l l  d e p l e t e d  m i c e  have impaired a b i l i t y  to clear an 

a v i r u l e n t  rough m u t a n t  11XR (Davies and Ko.tlarski, 1976) 

and the o b s e r v a t i o n  of H2 control of cl e a r a n c e  in H2 

congenic BIO m i c e  (Hormaeche et a_l, 1985) m a y  suggest 

m a c r o p h a g e ,  T-cell interactions. F o l l o w i n g  cle a r a n c e  the
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level of a c t i v a t i o n  of the m a c r o p h a g e s  decreases. It is 

a s s u m e d  that a p o p u l a t i o n  of m e m o r y  T-cells r e m ains w h i c h  

w i l l  serve to r e - a c t i v a t e  m a c r o p h a g e s  in a second infection. 

This w ill be d i s c u s s e d  in detail in the nex t  section.

1.3 A c q u i r e d  i m m u n i t y  in the m o u s e  model,

1.3.1 General.

Immun i t y  to t y p h o i d  m a y  result from either s u r vival o f  a 

v i r u l e n t  inf e c t i o n  or vaccination. V a c c i n e s  m a y  be e i ther  

k i l l e d  bacteria, or b a c t e r i a l  fractions, or the y  m a y  be 

living bacteria. R e c o v e r y  from a c l i n i c a l  infection results 

in b oth h u m o r a l  and cell m e d i a t e d  immune responses. Live 

v a c c i n a t i o n  m i m i c s  a v i r u l e n t  in f e c t i o n  (indeed e a r l y  

v a c c i n a t i o n  e x p e r i m e n t s  wer e  w i t h  sub-lethal d o ses of 

v i r u l e n t  bacteria) and results in b o t h  h u moral a nd cell 

m e d i a t e d  immunity. K i l l e d  vaccines, however, w h i l s t  i n d ucing  

hig h  levels of antibody, are incapable of inducing a cell 

m e d i a t e d  response. There has b e e n  m u c h  debate o ver the 

rel a t i v e  m e r i t s  a nd c o n t r i b u t i o n  of each arm of the immune 

system to im m u n i t y  to typhoid. M u c h  of the c o n t r o v e r s y  over  

the relat i v e  imp o r t a n c e  of cell m e d i a t e d  i m m u n i t y  (live 

vaccines) or h u m o r a l  immunity (killed vaccines) can be 

a t t r i b u t e d  to the va r i o u s  e x p e r i m e n t a l  me t h o d s  u s e d  w h e n  

studying i m m unity in the m o u s e  model. The r o ute of 

infection, the m o u s e  strain and the c r i teria u s e d  to assay
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p rotection, all i n f l uence b o t h  the resu l t  of i m m u n i s a t i o n  

e x p e r i m e n t s  and their interpretation.

W h a t e v e r  the route of i n f ection used, b o t h  hu m o r a l  and cell 

m e d i a t e d  i m m unity p l a y  a role in i m m unity to salmonella. 

However, the i.p. and s.c. routes of infection e m p h a s i s e  the 

role of antibody, w h i l s t  the i.v. route e m p h a s i s e s  the role 

of c e l l u l a r  immunity. This w i l l  be d i s c u s s e d  in detail 

below. The n a t u r a l  oral route is o b v i o u s l y  the m o d e l  m o s t  

r e l e v a n t  to human typhoid. Since this route is a f f e c t e d  by 

the n o n - s p e c i f i c  factors d i s c u s s e d  earlier, and m a n y  m o u s e 

strains are di f f i c u l t  to infect orally, m a n y  w o r k e r s  have 

chos e n  to use p a r e n t e r a l  routes.

The m o u s e  strain use d  is important. G e n e t i c a l l y  re s i s t a n t  

m i c e  are e a s i e r  to immunise w i t h  k i l l e d  v a c c i n e s  than 

g e n e t i c a l l y  susceptible mice (Robson and Vas, 1972). This 

has been h i g h l i g h t e d  by  E i s e n s t e i n  and co- w o r k e r s  

(Eisenstein, Killar and Sultzer, 1984) w h o  found that 

r e s i s t a n t  C 3 H / H e N C r l B R  m i c e  wer e  e a s i l y  v a c c i n a t e d  w i t h  

k i l l e d  e n d o t o x i n - p r o t e i n  vaccines, w h i l s t  susceptible 

C 3 H e B / F e J  m i c e  w e r e  not. M uch of the w o r k  in this thesis is 

w i t h  s u s c e ptible (i t y s ) BALB/c mice, w h i c h  h a v e  p r o v e d  v e r y  

d i f f i c u l t  to immunise e f f e c t i v e l y  w i t h  k i l l e d  v a c c i n e s  

(Robson amd Vas, 1970).
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M a n y  v a c c i n a t i o n  e x p e r i m e n t s  r e l y  solely on levels of 

survival fol l o w i n g  a single dose of challenge as their 

c r i t e r i o n  for p rotection. This tells us n o t hing a b o u t  h o w  

the m o u s e  controls the challenge. Collins and co-w o r k e r s  

a d v o c a t e d  following the g r o w t h  of the c h a l lenge in the MPS 

of the m i c e  (Collins, 1974). U s i n g  t h ese techniques, they  

s h o w e d  that mice, w h i c h  appear p r o t e c t e d  by  survival data, 

m a y  have u n d e r g o n e  a severe illness w h i c h  w o u l d  p r o b a b l y  

hav e  re s u l t e d  in a case of cli n i c a l  t y p h o i d  if e x t r a p o l a t e d  

to man.

T h ese  v a r y in g  e x p e r im e n t a l  m eth od s g a v e  r i s e  t o  c la im s  in  

s u p p o r t  o f  th e  im p o r ta n c e  o f  h u m oral o r  c e l l  m e d ia te d  

im m u n ity . The f o l l o w i n g  s e c t i o n s  w i l l  d i s c u s s  t h e  e v id e n c e  

f o r  b o th  arms o f  th e  immune r e s p o n s e  and show how , in  f a c t ,  

b o th  p la y  a r o l e  in  im m u n ity .

1.3.2 Humoral Immunity.

It has long b e e n  r e c o g n i s e d  that live v a c cines are m o r e  

e f f e c t i v e  than k i l l e d  vaccines at s t i m u l a t i n g  a p r o t e c t i v e  

immune response. W h i l s t  some w o r k e r s  p r o p o s e d  that this was 

due to a cellu l a r  immune response (Hobson, 1957b; M i t s u h a h i  

et a l , 1958; Saito et al, 1962) , othe r s  c l a imed it was 

b e c a u s e  live vac c i n e s  could stimulate a h u m o r a l  response  

w h i c h  was in some w a y  superior to k i l l e d  v a c c i n e s  (Jenkin 

and Rowley, 1962).
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Jenkin, R o w l e y  and A u z i n s  (1964) repor t e d  that i m m unity  

c o u l d  be p a s s i v e l y  t r a n s f e r e d  w i t h  serum. However, in this 

r e p o r t  p r o t e c t i o n  w as m e a s u r e d  o n l y  by  m o r t a l i t y  (60% 

s u r vived in treated, 20% in untreated) and the c h a l l e n g e  was 

i.p.. Rowley, T u r n e r  and Jenkin (1964) rep o r t e d  a ntibodies 

a s s o c i a t e d  w i t h  the m e m b r a n e s  of  p e r i t o n e a l  m a c r o p h a g e s  

c o u l d  a d o p t i v e l y  t r a n s f e r  i m m u n i t y  to an i.p. challenge. 

T h ese c y t o philic ant i b o d i e s  w e r e  su g g e s t e d  as the m e d i a t o r s  

of ce l l u l a r  immunity. It was further suggested (Jenkin and 

Rowley, 1965) that a hea t  labile antigen wa s  p r e s e n t  in 

live, b u t  n ot dead, vaccines. A n t i b o d i e s  to this antigen 

w e r e  p r o p o s e d  as b e i n g  i m p o rtant for protection. All of 

these studies u s e d  the i.p. route of infection and relied 

solely on m o r t a l i t y  data.

L a t e r  studies showed that the d i f f e r e n c e  in e f f i c a c y  between 

live and k i l l e d  va c c i n e s  wa s  not due to antigenic  

differences. Mackaness, B l a n d e n  a nd Collins (1966) compared  

the a b i l i t y  of sera from mice i m m u n i s e d  w i t h  e i t h e r  live or 

k i l l e d  v a c c i n e s  to p a s s i v e l y  tr a n s f e r  immunity. Bot h  sera 

w e r e  able to increase the rate of  initial b l o o d  clearance 

a f ter i.v. challenge, but w e r e  unable to a f f e c t  the 

s u b s e q u e n t  m u l t i p l i c a t i o n  in liver and spleen, eve n  though  

the donors v a c c i n a t e d  w i t h  the live va c c i n e  w e r e  c a p a b l e  of 

d o i n g  this. Blanden, Mac k a n e s s  and Collins (1966) found that 

sera from m i c e  immunised w i t h  heat k i l l e d  or live 

S. ente r i t i d i s  were eq u a l l y  able to enhance p h a g o c y t o s i s  by
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m a c r o p h a g e s  in vitro. Tr a n s f e r  of im m u n i t y  by immune serum 

c o u l d  only be shown a g a i n s t  i.p. challenge.

K e n n y  an d  H e r z b e r g  (1968) r e p o r t e d  b a c t e r i c i d a l  and 

h a e m a g g l u t i n a t i n g  a n t i b o d i e s  w i t h i n  4 days of a d m i n i s t r a t i o n  

of e i t h e r  heat k i l l e d  or live vaccines. T h e y  found that 

k i l l e d  va c c i n e s  w e r e  e f f e ctive a g a i n s t  b o t h  i.p. and s.c. 

challenge. Collins c a r e f u l l y  e x a m i n e d  the role of an t i b o d y  

in the va r i o u s  rout e s  of cha l l e n g e  by  p r e - o p s o n i s i n g  

S. e n t e r i t i d i s  b e f o r e  c h a l l e n g i n g  n o rmal (Collins, 1969a) or 

i m m u n i s e d  (Collins, 1969b) mice. In the i.v. challenge, he 

found that a n t i b o d y  h ad an e f f e c t  in the first p h a s e  of the 

infection, by e n h a n c i n g  the b l ood c l e a rance and k i l l i n g  of 

the salmonella o v e r  the first hour. As p r e v i o u s l y  shown by 

M a c k a n e s s  et a!L (19 66) , s u b s equent grow t h  of the s u r v iving 

s a l m o n e l l a  was no t  a f f e c t e d  by the p r e o p s onization. A n t i b o d y  

p l a y e d  a gr e a t e r  role in the i.p. and s.c. routes. Its 

e f f e c t  was to slow the rates of  d i s s e m i n a t i o n  of  the 

c h a l lenge from the p e r i t o n e a l  cavity, or site of  injection, 

to the liver and spleen. However, a n t i b o d y  was i n c a pable of 

s t o pping this spread and, o nce the b a c t e r i a  r e a c h e d  the 

livers and spleens, the y  g r e w  rapidly. The d e l a y  gave the 

m i c e  time to m o u n t  a cellu l a r  immune response, w h i c h  could 

c o n t r o l  the g r o w t h  of the challenge. This v i e w  w as supported  

by  Herzberg, N a s h  and Hino (1972) and by  A k e d a  et al 

(1981) .
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In h u m a n  typhoid, v a c c i n a t i o n  is p a r e n t e r a l  and c h a l l e n g e  is 

u s u a l l y  oral w i t h  a m o d e s t  dose (Hornick et al, 1970; Blas e r  

and Newman, 1982). Co l l i n s  and C a r t e r  (Collins, 1970; 1972a; 

1973; Co l l i n s  and Carter, 1972) a s s e s s e d  the e f f i c a c y  of 

p a r e n t e r a l  v a c c i n a t i o n  ag a i n s t  oral challenge. Mice 

v a c c i n a t e d  w i t h  k i l l e d  S. e n t e r i t i d i s  w e r e  c h a l l e n g e d  o r a l l y  

w i t h  S. e n t e r i t i d i s . No p r o t e c t i o n  was seen against 

c h a l l e n g e  w i t h  v i r u l e n t  S. e n t e r i t i d i s  5694, b u t  some 

p r o t e c t i o n  was e v i d e n t  ag a i n s t  c h a l l e n g e  w i t h  the less 

v i r u l e n t  strain Se795 (Collins, 1 9 7 2 a ) . As w i t h  p a r e n t e r a l  

challenge, i m m u n i s a t i o n  onl y  d e l a y e d  spread of the

infection, g i ving the m o u s e  time to m o u n t  a de - n o v o  c e l lular 

immune response. It is pr o b a b l e  that this is s i m ilar to the 

sit u a t i o n  in h u man typhoid, w h ere p a r e n t e r a l  v a c c i n a t i o n  is 

p r o b a b l y  only e f f e c t i v e  a g a inst low dose oral challenge 

(Hornick et_ al, 1970) .

De s p i t e  the e l e g a n t  studies of Collins, claims are still 

m a d e  for a crucial role for an t i b o d y  in p r o t e c t i o n  and the 

use of kill e d  v a c c i n e  is still a d v o c a t e d  (Svenson, N u r m i n e n  

and Lindberg, 1979; N a k o n e c z n a  and Hsu, 1983; Hsu, 

N a k o n e c z n a  and Guo, 1985; K i l l o n  a nd Morrison, 1986). These  

studies g e n e r a l l y  use the i.p. m o d e l  and m o r t a l i t y  as a 

basis of protection.

A t t e m p t s  have bee n  m a d e  to immunise m i c e  o r a l l y  w i t h  k i l l e d  

or a v i r u l e n t  p r e p a r a t i o n s  to s t i m ulate i m m unity at the
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i n t e s t i n a l  m u c o s a  (Collins and Carter, 1972; Waldman, 

G r u n s p a n  and Ganguly, 1972; M o s e r  et al, 1980) . These 

studies showed that large oral doses of k i l l e d  ba c t e r i a  

gave o n l y  v e r y  low levels of protection. M o s e r  et al (1980) 

found that levels of i ntestinal a n t i - s a l m o n e l l a  a n t ibody 

c o r r e l a t e d  w ith protection.

1.3.3 Cell M e d i a t e d  Immunity.

Co l l i n s  and c o - w o r k e r s  (Collins, 1974; 1979) found that 

i m m u n i s a t i o n  w i t h  live b a c t e r i a  e l i cited a strong 

a n t i b a c t e r i a l  response, w h i c h  i m m e d i a t e l y  c o n t r o l l e d  the 

g r o w t h  of a s u p e r i n f e c t i n g  challenge. This was a t t r i b u t e d  to 

a c e l l - m e d i a t e d  immune response. Im m u n i t y  of this kind was 

n ot seen in m i c e  i m m u n i s e d  wit h  k i l l e d  vaccines.

E a r l y  w o r k  w i t h  c e l l - m e d i a t e d  im m u n i t y  was p e r f o r m e d  u s ing  

p a t h o g e n s  o t her than salmonella, e s p e c i a l l y  listeria, BCG 

and brucella. M a c k a n e s s  and hi s  c o - w orkers found that once 

this a n t i b a c t e r i a l  r e s ponse h a d  bee n  s t i m ulated it was 

n o n - s p e c i f i c  in its effects. T h e y  found that, for example, a 

b r u c e l l a  immune m o u s e  was also immune to m y c o b acteria,  

salm o n e l l a  and li s t e r i a  (Mackaness, 1969). The i n d u ction of 

this re s p o n s e  r e q u i r e d  live o r g a n i s m s  w h i c h  w e r e  able to 

e s t a b l i s h  a p e r s i s t e n t  infection. A v i r u l e n t  strains of 

s a l m o n e l l a  (Collins et a^, 1966; Collins, 1968a) or 

m y c o b a c t e r i a  (Collins, 1971b) w h i c h  w ere c l e a r e d  rapidly 

from the m ice d i d  not induce a p r o t e c t i v e  response. The
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level of i m m u n i t y  was c o r r e l a t e d  w i t h  the level of  carriage 

of the i m m u nising bacteria: a h i g h  level of c a r r i a g e  gave a 

h i g h  level of  i m m u n i t y  (Collins et a J L f 1966; Collins, 

1 9 6 8 a ) . K i l l e d  v a c c i n e s  w e r e  unable to induce an 

a n t i b a c t e r i a l  r e s p o n s e  unless given in F r e unds complete 

a d j u v e n t  ( C FA). W h e n  given in C F A f even strains w h i c h  w ere 

i n e f f e c t i v e  as live vaccines, such as S. p u l l o r u m  w ere 

e f f e c t i v e  (Collins, 1972b; 1973).

A d o p t i v e  t r a n s f e r  studies w e r e  ca r r i e d  out w i t h  listeria  

inf e c t e d  mic e  to c o n f i r m  the c e l l u l a r  nature of the immunity  

(Miki and Mackaness, 1964). R e s i s t a n c e  w as n ot t r a n sferable 

w i t h  serum but was trans f e r a b l e  w i t h  live spleen cells. Urea 

e x t racts of spleen cells were ineffective, thus ruling out a 

role for cytophilic antibody. The_ tr a n s f e r  of r e s i s t a n c e  

was a b l ated w i t h  a n t i - l y m p h o c y t e  s e rum (ALS). It was 

p r o p o s e d  that l y m p hocytes w ere the cells resp o n s i b l e  for the 

spec i f i c i t y  a nd that m a c r o p h a g e s  were the e f f e c t o r  cells. It 

was later e s t a b l i s h e d  that the lymphocytes are T-cells (Lane 

a nd Unanue, 1972; B l a n d e n  and Langman, 1972; North, 1973ab; 

1975).

Co l l i n s  and M a c k a n e s s  (1968) found that i n f ection of m ice b y  

live salmonella induced a d e l a y e d  type h y p e r s e n s i t i v i t y  

(DTH) response. T h e y  c l aimed tha t  a DTH response was a 

n e c e s s a r y  p a r t  of p r o t e c t i v e  immunity. This idea was further 

s u p p orted b y  the o b s e r v a t i o n s  that a v i r u l e n t  salmonella
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w h i c h  did n ot p r o t e c t  did no t  induce D TH either. K i l l e d  

v a c c i n e s  p r o d u c e d  an A r thus response rath e r  than a DTH 

r e s p o n s e  (Collins and Mackaness, 1968).

It has since b e e n  shown tha t  D T H  is not the ideal m a r k e r  for 

p r o t e c t i v e  immunity. H o r m a e c h e  et al (1981) found that 

w h i l s t  BALB/c m i c e  in f e c t e d  i.v. wit h  the s e m i - v i r u l e n t  

S. t y p h i m u r i u m  strain M525 d i d  n ot d i s play a D T H  re s p o n s e  

u n til d ay 14, on day 8 they w e r e  immune to a s u p e r i n f e c t i n g  

c h a l l e n g e  by  v i r u l e n t  S . t y p h i m u r i u m  C5R. A t t r i d g e  and 

K o r t l a r s k i  (1985b) u sed local a d o p t i v e  tr a n s f e r  to study DTH 

in m i c e  i m m u n i s e d  w i t h  a v i r u l e n t  S. e n t e r i t i d i s  11XR. The y  

found that DTH c o u l d  be t r a n s f e r e d  locally to the footpad by 

n o n - a d h e r e n t  cells of the l y t l + 2 phenotype. DT H  was 

class II r e s t r i c t e d  at the I-A subregion of  H2. P r o t e c t i o n  

could not be t r a n s f e r r e d  w i t h  D TH or any T-cell fraction. 

Immu n i s a t i o n  w i t h  salmonella a r o A  m u t a n t s  m a y  induce a DT H  

response. E i s e n s t e i n  and co- w o r k e r s  (Eisenstein, Killar, 

Stocker and Sultzer, 1984; K i l l a r  and Eisenstein, 1985) 

found that i.v. i m m u nised s a l m o n e l l a  s u s c eptible C 3 H / H e J  and 

C3HeB/FeJ, a nd r e s i s t a n t  C 3 H / H e N C r l B r  and CDl m i c e  were 

h i g h l y  immune to v i r u l e n t  challenge. W h e n  t e s t e d  for DTH, 

however, onl y  the C 3 H / H e N C r l B r  and CDl m ice showed any DTH 

r e s ponse (Killar and Eisenstein, 1985; 1986). I n d u c t i o n  of

DTH by aroA m u t a n t  SL3 235 in C 3 H / H e N C r l B r  m i c e  was dose 

dependent, and lower doses, a l t h o u g h  p rotective, d id not 

induce DTH.
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D i v e r g e n c e  of D T H  and p r o t e c t i o n  have b e e n  r e p orted in other 

i n t r a c e l l u l a r  infections. Orme and Collins (1984) found that 

d i s t i n c t  subsets of a c t i v a t e d  T-cells m e d i a t e d  p r o t e c t i o n  

and DTH. In L. m a j o r  infections L i e w f H o w a r d  and Hale (1984) 

found that i.v. i m m u n i s a t i o n  w i t h  irr a d i a t e d  p r o m a s t i g o t e s  

lead to protection, w i t h  no DTH, w h ile s.c. i m m u n i s a t i o n  

gave D T H  b u t  also c a u s e d  e x a c e r b a t i o n  of the challenge 

infection.

Litt l e  w o r k  has bee n  done to sho w  the role of T - c e l l s  in 

i m m unity to s a l m o n e l l a  infections. A t t r i d g e  and K o t l a r s k i  

(1985a) followed lymphokine r e l ease by c u l t u r e d  lymphocytes 

from m ice i m m u n i s e d  w i t h  the a t t e n u a t e d  S . t y p h i m u r i u m  

strain 11XR. L y t l + 2 cells w e r e  found to release i nterleukin 

2 (IL2) and m a c r o p h a g e  a c t i v a t i n g  factor (MAF) w h e n  c u l t u r e d  

in v i tro w i t h  11XR antigens. The cells w e r e  I-A r e s t r i c t e d  

in the same w a y  as the D T H  response. Paul et al (1985) 

isolated T - c ells from m i c e  i m m unised w i t h  a spent m e d i u m  

an t i g e n  (SMA) c o m m o n l y  u s e d  to elicit D TH (Plant and Glynn, 

1974). These cells p r o l i f e r a t e d  in response to SMA and could 

be m a i n t a i n e d  c o n t i n u o u s l y  if IL2 was supplied. B A LB/c mice
g

w e r e  given 10 cells i.v. and wer e  c h a l l e n g e d  i.p. 3 hours 

later w i t h  small doses (30 or 60 bacteria) of v i r u l e n t  

S. t y p h i m u r i u m . Some slight p r o t e c t i o n  was seen as judged by 

mortality. K i l l a r  and E i s e n s t e i n  (1985) and M a skell et_ a ^  

(1987a) a t t e m p t e d  to a d o p t i v e l y  tr a n s f e r  immunity w i t h  

T-cells b ut b o t h  w e r e  unsucessful.

53



L i s t e r i a  inf e c t i o n s  (unlike m o s t  salmonella, m y c o b a c t e r i a  

and brucella) are c l eared from the MPS r e s u l t i n g  in sterile 

immunity. The m i c e  can, however, r e s p o n d  r a p i d l y  to a 

c h a llenge and are h i g h l y  immune. N o r t h  (North, 1975; N o r t h  

and Deissler, 1975) e x a m i n e d  the T-ce l l  responses involved. 

Two p o p u l a t i o n s  of cells wer e  found? a short lived 

p o p u l a t i o n  of d i v i d i n g  cells, w h i c h  was p r e s e n t  d u r i n g  the 

p e riod of i n f e c t i o n  and r a p i d l y  d i s a p p e a r e d  upo n  clearance, 

and a small p o p u l a t i o n  of n o n - d i v i d i n g  cells w h i c h  remai n e d  

for several months. The s h o r t -lived cells, w h i c h  were 

t h ought to be r e s p o n s i b l e  for a c t i v a t i n g  the m acrophages, 

re q u i r e d  c o n s t a n t  ant i g e n i c  stimulation, w h i l s t  the 

l ong-lived p o p u l a t i o n  p r o v i d e d  memory. The l ong-lived 

p o p u l a t i o n  c o uld tra n s f e r  DTH and low levels of immunity, 

and were found to be r e s p o n s i b l e  for r e - a c t i v a t i n g  a n e w  

p o p u l a t i o n  of s h o r t - l i v e d  cells.

W o r k  w i t h  the listeria and m y c o b a c t e r i a  m o d e l s  have given 

more evidence for the role of dif f e r e n t  T - cell subsets 

in i m m unity to i n t r a c e l l u l a r  b a c t e r i a l  infections (Kaufman, 

1987). L i s t e r i a  specific L3T4 lyt 2 + and L 3 T 4 + lyt2 cells 

have bee n  identified. In adoptive transfer studies b o t h  are 

re q u i r e d  for good levels of p r o t e c t i o n  and DTH (Kaufmann, 

Simon and Hahn, 1979? Kaufmann, Hug, V a t h  and Muller, 1985). 

T-cell clones have b e e n  e s t a b l i s h e d  of each p h e n o t y p e  

(Kaufmann and Hahn, 1982; Kaufmann, 1984). The L 3 T 4 + clones 

show b e h a v i o u r  typical for T-h e l p e r  cells. Like the
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lyt l + 2 s a l m onella specific cells, they are I-A r e s t r i c t e d  

a nd p r o d u c e  b o t h  IL2 and IFN-gamma in culture. Similar 

p r o p e r t i e s  have b e e n  found for M. t u b e r c u l o s i s  L 3 T 4 + cells 

(Kaufmann and Flesch, 1986) an d  h u m a n  C D 4 + M. leprae 

speci f i c  cells (Emmrich and Kaufmann, 1986). The L y t 2 + 

clones r e q u i r e d  IL2 but w h e n  c u l t u r e d  in the p r e s e n c e  of  IL2 

w o u l d  pr o d u c e  b o t h  it and IFN-gamma. T h e y  wer e  found to have 

an a n t i g e n  specific a b i l i t y  to lyse listeria infec t e d  

m a c r o p h a g e s  in class I r e s t r i c t e d  m a n n e r  (Kaufmann, H ug and 

DeLibero, 1986). W h e n  i n v e s t i g a t e d  further, it wa s  found 

that the L 3 T 4 + cells also had listeria specific cy t o l y t i c  

activity. This was class II restricted, and re q u i r e d  that 

the t a r g e t  m a c r o p h a g e s  w e r e  first tr e a t e d  w i t h  IFN-gamma, 

p r o b a b l y  to a l l o w  exp r e s s i o n  of class II antigens.

W h i l e  T - c ells are the m e d i a t o r s  of c e l l u l a r  immunity, the 

m a c r o p h a g e  is the effector. In b o t h  the p r i m a r y  and 

s e c ondary responses, w h e n  s t i m u l a t e d  the re s i d e n t

m a c r o p h a g e s  of the MPS divide (North, 19 69) . More

importantly, the stim u l a t i o n  also causes an i n flux of 

m o n o n u c l e a r  p h a g o c y t e s  from the b l o o d  a nd bone m a r r o w  

(North, 1970) w h i c h  soon cons t i t u t e  the m a j o r i t y  of cells 

w i t h i n  the lesion. These r e c r u i t e d  cells can m a k e  an 

inc r e a s e d  H 2°2 ^u r i-n<? listeria infections: the re s i d e n t

liver k u p ffer cells cannot (Lepay et a l , 1985). A l t h o u g h

attempts to t r a n s f e r  immunity to sal m o n e l l a  w i t h  immune 

T - cells have b e e n  u n successful, it has bee n  p o s s i b l e  to
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t r a n s f e r  i m m u n i t y  w i t h  macro p h a g e s .  K i l l a r  a nd E i s e n s t i e i n

(1985) found that imm u n i t y  could be t r a n s f e r e d  by  a d h e r e n t  

spleen cells from m i c e  imm u n i s e d  w i t h  an aroA 

S. t y p h i m u r i u m . S u c c e s s f u l  tr a n s f e r  was onl y  p o s s i b l e  d u r i n g  

the s e cond w e e k  of the infection. At this point, the mice  

show m a x i m a l  r e s i s t a n c e  to listeria (Killar a nd E isenstein, 

1984) and their p e r i t o n e a l  exudate shows m a x i m a l  a b i l i t y  to 

kill cu l t u r e d  t u m o r  cells (Schafer et a_l 1988) . M a s k e l l  

et al (1987a) found that im m u n i t y  c o uld be t r a n s f e r e d  from 

in f e c t e d  m i c e  by  spleen cell suspensions. T - c e l l  d e p l e t i o n  

by  m o n o c l o n a l  a n t i b o d y  and c o m p lement did n ot a f f e c t  the 

a b i l i t y  to tra n s f e r  protection, w h i l s t  c a r b o n y l  iron 

t r e a t m e n t  did, again sugg e s t i n g  that m a c r o p h a g e s  w e r e  the 

p r o t e c t i n g  cells. Although, as n o t e d  earlier, the initial 

m a c r o p h a g e  a c t i v a t i o n  events a p pear to be T-cell 

independent, the evidence suggests that T - c ells are 

imp o r t a n t  later in the i n f ection and for recall of memory.

