
1 5 1 

THE ANTIGENIC DETERMINANTS AND REGULATION 

OF DELAYED HYPERSENSITIVITY TO STAPHYLOCOCCUS 

AUREUS IN MICE 

A thesis submitted for the degree 

of 

Doctor of Philosophy 

in the 

University of London 

by 
Roger D.J. Phillips 

Department of Medical Microbiology 

St . Mary's Hospital Medical School 

London W2 1PG 1982. 



C O N T E N T S 

Page 

A B S T R A C T 

INTRODUCT ION 1 

1 . 1 . Staphylococcal skin infections 1 

1 .2 . V i ru lence fac tors in S . aureus skin infections 2 

1 .3 . Celt mediated responses to s taphy lococc i 4 

1 .4 . The use of cyclophosphamide to study the 
regulation of ce l l mediated hypersensi t iv i ty 9 

1 .5 . Chemica l composit ion of staphylococcal ce l l 

wal l antigen 13 

1 .6 . Ant igens involved in delayed hypersensi t iv i ty 17 

1 . 7 . The immunochemistry of peptidoglycan 20 

1 .8 . A i m s of this study 23 

M A T E R I A L S A N D METHODS 25 

2 . 1 . M i c e 25 

2 . 2 . Bacter ia and Culture Conditions 25 

2 . 3 . Cyclophosphamide 26 

2 . 4 . Sensi t isat ion of mice 26 

2 . 5 . Measurement of delayed hypersens i t iv i ty 26 

2 . 6 . Production of antigens 27 

2 . 7 . Chemica l modif icat ion of peptidoglycan with 
acetoacet ic anhydride 30 

2 .7 . 1 . Se l ec t i v e unblocking of acetoacetylated 

hydroxyl groups 31 

2 . 7 . 2 . Tota l unblocking of the acetoacetylated groups 31 

2 . 8 . Pept ide-prote in conjugation using carbod i imide 31 

2 . 9 . The measurement of antistaphylococcal antibody 

by an enzyme linked immunosorbant assay ( E L I S A ) 33 

2 . 10 . P lasma f o r measurement of antibody l eve l s 35 

2.11 . P lasma t rans fers 35 

2 . 12 . To ta l phosphate determinat ion 36 

2 .12 .1 . Measurement of f r e e amino groups 37 

2 . 1 2 . 1 . Measurement of reducing power 37 



Page 

R E S U L T S 38 

3.1 .1 . Induction of delayed hypersens i t iv i ty 
to S . aureus . 38 

3.1 .2 . The induction of delayed hypersensi t iv i ty 
with ce l l wal ls and peptidoglycan f r o m 
S . aureus. 40 

3 . 2 . . Use of lysostaphin to spl i t the peptidoglycan structure 44 

3 . 3 . Modi f icat ion of peptidoglycan by growth in a g lyc ine 
enr iched medium and its e f f e c t on the abi l i ty of 
peptidoglycan to e l i c i t delayed hypersensi t iv i ty 48 

3 .3 . 1 . The e f f e c t on S . aureus of growth in a 
medium supplemented with 3% g lyc ine . 48 

3 . 3 . 2 . Delayed hypersensi t iv i ty st imulated by ce l l 
wal ls f r om S . aureus grown in a g lyc ine 
enriched med ium. 51 

3 . 4 . The chemical modi f icat ion of peptidoglycan by 
acetoacet ic anhydride 53 

3 .4 . 1 . Delayed hypersens i t iv i ty e l i c i ted by the 
acetoacetylated peptidoglycan 53 

3 . 4 . 2 . Par t ia l and complete remova l of the acetoacety l 
modi f icat ions and its e f f e c t on the abi l i ty to 
e l i c i t delayed hypersens i t iv i ty 53 

3 . 5 . Cross react ions between S . aureus and Streptococcus 
Group A and S . aureus and Staphylococcus ep idermid is 57 

3 .5 .1 . Staphylococcus aureus and Streptococcus 

Group A stra in T . 2 7 57 

3 . 5 . 2 . S . aureus and S . ep idermid is N C T C 5955 57 

3 . 6 . The use of soluble ce l l wall f ract ions to induce and 
e l i c i t delayed hypersensi t iv i ty 60 

3 .6 .1 . The induction of delayed hypersens i t iv i ty with 
soluble ce l l wall f ragments produced by 
muramidase f r o m Chaloropsis s p . 60 

3 . 6 . 2 . The stimulation of delayed hypersensi t iv i ty 
to S . aureus by the soluble extracts produced 
by Chaloropsis s p . muramidase and 
S . aureus V8 protease 61 

3 . 6 . 3 . The puri f ication of the soluble ce l l wal l 
extract produced by Chaloropsis s p . 
muramidase . 61 
3 . 6 . 3 . 1 . The delayed hypersens i t iv i ty 

e l ic i ted by the puri f ied f ract ions 64 



Page 

3 . 6 . 4 . The puri f icat ion and analysis of the ex t rac t 
produced f r o m ce l l wal ls by the S . aureus 
V8 protease enzyme 64 

3 . 6 . 5 . The induction of delayed hypersensi t iv i ty 
with the act ive f ract ion f r o m the soluble 
ce l l wall extracts produced by the Chaloropsis 
s p . muramidase and S . aureus V8 protease 68 

3 .7 . The induction of delayed hypersensi t iv i ty to S . aureus 
with synthetic analogues of the pentaglycine c r oss 
br idge 68 

3 .7 .1 . The induction of delayed hypersensi t iv i ty with 
pentaglycine and polyglycine 71 

3 . 7 . 2 . The induction of delayed hypersensi t iv i ty with 
pentaglycine coupled to B S A 71 

3 .8 . The extract ion of peptidoglycan f r o m ce l l wal ls 74 

3 .8 . 1 . The delayed hypersensi t iv i ty st imulated by 
ce l l wal ls f r o m a te ichoic acid de f ic ient 
s tra in of S . aureus 77 

3 . 9 . The relat ionship between delayed hypersensi t iv i ty 
and the antibody response to S . aureus 79 

3 .9 .1 . The antibody response to doses of S . aureus 
required to induce delayed hypersensi t iv i ty 79 

3 . 9 . 2 . Suppression of delayed hypersensi t iv i ty with 
fac tors f r o m immune plasma 81 

D I S C U S S I O N 

4.1 . Induction of delayed hypersensi t iv i ty to S . aureus 84 

4 . 2 . The antigenic determinants involved in the delayed 
hypersensi t iv i ty react ion to S . aureus 86 