1.4 The d e v e l o p m e n t  of live vaccines.

1.4.1 The r e q u i r e m e n t s  for a live vaccine.

In the m o u s e  model, v a c c i n a t i o n  w i t h  s u b - l e t h a l  doses of 

v i r u l e n t  o r g anisms induces hig h  levels of immunity. However, 

the v a c c i n a t i n g  strain often kills some of the mice, and 

survivors wer e  always c h r o n i c a l l y  infected. Therefore, such 

strains w o u l d  be u n a c c e p t a b l e  for use as live v a c c i n e s  in
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humans. A t t e m p t s  have b een m a d e  to d e s i g n  a t t e n u a t e d  

v a c c i n e s  for use in man. T h e y  should be safe, even in an 

i m m u n o c o m p r o m i s e d  host, n o n-reverting, and immunogenically 

identical to the v i r u l e n t  o r g a n i s m  (Stocker, H o i s e t h  and

Smith, 1983) . D e v e l o p m e n t  w o r k  has ce n t r e d  on the m o u s e

m o d e l  b ut some p u t a t i v e  v a c c i n e  c a n d idates h a v e  been

c o n s t r u c t e d  in S . typhi and tested, w i t h  v a r y i n g  d e grees of 

success, in man.

1.4.2 E a r l y  live va c c i n e s  t e s t e d  in the m o u s e  model.

E a rly live v a c c i n e s  tested in the m o use m o d e l  r a n g e d  from 

low doses of v i r u l e n t  o r g a n i s m s  d i s c u s s e d  above, to

n a t u r a l l y  a t t e n u a t e d  strains, such as S. g a l l i n a r u m  (Collins 

et al, 1966) a nd S , t y p h i m u r i u m  M525 (Hormaeche, 1981) , or 

r o ugh m u t a n t s  (Kenny and Hertzberg, 1968). Such strains were 

often e x c e l l e n t  va c c i n e s  in the e x p e r i m e n t a l  m o d e l  b u t  are 

not suitable cand i d a t e s  to a p p l y  to S . typhi and h u m a n  use. 

More recently, a t t empts have bee n  made to attenuate

s a l m onella u s i n g  mor e  pr e c i s e  g e n etic methods. A p p r o a c h e s  

taken have been eith e r  to alter v i r u l e n c e  d e t e r m i n a n t s  or to 

change the a b i l i t y  of the s a l m onella to survive in v i v o . 

Examples of each ap p r o a c h  are d e s c r i b e d  below.

1.4.3 T e m p e r a t u r e  sensitive mutants.

Mu t a n t s  unable to gro w  at the temp e r a t u r e  of the host, h ave  

b e e n  isolated for pat h o g e n s  such as L, m o n o c y t o g e n e s  

(Gervais et al, 1986) and salmonella. F a h e y  and Cooper
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(1970ab) developed a temperature sensitive S. enteritidis.
W h e n  g i ven o r a l l y  or p a r e n t e r a l l y  it induced g o o d  levels of 

l o n g - l a s t i n g  immunity. A  similar p r o t e c t i v e  m u t a n t  of 

S. e n t e r i t i d i s  has bee n  r e p o r t e d  by Ohta et al (1987). 

H o r m a e c h e  et ad. (1981b) is o l a t e d  a t e m p e r a t u r e  sensitive  

m u t a n t  of S. t y p h i m u r i u m  C 5 . This strain g r e w  slowly in 

livers and spleens of i.v. infec t e d  mice, b u t  d id not kil l  

them. This strain w o u l d  p r o t e c t  salm o n e l l a  r e s i s t a n t  and 

s u s c e p t i b l e  strains of m i c e  a g a inst subs e q u e n t  i.v. 

challenge. N o n - s p e c i f i c  i m m unity a g a i n s t  listeria was seen 

d u r i n g  the v a c c i n a t i n g  i n f ection (Nauciel et a^, 1985).

M o r r i s - H o o k e  (personal communication) has c o n s t r u t e d  a 

t e m p e r a t u r e  s e n s itive S . typhi mutant. As yet, no h u man 

trials are proposed.

1.4.4 P l a s m i d  c u red and other a t t e n u a t e d  strains.

As d i s c u s s e d  earlier, the large p l a s m i d  p r e s e n t  in some 

s almonella strains encodes v i r u l e n c e  determinants. 

A t t e n u a t e d  strains w h i c h  are c u red of the p l a s m i d  have been  

s u c c e s s f u l l y  u s e d  as live va c c i n e s  in the m o u s e  m o d e l  

(Nakamura et al, 1985; Gulig and Curtiss, 1987). Since 

S . typhi does n ot po s s e s s  such a plasmid, this a p p r o a c h  

c a n n o t  be e x t e n d e d  to h u man vaccines. Some of the a t t e n u a t e d  

"macrophage survival" m u t a n t s  i s o lated by Fields et al.

(1986) have b e e n  found to be e f f e c t i v e  v a c c i n e s  (Heffron 

p e r s o n a l  c o m m u n i c a t i o n ) . It is p o s s i b l e  that ana l o g o u s  

S , typhi m u t a n t s  could be constructed.
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1.4.5 S t r e p t o m y c i n  d e p e n d e n t  mutants.

The first live S . typhi v a c c i n e s  t e sted in m a n  wer e  

a t t e n u a t e d  by strep t o m y c i n  dependence. These strains have 

r i b o s o m e s  w h i c h  require the p r e s e n c e  of s t r e p t o m y c i n  for 

e f f i c i e n t  p r o t e i n  synthesis. Two stre p t o m y c i n  d e p e n d e n t  

m u t a n t s  of S . typhi w e r e  d e v e l o p e d  i n d e p e n d e n t l y  by Reitman 

(1967) and M e l  et a_l (1974) . The Mel strain, d e r i v e d  from 

S . typhi T y 2 , was fed to 1104 y u g o s l a v i a n  adul t s  and 622 

c h i l d r e n  w i t h o u t  adverse side effects. The Re i t m a n  strain, 

27V, was d e r i v e d  from S . typhi 19V and r e q u i r e d  s t r e p tomycin 

at lOug/ml to grow. In mice, it was a t t e n u a t e d  unless 

s t r e p t o m y c i n  was present. The strain w as t e s t e d  e x t e n s i v e l y  

for safety and i m m u n o g e n i c i t y  in h u man v o l u n t e e r s  (Levine et 

al 1976) . W h e n  g i v e n  orally w i t h  one g r a m  of streptomycin, 

and bicarbonate, the vaccine gave no side effects. C h a llenge 

studies showed g ood levels of p r o t e c t i o n  if the va c c i n e  was 

a fresh culture. When lyop h i l i s e d  b a c t e r i a  w e r e  used, 

however, no p r o t e c t i o n  was seen. Since w i d e - s c a l e  use of  a 

v a c c i n e  depends on lyop h i l i s e d  preparations, it was d e c i d e d  

that stre p t o m y c i n  d e p e n d e n t  m u t a n t s  w e r e  unacceptable. T h e y  

had, however, shown that a live a t t e n u a t e d  v a c c i n e  is 

e f f e c t i v e  in m a n  ag a i n s t  typhoid.

1.4.6 galE mutants.

R o u g h  salmonella strains, w h i c h  do not p o s sess O-antigens, 

are g e n e r a l l y  attenuated. The galE gene encodes the enzyme 

u r i d i n e  d i p h o s p h a t e  (UDP) galacto s e - 4 - e p i m e r a s e .  This

59



converts UDP glucose to UDP galactose. Since UDP g a l a c t o s e  

is i n c o r p o r a t e d  into smooth LPS, galE m u t a n t s  are rough. If 

exo g e n o u s  ga l a c t o s e  is supplied, this can be c o n v e r t e d  into 

U D P - g a l a c t o s e  via g a l a c t o s e - l - p h o s p h a t e , so a l l o w i n g  

synthesis of smooth LPS. Gal a c t o s e  is, however, toxic to the 

cells since g a l a c t o s e - 1 -  pho s p h a t e  accu m u l a t e s  and causes 

cell lysis w i t h i n  a few h o urs (Fukasawa and Nikaido, 1961). 

This t o x i c i t y  can be r e l i e v e d  by s u p p lying g l u cose w i t h  the 

g a l a c t o s e .

G e r m a n i e r  (Germanier, 1970; 1972; G e r m a n i e r  and Furer, 1971) 

i n v e s t i g a t e d  the a t t e n u a t i o n  and the p r o t e c t i v e  c a p a c i t y  of 

a S . t y p h i m u r i u m  galE mutant, G30D. It w as found to be 

a t t e n u a t e d  w hen given to m i c e  by the i.p., i.v., s.c., and 

oral routes. W h e n  mice wer e  immunise.d i.p., G30D e s t a b l i s h e d  

a limited infection in livers and spleens, w h i c h  was cl e a r e d  

by  day 38. W h e n  a d m i n i s t e r e d  orally, it was capable of 

c o l o n i z i n g  the liver and spleen for 14 days.

I m m u n i s a t i o n  b y  all routes gave good levels of p r o t e c t i o n  

a g a i n s t  i.p. challenge. I m m u nisation o r a l l y  induced 

l o n g - l a s t i n g  i m m unity a g a i n s t  b o t h  i.v. and oral challenge. 

D u r i n g  the immu n i s i n g  infection, immunity was non-specific, 

w i t h  p r o t e c t i o n  a g a i n s t  b oth S . t y p h i m u r i u m  and 

S. e n t e r i t i d i s , but b y  66 days it was specific. Oral 

i m m u n i s a t i o n  w i t h  G30D i n d uced serum antibodies, int e s t i n a l  

IgA and D T H  to s almonella antigens (Moser et al, 1980) .
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Morris, W r a y  and Sojka, (1976) s u g g ested that i m m u n i t y  to 

galE m u t a n t s  w as d e p e n d e n t  on B-cells. T h e y  t r e a t e d  C B A  m i c e  

w i t h  e i t h e r  c y c l o p h o s p h a m i d e  (cy) or a n t i - l y m p h o c y t e  serum  

(ALS) b e f o r e  i m m u n i s a t i o n  w i t h  G30D and/or c h a llenge w i t h  a 

v i r u l e n t  S. t y p h i m u r i u m . Cy t r eated m i c e  w e r e  u n a b l e  to 

control the imm u n i s i n g  dose of G30D and died. ALS t r e a t e d  

m i c e  h ad no T - cell res p o n s e s  as judged by p r o l i f e r a t i o n  to 

PHA, but also had d e p r e s s e d  B-cell r e s ponses as m e a s u r e d  by 

p r o l i f e r a t i o n  to L P S . ALS treated, v a c c i n a t e d  m i c e  m a d e  no 

a n t ibody re s p o n s e  to G30D. W h e n  c h a l l e n g e d  w i t h  v i r u l e n t  

S . t y p h i m u r i u m  all u n i m m u n i s e d  groups died. Normal, 

v a c c i n a t e d  m i c e  c o n t r o l l e d  the s u p e r i n f e c t i n g  i n f e c t i o n  

effectively. ALS treated, v a c c i n a t e d  mice, wer e  g i ven an 

injection of anti G30D s e r u m  24 hours before challenge, to 

m a k e  up for the lack of B-ce l l  function. W h e n  challenged, 

they could control grow t h  of the challenge effectively, but 

less wel l  than the norm a l  v a c c i n a t e d  group. These results 

suggest that cy tre a t m e n t  was a f f e c t i n g  m a c r o p h a g e  function 

and that it was this, rath e r  than a lack of T or B - c ells 

w h i c h  r e n d e r e d  m i c e  s usceptible and n o n - v a c c i n a t a b l e .

galE lesions do not att e n u a t e  all salm o n e l l a  serotypes. 

N n alue and Stocker (1987) isolated galE m u t a n t s  of 

S. chole r a e s u i s  (0-6, 7) . T h e y  were found to be as v i r u l e n t  

as their parents, p o s s i b l y  be c a u s e  the a m o unts of  g a l a c t o s e  

in 0-6, 7 LPS are m u c h  less than in S . t y p h i m u r i u m .
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1.4.7 galE S. typhi vaccines used in humans: Ty21a.
The success of galE S . t y p h i m u r i u m  s u g gested that galE 

S. typhi w o u l d  be e f f e c t i v e  in humans. G e r m a n i e r  u sed 

c h e mical a nd u l t r a v i o l e t  m u t a g e n e s i s  to isolate a galE 

m u t a n t  of S . typhi T y 2 . This strain, known as Ty21a, 

(Germanier and Furer, 1975) lacks U D P - g a l a c t o s e  e p i m e r a s e  

a c t i v i t y  and also has r e d u c e d  gal a c t o s e  s e n s i t i v i t y  due to 

further lesions in the L e l o i r  p a t h w a y  enzymes. It is
g

a v i r u l e n t  for mic e  w i t h  an LD,_q greater than 10 if g i ven in 

saline or mucin. It shows p r o t e c t i v e  c a p a c i t y  in the m o u s e  

m o d e l  (Germanier and Furer, 1983)

T y 21a was t e s t e d  for safety in human v o l u n t e e r s  (Gilman et 

a l , 1977). One h u n dred and fifty five m e n  took b e t w e e n  three 

and five d o ses con t a i n i n g  b e t w e e n  3 and 1 0 x 1 0 ^  organisms, 

after bicarbonate. There w e r e  no adverse side-effects. Some 

of the v o l u n t e e r s  w e r e  then c h a l l e n g e d  w i t h  v i r u l e n t  

S . typhi Quailes strain. A  sign i f i c a n t  level of p r o t e c t i o n  

a g a inst d i s e a s e  and stool carri a g e  was seen in vaccinees, 

p r o v i d e d  the v a c c i n a t i n g  dose of T y 21a ha d  b e e n  g r o w n  in 

m e d i u m  (Brain Heat Infusion) s u p p l e m e n t e d  w i t h  0.1% 

galactose. No prot e c t i o n  was g i ven by T y 21a g r own in BHI 

w i t h  no added galactose.

The results in v o l u n t e e r s  led to field trials in E g y p t  and 

South America. In the E g y p t i a n  trial, 16,486 6-7 y e a r  old 

school c h i l d r e n  re c e i v e d  three d o ses of vaccine, c o n t a i n i n g
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3x10 live T y 21a p er dose. Over the n e x t  three years, o n l y  

one c ase of t y p h o i d  was d i a g n o s e d  in children w h o  had 

r e c e i v e d  2 or m o r e  doses, co m p a r e d  w i t h  22 cases in the 

p l a c e b o  group of 14,557 c h i ldren (Wahdan et al, 1982). This 

trial was followed by a large trial in Santiago, Chile. This 

area has the h i g hest r e c o r d e d  incidence of t y p hoid in the 

world. In this trial, 109,000 c h i l d r e n  wer e  g i v e n  three 

doses of T y 21a in e n t e r i c  coated c a p sules (Levine et al, 

1987). P r o t e c t i o n  was 67% over a three y ear period. T his is 

m u c h  lower than the 9 6% p r o t e c t i o n  seen in the Eg y p t i a n  

trial. However, d i f f e r e n c e s  in v a c c i n e  formulation, 

p o p u l a t i o n  g e n etics and the h i g h e r  incidence of t y p h o i d  in 

San t i a g o  m a y  all have c o n t r i b u t e d  to this difference. 

E f f i c a c y  of  67% is still as good as that shown by p a r e n t e r a l  

v a c c i n a t i o n  (Ashcroft ef al, 1967) w i t h  none of the 

a s s o c i a t e d  side-effects.

A p a r t  from its galE lesion, T y 21a has several other 

p h e n o t y p i c  diff e r e n c e s  from its Ty2 parent: it n e i t h e r  

p o s s e s s e s  the Vi antigen, nor does it p r o duce h y d r o g e n  

sulphide. It also has several amino acid a u x o t rophies 

d i f f e r e n t  from T y 2 . T h ere has bee n  a r e c e n t  report from the 

S a n tiago trial, showing that g a l a ctose fermenting r evertants 

of Ty21a could be is o l a t e d  from stools of va c c i n e e s  u s i n g  

M a c C o n k e y  medium. These g a l + isolates w e r e  still a t t e n u a t e d  

in m i c e  (Silva et al, 1987).

9
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Hone et al, (1987) have r e c e n t l y  d e s c r i b e d  the c o n s t r u c t i o n  

of a g e n e t i c a l l y  d e f i n e d  galE m u t a n t  of Ty2. This m u t a n t  was 

further m o d i f i e d  so t hat it did not make Vi a n t i g e n  by 

i n s t e r t i n g  a via m u t a t i o n  (Hone et al, 1988) . This strain 

was s e rum sensitive and a t t e n u a t e d  in the m o u s e  m o d e l  but 

when t e s t e d  in h u m a n  v o l u n t e e r s  two of four p e o p l e  who
o

in g e s t e d  7x10 b a c t e r i a  b e c a m e  ill and d e v e l o p e d  a typhoid  

like disease. The y  r e c o v e r e d  a f ter a n t i biotic treatment. 

This is further e v i d e n c e  to suggest that the galE lesion in 

Ty21a is not the m a j o r  r e ason for attenuation.

1.4.8 A t t e n u a t i o n  by a u x o t r o p h i c  requirements.

For a b a c t e r i a l  p a t h o g e n  to g r o w  in v i v o , there m u s t  be a 

s ufficient supply of all nut r i e n t s  that it requires. Should 

the p a t h o g e n  require a n u t r i e n t  not a v a i lable in v i v o , it 

will be unable to m u l t i p l y  and w i l l  be attenuated. T his has 

been o b s e r v e d  several times in the p a s t  w i t h  r e p orts of 

atte n u a t i o n  of Y e r s i n i a  p e stis (Burrows and Bacon, 1954), 

Bacillus anthracis (Ivanovics, M a r a j i  and Dobozy, 1968) and 

S . typhi (Bacon, Burrows and Yates, 1950; 1951ab) by

a u x o t r o p h y .

Burrows et a_l (1950; 1951ab) p r o d u c e d  a bank of S , typhi

m u t a n t s  b y  c h e mical m u t a g enesis. W h e n  test e d  for v i r u l e n c e  

in the i.p. m o u s e  model, some m u t a n t s  w e r e  attenuated. M a n y  

of the a t t e n u a t e d  isolates had a u x o t r o p h i c  requirements,
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e s p e c i a l l y  for p a r a - a m i n o b e n z o i c  acid ( P A B A ) , histidine, 

a s p a r t i c  acid, meth i o n i n e ,  and purines and p y rimidines.

R e c e n t  advances in b a c t e r i a l  genetics a nd genetic 

m a n i p u l a t i o n  have a l l o w e d  the c o n s t r u c t i o n  of m u t a n t  strains 

w i t h  g e n e t i c a l l y  d e f i n e d  lesions. P r o m p t e d  b y  the w o r k  of  

B a con et al, m o s t  a t t e n t i o n  has bee n  p a i d  to the ar o m a t i c  

and p u r i n e  b i o s y n t h e t i c  pathways.

1.4.9 A r o m a t i c  c o m p o u n d  req u i r i n g  m u t a n t s ,

Bacteria, plants and fungi possess a b i o s y n t h e t i c  pa t h w a y s  

to p r o d u c e  aromatic compounds. This p a t h w a y  is the only 

m e a n s  by  w h i c h  they can synthesise a r o matic c o m p o u n d s  such 

as p - a m i n o b e n z o i c  acid (PABA) (and so folate and

n u c l e o t i d e s ) , d i h y d r o x y  b e n zoic acid (DHB) (and so the 

s i d e r o p h o r e  e n t e r o c h e l i n ) , and the ar o m a t i c  amino acids 

t y r o s i n e  , try p h o p h a n  and phenyl-alanine. M a m m a l s  do not 

possess such a pathway, and so have to take in r e q u i r e d  

ar o m a t i c  compounds in t h eir diet.

The aro m a t i c  b i o s y n t h e t i c  p a t hways have b e e n  s t u died in 

detail. The p a t h w a y  found in E. coli and Salm o n e l l a  spp is 

shown in Fig. 1.2. The enzyme functions of the p a t h w a y  to 

c h o r i s m a t e  are h i g h l y  conserved. In E. coli and salmonella, 

every step of the p a t h w a y  is c a t a y l i s e d  b y  a d i f f e r e n t  

enzyme w h i c h  are e n c o d e d  by individual genes. In fungi, such 

as A s p e r g i l l u s  n i d u l a n s  (Charles et aT, 1986) and
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P h o s p h o e n o l - p y r u v a t e

+

E r y t h r o s e  4 - p h osphate

Sh i k i m i c  acid

C h o r i s m i c  acid

P h e n y l a l a n i n e
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aroH
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aroC

DHB

Fig. 1.2 The aroma t i c  b i o s y n t h e t i c  p a t h w a y  in salmonella.



Saccharomyces cerevisiae (Duncan, Edwards and Coggins, 1987)
there e x i s t  m u l t i - e n z y m i c  complexes, c a t a y l i s i n g  several 

reactions. The a r o A  genes have b een cloned and sequenced

from E. coli (Duncan, L e w e n d o n and C o g g i n s , 1984) ,

S. t y p h i m u r i u m (Stalker , H i att and C o m a i , 1985) ,

B. pertussis ( M a s k e l l , M o r r i s s e y and D o u g a n , 1988) ,

S. c e r e v i s i a e (Duncan et al, 1987) and A. n i d ulans (Charles

et a l , 1986) . The amino acid sequences show a large d e gree 

of h o m o l o g y  w i t h  several blocks of sequence w i t h  100% 

homology. The aromatic b i o s y n t h e t i c  p a t hway is o b v i o u s l y  of 

key i m p o rtance since it is so h i g h l y  c o n s e r v e d  t h r o u g h o u t  

such a w i d e  range of organisms. In light of the o b s e r v a t i o n  

of B a con et. al_ (1951) , that P A B A  requiring S . typhi were 

attenuated, H o i s e t h  and S t o c k e r  (1981), u s e d  TnlO

m u t a g e n e s i s  to con s t r u c t  m u t a n t s  of  m o u s e  v i r u l e n t

S. t y p h i m u r i u m , w i t h  n o n - r e v e r t i n g  deletions in the aroA 

gene of the aromatic b i o s y n t h e t i c  pathway. aro A  d e r i v a t i v e s  

of several m o u s e  v i r u l e n t  strains w e r e  found to be h i g h l y  

a t t e n u a t e d  w h e n  a d m i n i s t e r e d  to BALB/c mice. W h e r e a s  <10 cfu 

(colony forming units) of the p a r e n t a l  strains a d m i n i s t e r e d  

i.p. wer e  lethal, no ill effects w ere seen in m i c e  infected
g

i.p. w i t h  10 cfu of the a r o A  derivatives. The aroA

d e r i v a t i v e s  w e r e  found to be eff e c t i v e  as live va c c i n e s

(Hoiseth and Stocker, 1981) . T h i r t y  days a f ter i.p.

immun i s a t i o n  w i t h  2x10 cfu of an aro A  m u t a n t  (SL3261) ,

BALB/c m i c e  w ere h i g h l y  immune to an i.p. c h a l l e n g e  wit h  
55x10 cfu of its v i r u l e n t  p a r e n t  (SL1344) . Similarly, mic e
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. . 4 8i m m u n i s e d  l.p. w i t h  2x10 cfu SL3261, or o r a l l y  w i t h  2x10
7cfu SL3261 wer e  immune to an oral c h a l l e n g e  w i t h  3x10 cfu 

S L 1 3 4 4 .

E i s e n s t e i n  and co w o r k e r s  have studied the b e h a v i o u r  of 

SL3235, a S . t y p h i m u r i u m  aro A  mutant, in C 3 H  lineage mice. 

T h e y  w e r e  h i g h l y  a t t e n u a t e d  in b oth g e n e t i c a l l y  r e s i s t a n t  

and s usceptible C3 H  m o u s e  strains (Eisenstein et a_l, 1984; 

K i l l a r  a nd Eisenstein, 1985) . W h e n  C 3 H / H e J  or C 3 H / H e N C r l B r  

m i c e  wer e  i m m u n i s e d  i.p. w i t h  SL3 235, the b a c t e r i a  

e s t a b l i s h e d  a l i mited i n f e ction in the livers and spleens. 

M i c e  imm u n i s e d  w i t h  SL3235 were h i g h l y  immune to an i.p. 

c h a l l e n g e  w i t h  a v i r u l e n t  S. t y p h i m u r i u m . S i g n i f i c a n t  levels 

of p r o t e c t i o n  w e r e  a c h i e v e d  w i t h i n  three days of 

i m m u n i s a t i o n  and w e r e  still e v ident 7 months later. 

N o n - s p e c i f i c  i m m u n i t y  to listeria c h a l l e n g e  was e v i d e n t  

b e t w e e n  days 6 and 21 of the i m m u nising infection (Killar 

and Eisenstein, 1985) . All p r o t e c t i o n  was a s s e s s e d  by 

m o r t a l i t y  following i.p. challenge. Immu n i s a t i o n  w i t h  SL3235 

i n d uced a ce l l u l a r  immune response (Killar and Eisenstein, 

1984; 1985; 1986). DTH was e v i d e n t  in some m o u s e  strains.

T - c ells were p r i m e d  as judged by PETLEs, one a nd three 

m o n t h s  following immunisation. Immunity, however, c o u l d  o n l y  

be t r a n s f e r e d  w i t h  m a c r o p h a g e  fractions.

Initial expe r i m e n t s  w i t h  aro A  m u t a n t s  i n d i c a t e d  the 

p o t e n t i a l  value of a r o A  m u t a n t s  as oral vaccines. We have
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shown (Maskell et al, 1987b) that SL3261 given o r a l l y  was 

able to invade and e s t a b l i s h  a p e r s i s t e n t  i n f e ction in the 

M PS of BALB/c mice. SL3261 p e r s i s t e d  in livers, spleens,

m e s e n t e r i c  lymph nodes and Peyer's patches for b e t w e e n  5 and
. 36 weeks. A l t h o u g h  p e r s i s t e n c e  was low level (between 10 and

410 cfu p er o r g a n ) , m i c e  w e r e  h i g h l y  p r o t e c t e d  a g a i n s t  oral 

c h a l l e n g e  w i t h  1 0 ^  v i r u l e n t  SL1344 57 days (Maskell et a l , 

1987a) and 70 days (Dougan et al, 1988) later.

S a l m o n e l l o s i s  is an e c o n o m i c a l l y  i m p ortant disease in b o t h  

cows a nd sheep. In bovine salmonellosis, the m o s t  important 

serotypes are S. t y p h i m u r i u m  and S, d u b l i n . aroA m u t a n t s  

d e r i v e d  from b o t h  serotypes have prov e n  to be e x c e l l e n t  

va c c i n e s  in calves (Smith et al_, 1984abc; R o b e r t s o n  et al, 

1983) w h e n  g i ven e i t h e r  i n t r a m u s c u l a r l y  or orally. Some 

serotype cross p r o t e c t i o n  was also evident. An  a r o A  m u t a n t  

of a sheep v i r u l e n t  p h age type of S . t y p h i m u r i u m  has also 

b e e n  shown to be an e f f e c t i v e  va c c i n e  a g a i n s t  sa l m o n e l l o s i s  

in sheep (Mukkur et al, 1987).

1.4.10 P u rine d e p e n d e n t  mutants.

The a t t e n u a t i o n  a nd v a c c i n e  e f f i c a c y  of S , t y p h i m u r i u m  aroA 

m u t a n t s  suggested the use of S. tvphi aroA m u t a n t s  in man. 

However, should a single a t t e n u a t i n g  m u t a t i o n  r e vert to w i l d  

type, the v a c c i n e  strain w o u l d  be fully virulent. Therefore, 

to ensu r e  safety if this u n l i k e l y  event occurred, it w as
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p r o p o s e d  S. typhi v a c c i n e s  should co n t a i n  a second 

a t t e n u a t i n g  lesion (Stocker, 1988).

P r o m p t e d  by the w o r k  of Bacon et al (1950; 1 9 5 1 a b ) , purine 

d e p e n d e n c e  was s e l ected as the second a t t e n u a t i n g  mutation, 

and S . typhi m u t a n t s  w i t h  deletions in a roA and v a r ious 

purine b i o s y n t h e t i c  genes, w e r e  c o n s t r u c t e d  (Stocker, 1988; 

Dougan, pe r s o n a l  c o m m u n i c a t i o n ) . The de novo puri n e  

b i o s y n t h e t i c  p a t h w a y  is shown in Fig 1.3. It consists of a 

single p a t h w a y  to inosine m o n o p h o s p h a t e  ( I MP), at w h i c h  

p o int it splits into p a t hways to a d e n o s i n e  m o n o p h o s p h a t e  

(AMP) and g u a n o s i n e  m o n o p h o s p h a t e  (GMP).

A t t e n u a t i o n  by p u rine d e p e n d e n c e  has b e e n  as s e s s e d  in the 

m o u s e  model. M c F a r l a n d  and Stocker (1987) c o n s t r u c t e d  purine 

de p e n d e n t  m u t a n t s  of S . t y p h i m u r i u m  and S. d u b l i n . M u t a n t s  

w i t h  lesions in the p a t h w a y  to IMP (purF, p u r e , pur G  or 

purJGD operon) had p a r t i a l l y  reduced virulence. S i m ilar 

p a r t i a l  a t t e n u a t i o n  was seen in a p u r H D  S. chole r a e s u i s  

m u t a n t  (Nnalue and Stocker, 1987). M u t a n t s  b e t w e e n  IMP and 

GMP (g u a A , guaB) wer e  less v i r u l e n t  than the common p a t h w a y  

m u t a n t s  (McFarland and Stocker, 1987). Mu t a n t s  in the 

p a t h w a y  to AMP (p u r A , p u r B ) were h i g h l y  attenuated.

BALB/c m i c e  i m m u nised w i t h  a S . t y p h i m u r i u m  p u r A  m u t a n t  were  

p r o t e c t e d  against v i r u l e n t  challenge 30 and 58 days later.
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C h a l l e n g e  was w i t h  2.5x10 given i.p. w i t h  m o r t a l i t y  from a 

g r oup of three m i c e  the onl y  c r i t e r i o n  for protection.

1.4.11 A u x o t r o p h i c  S.typhi v a c c i n e  candidates.

E d w a r d s  (PhD thesis, U n i v e r s i t y  of Stanford, 1985)

c o n s t r u c t e d  two d e r i v a t i v e s  of S . typhi as candidate ty p h o i d

vaccines. The strains, one p o s e s s i n g  and one w i t h o u t  Vi

antigen, c o n t a i n e d  del e t i o n s  in both a r o A  and p u r A . These

strains were t e sted for safety in human v o l u n t e e r s  w i t h  no

side effects (Levine et a_l, 1987) . Volu n t e e r s  r e c e i v e d  one 
8 9 10dose of 10 , 10 or 10 cfu of either strain, or two doses 

of the V i + strain four days apart. P o s i t i v e  stool cultures
9w e r e  o b t a i n e d  from m o s t  v o l u n t e e r s  who h a d  r e c eived 10 cfu 

or  more, but no p o s i t i v e  blood cultures w e r e  obtained. The 

immune responses w e r e  followed in vaccinees. F e w  of the 37 
v o l u n t e e r s  showed a s i g n i f i c a n t  rise in serum antibodies. 

L o w  levels of T-cell p r i m i n g  , as m e a s u r e d  by p r o l i f e r a t i o n  

in response to 5. typhi antigens, was o b s e r v e d  in 16/18 of
gthe v o l u n t e e r s  who r e c e i v e d  10 cfu or more. Cell m e d i a t e d  

immunity, m e a s u r e d  b y  an ADC C  type test (Tagliabue et_ a l , 

1984) was cl a i m e d  to be e v i dent in all 37 vacinees.

S i m i l a r  S . typhi aroA pur A  m u t a n t s  have b e e n  constructed by  

G. D o ugan at W e l l c o m e  R e s e a r c h  L a b o r a t o r i e s  (personal . 

communication) . One strain has been found to be safe in 

h u m a n  volu n t e e r s  but no immune response was seen.

3
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1.5 Aims of and reasons for the work.
The w o r k  d e s c r i b e d  in this thesis was c o m m e n c e d  to 

c o m p l e m e n t  at t e m p t s  to c o n s t r u c t  a r a t i o n a l l y  a t t e n u a t e d  

live S. typhi vaccine. Since the b e h a v i o u r  of aroA  

S, t y p h i m u r i u m  in the m o u s e  typhoid m o d e l  was well  

c h a r a c t e r i s e d  aroA was p r o p o s e d  as the p r ime a t t e n u a t i n g  

lesion (Dougan et a_l, 1987; Stocker, 1988). As d i s c ussed 

above, a p ur m u t a t i o n  was p r o p o s e d  as a second a t t e n u a t i n g  

lesion. No info r m a t i o n  ex i s t e d  on the b e h a v i o u r  of d e f i n e d  

pur or aroA pur m u t a n t s  in the m o u s e  typhoid model.

The aims of the p r o ject were:

1. To use t r a n s p o s o n  TnlO m u t a g e n e s i s  to c o n s t r u c t  m u t a n t s  

of m o u s e  v i r u l e n t  S . t y p h i m u r i u m  w ith lesions in a r o A , p u r A , 

p u r E , and c o m b i n a t i o n s  thereof.

2. To d e t e r m i n e  the effects (if any) of the m u t a t i o n s  on 

the in v i t r o  c h a r a c t e r i s t i c s  of  the strains.

3. To examine the b e h a v i o u r  of the strains in the m o use  

typhoid m o d e l  following i n f e ction by p a r e n t a l  and oral 

routes determining:

i. d e g r e e  of attenuation.

ii. in vivo b e h a viour and persistence.

iii. a b i l i t y  to vaccinate.

4. To examine the immune responses to v a c c i n a t i o n  w i t h  

each vaccine type.
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2.1 Bacterial strains, bacteriophage and media.

The strains of S . t y p h i m u r i u m  u s e d  are shown in table 1.1. 

D e r i v a t i v e s  of  the a v i r u l e n t  S. t y p h i m u r i u m  strain LT2, w i t h  

tra n s p o s o n  TnlO inserted into eith e r  the a r o A , p u r A  or purE 

genes, wer e  o b t a i n e d  from J. Roth, Sal m o n e l l a  G e n e t i c  Stock 

Centre, Calgary. The m o u s e  v i r u l e n t  strains SL1344 and HWSH 

were u s e d  b o t h  as p a rents of the a u x o t r o p h i c  m u t a n t s  and for 

challenge experiments. T h e y  were o b t a i n e d  from B.A.D. 

Stocker, S t a n f o r d  University, and H. Williams Smith, Ho u g h t o n  

P o u ltry R e s e a r c h  Centre, respectively. The v i r u l e n t  strain 

C5, o c c a s i o n a l y  used as v i r u l e n t  challenge, was o b t a i n e d  

from C.E Hormaeche, U n i v e r s i t y  of Cambridge. All a u x o t r o p h i c  

deri v a t i v e s  were c o n s t r u c t e d  d u ring this study except 

SL3261, an aro A  d e r i v a t i v e  of SL1344 (Hoiseth and Stocker, 

1981), w h i c h  was o b t a i n e d  from B.A.D. Stocker. The v i r u l e n t  

strain of L i s t e r i a  m o n o c y t o g e n e s  LUGI 23 was o b t a i n e d  from 

C.E. Hormaeche.

High frequency tran s d u c i n g  m u t a n t s  P22 HT105 int (Schmieger, 

1972) and Pi vir w e r e  o b t a i n e d  from T. Foster, Moyne 

Institute, T r i n i t y  College, Dublin. Phage were p r o p a g a t e d  in 

soft agar o v e rlays and w e r e  titrated by  spott i n g  2ul of 

100-fold d i l u t i o n s  onto a soft agar o v e r l a y  c o n t a i n i n g  lOOul 

of an o v e r n i g h t  culture of the b a c t e r i a l  host. P l a q u e s  were 

counted a f ter ove r n i g h t  incu b a t i o n  at 37°C.
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B a c t e r i a  wer e  grown in L - b r o t h  or L-ag a r  (Davis, B o t s t e i n  

and Roth, 1980). L - a g a r  was solidified w i t h  1.5% B a c t o  agar  

(Difco) . Soft agar for p h a g e  growth con t a i n e d  0.8% agar. 

M i n i m a l  m e d i a  (Davis, et al, 1980) con t a i n e d  M9 salts, 

glucose (1% w/v) and C a / M g  salts. It was m ade w i t h  double 

distilled, d e i o n i z e d  w a t e r  and solidified w i t h  2% N o b l e  Agar 

( D i f c o ) . To a l low grow t h  of  aroA mutants, mi n i m a l  m e d i u m  was 

s u p p l e m e n t e d  w i t h  the aromatic amino acids tyrosine, 

t r y p t o p h a n  and p h e n y l a l a n i n e  at a c o n c e n t r a t i o n  of 40ul/ml 

and P ABA a nd DHB at lOul/ml. p urA and pur E  mu t a n t s  r e q u i r e d  

ade n o s i n e  at 40ug/ml. SL1344 and its deri v a t i v e s  r e q u i r e d  

h i s t i d i n e  at 40ug/ml. A l l  supplements w e r e  p u r c h a s e d  from 

Sigma and were d i s o l v e d  in double d i s t i l l e d  d e i o n i z e d  w a t e r  

and s t e r i l i s e d  by 0.22um filtration. T y r osine was s t e r i l i s e d  

by  steaming. A d e n o s i n e  was solubli$ed by adding one or two 

drops of cone HCL. B o c h n e r  m e d i u m  (Bochner et a^L, 1980) was 

m ade up as d e s c r i b e d  by  Davis et a_l (1980) exce p t  that 

fusaric acid was at 2ug/ml instead of 6ug/ml.
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TABLE 2.1

S t r ains of S. t y p h i m u r i u m  U s e d  in This Study.

Strain Phenotype

LT2 aroA 554::TnlO - , , Raro tet

LT2 p u r A  8 7 4::TnlO - Rpur tet

LT2 purE 884::TnlO , , Rpur tet

HWS H P r o t otroph

SL1344 his

C5 P r o t otroph

HWSH aroA aro

HWSH pur A pur""

H WSH a roA p u r A a r o - p u r -

H WSH purE p u r -

SL3261 a r o - h i s -

SL1344 p urA pur his

SL3261 p u r A a r o - p u r - his
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2.2 C o n s t r u c t i o n  of a u x o t r o p h i c  m u t a n t s  of m o u s e  v i r u l e n t

S. t y p h i m u r i u m  strains.

A u x o t r o p h i c  d e l e t i o n  m u t a n t s  w ere cr e a t e d  in m o u s e  v i r u l e n t  

strains u s i n g  t r a n s p o s o n  TnlO m u t a g e n e s i s  as d e s c r i b e d  by 

Davis et al_ (1980). This is o u t l i n e d  in Figure 2.1 and 

c o m p r i s e d  two steps. Firstly, a TnlO inac t i v a t e d  gene was 

t r a n s d u c e d  from an a v i r u l e n t  LT2 d e r i v a t i v e  into the m o use  

v i r u l e n t  strain u s i n g  P22. Second, a tetr a c y l i n e  sensitive 

auxo t r o p h i c  mutant, due to imprecise e x c ision of  the 

transposon, was selected u s i n g  Bo c h n e r  medium.

2.2.1 P22 transductions.

A  high titre P22 lysate was p r e p a r e d  from the L T 2 : :TnlO

strains u s i n g  the plate method. T e n - f o l d  d i l utions of phage

w e r e  p r e p a r e d  and lOul was m i x e d  w i t h  lOOul of an o v e r n i g h t

culture. A f t e r  incubation at 37°C for 1 hour, 3ml of soft

agar was a d ded and the m i x t u r e  p o u r e d  o ver a fresh L-ag a r

plate cont a i n i n g  t e t r a c y c l i n e  ( 5 0 u g / m l ) . F o l l o w i n g  o v e r n i g h t

i ncubation at 37°C the soft agar o v e r l a y  on the plate of  the

h i g h e s t  phage di l u t i o n  sh o w i n g  compl e t e  lysis was scraped

into a c e n t rifuge tube w i t h  3ml T-2 b u f f e r  plus a few drops

of chloroform. A f t e r  v i g o r o u s  vortexing, the lysate was

clarified by c e n t r i f u g a t i o n  (i‘.«»xg 10 minutes) . The lysates

w e r e  ti t r a t e d  on the strains on w h i c h  they w e r e  grown and
9 11g e n erally c o n t a i n e d  b e t w e e n  10 and 10 plaque forming
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S . t y p h i m u r i u m  LT2 p u r A ::TnlO (tetR )

P22 t r a n s d u c t i o n  into 

v i r u l e n t  strain HWSH.

v
o

S. t y p h i m u r i u m  H W S H  p u r A ::TnlO (tet )

S e lect TnlO ex c i s i o n  

u s ing b o c h n e r  medium.

cS. t y p h i m u r i u m  HWS H  purA (tet1 )

Fig. 2.1 M e t h o d  for s e l e ction of TnlO g e n e r a t e d  deletions 

in the pur A  gene of v i r u l e n t  S. t y p h i m u r i u m  HWSH. The TnlO 

inac t i v a t e d  p urA gene is t r a n sduced from S . t y p h i m u r i u m  LT2 

into HWSH u s ing phage P22, selecting for the t e t r a c y c l i n  

r esistance e n c o d e d  by T n l O . T e t r a c y c l i n  sensitive deletion 

mutants, c a u s e d  by  i m p r ecise excision of TnlO, wer e  then 

selected on B o c hner medium.
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u n its (pfu) per/ml. L y s ates w ere stored at 4°C w ith a few 

drops of c h l o r o f o r m  u n t i l  needed.

2.2.2 T r a n s d u c t i o n  of v i r u l e n t  strains.

V i r u l e n t  p a r e n t a l  strains were stored in 0.5ml aliquots over

liquid n i t r o g e n  as d e s c r i b e d  below. One a l i quot was u s e d  to

inoculate 10ml of L-broth. Trans d u c t i o n s  w e r e  always c a r r i e d

out w i t h  late log c u l tures grown at 3 7°C w i t h  shaking. One

h u n d r e d  m i c r o l i t r e s  of culture was m i x e d  w i t h  lOul of neat, 
-1 - 210 or 10 dil u t i o n s  of P22 lysate. A f t e r  incubation for 

30 m i n u t e s  at 3 7°C, the m i x t u r e  was spread over an L - a g a r  

plate c o n t a i n i n g  t e t r a c y c l i n e  (50ug/ml) and E G T A  (5mM) and 

incubated o v e r n i g h t  at 37°C. T r a n s d u c t a n t s  were p i c k e d  as
TDtet colonies and wer e  p a s s a g e d  on the same m e d i u m  u n til 

free of c o n t a m i n a t i n g  phage. T h e y  were then checked for the 

c o r r e c t  auxo t r o p h i c  charac t e r i s t i c s  u s ing mi n i m a l  agar 

suppl e m e n t e d  as appropriate.

2.2.3 S e l e c t i o n  of m u t a n t s  w i t h  d e l etions induced by 

imprecise excision of TnlO.

Like m a n y  transposons, TnlO can excise at high frequency 

(Kleckner, Roth and Botstein, 1977). Ex c i s i o n  results in 

loss of a n t i biotic sensitivity. E x c i s i o n  can be one of two 

forms: p r e c i s e  or i m p r e c i s e . ~ W h e n  a tra n s p o s o n  excises

precisely, it jumps o ut leaving the ends of the gene in 

w h i c h  it was inserted free to r e form the w i l d  type gene. 

Imprecise ex c i s i o n  results in part of the s urrounding hos t

80



D N A  b e i n g  r e m o v e d  w i t h  the transposon. Therefore, w h e n  the

ends of the gene r e - join there is a d e l e t i o n  or a

r e a r r a n g e m e n t  r e s u l t i n g  in loss of gene function. E x c i s i o n
— fiof TnlO occurs at fairly high frequency (approximately 10 )

and can be s e l ected for on B o chner m e d i u m  w h i c h  selects for
Stet phenotype. B o c h n e r  m e d i u m  contains aut o c l a v e d  

c h l o r o t e t r a c y c l i n e . This induces the tet genes w i t h o u t  

h a v i n g  any anti b i o t i c  effects. The m e m b r a n e  changes induced 

by the tet genes make the cell sensitive to the ant i b i o t i c  

fusaric acid. This is h e l p e d  by zinc ions. B o c h n e r  m e d i u m  

contains low amounts of fusaric acid acid zinc.

Cultures were grown o v e r n i g h t  in L - b r o t h  c o n t a i n i n g  50ug/ml
-1 -2 -3Tetracycline. Cultures were d i luted 10 , 10 , 10 and

lOOul of each dilution was spread over a B o c hner p l a t e  and 

i n c ubated o v e r n i g h t  at 37°C. T e t S colonies w e r e  i d e n tified 

as those g r o w i n g  faster than the s u r r o u n d i n g  background. 

Colonies wer e  p i c k e d  and twice r e - p a s s a g e d  on B o c h n e r  plates 

b e f o r e  t e s t i n g  a u x o t r o p h y  and t e t r a c l y c l i n e  resistance.

2.3 In v i t r o  c h a r a c t e r i s a t i o n  of S. t y p h i m u r i u n  strains.

2.3.1 Slide agglut i n a t i o n s  and phage sensitivity.

Strains w e r e  tested for their serological c h a r a c t e r i s t i c s  by  * 

slide a g g l u t i n a t i o n  w i t h  0-4, 0-5, 0-6, 7 and 0-9, and, Hi, 

H 2 , and Hd specific dia g n o s t i c  sera p r o v i d e d  by  W e l l c o m e
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D i a g n o s t i c  Ltd, Dartford, Kent. O nly suspensions m a d e  in PBS 

from fresh p l ates or liquid c u l tures w ere tested.

S e n s i t i v i t y  to smooth LPS specific P22 and r o ugh LPS 

specific Pi phages by t i t r a t i n g  phage lysates ( 1 0 ^  pfu/ml) 

on ov e r l a y s  c o n t a i n i n g  the test strain. A  sensitive strain
_ o

gave single plaques on the 10 dilutions w h i l s t  a r e s i s t a n t  

strain gave no plaques on the nea t  dilution. SL1344 and its 

deri v a t i v e s  w e r e  m o r e  r e s i s t a n t  to P22 since they c o n tain a 

lysogenic P22 like phage (Stocker, p e r sonal c o m m u n i c a t i o n ) .

2.3 L i p o p o l y s a c c h a r i d e  c h a r a c t e r i s a t i o n .

LPS was p u r i f i e d  u s i n g  the hot p h e n o l / w a t e r  m e t h o d  of

Westphal, Luderitz and B i ster (1952). O v e r n i g h t  L - b r o t h
lQ,000xg

cultures (10 ml) wre h a r v e s t e d  by. c e n t r i f u g a t i o n  () , the

p e l l e t  w a s h e d  w i t h  d i s t i l l e d  w a t e r  and s u s p ended in 3ml of

d i t i l l e d  water. This was h e a t e d  to 65°C in a w a t e r  b a t h  and

3ml of 90% phenol (BRL, U l tra Pure) at 65°C was added. The

m i x t u r e  was v o r t e x e d  and then i n c ubated at 65°C for 30

m i n u t e s  w i t h  v o r t e x i n g  every 7-8 minutes. The m i x t u r e  was

cooled in ice for 10 m i n u t e s  and then the aqueous and phen o l
1 0 ,0 0 0

phas e s  sep a r a t e d  by  c e n t r i f u g a t i o n () at 0 C. The aqueous 

p h ase was r e m o v e d  and d i a l y s e d  against d i s t i l l e d  water, at 

4°C for 24 hours w i t h  three changes of water, to remove any 

r e m a i n i n g  phenol. LPS was p r e c i p i t a t e d  by a d ding 1/10 volume 

3M sodium acetate and 10 vo l u m e s  of analar e t h a n o l  at -20°C. 

P r e c i p a t e d  LPS was p e l l e t e d  by  c e n t r i f u g a t i o n  () w a s h e d  w i t h
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col d  e t h a n o l  a nd d r i e d  in a speed vac at 37°C. The pell e t  

was r e - d i s s o l v e d  in 400ul of double distilled, d e i o n i z e d  

water. 10-20ul was use d  pe r  track on SDS P o l y a c r y l a m i d e  gel 

e l e c t r o p h o r e s i s  ( P AGE).

2.3.4 SDS PAGE

W h o l e  cell lysates w e r e  separated on p o l y a c r y l a m i d e  gels 

u n d e r  r e d u c i n g  c o n d itions (Lamelli, 1970) . B a c t e r i a l  

cultu r e s  w e r e  d i l u t e d  in L- b r o t h  to g ive an A ^ q q  of unity. 

One m l  of this was then p e l l e t e d  w i t h  an E p p e n d o r f  m i c r o f u g e

and dried by inversion. The b a c t e r i a l  p e l l e t was

r e - s u s p e n d e d  in lOOul of PAGE final sample buffer. The

sample was b o i l e d  for 5 minutes and 20ul was added per

track. Samples could be stored at -20°C until needed.

M o l e c u l a r  w e i g h t  standards were p u r c h a s e d  from Sigma. T hey  

w e r e  d i s s o l v e d  in final samples b u ffer to give a final 

c o n c e n t r a t i o n  so that 20ul contained lug of each p r o t e i n  

constituent. T hey w e r e  stored in 50ul aliquots at -20°C 

u n t i l  required, at w h i c h  time they w e r e  b o i l e d  for 5 m i n utes 

b e f o r e  loading on the gel. LPS samples wer e  m i x e d  w i t h  an 

e q ual volume of final sample b u f f e r  and b o i l e d  for 5 m i n u t e s  

b e f o r e  loading.

2.3.5 Silver Stain.

LPS was separated on 14% a c r y lamide gels c o n t a i n i n g  7M urea. 

LPS was v i s u a l i s e d  by silver S t a ining u s i n g  the m e t h o d  of 

Tsai and F r a c h  (1982) . Gels were fixed o v e r n i g h t  in 40% E t O H
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5% a c etic acid. The LPS was then o x i d i s e d  by 0.7% p e r i o d i c  

acid (BDH Analar) in fixing solution and the gel wa s  then 

w a s h e d  in d o uble d i s t i l l e d  d e i o n i z e d  w a ter (3x15 m i n u t e s ) . 

The LPS was s t a ined for 10 m i n u t e s  w i t h  am m o n i a l  silver 

nitrate. This was m a d e  just b e f o r e  use as follows: 4ml of

.880 a m monia was d i l u t e d  in 56ml of 0 . 1M NaOH, 20ml of 20% 

AgNO^ in w a t e r  w as added w i t h  stirring by a m a g n e t i c  

stirrer. A  b r o w n  p r e c i p i t a t e  appeared, and then ra p i d l y  

disappeared. The stain was mad e  up  to 300ml w i t h  w a t e r  and 

p o u r e d  over the gel. A f t e r  staining the gel was again w a s h e d  

in w a t e r  (3x15 minutes) and then the stain d e v e l o p e d  by 

a d d i n g  300ml d e v e l o p e r  (0.5ml 37% formaldehyde, lOOmg citric 

a c i d / l i t r e ) . W h e n  LPS bands wer e  v i s i b l e  the r e a c t i o n  was 

stopped by e x t e n s i v e  wa s h i n g  in d i s t i l l e d  water. The gel was 

p h o t o g r a p h e d  immediately.

2.4 Mouse experiments.

2.4.1 M i c e .

B A L B / c J  m i c e  w e r e  b r e d  at W e l l c o m e  R e s e a r c h  L a b o r a t o r i e s  

from breeders p u r c h a s e d  from O L A C  (1976) UK Ltd (Blackthorn 

Bicester, Oxon) . A / J  mic e  w ere bre d  in the D e p a r t m e n t  of 

Pathology, U n i v e r s i t y  of C a m b ridge from b r e eders p u r c h a s e d  

from Ja c k s o n  L a b o r a t o r i e s  ( B a r -Harbor Me). M a l e  and female 

m i c e  of 7-10 w e eks age were used. In any one experiment, all 

animals were age and sex matched.
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2.4.2 Preparation of inocula.
W i l d  type and a u x o t r o p h i c  sal m o n e l l a  were g r own o v e r n i g h t  at 

37°C as 250ml L b r o t h  cultures w i t h o u t  shaking.

L. m o n o c y t o g e n e s  was grown o v e r n i g h t  at 37°C in 100ml L 

b r o t h  w i t h  shaking ( 2 0 0 r p m ) . Ba c t e r i a  w ere snap frozen and 

stored over liquid nitrogen, in 0.5ml aliquots.

For infection of mice, a vial was t h a w e d  in a 37°C water

bat h  and d i l uted as appr o p r i a t e  in PBS. W h e n  i n o cula were

p r e p a r e d  for oral infections, or to d e t e r m i n e  LD,-q values

for a t t e n u a t e d  strains, m o r e  b a c t e r i a  wer e  r e q u i r e d  than

wer e  p r e s e n t  in a frozen vial. To prepare inocula w i t h  the

hig h  cell d e n s i t i e s  required, 250ml o v e r n i g h t  L-broth
10,000* g

c u l tures were h a r v e s t e d  by  c e n t r i f u g a t i o n () and r e - s u s p e n d e d  

in PBS to give a c o n c e n t r a t i o n  of 10 - 10 cfu/ml. Where

large groups of m i c e  wer e  infected, b a c t e r i a  from several 

litres of culture wer e  pooled. For lymph node p r i m i n g  

experiments, w h e r e  large doses were g i ven s.c., bacteria 

were grown and c o n c e n t r a t e d  as above and then the 

c o n c e n t r a t e d  suspension was stored in 0.5ml a l i quots over 

liquid nitrogen.

The n u m b e r  of b a c t e r i a  a d m i n i s t e r e d  was c o n f i r m e d  by 

t r i p l i c a t e  or q u a d r u p l i c a t e  p o u r  plates of an appropriate 

d i l u t i o n .
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2.4.3 Infection of mice.
M ice w e r e  in f e c t e d  i.v w i t h  0.2ml via the lateral vein. 

S u b c u t a n e o u s  i n j e ctions w ere 0.1 or 0.2ml given in the groin 

or at the base of the tail. Oral i n f ection was w i t h  a gavage 

tube: a blunt 2 inch 18g needle w i t h  a smoothed 2mm wide

m e t a l  sheath over the end. Mice w e r e  lightly a n e s t h e t i s e d  

w i t h  a n a e s t h e t i c  g r ade e t her and h e l d  by the skin b e t ween 

the eyes. They w e r e  a l l owed to sw a l l o w  the needle w h i c h  

p a s s e d  into the stomach. 0.2ml of i n o c u l u m  was a d m i n i s t r e d 

from a 1ml t u b e r c u l i n  syringe a t t a c h e d  to the needle. This 

m e t h o d  h ad been found to be the m o s t  r e p r o ducible m e t h o d  for 

oral infection.

2.4.4 LD50 d e t e r m i n a t i o n s

The i.v. and oral L D ^ ' s  for v i r u l e n t  strains was o b t a i n e d
DU

by i n f e cting groups of 5 m i c e  wit h  serial ten fold d i l utions 

in PBS. For a t t e n u a t e d  strains, 8-10 mice wer e  use d  per 

dose. Deaths were r e c o r d e d  over the following four w e e k s  and 

the L D j-q 's was c a l c u l a t e d  u s ing the m e t h o d  of Reed and 

M u e n c h  (1937).

2.4.5 Growth curves.

Large groups of m i c e  w e r e  infected. At v a r ious times, three 

to five m ice w e r e  k i l l e d  and their livers and spleens were 

r e m oved a s e p t i c a l l y  and p l a c e d  in a stomacher 80 b ag (Seward 

M e d i c a l  L t d ) . W h e n  m i c e  had been i n f ected orally, m e s e n t e r i c  

lymph nodes and the m o s t  distal Peyers p a tch w e r e  also
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removed. The o r gans wer e  h o m o g e n i s e d  for 1-2 m i n u t e s  in 10ml 

of sterile d i s t i l l e d  w a t e r  u s i n g  a C o l worth S t o m a c h e r  80.