4 . 3 . Preparat ion of peptidoglycans 99 

4 . 4 . The regulation of delayed hypersensi t iv i ty to S . aureus 102 

C O N C L U S I O N S 106 

R E F E R E N C E S 108 

A C K N O W L E D G M E N T S 

A P P E N D I X 122 



L is t of F i gures and T a b l e s . 
Page 

F igure 1 . Repeating unit of a r ibi to l te ichoic acid f r o m 

Staphylococcus aureus 1 5 

F igure 2 . Fragment of the p r i m a r y structure of the 

peptidoglycan of Staphylococcus aureus 16 

F igure 3 . Fragments of the p r imary structures of the pept i -

doglycans f r o m Streptococcus Group A , Staphylococcus 

ep idermid is and Staphylococcus aureus 22 

F igure 4 . The acetoacetylat ion react ions 32 

F igure 5 . The measurement of antistaphylococcal antibody by 

an enzyme linked assay , the e f f e c t of antigen 

concentration 34 

F igure 6 . The 24 hour footpad swel l ing in mice sensi t ised with 

ce l l wal ls o r peptidoglycan f r o m S . aureus and 

challenged with 20 pg S . aureus ce l l wal ls 42 

F igure 7 . Act ion of three enzymat ic act iv i t i es of lysostaphin 45 

F igure 8 . Lys i s of S . aureus ce l l wal ls by lysostaphin 46 

F igure 9 . Re l ease of ce l l wal l constituents by lysostaphin 47 

F igure 10. Inhibition of Staphylococcal growth by medium 

supplemented with 3% g lycine 50 

F igure 11 . Gel f i l t rat ion of the soluble extract produced f r o m 

ce l l wal ls by Chaloropsis sp . muramidase . 65 

F igure 12. Gel f i l t rat ion of the soluble extract produced f r o m 

S . aureus ce l l wal ls by S . aureus V8 protease enzyme 67 



Tab le 7 . The footpad swe l l ings in mice sensi t ised with 

S . aureus and challenged with 20 pg pept idoglycan, 20 pg 

acetoacetylated peptidoglycan, 20 pg sodium carbonate 

treated peptidoglycan and 20 pg hydroxylamine treated 

peptidoglycan. 56 

Tab le 8 . The footpad swe l l ing in mice sensi t ised with 

S . aureus and challenged with 20 pg staphylococcal 

and streptococca l ce l l wal ls 58 

Tab le 9 . The footpad swe l l ings in mice sensi t ised with 

S . aureus and S . ep idermid is and challenged with 

20 pg of the homologous of heterologous ce l l wal ls 59 

Tab le 10. The footpad swe l l ings in mice sensi t ised with the 

soluble ex t rac t produced f r o m S . aureus ce l l wal ls 

by Chaloropsis s p . muramidase . 62 

Tab le 11 . The footpad swe l l ings in mice sensi t ised with 

S . aureus and challenged with 20 pg of the soluble 

extracts produced f r o m S . aureus ce l l wal ls by 

muramidase f r o m Chaloropsis sp . and protease 

f r o m S . aureus V8 . 63 

Tab l e 12. The footpad swe l l ings in mice sensi t ised with 

S . aureus and challenged with 20 pg of the fract ionated 

soluble extracts produced f r o m S . aureus ce l l wal ls 

by the Chaloropsis s p . muramidase . 66 

Tab le 13. The footpad swe l l ings in mice sens i t ised with the 

soluble ex t rac t produced f r o m S . aureus ce l l wal ls 

by the protease enzyme and chal lenged with 20 pg 



Figure 13. The antibody response to multiple S . aureus 

sucutaneous infections and to a s ing le infection 

a f t e r cyclophosphamide t reatment . 80 

F igure 14. The 24 hour footpad swel l ings in mice given immune 

plasma f ract ions p r i o r to infection with S . aureus 82 

F igure 15. Act ion of three enzymat ic act iv i t ies of lysostaphin ' 88 

Tab le 1 . The footpad swe l l ings in mice sensi t ised with 10 

heat ki l led S . aureus and challenged with 20 pg 

S . aureus ce l l wa l ls 

8 

39 

Tab le 2 . The footpad swe l l ings in mice sensi t ised with increasing 

doses of heat ki l led S . aureus and challenged with 

20 pg S . aureus ce l l wal ls . 41 

Tab le 3 . The 24 hour footpad swel l ings in mice sens i t ised with 

f o rma l in or heat ki l led S . aureus and challenged with 

20 pg S . aureus ce l l wal ls . 43 

Table 4 . The 24 hour footpad swe l l ing in mice sensi t ised 

with S . aureus and challenged with 20 pg of 

lysostaphin treated ce l l wal ls 49 

Tab le 5 . The footpad swe l l ings e l i c i ted in S . aureus sensi t ised 

mice by 20 pg ce l l wal ls f r o m S . aureus grown in 

a glycine enr iched med ium. 52 

Tab le 6 . The footpad swe l l ings in mice sensi t ised with S . aureus 

and challenged with 20 pg of acetoacety lated pept i -

doglycan f r o m S • aureus . 54 



S . aureus ce l l wal ls 69 

Table 14. The footpad swe l l ing in mice sensi t ised with 

soluble ce l l wall extracts in Freunds Adjuvant 

and challenged with 20 pg S . aureus ce l l wa l l s 70 

Table 15. The footpad swel l ings in mice sensi t ised with 

polyglycine and pentaglycine and challenged with 

20 pg S . aureus ce l l wal ls 72 

Tab l e 16. The footpad swe l l ings in mice sensi t ised with 

pentaglycine coupled to B S A and challenged with 

S . aureus ce l l wa l l s , B S A - pentaglycine and B S A 73 

Tab le 17. The footpad swe l l ings in mice sensi t ised with B S A -

pentaglycine and BSA and challenged with S . aureus 

ce l l wal ls 75 

Tab le 18. Delayed hypersensi t iv i ty st imulated in S . aureus 

sens i t ised mice by peptidoglycans isolated by 

d i f f e rent methods 76 

Table 19. The footpad swe l l ings in mice sensi t ised with 

S . aureus and challenged with 20 pg of ce l l wal ls 

f r o m teichoic acid de f ic ient and normal s t ra ins 

of S . aureus . 78 



A B S T R A C T 

Delayed hypersensi t iv i ty to Staphylococcusaureus in mice is seen 

only a f t e r multiple infect ions. Howeve r , using cyclophosphamide this 

requirement can be reduced to a s ingle sensi t is ing dose . I have used 

this model to investigate the antigens involved in the delayed hypersens-

it iv i ty react ion and one of the control mechanisms involved in regulating 

this r esponse . 