V i a b l e  counts w e r e  p e r f o r m e d  on these h o m o g e n a t e s  u s i n g  the 

pour plate method. Normally, 1ml of  homogenate was a d d e d  to 

25ml agar b ut for m o r e  sensitive count i n g  up to half 

(5/10ml) of an o r g a n  could be included in one plate. Whe n  

counts of >1000 cfu pe r  organ w e r e  expected, counts were 

p e r f o r m e d  u s ing a C o l e w o r t h  droplet. This t e c h n i q u e  allows 

serial dilutions to be m a d e  in agar (at 5 0 ° C ) . One 

m i l l i l i t r e  of agar is taken up into a p l a stic s t raw and 

d i s p e n s e d  in 0.1ml amounts. D i l u t i o n s  are made by d i s p e n s i n g  

0.2ml of organ h o m o g e n a t e  into 1.8 ml of agar. A f t e r  mixing, 

0.2ml is d i s p e n s e d  into the next tube, and a further 0.5 ml 

is p l a t e d  as five 0.1 ml spots o nto a petri dish. Further 

di l u t i o n  steps can be mad e  as a ppropriate and upto 7 

dil u t i o n s  can be s p o tted onto one 9 cm petri-dish.

Counts w ere g e n e r a l l y  p e r f o r m e d  in L-agar. However, when 

study i n g  the g r owth of v i r u l e n t  w i l d  type c h a l lenge in mice 

immunised 28 days earlier, it was n e c e s s a r y  to d i s t i n g u i s h  

b e t w e e n  the c h a l l e n g e  and r e s idual i mmunising bacteria. This 

was done by u s i n g  m i n i m a l  m e d i u m  for all counts. This did 

not a l l o w  growth of auxo t r o p h i c  strains but did n ot affect 

the counts of w i l d  type strains. W h e n  following the g r owth 

of L, m o n o c y t o g e n e s  in s almonella infected mice, p o l y m i x i n  B 

(20 ug/ml, Sigma) was a d ded to the L - a g a r  to inhibit g r o w t h
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of the s a l m o n e l l a  (MIC < 1 u g / m l ) . L i s teria (MIC > 50ug/ml) 

counts w e r e  n ot affected. V i a b l e  counts are e x p r e s s e d  as 

g e o m e t r i c  m e a n  + 1 SD of counts p er organ. W h e n  c o u n t s  on 

p our p l a t e s  showed no colonies the o r g a n  was a s s i g n e d  the 

h i g h e s t  t h e o r e t i c a l  c o unt for the o r g a n  (ie, 10 for a 1ml 

pou r  plate, 2 for a 5ml plate etc) to c a l c u l a t e  the 

geo m e t r i c  mean.

2.4.6 S e r u m  samples.

Mice, a n a e s t h e t i s e d  w i t h  ether, w e r e  bled from the a x i l l a  or 

by ca r d i a c  p u n c t u r e  w i t h o u t  recovery. Small amounts (<0.5ml) 

were r e m o v e d  w i t h  re c o v e r y  from the tail vein. B l ood was 

a l l o w e d  to clot at r oom t e m p e r a t u r e  and then stored 

o v e r n i g h t  at 4°C. Sera were c l a r i f i e d  in an E p p e n d o r f  

M i c r o f u g e  and stored at -20°C.

2.5 M e a s u r e m e n t  of immune responses.

2.5.1 D e t e c t i o n  of antibodies to salmonella.

S a lm o n e l la  a n t i b o d i e s  w ere  d e t e c t e d  u s i n g  an ELISA. P l a t e s  

w ere  c o a t e d  w i t h  h e a t  k i l l e d  (HK) S ,  ty p h im u r iu m , d i l u t e d  

t e s t  s e r a  w ere  added  f o l l o w e d  by a h o r s e r a d d i s h  p e r o x i d a s e  

c o n j u g a t e .

To pr e p a r e  HK S . t y p h i m u r i u m , one litre of H W S H  was grown 

o v e r n i g h t  in L - b r o t h  in a rotary shaker (250rpm) at 37°C and 

h a r v e s t e d  by  centrifugation. The p e l l e t  was su s p e n d e d  in PBS
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to give a s u s p ension w i t h  an an a b s o r b a n c e  of 100 at 600 nm 

(approximately 1 0 ^ c f u / m l )  and h eat k i l l e d  by i n c u b a t i o n  at 

65°C for 2 hours. S t e r i l i t y  was c h e c k e d  b y  a d ding lOOul of 

the h e a t  k i lled susp e n s i o n  to 100ml of  L- b r o t h  a nd looking 

for no b a c t e r i a l  g r o w t h  after o v e r n i g h t  incubation at  37°C. 

The sus p e n s i o n  was s t o r e d  in 2ml a l i quots at -20°C u n til  

use, w h e n  it was d i l u t e d  as appr o p r i a t e  in PBS.

A h igh titre r e f e r e n c e  serum was requi r e d  for the E L I S A  

tests. A  suspension of HK SL1344 at lOmg/ml was p r o v i d e d  by

D. Maskell, W e l l c o m e  R e s e a r c h  Labs. This was d i l u t e d  in PBS 

to give a suspension at 400ug/ml and immu l s i f i e d  w i t h  3 

parts Freud's i n c o m p l e t e  adjuv a n t  ( D i fco). Ten m i c e  were 

in j e c t e d  s.c. in the g r o i n  wit h  lOOul (lOmg) and b o o s t e d  

s.c. w i t h  a further lOOul on days 30 and 45. On da y  55, the 

mic e  wer e  e x s a n g u i n a t e d  by cardiac puncture. Sera were 

tested for a n t i - s a l m o n e l l a  antibodies by  ELISA. Sera w i t h 

50% m a x i m a l  b i n d i n g  titres of less than 10,000 were 

discarded. The other sera (7/10) wer e  p o o l e d  and s t o r e d  in 

lml aliquots at -20°C u n til use.

Flat b o t t o m e d  E L I S A  plates (Linbro, Nunc) w ere c o ated with 

heat k i l l e d  HWSH the d ay before use b y  adding 100ml of  a 

sus p e n s i o n  w i t h  an a b s o r b a n c e  -at 600 n m  of 0.25 to each 

well. This was i n c u b a t e d  at 37°C for 3 hours and then 

o v e r n i g h t  at 4°C. The coated plate was removed from the 

fridge and the w e l l s  w a s h e d  three times w i t h  PBS T w een 20
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(0.05% v/v) u s i n g  a N unc i m m u n o w a s h - 8 . Wells w e r e  bl o c k e d 

for 3 h o urs at 37°C w i t h  lOOul of b l o c k i n g  b u f f e r  (2% Bovine 

s e r u m  albumin: Sigma, Fr a c t i o n  V, in PBS) . All sera and 

conj u g a t e s  wer e  d i l u t e d  in b l o c k i n g  b u f f e r  and i ncubations  

w ere at 37°C. A f t e r  w a s h i n g  50ul of 2-fold d i l u t i o n s  of test 

sera was added. The p l ate w as i n c u b a t e d  for one hour. Each 

p l a t e  c o n t a i n e d  a p o s i t i v e  r e f e r e n c e  serum, the h i g h  titre 

a nti SL1344 serum d i l u t e d  in 2 fold steps starting at 1/1000 

and a n o r m a l  m o u s e  serum d i l u t e d  as the test samples. After  

w a s h i n g  50ul of a 1/1000 di l u t i o n  of rabbit a n t i - m o u s e  HRPO 

c o n j u g a t e  (Biorad) wa s  added and in c u b a t e d  for 1 hour. After  

a final wash, lOOul of substrate was added. The substrate 

u sed was 10.8mg o - p h e n y l e n e d i a m i n e  h y d r o c h l o r i d e  (Sigma) 

d i s s o l v e d  in 1ml methonol. This was d i l uted 1:100 b y  adding 

lOOul to 9.9ml PBS and 5ul 30% H o0~. A f t e r  30 minutes 

incubation, the r e a c t i o n  was s t o pped w i t h  20ul of 2 . 5M f^SO^ 

and the A^gg m e a s u r e d  w i t h  a T i t r e t e c k  E L I S A  reader d i r e c t l y  

into a m i crocomputer.

The titres of individual sera w ere c a l c u l a t e d  as a r b i t r a r y  

units by m e t h o d  of Manclark, M e a d e  and Burnstyn, (1986) 

u s i n g  a computer p r o g r a m m e  p r o v i d e d  by  D. Burnstyn, NIH, 

USA. Results are shown as ge o m e t r i c  m e a n  of four sera + 2se.
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2.5.2 Lymph node proliferation assay.
The i n g u i n a l  and p e r i a o r t i c  lymph n o d e s  w ere  rem oved  from

m i c e  i m m u n i z e d  s.c. at the base of the tail and single cell

s u s p ensions in PBS m a d e  by  g e n t l y  g r i n d i n g  b e t w e e n  two

frosted glass slides. The r e s u l t i n g  single cell s uspension

was w a s h e d  twice in PBS and the cells r e - s u s p e n d e d  at a
£

c o n c e n t r a t i o n  of 4 x 10 cells/ml in Clicks E H A A  (Eagles 

High A m i n o  Acid) m e d i u m  (GIBCO) s u p p l e m e n t e d  w i t h  0.5% fresh 

normal m o u s e  serum. One h u n d r e d  m i c r o l i t r e s  of  this 

susp e n s i o n  was a d ded to m i c r o t i t r e  wells (96-well, Costar) 

w i t h  a n t igen at the indicated c o n c e n t r a t i o n  in a further 

lOOul medium. The cultures were then incubated for 3 or 4 

days b e f o r e  p u l s i n g  for 18 hours w i t h  tri t i a t e d  thymidine. 

Cultures w e r e  h a r v e s t e d  on an a u t omatic cell h a r v e s t i n g  

device and counted.

2.5.3 St a i n i n g  of a d h e r e n t  spleen cells for la and surface 

i m m u n o g l o b u l i n .

Spleen cell s uspensions wer e  m a d e  by g e n t l y  gr i n d i n g  be t w e e n  

two frosted glass slides. Red cells were r e m o v e d  by 

d i s t i l l e d  w a t e r  lysis and the sus p e n s i o n  w a s h e d  three times 

in PBS. Cell v i a b i l i t y  w as d e t e r m i n e d  by trypan blue 

exc l u s i o n  and was always over '90%. Cells wer e  sus p e n d e d  in 

m e d i u m  (Clicks E H A A  c o n t a i n i n g  10% PCS) at the d e s i r e d  

c o n c e n t r a t i o n .
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Sple e n  cells were s u s p ended at 2x10 /ml in and 0.5 ml  was 

a d d e d  to each w e l l  of a chamber slide (Flow) . C e lls were 

a l l o w e d  to adhere for 4 hours at 37°C. N o n - a d h e r e n t  cells 

w ere r e m o v e d  by v i g o r o u s  w a s h i n g  w i t h  PBS, a nd the adherent 

cells fixed over n i g h t  w i t h  2% p a r a f o r maldehyde.

M o n o c l o n a l  antibodies, MKD6 specific for I-Aa (Kappler et 

al, 1981), Y-P3, specific for the p u blic d e t e r m i n a n t  p r e s e n t  

on I-A m o l e c u l e s  and r a i s e d  in BALB/c m i c e  (Janeway et a l , 

1984) and a p o l y c l o n a l  rabb i t  s e r u m  a g a i n s t  mouse 

i m m u n o g l o b u l i n  w e r e  p r o v i d e d  b y  J. Tite, W e l l c o m e  Res Labs. 

F I T C - a v i d i n  was p u r c h a s e d  from Vector.

Cells w a s h e d  once w i t h  staining b u f f e r  (PBS c o n t a i n i n g  1% 

FCS and 1% NRS) and 0.5 ml a n t i b o d y  in st a i n i n g  buffer 

added. A f t e r  i n c u bation for 20 m i n u t e s  at r o o m  temperature, 

the cells were w a s h e d  three times w i t h  st a i n i n g  b u f f e r  and 

0.5 m l  F I T C - a v i d i n  (diluted 1:50 in staining buffer) was 

a d ded for a further 20 minutes. The cells w e r e  w a s h e d  three 

times w i t h  staining b u f f e r  and ob s e r v e d  for fluorescence.

512.5.4 C r - r e l e a s e  assay.

YAC-1 lymphoma (NK sensitive)- and P815 m a s t o c y t o m a  (NK

resistant) cell lines w e r e  p r o v i d e d  by J. Tite. T a r g e t  cells
6 6to be r a d i o l a b e l e d  ( 2 x 1 0 - 5 x 1 0  cells) w e r e  sus p e n d e d  in 

0.5ml s e rum free m e d i u m  c o n t a i n i n g  100 uCi of  sodium

7
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c h r o m a t e  s o l ution ( A m e r s h a m ) , and i n c ubated at 37°C for 1 h.

The l a b eled cells w e r e  w a s h e d  3 times in m e d i u m  c o n t a i n i n g

10% FCS befo r e  s u s p ension in the same m e d i u m  for the 
51 51C r - r e l e a s e  assay. The C r - r e l e a s e - a s s a y  was p e r f o r m e d  in

r o u n d - b o t t o m e d  96 - w e l l  plates (Linbro, Flo w  L a b s ) . Effector

cells w e r e  m i x e d  w i t h  target cells as i n d icated in the text

in final volu m e  of 200 ul. The m i c r o t i t e r  p l a t e  w a s  then

c e n t r i f u g e d  at 750 x g for 4 min. befo r e  i n c u b a t i o n  at 37°C

in 5% CC>2 in air for the time indicated. At this time lOOul

was r e m o v e d  from e a c h  w e l l  and counted. S p o n t a n e o u s  release
51was m e a s u r e d  as the Cr release from the t a r g e t  cells m

m e d i u m  alone, m a x i m u m  r e l e a s e  was m e a s u r e d  as the release
. . 51from t a r g e t  cells m  1% Trit o n  X-100 solution. Sp e c i f i c  Cr 

release was c a l c u l a t e d  a c c o r d i n g  to the formula:

E x p e r i m e n t a l  r e l e a s e - s p o n t a n e o u s  release

% specific r e l e a s e =  ___________________________________________________ ^

M a x i m u m  release - s pontaneous release
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3.0 CONSTRUCTION ISOLATION AND CHARACTERISATION OF MUTANTS
OF M O U S E  V I R U L E N T  S. T Y P H I M U R I U M  W I T H  D E L E T I O N S  IN GENES OF 

T HE A R O M A T I C  A N D  P U R I N E  B I O S Y N T H E T I C  PATHWAYS.

3.1 C o n s t r u c t i o n  and is o l a t i o n  of the mutants.

The d e r i v a t i v e s  of S . t y p h i m u r i u m  LT2 w i t h  TnlO i n s e r t e d  in 

a r o A , p u r A  or p u r E , w e r e  c h ecked on m i n i m a l  m e d i u m  and found 

to s h o w  the c o r r e c t  a u x o t r o p h i c  phenotypes. T r a n s d u c i n g  

lysates w ere p r e p a r e d  as d e s c r i b e d  in m a t e r i a l s  and methods, 

and w e r e  u sed to t r a n s d u c e  the v i r u l e n t  strains SL1344 and 

HWS H  w i t h  s e l ection for tet . This p r o c e d u r e  always y i e l d e d  

a hig h  f r e q uency of t r a n s d u c t a n t s . B e c ause TnlO can excise 

p r e c i s e l y  at h i g h  frequency to r e g e n e r a t e  an intact gene, 

t r a n s d u c t a n t s  h a r b o u r i n g  TnlO are u n s u i t a b l e  for u se as live
Svaccines. Therefore, B o c h n e r  m e d i u m  was u s e d  to select tet 

isolates, c o n t a i n i n g  del e t i o n s  g e n e r a t e d  by the imprecise 

e x c i s i o n  of T n l O . Such isolates w e r e  still auxotrophic.
S

B o ch n er  s e l e c t i o n  f o r  t e t  c o l o n i e s  was n o t  c l e a r - c u t ,  s i n c e

tet colonies g r e w  out of a slower g r o w i n g  tet background.

The g r o w t h  of this b a c k g r o u n d  could be further slow e d  by

u s ing B o c h n e r  m e d i u m  w i t h  no added glucose, or as m o d i f i e d
cby  M a l o y  (1981). B e t ween 2 0 - 5 0 - p u t a t i v e  tet colonies w e r e 

p i c k e d  and p a s s a g e d  twice on the same medium. Isolates w h i c h  

still g r e w  w e r e  s c r e e n e d  for t e t r a c y c l i n e  s e n s i t i v i t y  and 

for a u x o t r o p h i c  phenotype. In g e n eral o n l y  about 25% o f  the
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ci s o lates first p i c k e d  from B o c h n e r  m e d i u m  wer e  bot h  tet and 

a u x o t r o p h i c .

To c o n s t r u c t  d o u b l e  mutants, w i t h  lesions in b o t h  a r o A  and 

p u r A , either H W S H  a roA or SL3261 w e r e  r e t r a n s d u c e d  w i t h  the 

p h age lysate p r e p a r e d  using LT2 p u r A : : T n l O . T r a n s d u c t a n t s , 

d e p e n d e n t  on b o t h  a r o m a t i c  compounds and adenosine, were  

selected and p a s s e d  t h r o u g h  the Bo c h n e r  s e l e ction p r o c e d u r e  

as d e s c r i b e d  above. SL3261 is a l r e a d y  p a r t i a l l y  r e s i s t a n t  to 

fusaric acid (Hoiseth and Stocker, 1981), t h e r efore SL3261 

p u r A ::TnlO was p l a t e d  on B o c h n e r  m e d i u m  c o n t aining 6ug/ml 

fusaric acid.

3.2 In v i t r o  c h a r a c t e r i s a t i o n  of the a u x o t r o p h i c  mutants.

It is i m p o rtant that live v a c cines n e i t h e r  revert to 

v i r u l e n c e  nor have m a j o r  a n t i g e n i c  d i f f e r e n c e s  from their  

v i r u l e n t  parents. The sta b i l i t y  of the auxo t r o p h i c  ch a r a c t e r  

was checked b e f o r e  c o m m e n c i n g  i m m u n i z a t i o n  experiments. The 

LPS and p r o t e i n  pro f i l e s  of the auxo t r o p h i c  m u t a n t s  were 

also c h a r a c t e r i s e d  in v i t r o , to ensure no d i f f e r e n c e s  

e x i s t e d  be t w e e n  the m u t a n t s  and their parents.

3.2.1 S t a b i l i t y  of lesions c a u s i n g  a u x o t r o p h i c  character. 

T e t s isolates wer e  c h e cked for the stability of t h eir 

a u x o trophic characteristics. Cultures w e r e  grown o v e r n i g h t  

at 37°C in 100 m l  L - b r o t h  in an o r b ital shaker and h a r v e s t e d
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b y  centri f u g a t i o n .  A f t e r  w a s h i n g  wit h  PBS, they were

sus p e n d e d  in PBS at a c o n c e n t r a t i o n  of at least 1 0 ^  cfu/ml.

One m i l l i l i t r e  of this sus p e n s i o n  was spread o v e r  a 14 cm

m i n i m a l  m e d i u m  plate. A f t e r  3-4 days i n c u bation at 37°C the

plate was c h e c k e d  for p r o t o t r o p h i c  revertants. On no

o c c a s i o n  w e r e  such r e v e rtants isolated. It was c o n c l u d e d

that in all cases the rev e r s i o n  frequency w as g r e a t e r  than 
- 1 110 , although the nature of TnlO g e n e r a t e d  lesions should

r e sult in r e v e r s i o n  rates even lower than this.

3.2.2 C h a r a c t e r i z a t i o n  of the LPS of  a u x o trophic mutants.

LPS is thought to be a m a j o r  vir u l e n c e  d e t e r m i n a n t  in 

s almonella infections. The LPS of the auxo t r o p h i c  isolates 

was ch e c k e d  by a g g l u t i n a t i o n  w i t h  S, t y p h i m u r i u m  specific 

antisera, s e n s i t i v i t y  to phages P22 (smooth LPS specific) 

and Pi (rough s p e c i f i c ) , and by  silver staining of p u r i f i e d 

LPS separated on 14% PAGE gels c o n t a i n i n g  7M ure a  . All the 

isolates selected showed c o r rect a g g l u t i n a t i o n  p r o f i l e s  for

S .typhimurium: 0-4,5 positive, 0-9, 6,7 negative. Al l  were 

Pi r e s i s t a n t  and all, except one HWSH aroA p u r A  isolate, 

were P22 sensitive. W h e n  p u r i f i e d  LPS was a n a lysed by silver 

staining (fig. 3.1) all showed a smooth pr o f i l e  e x c e p t  the 

P22 res i s t a n t  HWSH aroA p u r A  isolate. O n l y  the smooth  

isolates wer e  further c h a r a c t e r i z e d  in the m o u s e  model.
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3.2.3 Analysis of protein profile of mutants.
The p r o t e i n  pr o f i l e s  of the isolates were e x a m i n e d  u s i n g  SDS 

P A G E  as d e s c r i b e d  in m a t e r i a l s  and methods. Fig 3.2 shows 

lysates of eac h  of the m u t a n t  isolates se p a r a t e d  on a 10% 

p o l y a c r y l a m i d e  gel. There are no obvious diff e r e n c e s  seen 

w h e n  pr o f i l e s  of the m u t a n t  strains are c o m p a r e d  w i t h  those 

of t h eir parents. F l a g e l l a  p r o t e i n  H antigens w e r e  checked 

by  slide agglutination. All mu t a n t s  wer e  a g g l u t i n a t e d  by 

sera specific for phase 1 Hi and p o l y v a l e n t  phase 2 

(specific for S . t y p h i m u r i u m ) , bu t  not by phase 1 Hd 

(S. t y p h i ) .
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F i g . 3.1 LPS profiles of S. t y p h i m u r i u m  strains HWSH, 

SL1344, and their auxotrophic derivatives. LPS was 

v i s u a l i s e d  by silver staining after separation a 14% 

acrylamide gel.

I s HWSH; 2: HWSH aroA; 3: HWSH purA; 4: HWSH aro A  purA;

5: HWSH aroA purA ( r o ugh); 6 : SL1344 ; 7: SL3261;

8 : SL1344 purA; 9: SL3261 purA.
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Fig. 3.2 Protein profiles of S . typhimurium strains HWSH, 

SL1344, and their auxotrophic derivatives. Whole cell 

lysates were separated on a 10% acrylamide gel and the 

protein stained with Comassie Blue.

1: Molecular weight standards; 2: HWSH; 3: HWSH aroA;

4: HWSH pur A ; 5: HWSH aroA purA; 6: HWSH aroA purA (rough) ; 

7: HWSH purE; 8: SL1344 9: SL3261; 10: SL1344 p u r A ; 

11: SL3261 purA 12: Molecular weight standards.
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3.3 C h a r a c t e r i z a t i o n  of the a t t e n u a t i o n  con f e r r e d  b y  

a u x o t r o p h y  and b e h a v i o u r  of the m u t a n t s  in vivo f o l lowing 

inf e c t i o n  of inbred mice.

3.3.1 LDp.q f o l l owing i.v. i n n o c u l a t i o n .

The degree of a t t e n u a t i o n  c o n f e r r r e d  b y  the a u x o t r o p h i c  

r e q u i r e m e n t s  was first a s s e s s e d  by d e t e r m i n i n g  the L D ^  

v a l u e  for e a c h  m u t a n t  after i.v infection of BALB/c mic e  

(table 3.1). The two p a r e n t a l  strains w e r e  virulent, w i t h  

L D ^ q v a l u e s  b e i n g  r e p r o d u c a b l y  less than 10 cfu. The L D ^ ' s  

for the auxo t r o p h i c  m u t a n t s  sho w  that t h e y  are all g r e a t l y  

a t t e n u a t e d  w h e n  c o m p a r e d  w i t h  their parents. The aroA
7m u t a n t s  had L D ^ ' s  of over 10 cfu, w h i c h  is in goo d

a g r e e m e n t  w i t h  p u b l i s h e d  dat a  on aroA m u t a n t s  (Hoiseth and

Stocker, 1981) . The m u t a n t s  w i t h  lesions in pur A or aroA
8 9p u r A  w ere further attenuated, w i t h  LD50s b e t w e e n  10 - 10

cfu. A n y  m o u s e  w h i c h  die d  after i.v inj e c t i o n  of the high  

doses of aroA p u r A  m u t a n t s  that are r e q u i r e d  for l e t h a l i t y  

did so w i thin 24 h o urs of injection, s u g g e s t i n g  t hat d e ath 

was due to toxic causes rather than infection. M i c e  

i n f ected w ith the first dose of aroA m u t a n t s  above the L D 5 q 

die d  b e t w e e n  1-2 w e eks after injection, sugg e s t i n g  that 

death was due to infection.

HWSH pur E  m u t a n t  w as c o n s i d e r a b l y  less a t t e n u a t e d  than any 

of the other m u t a n t s  tested, although the lethal dose v a r i e d  

from m o u s e  to mouse. For example, some m i c e  w o u l d  die after
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inj e c t i o n  of as few as 100 o r g a n i s m s  while, in the same
4 5experiment, m i c e  injected w i t h  10 -10 survived.

The L D j-q 's w e r e  d e t e r m i n e d  a f ter in f e c t i n g  s a l m onella  

r e s i s t a n t  (i t y r ) A /J mic e  i.v. (table 3.2). It can be seen 

that they are n ot g r e a t l y  d i f f e r e n t  from those o b t a i n e d  in 

BALB\c mice.

3.3.2 L D g q fo l l o w i n g  oral i n n o c u l a t i o n ,

The oral L D Crt values wer e  d e t e r m i n e d  for p a r e n t a l  and d u
a u x o t r o p h i c  strains in BALB\c mice. The p a r e n t a l  strains

5 6c o n s i s t e n t l y  had L D ^ q values of b e t w e e n  10 and 10 cfu for 

HWSH and b e t w e e n  10^ and 10^ cfu for SL1344. N e i t h e r  

ar o m a t i c  nor p u r i n e  m u t ants c o uld kil l  the m i c e  w h e n  given 

orally, even w i t h  doses as high as 1 0 ^  cfu. W h e n  o r a l l y  

i n f ected m i c e  w e r e  aut o p s i e d  at the end of LD^-g e x p e r i m e n t s  

a r o A , pur A  and a roA pur A  infected m i c e  showed no v i s ible  

signs of infection. Mice i n f ected w i t h  HWS H  purE showed 

gross s p l e n o m e g a l y  and large h e p a t i c  and splenic abscesses, 

although they ha d  shown no o u t w a r d  signs of distress.
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Table 3.1.
L o g  LDj.q v a l u e s  o b t a i n e d  by infecting B A L B / c  m i c e  i.v. w i t h  

two h i g h l y  v i r u l e n t  S . t y p h i m u r i u m  strains and their 

a u x o t r o p h i c  derivatives. A ll LD^^'s were c a l c u l a t e d  28 days 

after inf e c t i o n  except H W S H  p u r E , w h ich wa s  c a l c u l a t e d  after 

56 days.

S . t y p h i m u r i u m  strain log L D 50

H WSH <1

HWSH aro A  7.4

H WSH p u r A  8.6

HWSH aroA p u r A  8.9

HWSH pur E  3.8

SL1344 <1

SL3261 7.1

SL1344 p u r A  7.7
¥

SL3261 p u r A  8.7

103



Table 3.2

L D ^ q of S. t y p h i m u r i u m  HWSH and a u x o t r o p h i c  d e r i v a t i v e s  

f o l lowing i.v. inf e c t i o n  of A / J  mice. LD^^s w ere c a l c u l a t e d  

after 28 days.

Strain Log LD,_q

HWS H 4.5

HWSH aroA 7.6

HWSH p u r A •

00

H W SH aroA purA 8.9
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3.3.3 In vivo growth and persistence in BALB/c mice
following i.v. infection.

The a b i l i t y  of the v i r u l e n t  and a t t e n u a t e d  strains to g r o w  

and p e r s i s t  in the livers and spleens of BALB/c m i c e  after 

i.v. i n o c u l a t i o n  was determined.

V i r u l e n t  p a r e n t a l  strains. P a r e n t a l  strains g r e w  r a p idly
2 3following i.v. a d m i n i s t r a t i o n  of 10 - 10 cfu, re a c h i n g

8 9levels of 10 - 10 cfu per organ by Days 5 - 6 ,  r e s u l t i n g

in d e ath of all the m i c e  infected (data not s h o w n ) .

aroA derivatives. The aroA m u t a n t  of HWSH g r e w  m u c h  less 

e f f i c i e n t l y  than its parent. Its in vivo g r o w t h  curve (fig.

3.3) is similar to those found for aroA m u t a n t s  of 

S . t y p h i m u r i u m  C5 (Hormaeche pe r s o n a l  c o m m u n i c a t i o n ) , 

S. d u blin a roA (Our u n p u b l i s h e d  observations) and of SL3235 

given i.p. (Killar and Eisenstin, 1985). The in vivo 

be h a v i o u r  of SL3261 has been p r e v i o u s l y  c h a r a c t e r i s e d  in 

detail (Maskell, PhD thesis, U n i v e r s i t y  of Cambridge, 1985; 

Maskell, et al, 1987b; O ' C a l l a g h a n  et al, 1988).

A p p r o x i m a t e l y  one w e e k  after i.v. infection wit h  H W S H  aroA  

or SL3261, m a r k e d  sple n o m e g a l y  was o b s e r v e d  (Table 3.3a). 

The s p l e n o m e g a l y  p e a k e d  at D a y  14 and r e s o l v e d  as the 

infection cleared.
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F i g . 3.3 G r owth and pers i s t e n c e  of HWSH aroA in livers (©)
5and spleens (A) of BALB/c mic e  infected i.v. w i t h  6.3 xlO 

cfu. Points represent geometric mea n  + 2 se of 4 mice.
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Table 3.3a

Spleen w e i g h t s  of m i c e  imm u n i z e d  i.v. w i t h  S . t y p h i m u r i u m  

aro A  mutants.

M e a n  spleen w e i g h t  (grams)+2se after 

i m m u n i z a t i o n  with:

Days after

infection SL3261 HWSH aroA

1 - 0..17 + 0..08

4 0.,28 + 0.,01 0.,28 + 0..02

7 0..41 + 0..006 0..57 + 0..05

14 0..98 + 0..13 1..05 + 0..1

21 0..61 + 0..17 0..38 + 0..11

28 0..34 + 0..05 0..28 + 0,.05

35 0,.23 + 0..02 -

42 0,.26 + 0,.02 _
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Table 3.3b

Spleen w e i g h t s  of m i c e  i m m u nized i.v. w i t h  S . t y p h i m u r i u m  

p u r A  mutants.

Mean spleen w e i g h t  (grams)+2se after 

i m m u n i z a t i o n  with:

Days after

infection 1344 p u r A  HWSH pur A

1 0 . ,15 +
0 . ,02 0 . 17 +

0 . 02

4 0 . ,16 +
0 . ,02 0..14 +

0 . 01

7 0..23 +
0 . .02 0 . ,155 + 

i —■ 0 .03

14 0 . .29 +
0 . .025 0 . .15 +

0 . 01

21 0 . .38 +
0 . .05 0 . .25 +

0 . 025

28 0..28 + 0,.04 0..24 +
0 . 03

35 0 ,.22 +
0 , .03 0,.18 +

0 . 02

49 0 .22 + 0 .02 0 oCMft +
0 . 02
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Fig. 3.4b Growth and persistence of SL1344 p u r A  in livers 

(9) and spleens (A) of BALB/c mice infected i.v. with

1.6 x 10 cfu. Points represent g e o m e t r i c  m e a n  + 2 se of 4 

m i c e .
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p u r A  derivatives. The pur A  d e r i v a t i v e s  of HWSH a nd SL1344

g r e w  p o o r l y  in viv o  (fig 3.4). One h u n d r e d  BALB/c m i c e  w ere
6 6 in f e c t e d  i.v. w i t h  1.6 x 10 cfu SL1344 pur A  or 1.3 x 10

cfu H W S H  p u r A . V i a b l e  counts showed an initial d rop for both

strains of almo s t  2 logs over the first 24 hours, as o p p o s e d

to 1 log for the a r o A  mutants. A f t e r  this, b o t h  strains

e x h i b i t e d  a similar p a t t e r n  of p e r s i s t e n c e  a l t h o u g h  SL1344

p u r A , b u t  not HWSH p u r A , showed a small increase in viable

counts in livers and spleens over the first few days. Both

strains were then c l e a r e d  from livers and spleens b u t  at a

slower rate than the aroA derivatives. SL1344 p u r A  and HWSH

p u r A  induced m i n i m a l  changes in spleen w e i g h t  (Table 3.3).

aroA p u r A  double mutants. aroA p u r A  derivatives w e r e  less

able to survive in v ivo than e i t h e r  a r o A  or p u r A  mutants.
5One h u n d r e d  BALB/c m i c e  were infected i.v. w i t h  2 x 10 cfu

H W S H  a roA p u r A  (fig 3.5a). Viab l e  counts again s h o w e d  more

than 2 logs c l e a r a n c e  of the i n o c u l u m  over the first day.

B a c t e r i a l  counts c o n t i n u e d  to d e c l i n e  o ver the first seven

days of infection. F o l l o w i n g  this, levels of p e r s i s t e n c e  of 
2 3b e t w e e n  5 x 10 and 1 x 10 cfu p er o r gan w ere d e t e c t e d  for 

4 weeks, followed by a slow c l e a rance o ver the n e x t  6 weeks. 

A f t e r  the sixth w e e k  of infection, individual m i c e  had no 

d e t e c t a b l e  organisms in either Liver or spleen, b u t  neverA in 

b oth organs. Ten w e e k s  after infection, low numbers of 

b a c t e r i a  were still d e t e c t a b l e  in livers or spleens. At no
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stage in the i n f e c t i o n  was s p l e n o m e g a l y  de t e c t e d  (data not 

s h o w n ) .

g
T w e n t y  five m i c e  w e r e  infected i.v. w i t h  1x10 cfu SL3261 

pur A  (fig 3. 5b). There was again a decrease in viable

counts of 2 logs over the first 24 hours followed by low 

level persistence. The actual levels of p e r s i s t e n c e  were 

sl i g h t l y  high e r  than in the H W S H  aroA pur A  infection, but 

this m a y  be due to the larger infecting dose used.

HWS H  p urE One h u n d r e d  BALB/c m i c e  were injected i.v. w i t h  
23.3 x 10 cfu H WSH purE (fig. 3.6). Viable counts on day 1

s h owed an initial de c r e a s e  of a p p r o x i m a t e l y  1 log. The

b a c t e r i a  then g r e w  rapidly in livers and spleens u n til day

14 after which, in m o s t  cases, the counts declined. Ten

p e r c e n t  of the m i c e  infected die d  during the e x p e r i m e n t  and,

in m a n y  cases, large abscesses w e r e  ob s e r v e d  in livers and

spleens. These abscesses c o n t ained large numbers of

bacteria. One h u n d r e d  and n i n e t e e n  days after infection,

HWSH purE still p e r s i s t e d  in livers and spleens at around 
31 x 10 cfu. M i n i m a l  m e d i u m  p l ates s u p p l emented w i t h  liver 

or spleen h o m o g e n a t e  from u n i n f e c t e d  m i c e  s u p p o r t e d  growth 

of HWSH p u r E .
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Fig. 3.5a Growth and p e r s istence of HWSH aroA pur A  in 

livers (•) and spleens (A)  of BALB/c mic e  infected i.v. w i t h  

2 xlO^ cfu. Points represent geometric m e a n  + 2 se of 4

m i c e .
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Fig. 3.5b G r o w t h  and p e r s i s t e n c e  of SL3261 p u r A  in livers 

(®) and spleens (▲) of BALB/c m ice infected i.v. w i t h  xlO 

cfu. Points represent geometric mea n  + 2 se of 4 mice.
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Fig. 3.6 G r o w t h  and p e r s i s t e n c e  of HWSH purE in livers (O)
2and spleens (A) of B A L B / c  m ice infected i.v. w i t h  3.3 xlO 

cfu. Points r e p r e s e n t  geometric m e a n  + 2 se of 4 mice.
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4.0 VACCINATION WITH AUXOTROPHIC MUTANTS.

4.1 A b i l i t y  of a t t e n u a t e d  m u t a n t s  to induce p r o t e c t i v e  

i m m u n i t y  to i.v. c h a l l e n g e  in i.v. imm u n i s e d  BALB / c  mice.

The a b i l i t y  of the a r o A , pur A  and aroA p u r  A  mu t a n t s  to act

as live vac c i n e s  was assessed. Inbred m i c e  wer e  v a c c i n a t e d

i.v. or oral l y  and then c h a l l e n g e d  w ith a v i r u l e n t  strain by

the same route, e i t h e r  28, 70 or 91 days a f ter immunisation.

P r o t e c t i o n  was a s s e s s e d  in two ways. First, by d e t e r m i n i n g

the LD- of the v i r u l e n t  strain in i m m u n i s e d  and control 
d u

mice. Second, by c o m p a r i n g  the g r o w t h  o f  the challenge 

strain in livers and spleens of immunised and co n t r o l  mice.

4.1.1 E f f icacy of immu n i s a t i o n  w i t h  aro A  mutants.

4.1.1.1 Immunity to c h a l lenge w i t h  v i r u l e n t  parents.

HWSH a r o A  immunised: H W S H  challenge. M i c e  wer e  i m m u nized
5i.v. w i t h  8x10 cfu H W S H  aroA. L D en d e t e r m i n a t i o n s  at day 28-------  D U

(table 4.1) showed g o o d  protection. By d ay 70, the level of 

p r o t e c t i o n  had w a n e d  slightly but was still good. On day 70,
340 m i c e  were c h a l l e n g e d  i.v. w i t h  2x10 cfu HWSH (fig 4.1) 

In the control mice, this strain g r e w  rapidly, k i l l i n g  all 

m ice by day 5. In the immunized ,mice, day 1 counts of
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Table 4.1

E f f i c a c y  of i.v. i m m u n i s a t i o n  w i t h  8x10 cfu S . t y p h i m u r i u m  

H WSH a r o A  in p r o t e c t i n g  B A LB/c m i c e  a g a i n s t  i.v. c h a l l e n g e  

w i t h  S . t y p h i m u r i u m  HWSH.

I m m u n i s i n g  strain. Log LD^-q of HWSH at day

5

28 70

HWSH a roA 5.1 4.2

U n i m m u n i s e d <1 <1
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Figure 4.1 The ability of HWSH aroA to immunise BALB/c 

mice against its vir u l e n t  parent. Mice w e r e  immunised i.v 

wit h  HWSH aroA and c h a l lenged i.v. wit h  HWSH 70 days later. 

Counts are shown as geometric m e a n  + 2se in livers (•) and 

spleens (A) .
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H WSH w ere two logs lower t han in controls. The ch a l l e n g e

g r e w  r a p idly u n t i l  day 5. B e t w e e n  days 5 and 7, g r o w t h  w as

c o n t r o l l e d  in the m a j o r i t y  of m i c e  r e s u l t i n g  in a chronic
3 4c a r riage of levels b e t w e e n  10 and 10 in livers and

spleens. Five m i c e  w e r e  unab l e  to c o n trol the i n f e ction and

died be t w e e n  days 6 and 8. A l t h o u g h  after day 7 the m a j o r i t y
3 4of organs c a r r i e d  b e t w e e n  10 and 10 cfu, m a n y  livers (and

o c c a s i o n l y  spleens) had v e r y  h i g h  counts. These h i g h  counts

w ere always a s s o c i a t e d  w i t h  large ab s c e s s e s  which, if

d i s s e c t e d  o u t  a nd c o u nted separately, wer e  found to contain

almost all the b a c t e r i a  p r e s e n t  in the organ. The

surr o u n d i n g  tissue g e n e r a l l y  a p p eared healthy. Mice w i t h

these abscesses, even one w i t h  liver abs c e s s e s  w h i c h
10o c c u p i e d  two w h o l e  lobes a nd con t a i n e d  o ver 10 HWSH, 

a p p e a r e d  well. W h e n  these ab s c e s s e s  occured, m e a n  counts 

were high, a nd standard errors wer e  large.

SL3261 immunized: SL1344 challenge. Mice imm u n i z e d  i.v.
5w i t h  8x10 cfu of the a roA m u t a n t  SL3261 w e r e  h i g h l y  

p r o t e c t e d  a g a i n s t  SL1344 c h a l l e n g e  28 and 91 days later 

(table 4.2). W h e n  a small g r o u p  (9) of mice, i m m u n i s e d  w i t h
4SL3261 28 days earlier, was c h a l l e n g e d  i.v. w i t h  10 cfu

SL1344 this c h a l l e n g e  was r a p i d l y  e l i m i n a t e d  (fig 4.2). 

T w e n t y - f o u r  h o u r s  after challenge, no d e t e c t a b l e  SL1344 (<10 

cfu) were found in livers a nd only a few (10 cfu) in 

spleens. On day 4, m o r e  s e n s itive det e c t i o n  m e t h o d s  (5ml 

pou r  plates, ie 1/2 organ) show e d  very low nu m b e r s  in
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Table 4.2.

E f f i c a c y  of i.v. immun i s a t i o n w i t h  8 x l 0 5 SL3261 in

p r o t e c t i n g  B A LB/c m i c e  a g a i n s t  i.v. 

SL1344.

cha l l e n g e  S. t y p h i m u r i u m

I m m u nising strain. L D 50 S L 1344 at day

28 91

SL3261 6.4 5.8

U n i m m u n i s e d  <1 0.85
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D A Y S

Figure 4.2 The ability of SL3261 to immunise BALB/c m ice 

a g a inst its v i r u l e n t  parent. Mice were immunised i.v. w i t h  

SL3261 and c h a l lenged i.v. w i t h  ,SL1344 28 days later. Counts 

are shown as g e o metric mean + 2se in livers (•) and spleens 

(A )  .
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i m m u n i z e d  m i c e  w h e n  organs from control m i c e  con t a i n e d  
7a r o u n d  10 cfu. Al l  controls wer e  dead on or  by day 5. On 

day 7, 2/3 SL3261 immune m i c e  h ad no d e t e c t a b l e  SL1344 (<2

cfu) w h i l s t  the t h ird h ad a b s cesses in the liver and spleen
4and counts of 10 cfu.

4.1.1.2 C o m p a r i s o n  of the e f f i c a c y  of i m m u n i s a t i o n  w i t h  HWSH 

a r o A  and SL3261 a g ainst c h a l l e n g e  w ith S. t y p h i m u r i u m  C5.

The v a c c i n a t i o n  results o b t a i n e d  when c h a l l e n g i n g  w i t h  the 

p a r e n t  strains suggest that SL3261 is a b e t t e r  v a c c i n e  than 

HWSH a r o A . T h ese results are not d i r e c t l y  com p a r a b l e  since 

H W S H  appears to be m o r e  v i r u l e n t  than SL1344 w h e n  their 

growth rates in vivo and ora l  LD^^'s in B A LB/c m i c e  are 

compared. In order to compare SL3261 and H W S H  a r o A  directly,
g

two groups of mic e  w e r e  immunized i.v. w i t h  1 x 10 and 2 x
g

10 cfu r e s p e c t i v l y  and c h a l l e n g e d  i.v. w i t h  S . t y p h i m u r i u m  

C5 28 and 70 days later.

D ay 28 challenge. The LD^-q values of the d a y  28 c h a l lenge 

(table 4.3) showed that b o t h  SL3261 and H W S H  aro A  imm u n i s e d  

m i c e  were h i g h l y  protected. However, w h e n  the g r o w t h  of the 

i.v. cha l l e n g e  was followed (fig 4.3), some d i f f e r e n c e s  were 

ev i d e n t  in the ability of SL3261 and HWS H  a r o A  i m m u nized 

m i c e  to c o ntrol the g r o w t h  o f  the C5 challenge. Da y  1 

counts in the control m i c e  showed levels of C5 about 1/2 log 

lower than the challenge dose. The c h a l l e n g e  g r e w  ra p i d l y  

ki l l i n g  all rem a i n i n g  m i c e  by day 7. In b o t h  imm u n i s e d
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Table 4.3.

C o m p a r i s o n  of the 

a r o A  or SL3261 

c h a l l e n g e  w i t h  S ,

I m m u n i s i n g  strain.

HWSH aro A

SL3261

U n i m m u n i s e d

e f f i c a c y  of i.v. i m m u n i s a t i o n  w i t h  HWSH 

in p r o t e c t i n g  BALB/c m i c e  a g a i n s t  i.v. 

t y p h i m u r i u m  C 5 .

LD(-q of C5 at day

28 70

6 . 2

6 . 6

<1

3.3

5.5

<1
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Fig. 4.3/4.4 C o m p a r i s o n  of the e f f i c a c y  of  i.v. 

i m m u n i s a t i o n  w i t h  H W S H  aroA and SL3261 in p r o t e c t i n g  B A L B / c  

m i c e  ag a i n s t  i.v. cha l l e n g e  w i t h  S. t y p h i m u r i u m  C5.

Poin t s  r e p r e s e n t  g e o m e t r i c  m e a n  + 2se cfu C5 in livers (•) 

an d  spleens ( a .) of  m i c e  c h a l l e n g e d  28 or 70 days after  

i m m u n i s a t i o n .
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F ig .  4 .3 Day 28 c h a lle n g e



F ig .  4 .4  Day 70 c h a lle n g e

C HWSH aroA  immunized
1+ 4+ 2+

J_____ I------ 1--------L
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groups red u c t i o n  of the C5 cha l l e n g e  over the first 24 hours

was g r e a t e r  than in controls. SL3261 immune m ice w ere b e t t e r

able to clear the cha l l e n g e  than HWSH aroA immune mice. No

C5 (<10 cfu) was d e t e c t a b l e  in the m i c e  sampled on day 3. On

d a y  5, some m i c e  w e r e  clear in b o t h  the SL3261 and H W S H  aroA
4 6groups, w h i l s t  others c a r ried b e t w e e n  10 and 10 cfu. Some 

of the HWSH im m u n i s e d  m i c e  looked sick. On day 7, carriage
g

levels ranged b e t w e e n  <10 and 10 cfu w i t h  lower levels in

SL3 261 immune mice. Five of the HWS H  aro A  immune m i c e  died

on day 7. On and after day 7, w h e n  h i g h  numbers of C5 were

found in i n d i vidual organs, this was always a s s o c i a t e d  with

ab s c e s s e s  similar to those seen w i t h  HWSH challenge.

A b s c e s s e s  were m o r e  common in HWSH aroA i m m unised m i c e  than

in SL3261 immunised. In organs that did not d e v e l o p

abscesses, the C5 c h a l l e n g e  was c o n t r o l l e d  b u t  n ot cleared.

Instead, a p e r s i s t e n t  infection followed, w i t h  c a r riage
2 3levels be t w e e n  10 and 10 cfu. O c c a s i o n a l y  a m o u s e  was

clear of challenge (< 10 cfu detectable); here it is mos t  

likely that the c h a l l e n g e  was c o m p l e t e l y  i nactivated d u r i n g  

the first day of the infection, r a t h e r  than later w h e n  a 

chronic i n f e ction was underway.

D a y  70 challenge. M i c e  w e r e  c h a l l e n g e d  i.v. w i t h  C5, 70

days after immunisation. The IiDcn d e t e r m i n a t i o n s  in b oth
d u

v a c c i n a t e d  groups show e d  g o o d  levels of p r o t e c t i o n  (table

4.3), b ut it app e a r e d  that SL3261 i m m u n isation was more 

e f f e c t i v e  than HWS H  aroA immunisation. This w as con f i r m e d
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w h e n  the g r o w t h  of an i .v . c h a llenge of 10 cfu C5 was

fo l l o w e d  (fig 4.4). There was again an increased clearence

of the c h a l l e n g e  ove r  the first 24 hours, a l t h o u g h  it was

not as g r e a t  as at day 28. The sur v i v i n g  b a c t e r i a  g r e w

r a p i d l y  in b oth SL3 261 and H W S H  aroA i m m u n i s e d  mice. The

m a j o r i t y  of m i c e  w e r e  able to control the g r o w t h  of the

challenge. However, six HWSH aroA immune m i c e  die d  be t w e e n

days 6 and 8, a nd two SL3261 m i c e  d ied on day 7. On day 7,

m i c e  w e r e  found to have v a r y i n g  degrees of C5 carriage,

r a n g i n g  from m o r i b o n d  m i c e  w i t h  10 -10 cfu, to m i c e  w i t h  
2o n l y  10 cfu. On days 14 and 21 m o s t  m ice in b o t h  groups had

3a c h r o n i c  infection p e r s i s t i n g  at around 10 cfu in livers 

and spleens. Again, o c c a s i o n a l  abscesses i n c r e a s e d  m e a n 

counts and gave large standard errors. In the SL3261 group 

some m i c e  wer e  found to have clear (.<10 cfu) organs. This is 

again p r o b a b l y  due to clearance in the early stage after the 

i n f e c t i o n  r a t h e r  than c l e arance of a chronic infection. 

Again, abs c e s s e s  w e r e  m o r e  common in the H WSH a r o A  immune 

g r oup than the SL3261 immune group.

4.1.2 E f f i c a c y  of immu n i s a t i o n  w i t h  p u r A  mutants.

4.1.2.1 I m m unity to c h a llenge w i t h  v i r u l e n t  parents.

H WSH p u r A  immunised: HWS H  challenge. No data is available 

to show w h e t h e r  H W S H  p u r A  immunises e f f e c t i v e l y  ag a i n s t  

c h a l l e n g e  w i t h  v i r u l e n t  HWSH. Initially, a H WSH p u r A  m u t a n t  

was i s o lated and c h a r a c t e r i s e d  in g r eat detail. It was

3
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a ttenuated, an d  c a p a b l e  of c a u sing limited inf e c t i o n  in 

livers and spleens of BALB/c mice, w h i c h  p e r s i s t e d  for 28 

days. It was found to be an inef f e c t i v e  vaccine. After 

SL1344 p u r A  was c o n s t r u c t e d  and characterised, it was 

a p p a r e n t  that the b e h a v i o u r  of this strain w as very 

different. To e n s u r e  that this was a true o b s e r v a t i o n  

attempts, were m a d e  to restore v i r u l e n c e  to H WSH pur A  by 

c o m p l e m e n t i n g  the p u r A  lesion. This was done b y  t r a n s d u c i n g  

HWSH p u r A  w i t h  a P22 lysate grown on HWSH, and s e l e cting 

p u r i n e  inde p e n d e n t  isolates on m i n i m a l  medium. Several 

isolates were obtained, but none of these showed m o use 

virulence. It was a s s u m e d  that the HWSH p u r A  isolate w as in 

fact LT2 p u r A . A  n e w  HWSH purA m u t a n t  was constructed. To 

ensu r e  that it was a m u t a n t  of HWSH, a n a l i d i x i c  acid 

r e s i s t a n t  m u t a n t  of HWSH was use d  as the parent. HWSH was 

m a d e  res i s t a n t  to nal i d i x i c  acid by p l a t i n g  1 0 ^  cfu ont o  L 

agar c o n t a i n i n g  50ug/ml n a l idixic acid sel e c t i n g  a 

s p o n t a n e o u s l y  r e s i s t a n t  isolate. This isolate showed the 

same v i r u l e n c e  as H WSH and was u s e d  as the p a r e n t  of the 

HWSH p u r A  m u t a n t  d e s c r i b e d  -in this thesis.

SL1344 p u r A  immunised: SL1344 challenge. T w e n t y  mice
g

i m m u n i s e d  i.v. w i t h  1.5x10 cfu SL1344 p u r A  w e r e  c h a l l e n g e d  

i.v. w i t h  SL1344 28 days latere The LD^-q v a l u e  of 4.5 (as 

o p p o s e d  to <1 in controls) showed that the m i c e  were 

p r o t e c t e d  although the level of p r o t e c t i o n  was not as h i g h
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as in m i c e  i m m u n i s e d  w i t h  a similar dose of SL3261 (see 

table 4.2).

4.1.2.2 C o m p a r i s o n  of the e f f i c a c y  of  i m munisation w i t h  HWSH 

p u r A  and SL1344 p u r A  against S. t y p h i m u r i u m  C5 challenge. 

F i f t y  m i c e  w e r e  i m m u n i s e d  i.v. w i t h  either 1.3x10^ cfu HWSH
g

p u r A  or 1.6x10 cfu SL1344 purA. T h e y  wer e  c h a l l e n g e d  i.v. 

w i t h  C5 e i ther 28 or 70 days later, and the L D j-q c a l c u l a t e d  

(Table 4.4). At day 28, SL1344 p u r A  immune m i c e  showed good 

levels of p r o t e c t i o n  a g a inst C5 challenge, as the y  ha d  done 

a g a i n s t  SL1344 challenge. Again, this was less than the 

level of p r o t e c t i o n  induced by  SL3261 immunisation. The mice 

i m m u n i s e d  w i t h  H W S H  p u r A  were p o o r l y  p r o t e c t e d  a g a i n s t  C5 

challenge. W h e n  m i c e  w e r e  c h a l l e n g e d  at d ay 70, the 

p r o t e c t i o n  induced by SL1344 p u r A  h a d  w a n e d  c o n s i d e r a b l y  and 

HWSH p u r A  i m m u n i s e d  m i c e  were still not protected.
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Table 4.4

C o m p a r i s o n  of the e f f i c a c y  of i.v. i m m u n isation w i t h  

p u r A  or  SL1344 in p r o t e c t i n g  BALB/c mic e  a g a i n s t  

c h a l l e n g e  w i t h  S . t y p h i m u r i u m  C5.

I m m u n i s i n g  strain. L D 50 at

28 70

HV7SH p ur A 2 1.5 

SL1344 p u r A  5 2.4 

U n i m m u n i s e d  <1 . <1

HWSH

i.v.
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4.1.3 Efficacy of immunisation with aroA purA mutants.

4.1.3.1 E f f i c a c y  of i m m u n i s a t i o n  w i t h  HWSH a r o A  p u r A  a g a inst 

HWS H  challenge.
5T w e n t y  m i c e  w e r e  i m m u n i s e d  i .v . w i t h  3x10 cfu H W S H  aroA

p u r A . T h e y  w e r e  c h a l l e n g e d  i.v. w i t h  HWSH 28 days l a ter and

the c a l c u l a t e d  to be log 1.3. This s h o w e d  no p r o t e c t i o n

a g a i n s t  the c h a l l e n g e  w h e n  co m p a r e d  with t h e  L D j-q of <1 in

controls. S e v e n t y  days after i m m u n isation, m i c e  were
3c h a l l e n g e d  i .v . w i t h  1.4x10 cfu HWSH and t he g r o w t h  of the 

c h a l l e n g e  followed (fig 4.5). The growth o f  the c h a llenge 

was i d e n tical in b o t h  i m m u n i s e d  and control mice.

4.1.3.2 Ef f i c a c y  of i m m u n i s a t i o n  w i t h  S L 3 2 6 1  p u r A  against  

cha l l e n g e  wit h  S. t y p h i m u r i u m  C 5 .

Twen t y  mice, i m m u n i s e d  i.v. w i t h  SL3261 p u r A  w e r e  c h a l l e n g e d  

w i t h  C5 28 days later. T he L D ^  of 2.8 in i m m u n i s e d  mice, 

compa r e d  w i t h  <1 in controls, showed only m i n i m a l  levels of 

p r o t e c t i o n .

4.2 A b i l i t y  of a u x o t r o p h i c  d e r i v a t i v e s  of S L 1344 g i v e n  i.v. 

to p r o t e c t  s a l m onella r e s i s t a n t  A / J  m i c e  a g a i n s t  i.v. 

challenge w ith SL1344.

Groups of 25 A / J  m i c e  w e r e  immunised i.v. w i t h  SL3261 

(8 x 1 0 * 5 cfu), SL1344 p u r A  (1.8 x 10^ cfu) or S L 3 2 6 1  p u r A
5(7.2 x 10 cfu). Seventy days after i m m u n isation, t h e y  were
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of SL1344 inc h a l l e n g e d  i.v. w i t h  SL1344. The L D j-q 

u n i m m u n i s e d  mic e  was 3.8 w h i l s t  in all v a c c i n a t e d  groups the 

LD,-q was 6.7.

4.3 The a b i lity of auxo t r o p h i c  m u t a n t s  given o r a l l y  to

p r o t e c t  B A LB/c m i c e  a g a i n s t  oral challenge.
9 10Mice w e r e  infected oral l y  w i t h  10 -10 of the a u x o trophic 

m u t a n t s  and then c h a l l e n g e d  o r a l l y  w i t h  the p a r ental 

v i r u l e n t  strains 4 w e eks later (Table 4.5). B o t h  aroA 

strains w ere e x c e llent vacci n e s  giving c h a llenge L D ^  values 

5-10,000 fold higher than controls. Unlike the aroA 

d e r i vatives n e i ther the pur A  nor the a roA pur A  derivatives 

induced any p r o t e c t i o n  o r a l l y  ag a i n s t  an oral challenge.
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F i gure 4.5 The a b i lity of HWSH aroA p u r A  to immunise 

BALB/c mice against its v i r u l e n t  parent. Mice w e r e  immunised 

i.v. w i t h  HWSH aroA p u A , then c h a l lenged i.v. w i t h  HWSH 70 

days later. Counts are shown as geometric m e a n  + 2se per 

organ in livers (#) and spleens (▲).