Delayed hypersensi t iv i ty to S . aureus could be induced with ki l led 

g 

staphylococci at a dose equivalent to 10 colony forming units of v iable 

c o c c i . Induction of a delayed response was possible both with ce l l wal ls 

and pept idoglycan, although the f o r m e r gave a better response . Prev ious 

work has shown that the peptidoglycan contains the m a j o r antigenic 

determinants f o r delayed hypersens i t iv i ty . 

Digest ion of the ce l l wal l with lysostaphin, modi f icat ion of the 

peptidoglycan by (a ) chemical methods (b ) a l tered growth conditions and 

the lack of c r oss react iv i ty with ce l l wal ls f r o m Streptococcus Group A , 

al l suggested that the pentaglycine c ross br idge was of p r imary impor t -

ance in the antigenic determinant of peptidoglycan. Soluble f ragments 

obtained f r o m the degradation of ce l l wal ls with two spec i f i c en zymes , 

a protease f r o m S . aureus V8 and muramidase f r o m Chaloropsis s p . we r e 

able to induce delayed hypersensit iv i ty to S . aureus . A synthetic analogue 

of the c r o s s b r idge , that i s , pentaglycine linked to B S A , was able to 

induce a delayed react ion when challenged with staphylococcal ce l l wa l l s . 

An indirect ro l e f o r te ichoic acid in the delayed hypersensi t iv i ty react ion 

was demonstrated with a teichoic acid def ic ient stra in of S . aureus . 



The relat ionship between the antibody response to multiple 

infections and delayed hypersensi t iv i ty was fo l lowed using an enzyme 

linked assay to measure antibody l e v e l s . P lasma and plasma f rac t ion 

t rans fers showed that both I gM and to a l e s se r extent IgG w e r e able to 

suppress delayed hypersensi t iv i ty when given be fo re infect ion. 

Howeve r , p lasma absorbed with ce l l wal ls o r peptidogycan was unable 

to suppress the delayed reac t ion . 
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INTRODUCTION 

1 .1 . Staphylococcal Skin Infections 

The development of a suitable animal model of local ised staphyl -

ococcal skin infection presents many d i f f i cu l t i es . Large doses of above 

8 

10 staphylococci are necessary to o ve r come the natural res istance of 

the skin to infect ion. Elek and Cohen (1957) and later James and MacLeod 

(1961) o v e r c a m e this problem by implanting the staphylococci subcutane-

ously on cotton sutures . Th is seemed a better model of the natural 

production of staphylococcal d isease as no more than a f ew staphylococci 

we r e necessary to produce a l es ion . The sutures , o r other fo re ign bodies 

potentiated the infect ion, possibly acting as a mechanical depot o r as an 

i r r i tant . Noble (1965) made the principle more quantitative by injecting 

subcutaneously a cotton dust plug f r o m a wide bore need le . This cotton 

dust plug could be accurate ly loaded with an appropriate number of 

s taphy lococc i . The v irulence of the bacter ia was then assessed by the 

s i z e of the dermonecro t i c lesion at the s i te of inject ion. 

The skin lesions produced by staphylococcal infection have been 

associated with s eve ra l bacter ia l and host f a c t o r s . Bacter ia l fac tors 

include, the abi l i ty to produce ex t race l lu lar toxins and enzymes 

( J e l j a s z e w i c z , 1972) and the presence of a factor which delays the 

e a r l y in f lammatory response of the host (H i l l , 1968). Humoral 

immunity, ce l l mediated (de layed)hypersensi t iv i ty , spec i f i c and non 

spec i f i c in f lammation, al l can . e f f e c t the lesions produced by 

staphylococcal infect ions. 
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1 .2 . V i ru lence Fac to rs in S . aureus . Skin Infections . 

A g a r w a l ( 1967a ,b , c ) evaluated the v irulence of d i f f e rent stra ins 

of s taphylococc i using subcutaneous injections of the bacter ia on cotton 

plugs. Staphylococcal s tra ins such as P S 80, Orbach and 1531 which 

produced s e v e r e l e s i ons , s igni f icant ly delayed the f luid exudation and 

emigrat ion of leucocytes to the s i te of infect ion. Less v i rulent s tra ins 

however , invoked an e a r l y in f lammatory response , indeed the protect ive 

value of an acute in f lammatory react ion in bacter ia l infection had 

a lready been descr ibed by Miles- etai.(l957). Thus virulent s tra ins a re able 

to delay the influx of both oedema fluid and leucocytes to the s i te of 

infect ion, providing the invading bacter ia with the opportunity to multiply 

be fore the host de fences can ac t . Some coagulase negative stra ins of 

staphylococci could de lay the e a r l y in f lammatory response without 

producing d e rmonec r o s i s , this led Agarwa l (1967b) to propose that 

virulent s t ra ins must be able to both inhibit leucocyte migrat ion and 

fluid exudation and must also produce the toxins and other f ac to rs which 

were thought to produce de rmonecros i s . 

Hil l (1968) isolated a fac tor f r o m the wal ls of v irulent staphylococci 

which had a les ion enhancing e f f e c t and a lso inhibited the accumulation of 

oedema f luid at the s i t e of in fect ion. Th is f ac to r was the residue le f t 

a f ter deoxycholate extract ion of ce l l wal ls and consisted mainly of pept i -

doglycan with some prote in . Th i s deoxycholate residue (DOCR) which 

has also been ca l led an agg ress in o r impedin acts on the inf lammation 

due to chemica l i rr i tants as wel l as s taphylococc i , and has its e f f e c t by 

preventing the format ion of kinins which are involved in the ea r l y stages 

of acute in f lammat ion. (Easmon , Hamilton and Glynn, 1973). 
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The de lay in the onset of e a r l y inf lammation was considered by 

Aga rwa l not to be of so le importance in v i ru l ence , staphylococcal toxins, 

notably the cx-toxin we r e thought to be responsible f o r the d e r m o n e c r o s i s . 

Staphylococc i produce at least four haemolysins or cyto lyt ic toxins and a 

leucocidin ( J e l j a s zew i c z 1972). A l l s t ra ins of s taphylococc i which g ive 

r i se to dermonecros i s in the mouse are known to produce e i ther a o r p 

toxins, or both. Mice can be protected f r o m dermonecros i s by previous 

injection with oc toxin producing stra ins o r by the act ive o r pass ive 

immunisation with a toxin. 

Howeve r , Easmon and Glynn (1975a)obtained ev idence that the 

neutralisation of oc toxin is of l ess importance than the fac tors which 

produce local in f lammation. P rev ious infections with stra ins which 

produced a toxin and there fore led to the production of antibodies against 

a toxin and with non-toxigenic stra ins both gave protect ion against 

d e rmonec r o s i s . They bel ieved that the e a r l y inf lammation was of 

paramount importance in determining the outcome of a S . aureus infect ion. 

This was supported by the local injection of g lycogen at the s i te of 

infection which,stimulated an in f lammatory response and reduced the 

final necros is . Converse l y when they suppressed e a r l y response with 

antithymocyte s e r u m , prednisone o r by complement depletion with 

zymosan , necros is was more s e v e r e . Th is protect ion is achieved by an 

antibody dependent hypersensi t iv i ty react ion and virulent staphylococci 

a re able to de lay the onset of this reac t ion . 

Mos t pathogenic staphylococci s e c r e t e l i pase , coagulase and a 

number of other ex t race l lu lar enzymes which may function as v irulence 

fac tors . The possession of a capsule , whi le an important v i rulence 
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fac tor in intraperitoneal infections con fe rs no increased v irulence 

on staphylococci causing skin infections (Easmon and Glynn 1976). 

1 .3 . Cel l Mediated Responses to Staphylococc i 

The possible ro l e of hypersensi t iv i ty in staphylococcal infection 

was f i r s t suggested by Panton and Valent ine (1929). They observed 

that rabbi ts , given repeated skin infections developed an increased 

suscept ib i l i ty to doses of staphylococci one hundred t imes s m a l l e r than 

that used f o r infect ion. B0e (1945) sens i t ised rabbits with dai ly in t ra-

cutaneous injections of f o rma l in ki l led s taphy lococc i , so that when 

challenged with a staphylococcal f i l t ra te vaccine the rabbits developed 

a delayed hypersensi t iv i ty reac t ion . In such an imals , minimal doses 

of l ive bacter ia produced more s e v e r e abscesses than in cont ro l s . B0e 

was unable to t rans fer pass ive ly the abi l i ty to produce a delayed react ion 

with s e rum f r o m sensi t ised rabbits . 

• Using repeated staphylococcal skin infections to deve lop delayed 

hypersens i t i v i ty , Johanovsky (1958) demonstrated that the t rans fe r of 

spleen ce l l s o r per i toneal exudate c e l l s f r o m sensi t ised donor rabbits 

to normal recipients resulted in the t rans fe r of delayed hypersens i t i v i ty . 

The rec ip ient animals had an increased suscept ib i l i ty to staphylococcal 

infect ion. Johnson, Cluff and Goshi (1961) found that repeated infection 

in rabbits was associated with the deve lopment of delayed hypersensi t iv i ty 

and was unaccompanied by demonstrable se rum antibody. These rabbits 

we re more s e n s i t i v e to staphylococcal skin infect ions, the les ions of 

which we r e maximal at 24 and 48 hours . 

In contrast to the f indings of Johnson, Cluff and Goshi (1961) and 
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Johanovsky (1958), Aga rwa l (1967c) could not produce increased 

suscept ib i l i ty in mice with repeated subcutaneous in fect ions. H o w e v e r , 

when A g a r w a l t rans fe r red lymph node ce l l s f r o m prev ious ly infected 

mice the rec ipients exhibited a much higher suscept ib i l i ty and responded 

to S . aureus injection with s e v e r e necrot ic l es ions . The lymph node ce l l s 

would not howeve r , t rans fe r the increased suscept ibi l i ty when given in 

combination with se rum f r o m the prev ious ly infected m i c e . Th i s led 

Agarwa l to suggest that the ce l l mediated increased suscept ib i l i ty to 

staphylococci is not manifested in the presence of ant ibodies . 

Using footpad react ions to measure delayed hypersens i t iv i ty in 

m i c e , Easmon and Glynn (1975b) showed that repeated infections with 

S . aureus led to delayed hypersensi t iv i ty to crude staphylococcal ant igens. 

Lymph node ce l l s f r o m repeated ly infected mice t rans f e r r ed delayed 

hypersensi t iv i ty to non-infected rec ip ient m i c e , which responded to 

staphylococcal challenge with s e v e r e necrot ic l es ions . H o w e v e r , the 

t ransfer of delayed hypersens i t iv i ty and increased s e v e r i t y of les ions 

was not seen when the t rans fe r red ce l l s were treated with antiHThy 1 

s e r u m . S e r u m f r o m infected donors protected against de rmonec ros i s 

and did not t rans fe r the delayed react ion . A s found by A g a r w a l (1967c) 

when both se rum and ce l l s we r e t rans fe r red into the same animal the 

e f f ec ts of the se rum suppressed those of the lymph node c e l l s . Easmon 

and Glynn (1975b) a lso studied the e f f e c t of T lymphocyte depletion on 

staphylococcal skin infect ion. Remova l of the T ce l l population by a 

combination of adult thymectomy and cyclophosphamide gave r i s e to 

mice which responded to staphylococcal infection with mild non-necrotic 

l es ions . Nude mice with v e r y f e w T lymphocytes also produced mi ld 
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non-necrotic l e s i ons . 

Thus , both the delayed hypersensi t iv i ty and necros is a r e 

attributed to ce l l mediated immune responses because of their t iming 

which is max ima l at 24-48 hours, their h is to logy , a mononuclear ce l l 

inf i l trate and because both responses can be t rans fe r red by T ce l l s 

f r o m immune donors . 

Ce l l mediated (de layed ) hypersensi t iv i ty is typ ica l ly associated 

with intrace l lu lar bacter ia such as mycobac te r i a , bruce l lae and l i s t e r i a e . 

Howeve r , as shown a l ready S . aureus which is predominant ly an e x t r a -

ce l lu lar bacter ium can induce delayed hypersens i t i v i ty . The f i r s t 

interest in the kinetics of the induction of delayed hypersensi t iv i ty to 

S . aureus was expressed by Taub ler (1968). He used a mouse footpad 

model to demonstrate the induction of delayed hypersens i t iv i ty by eight 

g 

week ly inject ions of 1 0 v iable s taphy lococc i . When chal lenged with a 

soluble preparat ion of disrupted s taphy lococc i , mice sens i t ised in this 

manner responded with s ign i f i cant ly higher footpad swe l l ings at 24 and 

48 hours than normal m i c e . 