Table 4.5

The a b i l i t y  of a u x o t r o p h i c  S. t y p h i m u r i u m  strains given 

o r a l l y  to p r o t e c t  B A L B / c  mic e  a g a inst an oral c h a l l e n g e  w i t h  

v i r u l e n t  S . t y p h i m u r i u m  2 8 days after immunisation.

C h a l l e n g e  (Log LD,_q values oral)

I m m u n i z i n g  Strain HWSH

HWSH a roA 8.82

H WSH p u r A a r o A <5.22
U n i m m u n i z e d 5.32

SL1344

SL3261 10.3

SL1344 p u r A 6.68

SL3261 pur A 5.58

U n i m m u n i z e d 6.2
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5.0 ANALYSIS OF SERUM IqG AND IgM LEVELS FOLLOWING I.V.
I M M U N I S A T I O N  U S I N G  ELISA.

5.1 A n t i b o d y  levels after i m m u n i s a t i o n  w i t h  HWSH d e r i v e d  

s t r a i n s .

The IgG res p o n s e s  in m i c e  i m m u n i s e d  w i t h  the HWSH d e r i v e d  

m u t a n t s  are shown in Fig 5.1. I m m u n i s a t i o n  w i t h  H W S H  aroA 

induced an IgG r e s ponse w h i c h  was g r e ater and m o r e  r a pid 

than that f o l lowing i m m u n i s a t i o n  w i t h  either H W S H  p ur A  or 

HWSH aroA p u r A . Levels of IgG i n c reased duri n g  the first 35 

days after immunisation. U n fortunately, no sera w e r e  taken 

after day 35 (when the mic e  c l e a r e d  the infection: F ig 3.3). 

Immun i s a t i o n  w i t h  HWSH pur A and H WSH aroA pur A  induced 

lower, b ut still sign i f i c a n t  levels of IgG.

The IgM levels are shown in Fig 5.2. Unfortunately, the 

assay system does not allow q u a n t i t a t i v e  c o m p a r i s o n  of IgG 

wit h  IgM. The levels of IgM in H W S H  aroA immune sera 

increased in a similar w a y  to IgG levels. As w i t h  the IgG 

response, the IgM r e s ponse in the HWS H  pur A  and H W S H  aroA 

pur A  sera was m u c h  smaller than that seen in H WSH aro A  

immunised mice.
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Fig. 5.1 Salmonella specific IgG levels in sera from m ice 

immunised i.v. wit h  HWS H  d e r ived mutants. Levels are 

e x p ressed in arbitrary units w i t h  each p o i n t  r e p r e senting 

the geometric m e a n  + 2se of 4 mice.
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Fig. 5.2 Salmonella specific TgM levels in sera from mice 

immunised i.v. w i t h  HWSH derived mutants. Levels are 

exp r e s s e d  in arbitrary units w i t h  each p o i n t  repre s e n t i n g  

the geometric m e a n  + 2se of 4 mice.
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5.2 Antibody levels following immunisation with SL1344
d e r i v e d  strains.

Sera were a v a i l a b l e  only from m i c e  im m u n i s e d  w ith SL3261 and 

SL1344 p u r A . IgG levels in the SL3261 immune sera (fig 5.3) 

w e r e  similar to those of the c o r r e s p o n d i n g  H WSH aroA sera. 

Sera were taken not o n l y  t h r o u g h o u t  the SL3261 infection, 

b ut for several w e eks afterwards. They showed that IgG 

levels rose r a p i d l y  and remai n e d  at these h i g h  levels over 

the 12 weeks tha t  sera wer e  taken. The IgM levels (fig 5.4) 

also rose r a p i d l y  but were seen to be d e c l i n i n g  slowly after 

the sixth week.

Salm o n e l l a  specific IgG and IgM in the SL1344 pur A sera 

i n c r eased to similar levels to that in SL3261 sera. IgG 

levels did not m a i n t a i n  the h i g h  levels as long as in the 

SL3261 sera as they wer e  seen to d e c line rapidly b e tween 

w e e k s  5 and 7. IgM levels b e gan to decline after wee k  4.
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F i g . 5.3 Salmonella specific 'IgG levels in sera from mice 

immunised i.v. with SL1344 derived mutants. Levels are 

exp r e s s e d  in arb i t r a r y  units w i t h  each p o int r e presenting  

the geometric m e a n  + 2se of 4 mice.
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F i g . 5.4 Salmonella specific 'IgM levels in sera from m ice 

immunised i.v. with SL1344 derived mutants. Levels are 

e x p ressed in arbitrary units with each p o i n t  representing 

the geometric mean + 2se of 4 mice.
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6.0 CELL MEDIATED IMMUNE RESPONSES TO VACCINATION.

6.1 M a c r o p h a g e  activation.

M a c r o p h a g e  a c t i v a t i o n  was as s e s s e d  in viv o  by f o l lowing the 

a b i l i t y  of the m i c e  i m m u nised i.v. w i t h  H WSH aroA or HWSH 

p u r A  to c o n trol a s u p e r i n f e c t i n g  h o m o l o g o u s  ( H W S H ) , or 

h e t e r o l o g o u s  (L. m o n o c y t o g e n e s ) , c h a l lenge in the e a rly 

stages of the i m m u n i s i n g  infection. A c t i v a t i o n  was also 

a s s e s s e d  iu v i tro by m e a s u r i n g  I-A expression.

6.1.1 R e s i s t a n c e  to early h o m o l o g o u s  and h e t e r o l o g o u s  

c h a l l e n g e .

6.1.1.1 C h a r a c t e r i s a t i o n  of L. m o n o c y t o g e n e s  LUGI23.

Groups of five mic e  w ere infected i.v. w i t h  10-fold 

dilutions of L. m o n o c y t o g e n e s  LUGI 23. The LD,_q was 

c a l c u l a t e d  at 28 days to be L o g ^ Q 3.4. To det e r m i n e  the 

ideal challenge dose, groups of 15 m ice w e r e  i n f ected i.v. 

wit h  a p p r o x i m a t l y  10~*, 1 0 * 4 or 10^ cfu. The g r o w t h  of the

listeria was followed in livers and spleens over the next 4
5days. The 10 cfu dose gre w  r a p idly k i l l i n g  all m i c e  b y  day

4. The 10 4 dose and, even m o r e  so, the 10^ dos e  p r o d u c e d  

irregular counts, w i t h  some m i c e  c o n t r o l l i n g  the infection 

and other unable to do so. Therefore, 10 cfu dose was taken 

for all subsequent cha l l e n g e  experiments.
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6.1.1.2 A b i l i t y  to co n t r o l  e a rly salmonella challenge.
• 5 RM ice i m m u nised w i t h  5.7 5x10 cfu HWS H  aro A  and 3.3x10 cfu

4HWS H  p u r A , w ere c h a l l e n g e d  i.v. w i t h  a p p r o x i m a t e l y  5.5x10 

H W S H  eith e r  7 or 14 days after immunisation.

D a y  7 challenge. In the control group, the c h a l l e n g e  g r e w  

rapidly, r e a c h i n g  lethal levels by  day 4 (fig 6.1). In the 

HWSH p u r A  group, the counts on day 1 showed a sli g h t l y  lower 

levels of HWS H  than in the controls, however, the challenge 

g rew as. rapidly as in controls, again reach i n g  lethal levels 

by d a y  4. W h e n  the a roA immune g r o u p  w e r e  challenged, viable 

counts on day one showed levels of HWSH 2 logs lower t han in 

controls. The s u r v iving b a c teria g r e w  r a pidly in the livers 

and spleens, but at a slightly slower rate than controls. By 

d ay 7, there was p r o u n o u n c e d  splenomegaly, and the mice 

looked ill. The r e m a i n i n g  4 m i c e  died on days 9 (2 mice) and 

11 (2 mice) . On a u t o p s y  they were found to have gross 

s p l e n omegaly and often, large h e p atic and splenic abscesses. 

No counts were taken.

D ay 14 challenge. At day 14, only HWS H  aroA i m m u n i s e d  m i c e  

wer e  cha l l e n g e d  (fig 6.2). The challenge g r e w  r a p i d l y  in 

controls, k i l l i n g  all m i c e  by day 4. In the aroA group, the 

cha l l e n g e  was re d u c e d  b y  3 logs d u r i n g  the first 24 hours. 

The surviving b a c t e r i a  grew over the next two days b ut at 

about one half of the rate of the growth of the c h a l l e n g e  in
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F i g . 6.1/ 6.2 Com p a r i s o n  of the ability of HWSH aroA and

HWSH pur A  to induce early immunity to HWSH challenge. Mice
5were immunised l.v. wit h  5.75 x 10 cfu HWSH aroA or 3.3 x 

105 HWSH p u r A  and chal l e n g e d  i.v. w i t h  HWSH 7 or 14 days 

later. Points represent geometric m e a n  cfu in livers (©) and 

spleens (A) . Standard errors were less than 10% of the mean 

and are not shown.

Fig. 6.1 Day 7 challenge.

Fig. 6.2 Day 14 challenge.



a) controls b) HWSH aroA  immune
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u n i m m u n i s e d  mice. B e t w e e n  days 3 and 4, g r o w t h  of HWSH was 

controlled. No mic e  died.

6.1.1.3 A b i l i t y  of m i c e  to c o n trol listeria challenge.

Grou p s  of m i c e  imm u n i s e d  w ith HWSH aroA or p u r A  as d e s c r i b e d
5above (6.1.2.2), w e r e  c h a l l e n g e d  i.v. w i t h  10 listeria. The 

g r o w t h  of the listeria cha l l e n g e  was followed in livers and 

s p l e e n s .

Da y  7 challenge. G r o w t h  of listeria was similar in bot h

the c o n trol and the pur A immunised g r oups (fig 6.3). The
8 5cha l l e n g e  gre w  rapidly to reach levels b e t w e e n  10 and 

9 510 * m  livers and spleens by  day 3. The H W S H  aroA immune

g r oup were capable of c o n t r o l l i n g  the liste r i a  challenge.

Viable counts on day 1 showed that, -where as in the p u r A  and

co n t r o l  groups, the c h a l l e n g e  of 10 cfu had g r o w n  to
7b e t w e e n  10 and 10 cfu in livers and spleens, in the aroA 

group, carriage of listeria w as at about 10 in spleens and 

10^ in livers. Then, rather than growing, the levels of 

listeria d e c r e a s e d  by 1/2 Log over the n e x t  2 days.

D ay 14 challenge. W h e n  m i c e  w ere c h a l l e n g e d  14 days after 

i m m u n i s a t i o n  (fig 6.4), g r o w t h  of listeria in the HWSH purA  

group was still similar to t hat in the controls. The HWSH 

aroA g r o u p  were still c a p able of c o n t r o l l i n g  the challenge. 

The livers a p p eared b e t t e r  able to eliminate the challenge 

b e t w e e n  days 1 and 3.
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Fig. 6.3/6.4 C o m p a r i s o n  of the ab i l i t y  of HWSH aroA and

HWSH pur A  to induce early immunity to listeria challenge.
5Mice were immunised i .v . w i t h  5.75 x 10 HWSH aroA or 3.3 x

510 HWSH p u r A  and c h a l l e n g e d  i.v. w i t h  L. monoc y t o g e n e s  7 or 

14 days later. Points represent geo m e t r i c  m e a n  in livers (©) 

and spleens (a ) . Standard errors were less than 105 of the 

m e a n  and are not shown.

Fig. 6.3 Day 7 challenge.

Fig. 6.4 Day 14 challenge.
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6 . 1 . 1 . 4  The e f f e c t  o f  l e v e l s  o f  c a r r i a g e  o f  t h e  in u n u n is in g  

s t r a i n  on im m unity  t o  l i s t e r i a .

The expe r i m e n t s  d e s c r i b e d  above can be c r i t i c i s e d  on the 

g r o unds that, al t h o u g h  the same i m m u nising dose of HWSH a roA 

and p u r A  was used, the r e s u l t i n g  levels of c a r r i a g e  in liver 

and spleens w o u l d  be different. A t t e m p t s  were mad e  to 

i m m unise m i c e  w i t h  doses that w o u l d  r e s u l t  in similar 

c a r riage levels.

4 6M i c e  were i m m u n i s e d  w i t h  7x10 ' cfu H WSH a r o A  and 9x10 cfu 

H WSH pur A . Mic e  w e r e  again c h a l l e n g e d  7 and 14 days post 

immunisation. The car r i a g e  levels of the immunising 

salm o n e l l a  wer e  d e t e r m i n e d  by v i a b l e  counts on the day of 

challenge. U n fortunately, the doses chos e n  resulted in 

ca r r i a g e  of H W S H  p u r A  h i g h e r  than that of H W S H  a r o A .

D ay 7 challenge. V i a b l e  counts on day 7 showed that 

ca r r i a g e  of H W S H  pur A  was at a b out 10^ cfu in livers and 

spleens, w h ile HWSH a r o A  was at 10^*^ in livers and 10^*^ in 

spleens. W h e n  t h eir a b i l i t y  to c o n trol the listeria 

challenge was com p a r e d  (fig 6.5), it a p p e a r e d  that the p ur A 

immune group wer e  b e t t e r  able to control the challenge. 

V i a b l e  counts on day 1 showed that b oth groups were b e t t e r  

able than co n t r o l  to e l i m i n a t e  the cha l l e n g e  over the first 

24 hours. In the aroA group, the cha l l e n g e  then g rew between 

days 1 and 2 at a r a t e  similar to controls, b ut was 

c o n t r o l l e d  b e t w e e n  days 2 and 3. In the livers of the pur A
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g r o u p  the ch a l l e n g e  was slowly e l i m i n a t e d  b e t ween days 1 and 

3. In the spleens, however, the challenge g r e w  slightly 

b e t w e e n  days 1 and 2 but then was controlled. E l i m i nation 

had started by day 3.

Day 14 challenge. On day 14 the d i f f e r e n c e s  in levels of 

HWSH a roA and pur A  were m u c h  g r e a t e r  than at day 7. HWSH 

aroA was p r e s e n t  at levels lower than HWS H  p u r A  by 1.5 logs 

in livers and 1.25 logs in spleens. D e s pite these 

differences, both groups showed similar abilities to control 

the listeria c h a l lenge (Fig 6.6). Bot h  groups e l i m i n a t e d  a 

large p r o p o r t i o n  of the c h a l lenge over the first 24 hours. 

Livers were bett e r  able to do this than spleens. In the 

spleens of both groups, the cha l l e n g e  g r e w  slightly between 

days 1 and 2, was controlled, and e l i m i n a t i o n  began between 

days 2 and 3. In the livers the trend was towards slow 

e l i m i n a t i o n  of the challenge. The counts were, however, 

h i g h l y  variable, w i t h  some m ice in each group able to 

control and eliminate the c h a l lenge and o t hers u n a b l e  to do 

so; the large error bars on some p o i n t s  shown in fig 6.6 

r e f l e c t  this.
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Fig. 6.5/6.6 C o m p a r i s o n  of the a b i l i t y  of HWSH a r o A  and

HWSH p u r  A t o  in d u c e  e a r l y  im m unity  t o  l i s t e r i a  c h a l l e n g e .
4 6M ice w e r e  immunised l.v. w i t h  7 x 10 HWSH aro A  or 9 x 10 

HWSH p u r A  and c h a l l e n g e d  i.v. w i t h  L. m o n o c y t o g e n e s  7 or 14 

days later. Points rep r e s e n t  g e o m e t r i c  m e a n  cfu in livers 

(O) and spleens (a ) . Standard errors w ere less than 10% of 

the m e a n  unless shown. Error bars rep r e s e n t  2se.

Fig. 6.5 Day 7 challenge.

Fig. 6.6 D a y  14 challenge.
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6.1.2 In vitro measurement of macrophage activation.

The d i f f e r e n c e s  seen in n o n - s p e c i f i c  immunity to listeria 

suggest that p a r t  of the i n a bility of HWSH pur A  to v a c c i n a t e  

is b e c a u s e  they are less able to activate m a c r o phages. To 

c o n f i r m  this, in v i t r o  me t h o d s  were use d  to m e a sure  

m a c r o p h a g e  activation. To do this m a c r o p h a g e s  w e r e  stained 

for e x p r e s s i o n  of la u s i n g  b i o t i n a t e d  specific m o n o c l o n a l  

a ntibodies and FITC avidin conjugates. First a t t e m p t s  were 

mad e  by  i m m u nising m i c e  i.p. and m e a s u r i n g  la e x p r e s s i o n  by 

the p e r i t o n e a l  exudate cells u s ing a fluorescence a c t i v a t e d  

cell sorter. Unfortunately, the results w ere c l o u d e d  by  the 

I-A po s i t i v e  slg p o s i t i v e  B - cell p o p u l a t i o n  (Data not 

s h o w n ) . To overcome this problem, m a c r o p h a g e s  w e r e  enriched 

from w h ole spleen cell by adherence .to glass or plastic.

Spleen cells w e r e  p o o l e d  from t h ree m i c e  immunised 7 days 

e a r lier w i t h  either 1x10^ cfu HWSH a r o A , 1x10^ cfu H WSH p urA 

or three u n i m m u n i s e d  controls. The cells were sus p e n d e d  in
•7m e d i u m  at 2x10 /ml and 0.5 ml of this suspension was added 

to eac h  well of a c h a m b e r  slide. A f t e r  inc u b a t i o n  for 4 

hours at 37°C, n o n - a d h e r e n t  cells w ere removed b y  w a s h i n g  

w i t h  PBS. The a d h e r e n t  cells were stained as d e s c r i b e d  in 

M a t e r i a l s  and Methods. The numbers of stained cells were 

c o u nted u s i n g  a f l u o rescence m i c r o s c o p e  and are s u m m arised  

in Table 6.1.
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Two cell m o r p h o l o g i e s  c o uld be seen: smaller r o u n d e d  cells 

and, larger cells w i t h  an "activated" m o r p h ology. I-A 

a n t i g e n s  were e x p r e s s e d  by b o t h  cell types. Cells w i t h  this 

"activated" m o r p h o l o g y  m a d e  up 65% of the a d h e r e n t  cells 

fro m  the aroA m i c e  b ut were r a r e l y  p r e s e n t  in co n t r o l  and 

p u r A  groups. Six p e r c e n t  of the ad h e r e n t  cells from normal 

m i c e  exp r e s s e d  I-A and, 6.6% p o s s e s s e d  surface 

immunoglobulin. M u c h  g r eater levels of I-A e x p r e s s i o n  were  

seen in a d h erent cells from the aroA immunised mice. Here, 

80% of cells e x p r e s s e d  I-A and, 21% showed w e a k  fluorescence 

w h e n  stained for surface immunoglobulin.

To c h e c k  f o r  t h e  s p e c i f i c i t y  o f  s t a i n i n g ,  c e l l s  from ea ch  

g ro u p  w ere  a l s o  s t a i n e d  w i t h  a m o n o c lo n a l  a n t ib o d y  r a i s e d  

a g a i n s t  I-A*5 o r  w i t h  F I T C -a v id in  a l o n e  . In  e a c h  c a s e ,  t e n  

f i e l d s  (1 0 0 -2 0 0  c e l l s )  w ere  e x a m in e d ,  and no f l u o r e s c i n g  

c e l l s  w ere  s e e n .

The results show that, at the doses given, i.v. i m m u n isation 

w i t h  H WSH aroA a c t i v a t e d  macrophages, as judged by  cell 

m o r p h o l o g y  and I-A expression, m o r e  e f f e c t i v e l y  than HWSH 

pur A .
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Table 6.1

In v i t r o  m e a s u r e m e n t  of m a c r o p h a g e  activation.
*?

E x p r e s s i o n  of la and surface i m m u n o g l o b u l i n  by  adherent  

spleen cells.

Cell type An t i g e n N° cells N° activated N° +ve 

c o u nted m o r p h o l o g y

Controls I-Ad 121

slg 121

HWSH I-Ad 140

aroA slg 100

HWSH <iH 116

p u r A slg 164

10 (8. 25) 7 (5.8)

8 (6. 6) 8 (6.6)

92 (65 .7) 111 (79)

65 (65 ) 21 (21)

2 (1. 7) 0 (0)

4 (2. 4) 73 (44)
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6.2 T-cell mediated immune responses following
vaccination.

Groups of three m i c e  w e r e  i m m unised s.c. w i t h  t e n -fold

d i l u t i o n s  o f  HWSH aroA o r  HWSH pur A. Ten d a y s  l a t e r  t h e

dr a i n i n g  lymph nodes wer e  removed and single cell

s u s p e n s i o n s  p r e p a r e d  .as  d e s c r i b e d  in  M a t e r i a l  and M eth o d s .

Cells w e r e  r e s t i m u l a t e d  in v i t r o  w i t h  ten - f o l d  d i l u t i o n s  of

H eat K i l l e d  HWSH (same p r e p a r a t i o n  a s  u s e d  i n  ELISA) f o r
3

fo u r  d a y s  and p u l s e d  o v e r n i g h t  w i t h  H - t h y m id in e .  D o se s  o f  
fi 710 HWS H  a roA and 10 HWSH p u r A  wer e  r e q u i r e d  to prime 

T-cells. W h e n  the dose r e s ponse curves of cells from mice 

immunised with 10 b a c t e r i a  are exp r e s s e d  g r a p h i c a l l y  (Fig 

6.7) it appears that HWSH aro A  i m m u n isation p r i m e d  between 

ten and t h i r t y  times m o r e  salmonella specific cells than 

HWSH p u r A  immunisation.
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Fig. 6.7 Pr o l i f e r a t i o n  of lymph node cells of mice

imm u n i s e d  s.c. with 10 c fa  HWSH a r o A  or HWSH pur A

10 days previously. Cultures were s timulated w i t h  v a r ying

ammounts o f  h e a t  k i l l e d  HWSH and p r o l i f e r a t i o n  was m easu red  
3 . .as H - T h y m i d m e  i n c o r p e r a t i o n .
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6.3 Induction of Natural Killer activity.
Since NK cells have b e e n  implicated in m a c r o p h a g e  a c t i v a t i o n  

in listeria infections (Bancroft et al, 1987) a nd NK  

a c t i v i t y  has been d e t e c t e d  in SL3235 immunised mice, it was 

of i n t erest to see if NK a c t i v i t y  was pr e s e n t  in H W S H  aroA 

or HWSH p u r A  i m m unised mice.

g
To test this, m i c e  were i m m unised i.v. w i t h  10 cfu of HWSH

aroA or HWSH p u r A  and their spleens removed three days

later. T w o - f o l d  dil u t i o n s  of spleen cells w ere m i x e d  wit h  
51 Cr labled YAC-1 cells at effector: target ratios of up  to 

1: 100. NK  act i v i t y  was exp r e s s e d  as p e r c e n t a g e  specific 

lysis after 18 hours incubation. The results, shown in Fig 

6.9, show an increase in cell lysis in bot h  the aro A  and the 

p u r A  immune spleens w h e n  co m p a r e d  w i t h  the control spleen 

c e l l s .
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F i g . 6.6 Natural Killer Cell activity in spleen cells from 

m ice immunised i.v. wit h  10 cfu HWSH aroA or HWSH pur A 

three days previously. Each point represents m e a n  specific 

lysis (+ 1 S D , n=3) of ^ C r  labled YAC-1 cells at v a r y i n g

effector: target ratios.
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7.1 Attenuation by auxotrophic requirement.

Live v a c cines have bee n  found e f f e c t i v e  for a v a r i e t y  of 

b a c t e r i a l  pathogens. M o s t  of the v a ccine strains, such as 

those for B r u c e l l a  m e l i t e n s i s  (Eldberg and Faunce, 1957) 

B. abortus (McEwen and Priestly, 1938; Zdrodowski et a_l 

1957) and tuber c u l o s i s  (Collins, 1984) are a t t e n u a t e d  by 

u n k n o w n  mutations. Until recen t l y  it has been i m p o ssible to 

create a b a c t e r i a l  strain w i t h  a m u t a t i o n  at one g e n etic  

locus. Chemi c a l  m u t a g e n s  or i r r a d i a t i o n  could be u s e d  and a 

bank of m u t a n t s  screened for the r e q uired phenotype. This 

approach, taken by Bacon et «al (1950 ab) , is v e r y  time 

con s u m i n g  (Bacon et al. screened 10,000 mutants) and has the 

d i s a d v a n t a g e  that a m u t a n t  m a y  c o n t a i n  several m u t a t i o n s  

besides the one selected. This has been found true for

S . typhi Ty21a, w h i c h  contains mut a t i o n s  a f f e c t i n g  Vi 

antigen production, production, and causing r e q u i r e m e n t s

for several amino acids (Hone et aJL, 1988) .

TnlO imprecise e x c i s i o n  can be u s e d  easily and r e p r o d u c i b l y  

to inactivate a v a r i e t y  of genes. The m a i n  d i s a d v a n t a g e  of 

this a p p roach is that the r e s u l t i n g  lesion, a l t h o u g h  often  

non-reverting, m a y  be a deletion, an inversion, or a more 

complex rearrangement. Ideally t h e  atte n u a t i n g  lesion in a 

h u man vaccine s h ould be g e n e t i c a l l y  defined. If TnlO 

imprecise ex c i s i o n  is u s e d  to c o n s t r u c t  m u t a n t  strains of 

S . typhi w h i c h  w i l l  u l t i m a t e l y  be u s e d  in humans, the

161



lesions created should be characterized in a detailed
g e n e t i c  manner. This can be done by employing S o u thern Blot 

a n a lysis u s ing the c l o n e d  w i l d  type gene as a p r obe followed 

by c l o n i n g  and s e q u encing the i n a c t i v a t e d  gene. An 

a l t e r n a t i v e  ap p r o a c h  is to clone the w i l d  type gene, m u t a t e  

it in v i t r o  in a d e f i n e d  manner, and use the m u t a t e d  gene to 

re p l a c e  the w i l d  type gene on the b a c t e r i a l  chromosome. This 

a p p r o a c h  has b een s u c c e s s f u l l y  u s e d  to create aro A  m u t a n t s  

of B. pertussis (Maskell et al, 1988) and aroC m u t a n t s  of 

S. typhi (Dougan et al, 1988) . When, as in the cases of 

m e t a b o l i c  p a t h w a y  genes, an enzyme function has been 

affected, the a c t i v i t y  of the enzyme m a y  be assayed. When 

specific a n t isera are available, e xpression of gene products 

m a y  also be c h e cked u s i n g  W e s t e r n  Blotting.

The a u x o t r o p h i c  m u t a t i o n s  did not appear to induce any 

c h a nges in the p r o t e i n  or LPS profiles of the salmonella 

strains tested. It is important that any can d i d a t e  vaccine 

shou l d  posess all the a n t igenic charac t e r i s t i c s  of the 

w i l d - t y p e  strain. This is one of the major c r i t icisms v o iced 

a g a i n s t  Ty21a w h i c h  p o s esses no Vi antigen. One semi-rough 

HWSH a r o A  p u r A  v a r i e n t  was isolated d u r i n g  this study. 

There is no evidence to suggest that this was in any w a y  due 

to the auxo t r o p h i c  lesions. This m u t a n t  m a y  have been  

se l e c t e d  during e n r i c h m e n t  on B o c hner medium, or d u r i n g  the 

t r a n s d u c t i o n  stage, w h e r e  too little EGTA in the agar w o u l d  

a l l o w  P22 replication, thus giving a P22 r e s i s t a n t  isolate a
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s e l e c t i o n a l  advantage. The isolation of this m u t a n t  shows 

that it is i m p o r t a n t  to fully c h a r acterise any vaccine 

c a n d i d a t e  b e fore v a c c i n a t i o n  studies are commenced.