Taub ler and Mudd (1968) demonstrated delayed hypersens i t iv i ty in 

mice using the in v i t ro inhibition of macrophage migrat ion by a crude 

staphylococcal ant igen. Th i s ce l l migrat ion inhibition was spec i f i c in 

that macrophages f r o m S . aureus sensi t ised mice we re not inhibited 

f r o m migrat ing by an unrelated antigen. 

Subcutaneous staphylococcal injections on cotton dust plugs 

(Noble 1965) w e r e used to induce delayed hypersens i t iv i ty in a study by 

Easmon and Glynn (1975b). They reduced the number of week ly infections 
8 5 

f r o m eight to four and the number of bacter ia f r o m 10 to 1 0 colony 
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forming units when injected on cotton dust plugs . The footpad react ions 

we re suppressed by antithymocyte s e rum and character ised h is to log ica l ly 

as delayed hypersens i t iv i ty responses by a mononuclear inf i l trat ion at 

the s i te of chal lenge . 

It has been demonstrated (Johnson, Cluff and Goshi , 1961; T r i bb l e 

and Bolen 1978) that non-viable S . aureus wi l l only induce delayed hyper -

sens i t iv i ty when used in conjunction with Freunds complete adjuvant. 

Induction of de layed hypersensi t iv i ty has been accompl ished with 

s e v e ra l components of staphylococcal ce l l wa l l s . Heczko , G rov and 

Oeding (1973) sens i t ised mice with multiple injections of protein A in 

Freunds comple te adjuvant, the use of the incomplete adjuvant gave 

r i se only to shor t l ived Arthus reac t ions . S ing le injections of pept i -

doglycan in both Freunds complete and incomplete adjuvant have been 

used by Dz ia rsk i (1978) to induce delayed hypersensi t iv i ty in guinea p i g s . 

In the c lass ica l model of ce l l mediated immunity in L i s t e r i a 

infections (Mackaness 1970), spec i f i c a l l y activated lymphocytes induce 

increased bacter ic ida l act iv i t i es in macrophages . Th is s e e m s in 

contrast to the work a l ready descr ibed on staphylococcal skin les ions 

where delayed hypersensi t iv i ty is accompanied by increased suscept ib i l i ty 

to infect ion. Th is was supported by the work of Lenhart and Mudd (1971) 

who found that the staphylococcidal abi l i ty of rabbit peri toneal macrophages 

was not increased in repeatedly infected an ima ls . P r y j m a , Zemba la , 

Grov and Heczko (1975) obtained further ev idence f o r this by demon-

strat ing that the bacter ic idal act iv i ty of peritoneal exudate ce l l s was 

inverse ly re lated to the delayed type skin reac t i v i ty of the donor , that is 

animals with strong delayed hypersensi t iv i ty react ions showed depressed 
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staphylococcidal ac t i v i ty . The increased suscept ib i l i ty to infect ion, 

which accompanies delayed hypersensit iv i ty could there fo re be a 

re f l ec t ion of this decreased bacter ic ida l ac t i v i t y . 

In contrast , Shayegani , DeCourcy and Mudd (1973) took m a c r o -

phages f r o m mice which had rece ived repeated infections with S . aureus 

and observed an increased ki l l ing abi l i ty by these ce l l s a f t e r further 

exposure to staphylococcal antigen. Macrophages not exposed to further 

antigen did not show any increased kil l ing ab i l i t y , indeed they we r e l ess 

e f f e c t i v e than normal macrophages . Baughn and Bonventre (1975) 

studied the production of lymphokines by cultures of lymphocytes taken 

f r o m mice exhibiting delayed hypersens i t i v i ty . Lymphokines we r e only 

produced when the culture f luid contained staphylococcal antigens. Whi le 

these lymphokines could not activate macrophages to increase intracel lular 

k i l l ing , they we re able to enhance phagocytos is , thus rapidly c lear ing 

staphylococc i f r o m the ex t race l lu lar f lu id . Th is led Baughn and Bonventre 

to propose that ce l l mediated immunity to S . aureus is manifested at the 

leve l of phagocytosis and is not associated with increased intracel lular 

k i l l ing . 

Despite rece iv ing much attention the relat ionship between delayed 

hypersensi t iv i ty and ce l l mediated immunity remains ambiguous. Some 

cons ider that hypersensi t iv i ty and immunity a re m e r e l y coincidental 

events . The opposite v i ew is that hypersensi t iv i ty and immunity are 

d i f f e rent express ions of the same p r o c e s s , namely ce l l mediated immunity. 

The complex react ions and interactions amongst the var ious sets and 

subsets of ce l l s involved a r e as yet uncertain. However it is possible that 

these react ions wi l l provide information leading to a better understanding 
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of this re lat ionship. (Youmans, 1975; L e f f o r d , 1975; Sa lv in and 

Neta 1975). 

1 .4 . The Use of Cyclophosphamide to Study the Regulation of Cel l 

Mediated Hypersens i t i v i ty . 

The regu la tory mechanisms involved in control l ing the immune r e a c -

tion have, during recent y ea r s attracted much attention, despite this the 

interactions of the immune sys t em remain poor ly understood and st i l l 

await a unifying theory . Humoral and ce l l mediated responses have 

been reported to be regulated by B lymphocytes , T lymphocytes , 

macrophages , antibody and immune complexes (Asherson and Zemba la , 

1976). 

Much of the work surrounding the regulation of delayed hyper -

sens i t i v i ty has involved the use of the se l ec t i ve immunosuppressant 

drug , cyc lophosphamide. Cyclophosphamide is an alkylating agent 

which is power fu l ly cytotoxic towards rapidly dividing ce l l s (Dewys , 

Goldin and Mante l , 1970). It is i tsel f inact ive, but is converted by 

hepatic m ic rosoma l enzymes into a s e r i e s of act ive metabol i t ies which 

a re incorporated into the DNA double he l ix , causing the incorrec t 

translation of the DNA result ing in ce l l death (Berenbaum, Cope and 

Double, 1973). 

T u r k , Pa rke r and Poul ter (1972) studied the contact hypersensi t iv i ty 

react ion in guinea pigs and observed that the intensity of the reaction to 

2 ,4 dinitrof luorobenzene was increased and prolonged by treatment with 

cyclophosphamide three days pr i o r to sens i t isat ion. They suggested 

that a B ce l l response which normal ly regulates contact sens i t i v i ty was 

blocked by treatment with cyc lophosphamide. B ce l l s we re d i r ec t l y 
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impl icated, in the suppression of delayed hypersensi t iv i ty to ovalbumin 

in guinea pigs ( Tu rk , P a r k e r and Pou l t e r , 1972). Cyclophosphamide 

treatment r emoved the suppression of delayed hypersensi t iv i ty to 

ovalbumin, pass i ve ly t rans fe r red spleen ce l l s f r o m ovalbumin-

sensit ised animals we r e able to res tore the suppress ion. Howeve r , when 

spleen ce l l s depleted of B lymphocytes by passage through a rabbit ant i -

guinea pig gamma globulin coated column w e r e pass ive ly administered 

there was no suppress ion . Turk and Pa rke r (1973) postulated that 

cyclophosphamide r emoves the B ce l l s which normal ly modulate the 

T ce l l r eac t ion . 

One possib le mechanism of B suppressor ce l l action is through 

feedback inhibition by ant ibody. Askanase , Hayden and Gershon 

(1975) however , augmented delayed hypersensi t iv i ty to sheep red blood 

ce l ls with sma l l doses of cyclophosphamide which do not influence 

antibody product ion. This led to the suggest ion that a cyclophosphamide 

sensi t ive T ce l l was involved in the regulation of delayed hypersens i t i v i ty . 

(1974) 

Polak and Turk substantiated this by demonstrating a subset of T ce l l s 

which divide rapid ly and a r e sensi t ive to cyc lophosphamide. Ant igen 

spec i f i c T suppressor ce l l s regulate immunity at var ious l e v e l s , they 

can a f f ec t both the generation of immune ce l l s (Moorhead 1976) and the 

functional express ion of immune ce l l s (Zemba la et a l , 1975) that i s , they 

can act by a f f e r en t o r e f f e r en t suppress ion. 

Cyclophosphamide has been used to study the regulation of the ce l l 

mediated react ions fo l lowing infection with both S . aureus (Easmon and 

Glynn 1977) and L i s t e r i a monocytogenes (Ke rckhaer t , Hofhuis and W i l l e r s 

1977) and fo l lowing the injection of tularaemia vaccine in guinea pigs 
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( A s c h e r , P a r k e r and T u r k , 1977). 

Easmon and Glynn (1975a) demonstrated that immune s e rum f r o m 

twice infected mice protected non-infected mice f r o m the de rmonecro t i c 

e f f e c t s of S • aureus cha l lenge . Howeve r , lymph node ce l l s f r o m twice 

infected m ice had the opposite e f f e c t and rec ip ients responded to s taphyl -

ococcal infection with increased de rmonec ros i s . When immune s e rum 

and lymph node ce l l s we r e t rans fe r red together , the e f f e c t s of the s e rum 

overode those of the c e l l s . Thus , there appears to be a s e rum dependent 

suppression of the ce l l mediated de rmonec ros i s . 

Cyclophosphamide was used as a s e l e c t i v e immunosuppressant by 

Easmon and Glynn (1977) to study further the regulatory mechanisms 

involved. M i ce r ece i v ed intraperitoneal injections of cyclophosphamide 

(200 mg/kg) two days be f o re a s ing le subcutaneous S . aureus in fect ion, 

this enhanced the delayed footpad responses to l eve l s otherwise seen only 

a f t e r at l east four week ly in fect ions. A minimum dose of 100 mg/kg body 

weight was ne c e s sa r y , which is g r ea t e r than those smal l doses shown by 

Askenase e t al (1975) to enhance ce l l mediated immunity without a f f ec t ing 

antibody synthes is . 

In addition to being a potent immunosuppressant cyclophosphamide 

has ant i - in f l ammatory proper t i es . Because of A g a r w a l ' s (1967c) proposal 

that late necros i s is inverse ly re lated to e a r l y in f lammation, it was 

necessary f o r Easmon and Glynn to demonstrate that the enhancement of 

delayed hypersensi t iv i ty by cyclophosphamide was not due to any reduction 

in inf lammation but was immunolog ica l ly mediated . T h e y used cobra 

venom factor as an ant i - in f l ammatory agent and g lycogen to st imulate 

inf lammation at the s i te of skin infect ion. Howeve r , when used separa t e l y , 
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o r in combination these two agents had no e f f e c t on the outcome of the 

response and it is there fore unlikely that the ant i - in f l ammatory e f f e c t 

of cyclophosphamide e f f e c t s the enhancement of delayed hypersensi t iv i ty 

to S . aureus . 

Thus in normal mice there a re regulatory mechanisms which 

prevent the e f f e c t o r ce l l s of ce l l mediated immunity and delayed hyper -

sens i t i v i ty displaying their harmful responses to S . aureus infect ion. 

During the course of multiple infect ion, ( o r by the action of cyclophospha-

mide ) these suppressor sys tems are over idden. 

Immune s e r u m , when given be fore infection to cyclophosphamide 

treated mice suppressed the induction of delayed hypersensi t iv i ty as 

measured by footpad tests two weeks l a t e r . Howeve r , the se rum had no 

e f f e c t when g iven be fo re antigen chal lenge. Th is d i f f e r s f r o m the sys tem 

observed by Mackaness et al (1974) where immune se rum suppressed 

delayed hypersensi t iv i ty to sheep red blood ce l ls both at the t ime of 

induction and cha l lenge . 

In contrast to immune s e r u m , spleen ce l l s f r o m twice infected 

mice could not suppress delayed hypersensi t iv i ty when given at the t ime 

of induction. Howeve r , when ce l l t rans fers we re pe r f o rmed twenty 

four hours be fo re footpad challenge the delayed response was s igni f icant ly 

reduced. It there fo re appears that there is dual control of delayed 

hypersensi t iv i ty to S . aureus with immune se rum preventing the induction 

of delayed hypersensi t iv i ty and immune ce l l s suppressing its express ion . 

In an attempt to ca tegor ise the ce l l s responsible f o r suppressing 

delayed hypersensi t iv i ty Easmon and Glynn (1979) passed the ce l ts 

through nylon wool columns to r emove lymphocytes and treated them 
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wi thcarbonyl iron to r emove phagocytic c e l l s . Only the ce l ts r emoved 

by the nylon wool columns we r e able to suppress delayed hypersens i t i v i ty . 

These lymphocytes we r e treated with ant i -Thy 1 , 2 plus complement and 

a lso antiheavy chain se rum plus complement . The suppressor ce l l s 

were unaffected by the f o r m e r but we r e lysed by the lat ter t reatment and 

were there fo re c lass i f i ed as B - l ymphocy t es . 