The data p r e s e n t e d  in this thesis support earlier 

o b s e r v a t i o n s  that c e r t a i n  a u x o t r o p h i c  m u t a t i o n s  attenuate 

v i r u l e n t  strains of salmonella. B oth aroA and p ur mut a t i o n s  

can at t e n u a t e  strains but do so to d i f f e r i n g  extents. purE 

m u t a n t s  are a t t e n u a t e d  w hen co m p a r e d  w i t h  their parents, 

however, they are c a p able of sign i f i c a n t  growth iri v i v o , a 

fact w h i c h  could e x c lude the use of such m u t a t i o n s  in human 

v a c c i n e  strains, pur A mutants are h i g h l y  attenuated. The 

d i f f e r e n t  effects of purE c o m pared to p u r A  are due to the 

resp e c t i v e  p o s itions at w h ich the pr o d u c t s  of each gene act 

in the puri n e  b i o s y n t h e t i c  pathway. The purE gene product 

acts e a r l y  in the pathway, b e fore the IMP b r a n c h  point, and 

such m u t a n t s  still have the ca p a c i t y  to scavenge or 

s y n t hesise p u r ines in. v i v o . This is supported by the 

o b s e r v a t i o n  that p u r E , but not p u r A , m u t a n t s  can g r o w  slowly 

in v i t r o  on m i n i m a l  agar suppl e m e n t e d  w i t h  liver or spleen 

homogenates. It is k n own that IMP is p r e s e n t  in m a m m a l i a n  

p l a s m a  at levels (ca. luM) h i g h e r  than other pu r i n e s  or 

nucleosides. In man, these levels can increase to as m u c h  as 

20uM at times of stress such as anoxia (Saugstad and Gluck,

1982) extreme e x h a u s t i o n  (Harkness, Simmonds and Coade,

1983) or severe illness (Grum et al, 1985). All p a t h o g e n i c  

p r o t o z o a n  pa r a s i t e s  investigated, including the m a l a r i a
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parasite, P l a s m o d i u m  f a l c i p a r u m , and T r y p a n o s o m a  species, 

are IMP r e q u i r i n g  a uxotrophs (Gutteridge and Coombs, 1977).

O t h e r  lesions in the b i o s y n t h e t i c  p a t h w a y  to IMP can 

p a r t i a l l y  r e duce the m o u s e  v i r u l e n c e  of  several strains of 

s a l m o n e l l a  (McFarland and Stocker 1987, Nnal u e  and Stocker 

1987) Y. pestis (Burrows and Bacon, 1954) and 

K l e b s i e l l a  p n e u m o n i a e  (Garber, H a c k e t t  and Franklin, 1952), 

but not Ba c i l l u s  anthracis (Ivanovics et al, 1968) . 

M u t a t i o n s  in the p a t hways after IMP are a t t e n u a t i n g  for m a n y  

pathogens, including K, p n e u m o n i a e , (Garber et a_l, 1952) and 

B. anthracis (Ivanovics et ajL 1968) .

The exact r e ason for the a t t e n u a t i o n  by a r o matic d e p e n d e n c e  

is less clear. It was o r i g i n a l l y  s u g g ested (Hoiseth & 

Stocker, 1981) that the r e q u i r e m e n t  for DHB, a p r e c u r s o r  for 

the s i d e rophore e n t e r o c h e l i n , w as the m a i n  reas o n  for 

attenuation. It had been p r e v i o u s l y  r e p o r t e d  that 

e n t e r o c h e l i n  was n e c e s s a r y  for vi r u l e n c e  (Yancey, B r e e d i n g  

Lankford, 1979) however, it has since b een shown that 

e n t e r o c h e l i n  m a y  not be n e c e s s a r y  for full v i r u l e n c e  

(Benjamin et ad, 1985). S t o cker (personal communication) 

suggests that the P A B A  r e q u i r e m e n t  is the k ey reas o n  for 

attenuation. He has c o n s t r u c t e d  P A B A  r e q uiring m u t a n t s  of 

S . t y p h i m u r i u m  and has found t h e m  to be as a t t e n u a t e d  as 

aro A  mutants. S t o cker suggests that the lack of folate,
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l e a d i n g  to a r e d u c t i o n  of levels of f-met t-RNA, and so low 

levels of p r o t e i n  synthesis, is the reason for attenuation.

A l t h o u g h  S , t y p h i m u r i u m  aroA and S . t y p h i m u r i u m  pur A  

d e r i v a t i v e s  b o t h  g r o w  p o o r l y  in viv o  their g r owth curves 

also show some i m p o r t a n t  differences. In the first 24 hours 

a f ter i.v. infection, the levels of viable p u r A  m u t a n t s  drop 

m u c h  m o r e  than a r o A  m u t a n t s  w h e n  similar numbers of cfu are 

administered. A f t e r  the first 24 hours b o t h  pur A  and aro A  

m u t a n t s  e s t a b l i s h  p e r s i s t e n t  infections w h i c h  lasts for 

several weeks. If aroA and pur A  m u t a tions are c o m b i n e d  in 

the same b a c t e r i u m  the in vivo b e h a v i o u r  of the re s u l t a n t  

the strain differs s i g n i f i c a n t l y  from strains c a r r y i n g  

single mutations. HWSH aroA pur A  e s t a b l i s h  a long-lasting, 

low level p e r s i s t e n t  infection in the m i c e  quite d i f f e r e n t  

from HWS H  pur A  or HWSH a r o A . The p r e l i m i n a r y  

c h a r a c t e r i s a t i o n  of SL3261 p u r A  suggests that it also 

e s t a b l i s h e s  a similar long lasting i n f ection a f ter i.v. 

inf e c t i o n  (Fig. 3.5b). Thus it is imp o r t a n t  to note that 

d a t a  obt a i n e d  from a strain ca r r y i n g  a single auxo t r o p h i c  

m u t a t i o n  m a y  not be e x t r a p o l a t e d  d i r e c t l y  to a strain 

c a r r y i n g  two m u t a t i o n s  in separate m e t a b o l i c  pathways.

The key role and the u b i q u i t y  of the a r o matic p a t h w a y  

p r e s e n t  the p o s s i b i l i t y  of a t t e n u a t i n g  p a t h o g e n s  o t her than 

s a l m onella by  an aro mutation. Other i n t r a c e l l u l a r  pat h o g e n s  

such as Yersinia spp, m ycobacteria, b r u c e l l a  and listeria
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are obvious candidates. It w o u l d  be of g r e a t  interest should 

an aroA m u t a t i o n  a t t e n u a t e  an e x t r a c e l l u l a r  p a t h o g e n  such as 

B. p e r t u s s i s . It is p o s s i b l e  that n u t r i e n t  supplies in 

e x t r a c e l l u l a r  e n v i r o n m e n t s  m a y  be d i f f e r e n t  to those found 

in w i t h i n  cells. The aroA gene fro m  B. pertussis has b e e n  

clon e d  and s e q u e n c e d  (Maskell et a_l 19 88) . Further, this  

gene has bee n  i n a c t i v a t e d  by ins e r t i o n  of a k a n a m y c i n  

r e s i s t a n c e  casette, and r e - i n t r o d u c e d  into w i l d  type 

B. p e r t u s s i s , to p r o d u c e  an aroA m u t a n t  (Maskell p e r s o n a l  

c o m m u n i c a t i o n ) . E x p e r i m e n t s  are u n d e r  w a y  to d e t e r m i n e  

w h e t h e r  this strain is a t t e n u a t e d  in mice. S h o u l d  this 

strain prove to be attenuated, it m a y  also be p o s s i b l e  to 

a t t enuate a w i d e  v a r i e t y  of e x t r a c e l l u l a r  pathogens, such as 

Staph y l o c o c c u s  aureus or N e i s s e r i a  g o n o r h o e a , pe r h a p s  

leading to a n e w  g e n e r a t i o n  of live vaccines. It is not 

known w h e t h e r  protozoa, such as m a l a r i a  or L e i s h m a n i a  

p o s s e s s  an aromatic b i o s y n t h e t i c  pathway. If they do, 

a r o matic d e p e n d e n t  strains m a y  p r ove to be ideal live 

vaccines. W o r k  is n o w  u n der w a y  to d e t e r m i n e  w h e t h e r  aro 

genes exist in par a s i t e s  (Maskell p e r s o n a l  c o m m u n i c a t i o n ) .

7.2 The e f f i c a c y  of the mu t a n t s  as live vaccines. * S.

D i f f e r e n t  a u x o t r o p h i c  r e q u i r e m e n t s  affect not o n l y  the 

d e gree of attenuation, but also the a b i l i t y  of

S. t y p h i m u r i u m  m u t a n t s  to vaccinate. In the oral m o d e l ^
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vaccine efficacy can be ranked: aroA >> purA = aroA purA. In
the i.v. system, v a c c i n e  e f f i c a c y  can be ranked: aro A  > p u r A  

> a roA p u r A .

One reason for the d i f f e r e n c e  in the oral s y s t e m  is clear: 

a r o A  m u t a n t s  can e s t a b l i s h  a l i mited infection in livers, 

spleens, m e s e n t e r i c  lymph nodes and, peyers patches of 

o r a l l y  in f e c t e d  m i c e  (Maskell et al 1987b) . W h e n  given 

o r a l l y  n e i t h e r  p u r A  nor aroA p u r A  strains are capable of 

d o i n g  this (my u n p u b l i s h e d  o b s e r v a t i o n s ) . The reasons for 

this i n a b i l i t y  to colon i z e  the MPS are not known. aroA 

strains have been shown to be capable of s u r v i v i n g  within 

the gut of orally infected mice (Hormaeche personal 

communication) and surviving w i t h i n  and a d h e r i n g  to the gut 

of orally infected, s t r e p tomycin t r e a t e d  m i c e  (Nevola, Laux 

and Cohen, 1 9 8 7 ) .The survival of purA and aro A  p u r A  mutants 

in the gut has not bee n  studied, but one m a y  speculate- that 

the poo r  c o l o n i s a t i o n  m a y  be due to an ina b i l i t y  to either 

survive within, adhere to, or invade the gut. An o t h e r  

p o s s i b l e  r e ason is that p u r A  and aroA pur A  strains , like 

S. typhi (Collins and Carter, 1978) , cannot resist the S.

b a c t e r i c i d a l  action w i t h i n  the Peyer's patches and 

m e s e n t e r i c  lymph nodes of o r a l l y  infected mice. Increased 

survival m a y  be p r o m o t e d  by p r e t r e a t i n g  the m i c e  w i t h  

bicarbonate. This p r o c e e d u r e  allows a p u r A  m u t a n t  of

S . t y p h i m u r i u m  C5 to colonise Peyer's patches and m e s e n t e r i c
3lymph nodes at levels of up to 10 cfu (Attridge per s o n a l
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c o m m u n i c a t i o n ) . However, the poo r  immune responses in 

v o l u n t e e r s  who in g e s t e d  aroA p u r A  S . typhi m u t a n t s  after  

b i c a r b o n a t e  suggests tha t  in humans this m a y  n ot be 

effective. Mor e  d e t a i l e d  eva l u a t i o n  of S . typhi auxotrophs 

in h u m a n  v o l u n t e e r s  is r e q uired before a full p i c t u r e  of 

their b e h a v i o u r  is obtained.

The p r o t e c t i o n  data o b t a i n e d  u s i n g  oral c h a llenge of mice 

shows that S. t y p h i m u r i u m  strains h a r b o u r i n g  p u r A  or aroA 

p u r A  m u t a t i o n s  make poo r  oral v a c c i n e s  co m p a r e d  to aroA 

strains. On no o c c a s i o n  has it bee n  po s s i b l e  to p r o t e c t  mice 

ag a i n s t  v i r u l e n t  c h a llenge u s i n g  a p u r A  or aro A  p u r A  

v a c c i n e  strain a d m i n i s t e r e d  orally. These o b s e r v a t i o n s  m a y  

have important c o n s e q u e n c e s  for the d e s i g n  of a t t e n u a t e d  

S . typhi strains for use as live .oral ty p h o i d  vaccines, 

w h i c h  cannot be t e s t e d  in animal models, e s p e c i a l l y  as some 

a u x o t r o p h i c  deri v a t i v e s  of S . typhi are n o w  b e ing e v a l u a t e d  

in humans. The implications of these results and p o s s i b l e  

solutions are d i s c u s s e d  below.

The reasons for the dif f e r e n c e  in va c c i n e  eff i c a c i e s  seen in 

the intravenous m o d e l  are less evident. It has p r e v i o u s l y  

been stated that live vaccines are e f f e c t i v e  b e c a u s e  they 

p e r s i s t  w i t h  in the MPS of immunised animals. Strains w h i c h  

do not pe r s i s t  are poo r  v a c cines (Collins et al, 1966 ; 

Collins, 1974; Hormaeche, 1981). The results p r e s e n t e d  in 

this thesis show that this is not n e c e s s a r i l y  . so; aroA
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m u t a n t s  e s t a b l i s h  a p e r s i s t e n t  inf e c t i o n  and are e x c e l l e n t

live vaccines, however, pur A  mutants, given at a similar

dose, also e s t a b l i s h  a p e r s i s t e n t  infection but are poor

vaccines. The levels of p e r s i s t e n c e  for a given dose are

lower for pur A  mutants, however, b o t h  p urA strains tested

p e r s i s t e d  for several weeks longer than the isogenic aroA

mutants. Further, K i l l a r  and E i s e n s t e i n  (1985) rep o r t e d  that
4an i.p. dose of 10 SL3235 (a r o A ) w o u l d  e f f e c t i v e l y

i m m u n i s e d  C 3H lineage mice, s u g g e s t i n g  that levels of 

carriage are not the prime cause for the poor e f f i c a c y  of 

p u r A  mutants.

The m a g n i t u d e  of the immune r e s p onses following i.v. 

v a c c i n a t i o n  m i r r o r e d  the va c c i n e  ef f i c a c y  of the three 

m u t a n t  types, w i t h  aroA > p u r A  >. a r o A  p u r A . Diff e r e n c e s  

e x i s t e d  in bot h  the humoral and the cell m e d i a t e d  responses 

to each m u t a n t  type. The a n t i b o d y  responses to the

p r o t e c t i v e  mutants, such as SL3261, are similar to those 

r e p orted in CBA m i c e  infected w i t h  low dose of a v i r u l e n t  

strain (O'Brien e_t al, 1981) . In this study, IgG and IgM 

responses i n c reased t o g ether for six weeks, the IgG response 

c o n t i n u e d  to increase w h i l e  the IgM response plateaued. When 

va c c i n e  efficacy and ant i b o d y  responses are compared, it is 

e v i d e n t  that the e f f e c t i v e  i.v. vac c i n e s  (HWSH a r o A , SL3261 

and SL1344 p u r A ) gave a far b e t t e r  an t i b o d y  r e s ponse than 

the p oor i.v. va c c i n e s  (HWSH p u r A  and HWSH aroA p u r A ) . It is 

t e m pting to att r i b u t e  this ability or lack of a b i l i t y  to
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p r o t e c t  to the a n t i b o d y  response. This h y p o t h e s i s  is further 

s u p p o r t e d  by  the o b s e r v a t i o n  that the p r o t e c t i o n  at da y  28 

i n d u c e d  by  SL13 44 pur A , c o r r e sponds w i t h  the p e a k  in the 

a n t i b o d y  r e s ponse (Fig. 5.4). Further, b o t h  IgG and IgM 

levels w e r e  seen to de c l i n e  b e t w e e n  weeks 5 and 7 (although 

no later samples w e r e  taken). At wee k  10, w h e n  p r e s u m a b l y  

the a n t i b o d y  levels had further declined, only low levels of 

p r o t e c t i o n  w e r e  seen ag a i n s t  a C5 challenge (table 4) . 

However, previous studies (Mackaness et al, 1966; Bl a n d e n  et 

a l , 1966 ; Collins, 1969a; Saxen, 1984) have shown that 

a n t i b o d y  plays o n l y  a m i n o r  role in the i.v. model. Saxen 

(1984) i n v e s tigated the effects of p a s s i v e l y  a d m i n i s t e r e d  

IgG and IgM fractions from a hype r i m m u n e  m o u s e  s e rum on i.v. 

and i.p. S. t y p h i m u r i u m  challenge. IgM was found to be ten 

times m o r e  eff i c i e n t  than IgG at inc r e a s i n g  b l o o d  clearance 

of i.v. a d m i n i s t e r e d  salmonella and their u p t a k e  b y  livers. 

However, w hen the subsequent k i lling of the salm o n e l l a  in 

the livers was followed, both IgM and IgG w ere onl y  capable 

of slight enhancement. In the i.p. model, b o t h  IgG and IgM 

e n h a n c e d  clearance and ki l l i n g  by p e r i t o n e a l  macrophages.  

IgM was, however, 1000 fold m ore efficient.

Be c a u s e  of the m i n o r  role shown for a n t i b o d y  in the i.v. 

model, it is m o r e  likely that the a n t i b o d y  responses, 

al t h o u g h  important, are not the prime cause for the 

d i f f e r e n c e s  in va c c i n e  efficacy. I m m u nising w i t h  the 

n o n - p r o t e c t i v e  m u t a n t s  did induce a g ood a n t i b o d y  response,
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e v e n  if o n l y  t e n - f o l d  of that i n d uced by the p r o t e c t i v e

mutants. This is c l e a r  whe n  the E L I S A  results are examined.

E a c h  plate had a r e f e r e n c e  p o s i t i v e  serum. The titre of this
4s e r u m  as a s s i g n e d  an arb i t r a r y  v a lue of 10 units and the 

t e s t  sera w e r e  a s s i g n e d  units in re l a t i o n  to this po s i t i v e

serum. N o r m a l  m o u s e  sera gave valu e s  of a p p r o x i m a t e l y  10
. . 4units. P r o t ective m u t a n t s  gave p e a k  IgG titres of 10 units,

3w h i l e  the n o n - p r o t e c t i v e  m u t a n t s  gave titres of 10 units. 

U n f o r tunately, as d e s c r i b e d  in m a t e r i a l s  and methods, IgG 

and IgM levels wer e  not q u a n t i t a t i v e l y  comparable, however, 

the n o n - p r o t e c t i v e  m u t a n t s  did induced hig h  titres of 

specific IgM, albe i t  lower than p r o t e c t i v e  mutants.

Indi c a t i o n  that p r o t e c t i o n  was due to the co m b i n e d  action of

h u m o r a l  and c e l lular responses corner from the g r o w t h  curves

of a C5 c h a llenge in HWSH aroA or SL3261 imm u n i s e d  mice.

V i a b l e  counts one day after i.v. c h a l lenge showed

c o n s i d e r a b l e  i n a c t ivation of the challenge. At day 28, a

large p r o p o r t i o n  of the mic e  sa m p l e d  a p p eared capable of
3i n a c t i v a t i n g  all the challenge of 10 cfu w i t h i n  the first 

24 hours. At day 70, there was still e n h a n c e d  inact i v a t i o n  

co m p a r e d  to c o n trols but m u c h  less than at day 28. This 

d i f f e r e n c e  suggests that at 28 days the initial c l e a rance is 

due to a c o m b i n a t i o n  of op s o n i c  a n t i b o d y  and a c t i vated  

m a c r o phages, w h i l s t  at day 70 the i n f l a m m a t o r y  m a c r o p h a g e  

r e s ponse has died away, leaving only the effects of 

a n t i b o d y .
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To test c e l l - m e d i a t e d  r e s ponses two isogenic strains, HWSH 

aroA and H W S H  p u r A  w e r e  selected. This was b e c a u s e  they 

e x h i b i t e d  such d i f f e r e n t  v a c cine efficacies. D i f f e r e n c e s  in 

the a b i l i t y  to act i v a t e  m a c r o p h a g e s  wer e  seen u s i n g  b o t h  in 

vivo a nd in vitro assays. In v i v o , HWS H  aroA was far m ore 

eff e c t i v e  than HWS H  p u r A  at i n d ucing n o n - s p e c i f i c  im m u n i t y  

to listeria. Early r e s i s t a n c e  to listeria has p r e v i o u s l y  

been shown by E i s e n s t e i n  and co- w o r k e r s  (Eisenstein et al, 

1984; K i l l a r  and Eisenstein, 1985) a l t h o u g h  p r o t e c t i o n  was 

as s e s s e d  only by m o r t a l i t y  following i.p. challenge.

The studies p r e s e n t e d  in this thesis, show that a single
5 . .

i .v . dose of about 6x10 HWSH aro A  induces strong i m m unity 

to the listeria challenge, a l l o w i n g  not only c o n trol of 

growth of the challenge, but also its slow e l i m i n a t i o n  from
5livers and spleens. In contrast, a similar (3.3x10 cfu) 

dose of HWSH p u r A  was incapable of inducing any en h a n c e d  

r e s i s t a n c e  to the listeria challenge. This ina b i l i t y  could 

be p a r t l y  overcome by i n c r easing the i mmunising dose and, 

therefore, the levels of carriage in livers and spleens. By
7inc r e a s i n g  the i m m u n i s i n g  dose of H W S H  pur A  to about 10 cfu 

c a r riage levels could be ob t a i n e d  similar to those seen for 

aroA m u t a n t s  w h e n  g i ven at doses 10 -10 cfu (see Fig. 3.3). 

Mic e  immunised w i t h  this dose showed some increased immunity 

to the listeria c h a llenge (Figs. 6.5/6.6) however, the 

ab i l i t y  to control the challenge w as not as great as in mice 

w h i c h  should be c a r r y i n g  similar n u m bers of an a r o A  m u t a n t
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(Figs 6.3/6.4). This shows that although levels of car r r i a g e 

in livers a nd spleen h a v e  an effect, o t her factors e x i s t  to 

m a k e  HWS H  aro A  b e t t e r  than HWSH p u r A . This is f u rther borne

out by the o b s e r v a t i o n  that by  day 14, m i c e  imm u n i s e d  w i t h
4 . .7x10 H W S H  aroA h ad d e v e l o p e d  similar levels of n o n - s p e c i f i c

7im m u n i t y  to those i m m u n i s e d  w i t h  10 HWS H  p u r A , eve n  t h o u g h  

HWSH a r o A  carriage levels were 1 log lower.

7The i n c r e a s e d  r e s i stance e n dowed by a dose of 10 H W S H  p u r A  

m a y  be a resu l t  of m a c r o p h a g e  a c t i v a t i o n  by the LPS in the 

b a c t e r i a  injected. No data is available to compare the 

effects of a similar dose of k i l l e d  bacteria. M a c r o p h a g e  

a c t i v a t i o n  by low doses of aro A  m u t a n t s  is LPS independent, 

since it occurs in L p s Q C 3 H / H e J  m i c e  (Eisenstein et_ a l , 

1984; K i l l a r  and Eisenstein, 1985; Shafer et al, 1988 ). The 

effect of large doses of HWSH p u r A  in C 3 H / H e J  m i c e  should be 

studied to further e x a mine the effects of LPS in m a c r o p h a g e  

a c t i v a t i o n .

Livers w ere far m o r e  e f f e c t i v e  than spleens at c l e a r i n g  the 

challenge. This has bee n  p r e v i o u s l y  r e p o r t e d  by Zinkernagel 

(1976) , who found that the livers of S , t y p h i m u r i u m  C5 

i n f ected m i c e  were b e t t e r  able to eli m i n a t e  a s u p e r i n f e c t i n g  

listeria challenge ove r  the first 24 hours a f ter infection  

than w e r e  the spleens. Also, w hen the g r o w t h  curv e s  of the 

aroA and p u r A  strains (Figs. 3.3/3.4) are examined, it can 

be seen that clearance of the infection always occu r s  first
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in livers. One m a y  speculate that this m a y  be due to 

d i f f e r e n t  b a c t e r i c i d a l  capacities of the cells w i t h i n  livers 

and spleens, or due to d i f f erences in the m a g n i t u d e  of the 

i n f l a m a t o r y  response in each organ.

S p l e n o m e g a l y  is a common feature of s a l m onella infections. 

K i l l a r  and E i s e n s t e i n  (1985) r e p orted that i n t r a p e r i t o n e a l  

i n f ection of C 3H lineage mice w i t h  an aroA m u t a n t  induced 

s p l e n o m e g a l y  w h i c h  was ma x i m a l  as the mice began to clear 

the infection from their spleens. They asso c i a t e d  

s p l e n o m e g a l y  wit h  a peri o d  of n o n - s p e c i f i c  m a c r o p h a g e  

activation, as a s s e s s e d  by immunity to L. m o n o c y t o g e n e s . 

Both HWSH aroA and SL3261 (Table 3.1) induced gross 

s p l e n o m e g a l y  after i.v. infection of BALB/c m i c e  whereas  

p urA and aroA pur A  m u t a n t s  induced l-ittle splenomegaly. This 

m a y  indicate that in this system the factors w h i c h  induce 

splen o m e g a l y  m a y  be r e l ated to the m e c h a n i s m s  w h i c h  induce 

p r o t e c t i v e  immunity.

As d i s c u s s e d  e a r l i e r  (1.3.3) m a n y  w o r k e r s  use DTH as a 

m e a s u r e  of T-cell m e d i a t e d  i m m unity in m o u s e  typhoid, 

altho u g h  its r e l e vance as a m e a s u r e  of  p r o t e c t i v e  i m m unity  

is unclear. Since immun i s a t i o n  w i t h  aro A  m u t ants is k n own to 

induce DTH in some C3H m o use strains, it was of int e r e s t  to 

test and compare the a roA purA and double m u t a n t s  in BALB/c
g

mice. Groups of 8 m i c e  were immunised i.v. w i t h  10 cfu and 

D T H  was elicited 21 days later by injecting 10 u g  of spent
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m e d i u m  antigen (Plant and Glynn, 1976). The results w e r e  not 

conclusive, ho w e v e r  they did s u ggest that i m m u n i s a t i o n  w i t h  

b o t h  a roA strains i n d uced a D T H  response as judged by 

footpad swelling. N e i t h e r  h i s t o l o g y  n o r  adoptive transfer 

were p e r f o r m e d  to c o n f i r m  that swelling was due to a true 

DTH response. Mice immunised o r a l l y  w i t h  SL3261 also give a 

p o s i t i v e  D T H  r e s p o n s e  to both salmonella a n t igens (our 

u n p u b l i s h e d  observations; Brown, pe r s o n a l  communication) 

and to clon e d  h e t r o l o g o u s  antigens (Brown et al, 1986). Some 

footpad swelling was seen in m i c e  immunised w i t h  the purA 

strains, but this was onl y  p r e s e n t  at 24 hours h a v i n g  w a ned 

by 48 hours. It is k n own that k i l l e d  vaccines can induce a 4 

hour, Arthus, r e s ponse (Collins and Mackaness, 1968). No 

m e a s u r e m e n t s  wer e  taken at 4 hours. It is p o s sible that the 

24 hou r  response seen in the pur A  and aroA pur A  groups may 

have b een due to an Arthus response w h ich had not yet 

subsided. The lack of r e s ponse at 48 hours gives w e i g h t  to 

this hypothesis. Unfortunately, time did not p e r m i t  a repeat 

e x p e r i m e n t  w i t h  4 hou r  measurements.

HWSH aroA and HWS H  p u r A  were co m p a r e d  in their ab i l i t y  to 

prime T-cells. The s.c. route was chosen b e c ause it has been 

shown that the a c t i v a t e d  m a c r o p h a g e s  from spleens of mice  

i n f ected i.v. w i t h  s a l m onella have a supressive e f f e c t  on T 

and B - cell p r o l i f e r a t i o n  to several m i t o g e n s  (Lee, Gibson 

and Eisenstein, 1985; D e s chenes et ad., 1986). This 

s u p r ession is d i f f i c u l t  to overcome since it is not
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i n h i b i t e d  by i n d o m e t h e c i n , and requi r e s  the r e m oval of all 

m a c r o p h a g e s  from the cell s u s p ension (Lee at al, 19 85) .

The limited e x p e r i m e n t a l  data suggest tha t  HWSH p ur A  primes 

b e t w e e n  ten and t h i r t y  times fewer salmonella specific 

T - c e l l s  than H W S H  a r o A . N o t h i n g  is k n own a b out the T-cell 

subsets involved or their role. Since an a n t i b o d y  response 

is stimulated, one m a y  assume that some cells are T - h elper 

cells involved in the a n t ibody response to the protein 

a n t i g e n s  of the bacteria. One can speculate that the 

d i f f e r e n c e s  in the length of p e r s i s t a n c e  of the aroA and 

p u r A  strains m a y  be due to a failure of the p u r A  strains to 

induce a full T - c e l l  response. P o s s i b l y  cytotoxic cells, 

similar to those seen in listeria and m y c o b a c t e r i a  

i nfections (Kaufmant, 1987) , are re q u i r e d  to lyse c h r o n i c a l l y  

in f e c t e d  macrophages. This area requires further study.