1 .5 . Chemica l Composit ion of Staphylococcal Cel l Wal l An t i g ens . 

Although ex t race l lu lar and ribonucleic acid assoc iated antigens do 

occur in s t a p h y l o c o c c i a s discussion is l imited to the chemis t r y of the 

ce l l wall antigens l ipoteichoic ac id , te ichoic ac id , peptidoglycan and 

protein A . 

L ipote ichoic acid 

L ipote ichoic ac id , as the name impl ies is a complex of te ichoic 

acid and l ip id . It is der ived f r o m the ce l l membrane but can function as 

a ce l l sur face component, and thus presents an analogy with the l ipopo ly -

sacchar ide of g ram-negat i ve bac te r ia . The l ipoteichoic ac ids of s taphy l -

ococc i possess a component of g l yce ro l te ichoic acid which is cova lent ly 

linked to a g lycol ip id (Knox and Wicken 1973). 

Te i cho i c Ac ids 

Te i cho i c acids a re water soluble po lymers of g l y ce ro l o r r ib i to l 

phosphate, a sugar and D-alanine held together by phosphodiester l inkages . 

In the ce l l wall teichoic acid is covalent ly bound to peptidoglycan by a 

phosphodiester bond to the 6-hydroxy l group of a muramic acid res idue . 

The te ichoic acids compr i se between 20-50% of the weight of the wa l l . 

In S . aureus (F i gure 1 . ) the po l ymer is of the r ib i to l type (unlike l i po -

te ichoic acid which is of the g l yce ro l type) with each r ib i to l unit linked 
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by phosphodiester bonds at the p r i m a r y hydroxyl group. N - a c e t y l g luco-

samine is linked to the 4-hydroxyl group of each D-r ib i to l residue and 

D-alanine is e s t e r i f i ed to the 2-hydroxy l groups. 

Pept idoglycan 

Pept idoglycan (murein o r mucopeptide) is a ce l l wal l po l ymer 

common to g ram pos i t i ve , g ram negative bac te r ia , r icketts iae and blue 

green a l gae . It is composed of a polysacchar ide o r glycan backbone 

which is c r o s s linked by short pept ides. It constitutes about 50% of 

the weight of the ce l l wa l l . The whole structure f o rms a network, which 

comple te ly surrounds the ce l l providing res is tance to the internal osmot ic 

pressure of the cytoplasm and giving the bacter ia its character is t i c 

shape. The polysacchar ide backbone consists of p 1 ,4-1 inked N-ace ty l 

glucosamine res idues in which each al ternat ive residue is substituted 

at the 3 -OH group by D- lac t i c acid and is then cal led muramic ac id . 

The peptide moie ty is usually made up of a tetrapeptide o r penta-

peptide of the sequence L - A l a , D-G lu , L. diaminoacid - D - A l a ( D - A l a ) , 

whereby the L - A l a residue is linked to the carboxy l group of muramic 

acid by a peptide bond. These tetrapeptide/pentapeptide units a re c r oss 

linked between the C- t e rmina l D-alanine of one peptide to the distal amino 

group of the diaminoacid at position 3 of another pept ide. The c r o s s -

linking is p e r f o rmed e i ther by a s ing le aminoacid o r by a short pept ide. 

The aminoacid sequence of the peptidoglycan of S . aureus stra in 

Copenhagen was elucidated by Ghuysen et al (1965) (F i gure 2 ) . The 

tetrapeptide unit consists of L -a lan ine bound to muramic ac id , fo l lowed 

by D-g lutamate , L - l y s in e and D-a lan ine . The a carboxyl group of the 

glutamate is amidated and the y carboxy l group of D-glutamate is linked 



15. 

OH 
I 

HO—P—O—CH, 

HO 

CH2OH 

NHAc 

OH 
CH2—O 

0 
1 
c=o 
C NH2 

COOH 

OH 
I 

— P—O—CH, 
II 
O 

CH„OH 

NHAc 

C H 2 - O 
OH 0 

1 
0 0 

H— C—N H0 1 1 

COOH 

OH 
I 

— P — 
II 
O 

F igure 1 . 

Repeating unit of a r ibitol teichoic acid f r o m Staphylococcus 

aureus. 



16 . 

CH2OH 
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F ragment of the p r i m a r y structure of the peptidoglycan of 

Staphylococcus aureus . G , N-ace ty lg lucosamine ; 

M , N -ace ty lmuramic ac id . 
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to the oc amino group of l ys ine . The interpeptide br idge is composed by 

5 glycine res idues which extend f r o m the C- t e rmina l of D-alanine of 

one peptide to the e -amino group of L - l y s ine of another peptide on 

another polysacchar ide chain. In S . aureus a high percentage of the 

peptide units a re c r oss linked which leads to po lymers of considerable 

s i z e , containing on average f i f t een repeating units. Other staphylococcal 

stra ins d i f f e r in the amino acid sequence of their interpeptide b r i dges . 

In S . ep ide rm id i s , f o r example a s ingle g lycine residue is replaced by 

L - s e r i n e . A f e w coagulase negat ive staphylococci have an interpeptide 

br idge consist ing of t e t r ag l y cy l - L -a l an ine , where an L-a lanine res idue 

is bound to the e amino group of the tetrapeptide l y s ine . 

Pro te in A 

Most s tra ins of S . aureus contain protein A . It can be e i ther ce l l 

bound o r e x t r ace l lu l a r . Cel l bound protein A is found predominantly on 

the ce l l wal l where it is cova lent ly linked to the peptidogycan. In the 

stra in S . aureus Cowan I protein A compr ises 6% (w/w) of the ce l l w a l l , 

it has been calculated that e v e r y 3 2 5 ^ peptidoglycan monomer is linked 

to a protein A molecule of mo lecu lar weight 42,000. (S joquis t 1973). 

Prote in A is best known f o r its pecul iar proper ty of reacting with the F c 

part of I gG. 

1 . 6 . Ant igens Involved in Delayed Hypersens i t i v i ty . 