W h e n  the immune responses to each of the mutants are 

compared, the reasons for the d i f f e r e n t  v a c c i n e  efficacies 

seen b e c o m e  clear. W h a t  is left unanswered, is w h y  one 

strain induces a p r o t e c t i v e  immune response w h ile another 

does not. A l t h o u g h  in vivo p e r s i s t e n c e  at a p a r t i c u l a r  level 

is ess e n t i a l  for s t i m u l a t i n g  p r o t e c t i v e  immunity, other 

factors are required. The m e t h o d s  u s e d  to c o n struct the 

m u t a n t s  should r e sult in strains w h i c h  are a n t i g e n i c a l l y  

identical. If one assumes that this is so, one is left w i t h  

d i f f e r e n c e s  in the in vivo b e h a v i o u r  of the m u t a n t s  to
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a c c o u n t  for the v a r y i n g  v a c c i n e  efficacies. W h e n  the g r o w t h  

curves of each strain are examined, it appears that bot h  

a r o A  strains a nd SL1344 p u r A  g r o w  in vivo over the first few 

days, w h i l e  HWS H  p u r A  and the two a roA p u r A  strains do not. 

This d i f f erence in a b i lity to m u l t i p l y  d u ring the first few 

days of the i n f e c t i o n  m a y  be one of the reasons for the 

d i f f e r e n t  v a c c i n e  efficacies. Intra c e l l u l a r  g r o w t h  is 

e s s e n t i a l  for i n d uction of T - c e l l  response in listeria 

(Berche, Ga i l l a r d  and Sansonetti, 198.7) . In this study, a 

n o n - h a e m o l y t i c  strain of L. m o n o c y t o g e n e s , w h i c h  is unable 

to survive in v i v o , was incapable of i n d ucing a cell 

m e d i a t e d  immune response, even if levels w e r e  kept 

a r t i f i c i a l l y  h i g h  by d a ily i.v. injections. This o b s e r v a t i o n  

is similar to t h a t  of C o l lins et. al (1966) w ho found that 

S. p u l l o r u m  k ept at a r t i f i c i a l l y  h i g h  levels b y  d a ily i.v. 

injections did not induce a cell m e d i a t e d  response. Collins 

et al p r o p o s e d  that the in a b i t i t y  of strains such as 

S . p u l l o r u m  to induce a cell m e d i a t e d  immune response was 

b e c a u s e  they c o u l d  not p e r s i s t  in the MPS of i n f ected mice. 

It is m o r e  likely that they do n ot induce i m m u n i t y  b e c ause 

they do not g r o w  in v i v o .

De s p i t e  the indi c a t i o n s  from the growth curves, it is 

d i f f i c u l t  to a c t u a l l y  prove t hat the strains do g r o w  in 

v i v o . Recently, ev i d e n c e  has a r i s e n  to suggest that aroA 

strains do divi d e  in vivo (my u n p u b l i s h e d  r e s u l t s ) . These 

results came from e x p e r i m e n t s  in w h i c h  aro A  S, t y p h i m u r i u m
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w e r e  b e i n g  e x p l o i t e d  as carriers of foreign antigens 

(reviewed by  Dougan, H o r m a e c h e  and Maskell, 1987). A 

plasmid, pNP2, e n c o d i n g  the n u c l e o p r o t e i n  from influenza A 

v i rus was intr o d u c e d  into SL3261 (Tite et al, 1988) . This 

plasmid, w h i c h  allows p r o d u c t i o n  of v e r y  high levels of 

nucleoprotein, is ver y  un s t a b l e  in SL3261. W h e n  the growth 

curve of SL3261 (pNP2) was followed after i.v. infection of 

BALB/c mice, it was e v i d e n t  that the p r o p o r t i o n  of p l a s m i d  

c o n t a i n i n g  (ampicillin resistant) b a c t e r i a  p r e s e n t  in livers 

and spleens d e c r e a s e d  from 100% on day 1 to 0% on day 21. 

SL3261 w h i c h  had lost the p l a s m i d  (ampicillin sensitive) 

re m a i n e d  at levels similar to the day 1 levels of SL3261 

( p N P 2 ) . Such s e g r e g a t i o n  could o nly occur if cell d i v ision  

had taken place. This o b s e r v a t i o n  also suggests that SL3261 

d i vides in vivo for at least 21 days, a p e r i o d  m u c h  longer 

than p r e v i o u s l y  as s u m e d  (Hoiseth & Stocker, 1981). Att e m p t s  

are b e i n g  m a d e  to t r a n s f e r  pNP2 into p u r A  and aroA pur A 

strains to see if such s e g r egation occurs. This m a y  show 

w h e t h e r  these strains can divide in v i v o .

Spleen cells from m i c e  imm u n i s e d  3 days p r e v i o u s l y  wit h  

e i ther HWSH aroA or HWS H  p u r A  w e r e  t e s t e d  for N K  a c t ivity  

u s ing the NK sensitive cell line YAC-1. Cells from b o t h  aroA  

and p u r A  immune m i c e  showed increased levels of specific 

lysis. YAC-1 cells are also sensitive to lysis by  a c t i v a t e d  

m acrophages. This r e s u l t  does not, therefore, formally prove 

that N K  activity was p r e s e n t  since lysis m a y  have b e e n  by
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LP S  a c t i v a t e d  m acrophages. This area needs further study, 

w i t h  e x p e r i m e n t s  in C3 H / H e J  mice, and e x p e r i m e n t s  i n c l u d i n g  

N K  r e s i s t a n t  ta r g e t s  (such as P815) and k n own i nhibitors of 

NK  ac t i v i t y  (such as a n t i - a s i a l o - G M I : K a s a i  et al, 1980) as 

controls. N K  a c t i v i t y  has b e e n  r e p orted to be enhanced in 

v ivo by i n f e c t i o n  wit h  the intra c e l l u l a r  p a t h o g e n s  

L. m o n o c y t o g e n e s  (Holmberg and Ault, 1986) and 

L e g i o n e l l a  p n e u m o p h i l a  (Blanchard et al 1988) and in v i tro  

by  g l u t a r a l d e h y d e  fixed S . t v p h i m u r i u m  (Tarkkanen et al_

1986) . The L . p n e u m o p h i l a  i n d uced NK cells (Blanchard et e l ,

1988) b o t h  p r o d u c e d  and r e s p o n d e d  to IFN-gamma. An attempt 

was made to d e t e c t  IFN-gamma p r o d u c i n g  cells in the spleen 

cells t e sted for N K  activity. The attempt was u n s u c c e s s f u l
g

(Data not shown) p r o b a b l y  b e c a u s e  too few cells (10 ) were 

tested. Induction of gamma interfe.ron p r o d u c t i o n  requires 

further study.

Intravenous i m m u n i s a t i o n  w i t h  HWSH aroA induced early  

immunity to v i r u l e n t  salmonella. The s a l m onella c h a llenge 

prov e d  far m o r e  d i f f i c u l t  to control than the listeria 

challenge. W h e n  c h a l l e n g e d  7 days after immunisation, the 

m i c e  could only slow the g r o w t h  slightly but by  14 days 

p o s t - i m munisation, the m i c e  could control the g r o w t h  of the 

challenge b e f o r e  it r e a ched lethal levels. I m m u n i s a t i o n  w i t h  

HWSH pur A  was ineffective. It should be r e m e m b e r e d  that the
4HWSH challenge, w h i c h  r e p r e s e n t e d  over 5x10 L D ^ q 's , was a 

far m o r e  s u b s t antial c h a llenge than the 8 0 LD^-q listeria
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challenge, so the p r o t e c t i o n  seen at day 14 is excellent. 

Z i n k e rnagel (1976) found that C B A  mice in f e c t e d  w i t h  

S . t y p h i m u r i u m  C5 d e v e l o p e d  im m u n i t y  to listeria before 

immunity to s a l m o n e l l a  challenge. This was i n t e r p r e t e d  as 

m e a n i n g  that c o n t r o l  of a salm o n e l l a  infection requires 

specific factors o t her than m a c r o p h a g e  activation. The e a r l y  

sal m o n e l l a  c h a l l e n g e  expe r i m e n t s  c o n f i r m  this view. W h e n  the 

listeria c h a l l e n g e  in a roA immune m i c e  are c o m p a r e d  at days 

7 and 14 (Figs. 6.3/6.4), it can be seen that the a b i l i t y  to 

control the listeria c h a l lenge is fully d e v e l o p e d  by d ay 7, 

and remains u n c h a n g e d  at day 14. However, the c a p a c i t y  to 

control the s a l m onella c h a l lenge sucessfully develops 

b e t w e e n  days 7 and 14 (Figs. 6.1/6.2). M u c h  of this 

increased p r o t e c t i o n  stems from the i n activation of the 

ch a l l e n g e  d u r i n g  the first 24 hours,

The rise in an t i b o d y  titre seen b e t w e e n  days 7 and 14 again 

s uggeststhat antibody, as p r o p o s e d  by Z inkernagel (1976), is 

this specific factor. However, a n t i b o d y  is m o r e  likely to be 

one of several factors, rath e r  than the o n l y  one. 

M a c r o p h a g e s  a c t i v a t e d  by infections other than sal m o n e l l a  

kill S . t y p h i m u r i u m  poorly. M ice i n f ected w i t h  listeria show 

only low levels of n o n - s p e c i f i c  immunity to s a l m onella 

(Zinkernagel, 1976). P e r i toneal m a c r o p h a g e s  a c t i v a t e d  in 

vivo by  BCG or l i s teria show v a r y i n g  abilities to kill 

dif f e r e n t  pat h o g e n s  (van Dissel et al, 1987). In this study, 

it was o b s e r v e d  that act i v a t e d  m a c r o p h a g e s  w ere less
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e f f e c t i v e  at ki l l i n g  s a l m o n e l l a  in v i tro than they w e r e  at 

k i l l i n g  l i s teria or T o x o p l a s m a  g o n d i i . M a c r o p h a g e  

a c t i v a t i o n  does not n e c e s s a r i l y  e n d o w  b a c t e r i c i d a l  capacity. 

It has b e e n  shown that the b a c t e r i c i d a l  and t u m o r i c i d a l  

a c t i v i t i e s  of m a c r o p h a g e s  a c t i v a t e d  iri v i t r o  and _in. vivo by 

e i t h e r  i n f e ction or l y m p hokines c o uld be d i s s o c i a t e d  (Nacy, 

L e o n a r d  an d  Meltzer, 1981; H o pper and Cahill, 1983; 

Campbell, C z u p r y n s k i  and Cook, 1984; Campbell, Canono and 

Cook, 1988) . This further suggests that specific factors are 

r e q u i r e d  to p r o m o t e  e f f i c i e n t  k i l l i n g  of s almonella by 

a c t i v a t e d  m acrophages.

It is p o s s i b l e  that m a c r o p h a g e s  require T-cell de r i v e d  

lymphokines to be sti m u l a t e d  to kill s almonella effectively, 

rather than just c o n trol their growth. The time course of 

the T - c e l l  res p o n s e s  in salmonella infections has not been 

studied, ho w e v e r  a T-cell response, as judged by D T H , is 

absent in M525 infec t e d  BALB/c mice at day 7, but p r e s e n t  at 

day 14 (Hormaeche et al, 1981). Studies w i t h  nude mic e  show 

that T-cells are e s s e n t i a l  for the late phase control of 

S. t y p h i m u r i u m  infections (O'Brien and Metcalf, 1982). The 

m a c r o p h a g e s  a c t i v a t e d  by T-cell i n d e p e n d e n t  m e c h a n i s m s  can 

control the growth of the salmonella but not clear the 

in f e c t i o n  from livers and spleens. C l e arance of aroA 

infections (Fig.3.3; K i l l a r  and Eisentein, 1984; O ' C a l l a g h a n  

et a l , 198 8) does not commence u n til late in the second wee k  

of the infection, a g ain s u g g esting that specific factors
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b e c o m e  available w h i c h  enhance the b a c t e r i c i d a l  a c t i v i t y  of 

the macrophages.

As wel l  as the ob v i o u s  diff e r e n c e s  seen b e t w e e n  a r o A  and 

p ur A  m u t a n t s  d e r i v e d  from the same paren t a l  strain,

d i f f e r e n c e s  in e f f i c a c y  wer e  also obvious b e t w e e n  the two

a r o A  and the two pur A  m u t a n t s  tested. The d i f f e r e n c e s  seen 

b e t w e e n  the c a p a c i t y  of SL3261 and H W S H  aroA to v a c c i n a t e  

w e r e  slight. They m a y  result solely from the d i f f e r e n t  

lengths of p e r s i s t e n c e  of the two strains since on da y  28, 

the time of the first C5 challenge, SL3261 was found in 

livers and spleens at levels at least 1 log higher than HWSH 

aro A  (Confirmed by  counts taken at time of C5 cha l l e n g e  - 

data not shown) . This m a y  have led to high e r  residual 

levels of a c t i v a t e d  m a c r o p h a g e s  in the SL3261 immune mice. 

This is also s u g gested by the g r e ater clearance of C5 by 

SL3261 immune m ice seen in the first 24 hours of  the

infection. It is likely that some a c t i v a t e d  m a c r o p h a g e s  were 

still present, since we have found n o n - s p e c i f i c  resi s t a n c e

to S. dublin c h a llenge in HWSH aro A  immune mic e  at this 

p o i n t  w h i c h  w a nes c o n s i d e r a b l y  by d ay 56. The levels, 

however, cannot be too great since Killar and E i s e n s t e i n  

(1985) found no n o n - s p e c i f i c  r esistance to listeria 

c h a llenge by day 28 of a SL3235 infection in C3H m i c e  and 

Schafer et al (1988) h ad similar results w hen the k i n etics 

of tumor cells k i l l i n g  was followed.
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D i f f e r e n c e s  have been r e p o r t e d  in the ab i l i t y  of s a l m onella  

aro A  m u t a n t s  to immunise cows (Smith et al, 19 84a) . aroA 

d e r i v a t i v e s  w e r e  c o n s t r u c t e d  from three m o u s e  v i r u l e n t  

S . typhimuriurn strains of d i f f e r e n t  biotypes : UDC, W R A Y  and 

FIRN. The UDC aro A  m u t a n t  was an eff e c t i v e  v a c c i n e  w h i l s t  

the W R A Y  and F IRN a r o A  m u t a n t s  were not. The FIRN b i o t y p e  is 

not n o r m a l l y  a s s o c i a t e d  w i t h  bovine salmonellosis, and this 

m ay a c c o u n t  for its lack of ef f i c a c y  b ut the W R A Y  p a r e n t a l  

strain is h i g h l y  calf-virulent. Both the F I R N  aro A  and the 

W R A Y  aro A  (SL3261) m u t a n t s  are eff e c t i v e  as v a c c i n e s  in 

m i c e .

D i f f e r e n c e s  b e t w e e n  the p r o t e c t i v e  ca p a c i t y  of the p u r A  

m u t a n t s  were far m o r e  p r o n o u n c e d  than those b e t w e e n  aroA 

mutants. The g r owth patte r n s  of the two pur A  m u t a n t s  wer e  

v e r y  similar. However, SL1344 pur A  and not HWS H  p urA 

appea r e d  to gro w  s l i ghtly over the first few days of the 

i n f e ction (Fig. 3.4). SL1344 p u r A  also induced some 

splenomegaly. The degree of p r o t e c t i o n  induced by  SL1344 

p urA at day 28 was not as g r e a t  as that induced by SL3261 

and v a r i e d  c o n s i d e r a b l y  by day 70, despite the fact that the 

immu n i s i n g  infection h ad only re c e n t l y  been c l e a r e d  (Fig.

3.4). The reasons for this lack of l o n g-term p r o t e c t i o n  are 

unknown, b ut m a y  be due to a lack of antibody, or failure to 

prime a correct m e m o r y  T-cell response, or m a y  just be 

because the challenge regime u sed was too severe to sho w  any 

protection. Cha l l e n g e  g r o w t h  curve experiments, s i milar to
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those shown in Figs. 4.3/4.4, m a y  help d e t e r m i n e  the reasons 

for the lack of protection.

It has o f t e n  been a s s u m e d  tha t  the m o r e  v i r u l e n t  the p a r e n t  

strain that a va c c i n e  is d e r ived from, the b e tter the 

v a c c i n e  w i l l  be. The d ata p r e s e n t e d  above suggest that this is 

n ot so. HWSH is m o r e  v i r u l e n t  than SL1344 but the 

a u x o t r o p h i c  strains de r i v e d  from it are not as e f f e c t i v e  as 

live vaccines. The reasons for the d i f f e r e n c e s  in the 

eff i c a c y  of vaccines d e r i v e d  from d i f f e r e n t  v i r u l e n t  strains 

p r e s e n t e d  here and seen in other studies (Hormaeche, 

p e r sonal communication) are unknown. However, should they 

also o c c u r  in va c c i n e s  de r r i v e d  from S .typhi it could 

p r e sent serious problems. M ore w o r k  should be done to 

d i s c o v e r  the reasons for such d i f f e r e n c e s  in the m o u s e  model 

so that good and bad S , typhi vaccines m a y  be ide n t i f i e d  at 

the v o l u n t e e r  study stage. If it is impossible to discover 

why one strain m a k e s  a b e tter v a c c i n e  than another, 

c h a l l e n g e  studies in v o l u n t e e r s  m a y  be req u i r e d  to test 

effic a c y  in order to a v oid large field trials w i t h  an 

inef f e c t i v e  preparation. In light of the risks of 

c h a l l e n g i n g  volunteers, bot h  approaches p r e s e n t  ethical 

p r o b l e m s .
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7.3 Experimental models to study vaccine efficacy.

C o l lins and c o - w o r k e r s  (Collins, 1974) have always 

m a i n t a i n e d  that the b e s t  m e asure of v a c cine e f f i c a c y  is by

following the growth of a sub-lethal challenge. The data

p r e s e n t e d in this thesis c o n f i r m  this view. In m a n y

challenge experiments, it was p o s s i b l e  to compare the L D 50
of the c h a l l e n g e  w i t h  its growth in the livers and spleens 

of mice. It can be seen that, in all cases, in m i c e  w h ich  

were strongly p r o t e c t e d  in terms of L D j-q , the i.v. ch a l l e n g e  

was almo s t  c o m p l e t e l y  i n a c t ivated w i t h i n  the first 24 hours. 

The surviving ba c t e r i a  did then g r o w  in livers and spleens 

for several days b e f o r e  b e ing controlled. Chronic infection 

always resulted. It therefore seems that, in the i.v. 

system, m u c h  of the p r o t e c t i o n  is cUie to the a b i lity of the 

mice to inactivate m o s t  of the c h a l l e n g e  w i thin the first 24 

hours after challenge. A  similar v i e w  was taken by North 

(1974). In this study he found that the ab i l i t y  of 

M. t uberculosis immune m i c e  to control a listeria challenge 

was d e p e n d e n t  on the ability of the act i v a t e d  m a c r o p h a g e s  

w i t h i n  their livers to reduce the challenge to sub-lethal 

levels w i t h i n  the first 8 hours. This inact i v a t i o n  was 

d e p e n d e n t  on r e s i d e n t  n o n - d i v i d i n g  cells since it was 

r e s i s t a n t  to c o r t i s o n e  and gamma-irradiation. C h a llenge 

o r g a n i s m s  surviving the initial i n a c t i v a t i o n  g r e w  b u t  were 

con t r o l l e d  by a de - n o v o  response w h i c h  was s e n sitive to 

cor t i s o n e  and irradiation.
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W h i l s t  it is true that m u c h  of the p r o t e c t i o n  seen in the 

i.v. c h a l l e n g e  e x p e r i m e n t  r e p o r t e d  in this thesis is due to 

this initial inactivation, it m u s t  be stressed that this 

initial i n a c t i v a t i o n  alone w o u l d  not be s u f f i c i e n t  to 

p r o t e c t  BALB / c  m ice a g a i n s t  v i r u l e n t  salmonella challenge. 

The cha l l e n g e  dose was r e d u c e d  to levels of be t w e e n  10 and 

100 cfu at 24 hours. This n u mber of salmonella w o u l d  be 

lethal for a naive mouse, as shown by the L D 5 q 

d e t e r m i n a t i o n s  w h e r e  doses of <10 cfu c o n s i s t e n t l y  k i l l e d  

all mice. The surviving b a c t e r i a  g r e w  ra p i d l y  in livers and 

spleens of i n f ected m i c e  but, w h i l s t  the controls q u i c k l y  

succumbed to the infection, the i m m u nised mic e  were able to 

control the infection by about Day 5 s u g g esting that 

v a c c i n a t i o n  h a d  e n h anced the ca p a c i t y  to m o u n t  a c e l lular 

r e s p o n s e .

A n t i b a c t e r i a l  immunity, e x p r e s s e d  as c o n s t a n t  c l e a rance of 

the challenge from livers and spleens, as shown by Collins 

and co-workers, was ev i d e n t  only w i t h  listeria challenge. 

Collins (1974) found that e a rly after vaccination, w h e n  the 

mic e  wer e  still c o l o nised at high levels, a s u p e r - i n f e c t i n g  

salmonella c h a l lenge was ra p i d l y  e l i m i n a t e d  from the host  

tissue w i t h o u t  growing. This clearance did not a f f e c t  the 

beh a v i o u r  of the imm u n i s i n g  infection. As the time b e t w e e n  

v a c c i n a t i o n  and challenge lengthened, the a b i l i t y  to 

imme d i a t e l y  control the c h a l lenge decreased, and the 

challenge g r e w  for a p e r i o d  of several days before b e i n g
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controlled. There are several important diff e r e n c e s  b e t w e e n  

this w o r k  and the e x p e r i m e n t s  p r e s e n t e d  above: C o l lins u s e d  

out bre d  CDl (salmonella resistant) mice, v a c c i n a t i o n  was 

w i t h  sub l e t h a l  doses of v i r u l e n t  s a l m onella w h i c h  m a y  not 

have a c t u a l l y  c l e ared from the mice, since the limit of  

d e t ection was only 200 cfu/organ.

The i.v. c h a l lenge system is a very severe test of immunity. 

When results from i.v. i mmunisation and c h a l lenge are 

c o m pared w i t h  or a l / o r a l  experiments, the limitations of the 

system are evident. Some of the mic e  i m m unised w i t h  either 

HWSH aroA or SL3261 die d  w h e n  c h a l l e n g e d  w i t h  doses of C5 

w h i c h  wer e  m u c h  lowerthan the c a l c u l a t e d  L D i-q . However, when 

m i c e  i m m u n i s e d  oral l y  w i t h  SL3261 w e r e  c h a l l e n g e d  o r a l l y  

wit h  SL1344, 57 days later, no deaths o c c u r e d  (Maskell et

al, 1 9 8 7 b ) . Growth of the c h a l l e n g e  was q u i c k l y  c o n t r o l l e d
4by all mice, and levels n e v e r  w ent above 10 m  test e d  

organs. In m o r e  recent experiments, (Dougan et al, 1988) it 

has b e e n  shown that BALB / c  mice, imm u n i s e d  o r a l l y  w i t h  

SL3261 are com p l e t e l y  p r o t e c t e d  against oral challenge, w i t h  

doses of 1 0 ^  SL1344, as long as 70 days p o s t - i m m unisation. 

Similar h i g h  levels of i m m u n i t y  to oral c h a llenge can be 

seen even 6 m o nths a f ter oral i m m u n i s a t i o n  (Hormaeche, 

pe r s o n a l  c o m m u n i c a t i o n ) .

Complete immunity to an i.v. challenge w i t h  strains as 

v i r u l e n t  as those use d  in this study is too m u c h  to expect,
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e s p e c i a l l y  in s a l m onella s u s c eptible mice. A  m ore r e a s o n a b l e  

test of v a c c i n e  ef f i c a c y  in the i.v. s y s t e m  m a y  be to use a 

less v i r u l e n t  challenge strain. Large i.v. doses are n e e d e d  

b e c a u s e  small d o ses w o u l d  be c o m p l e t e l y  e l i m i n a t e d  in the 

first d ay of the infection, p o s s i b l y  g i v i n g  a m i s l e a d i n g  

v i e w  of the immune responses. The m o s t  r e p r e s e n t a t i v e  m o d e l  

is the oral model. If the results from the m o u s e  m o d e l  can 

be e x t r a p o l a t e d  to h u m a n  disease, the i m m unity seen to an 

oral challenge w i t h  1 0 ^  v i r u l e n t  S . t y p h i m u r i u m  suggests 

that a r o matic d e p e n d e n t  S .typhi will be e x c ellent oral 

vaccines for h u m a n  use, e s p e c i a l l y  in light of the n o r m a l  

dose sizes in human t y phoid (Blaser and Newman, 1982).

7.4 The future for a u x o t r o p h i c  S. typhi v a c c i n e  candidates.

The c o m plete ineffec t i v e n e s s  of b o t h  the aroA p u r A  

S. t y p h i m u r i u m  m u t a n t s  as ora l  vaccines puts great d o ubt on * S.

the future use of aroA p u r A  S .typhi as h u m a n  vaccine. This 

is further b o r n  out b y  the p oor immune responses in h u m a n  

v o l u nteers w h o  took these v a c cines orally. While aroA is 

still a prime can d i d a t e  a t t e n u a t i n g  lesion for S .typhi 

mutants, p u r A  appears unacceptable. It is d e s irable to have 

a second a t t e n u a t i n g  m u t a t i o n  in h u m a n  v a c c i n e  strains. 

Since the d i s c o v e r y  of the i n e f f e ctiveness of  aroA p u r A

S. t y p h i m u r i u m  strains, w o r k  has been in pr o g r e s s  to find a 

second a t t e n u a t i n g  m u t a t i o n  w h ich w o u l d  be safe and 

immunogenic b oth on its own and in c o m b i n a t i o n  w i t h  a r o A .
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Since a lesion in a n o t h e r  m e t a b o l i c  p a t h w a y  m a y  p r e s e n t  

pr o b l e m s  s i m ilar to those e n c o u n t e r e d  w i t h  purA, it was 

d e c i d e d  to introduce a second m u t a t i o n  in the aroma t i c  

b i o s y n t h e t i c  p a t h w a y  (Dougan et al, 1988). The aroC g e n e , 

w h i c h  e n c odes the enzyme c horismate synthase was chosen. 

Chor i s m a t e  synthase c a t a lyses the step in the ar o m a t i c  

b i o s y n t h e t i c  p a t h w a y  after aroA (Fig 1.2). aroC m a p s  at 47 

m i n utes on the S. t y p h i m u r i u m  genetic m a p  w h ile aroA m a p s  at 

19 m i n u t e s  (Sanderson and Roth, 1983) . An aroC m u t a n t  of 

SL1344 has b e e n  c o n s t r u c t e d  and an a r o A  deletion w as then 

intr o d u c e d  to give an a r o A  aroC double mutant. Bot h  strains 

were found to have similar L D ^ q 's and i.v. g r owth curv e s  to 

aro A  d e r i v a t i v e s  of SL1344. BALB/c m i c e  w ere i m m u nised  

orally w ith SL3261, SL1344 aroC or SL1344 aroA aro C  and 

c h a l l e n g e d  o r a l l y  w i t h  SL1344. All three strains gave good 

levels of i m m unity to oral challenge b o t h  28 and 70 days 

post immunisation. Since SL1344 aroA aroC p r o v e d  to be such 

an e x c e l l e n t  vaccine, the aroC gene was c l oned from S . typhi 

(Charles et aJL, in preparation) and inac t i v a t e d  by insertion 

of a k a n a m y c i n  r e s i stance cassette. The i nactivated gene was 

then r e - i n t r o d u c e d  into a S .typhi aroA m u t a n t  (Dougan et a l ,

1987) to produce a S .typhi aroA aroC mutant. The p r e s e n c e  of 

the k a n a m y c i n  res i s t a n c e  gene in this strain m e a n s  t hat it 

is uns u i t a b l e  for use as a h u man vaccine. W o r k  is u n d e r  wa y  

to create an aroC de l e t i o n  w i t h  no such a n t i biotic  

resistance. Mu t a n t s  in the aroD gene of the aromatic p a t h w a y  

have also found to a t t e n u a t e  S . t y p h i m u r i u m  (Miller et a l .
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M G G  in press) . aroD has a l s o  been s u g g e s t e d  as 

a t t e n u a t i n g  m u t a t i o n  in S .typhi vaccines (Stocker, 1988).

an
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