Although delayed hypersensi t iv i ty to S . aureus had been demonstrated 

using crude fract ionated antigens many yea rs prev ious ly , it was not 

until 197.1 that Kowalski and Berman (1971) tr ied to pur i fy and def ine the 

antigens invo lved. They studied the skin react ions in sensi t ised and non-

sensi t ised mice to intradermal injections of whole c e l l s , ce l l wa l l s , inso l -
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uble peptidoglycan, teichoic acid and soluble ce l l wal l f r agments . In 

non-sensit ised m i c e , al l the antigens except te ichoic acid gave r i s e to 

an acute in f lammatory response , this might have been due to an a c t i -

vation of the a l ternat ive pathway of complement by sur face components 

of the bac te r ia . Delayed hypersensi t iv i ty which was measured by a 

protracted indurated response was present only in sensi t ised animals 

and was not e l i c i ted by teichoic acid nor by soluble peptidoglycan 

f ragments . H o w e v e r , insoluble peptidoglycan and peptidoglycan linked 

to teichoic acid we re able to evoke hypersensi t iv i ty react ions which 

remained erythematous and indurated f o r at least 30 hours. 

Kowalski and Berman postulated that it was the peptidoglycan 

portion of the ce l l wal l that was responsible both f o r the delayed 

hypersensi t iv i ty and the acute in f lammatory l e s i ons . Howeve r , they 

used the protracted ery thema and induration as the so l e c r i t e r i a of 

delayed hypersensi t iv i ty and neglected to p e r f o rm the c lass ica l tests of 

passive t rans fe r with lymphoid ce l l s but not se rum together with an 

histological examination showing an inf i l trat ion with mononuclear c e l l s . 

Using the in v i t ro assay of macrophage migrat ion inhibition f r o m 

cap i l la ry tubes Ta rgowsk i and Berman (1975) extended the work of Kowalsk i 

and Be rman . The i r results agreed with those obtained f r o m the in v i vo 

exper iments . Cel l wal ls and pept idoglycan-te ichoic acid complexes we r e 

able to inhibit the migrat ion of per i toneal exudate ce l l s f r o m mice s e n s i -

tised with S . aureus . A s seen in the in v ivo study peptidoglycan and 

teichoic acid we r e ine f fect ive ant igens. 

Other studies have shown delayed hypersensi t iv i ty to staphylococcal 

protein A . Heczko , Grov and Oeding (1973) e l i c i ted delayed hypersens i t -
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iv i ty with protein A in guinea pigs sensi t ised with protein A in Freunds 

complete adjuvant. Using the inhibition of macrophage migrat ion test 

Helgeland, Naess and Grov (1975) demonstrated that protein A suppresses 

the migrat ion of macrophages f r o m guinea pigs sensi t ised with protein 

A . 

Helge land, Naess and Grov a lso reported the inhibition of spec i f i c a l l y 

macrophages by pept idoglycan, however they suggested that this inhibition 

might have been due to the intrinsic toxic i ty of the peptidoglycan and not 

the production of any migrat ion inhibition f a c t o r . Th is toxic e f f e c t of 

peptidoglycan on macrophages was investigated by Bultman et al (19'75 )who 

suggested that the immunolog ica l ly spec i f i c inhibition of macrophages 

was indistinguishable f r o m the inherent tox ic i ty of the pept idoglycan. 

Easmon and Glynn (1978) used the mouse footpad swe l l ing technique 

to investigate the delayed hypersensi t iv i ty e l ic i ted by var ious ce l l wal l 

components. Cyclophosphamide pretreatment of mice was used in this 

study to o v e r c o m e the need f o r multiple infections to induce delayed 

hypersens i t i v i ty . The antigens used to st imulate the delayed response 

by Easmon and Glynn w e r e ce l l wa l l s , trypsinised ce l l wa l l s , pept idog ly-

can, te ichoic ac id , and protein A . Ne i ther teichoic acid nor protein A 

we r e able to st imulate delayed hypersens i t i v i ty . Howeve r , in agreement 

with the results of Kowalski and Berman (1971) both ce l l wa l l s and pept idog-

lycan could e l i c i t a delayed react ion in S . aureus sensi t ised m i c e . 

A d i f f e rent approach has been adopted by Tr ibb l e and Bolen (1978) 

who fo l lowed the footpad responses of mice rece iv ing one to e ight 

injections of S . aureus, by challenging with seve ra l ant igens. They 

demonstrated a biphasic response , the f i r s t peak of delayed hypersens i t -



iv i ty a f te r three injections was p r imar i l y dependent upon protein 

antigens assoc iated with the bacter ia l membrane . A f t e r seven injections, 

there was a second higher peak, which was dependent upon ce l l wa l l s , 

protein A and membrane components (Bolen and Tr ibb l e 1979). These 

results w e r e con f i rmed using the in v i t ro methods of spleen ce l l 

st imulation and macrophage migrat ion inhibition (Tr ibble and Bolen 1979) 

Recen t l y , Bolen and T r ibb l e (1981) isolated a membrane protein 

which was responsib le f o r the ea r l y delayed hypersensi t iv i ty response 

i . e . the f i r s t peak in the biphasic response . The act ive immunogen 

cal led puri f ied membrane protein was c lass i f i ed as a g lycoprote in of 

molecular weight 15,600 Daltons. Howeve r , this puri f ied protein did 

contain s o m e ce l l wal l components which, when removed resulted in a 

decrease in the delayed hypersensi t iv i ty response e l i c i ted by this 

antigen. Thus despite the puri f icat ion of the g lyco protein which was 

thought to be responsible f o r the ea r l y phase of delayed hypersens i t iv i ty 

Bolen and T r i b b l e w e r e unable to rule out the involvement of ce l l wal l 

f rac t i ons . 

1 . 7 . The Immunochemis t ry of Pept idog lycan. 

The antigenic spec i f i c i t y of staphylococcal peptidoglycan f o r the 

humoral response has been wide ly studied. Examination of the methods 

used in such studies might provide information useful in the investigation 

of the spec i f i c i t y of the delayed hypersensi t iv i ty reac t ion . 

The c ross react ions between solubi l ised peptidoglycan f r o m 

Staphylococcus aureus and se rum f r o m rabbits immunised with Group A 

var iant s t r ep tococc i f i r s t led Karakawa et al (1968) to suggest that 
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antibodies a re ra ised against the tetrapeptide units of peptidoglycan 

and, to a l e s se r extent the polysaccharide backbone. These two parts 

of peptidoglycan a r e identical in staphylococci and Group A variant 

s t r ep tococc i , F i gure 3 . The immunogenicity of the polysacchar ide 

backbone was con f i rmed by Rol icka and Park (1969) who went on to 

show that N-acety lg lucosamine rather than muramic acid was the immuno-

dominant suga r . A s im i l a r situation had a l ready been descr ibed in 

s t reptococca l peptidoglycan by Karakawa. 

Helge land, Grov and S c h l e i f e r (1973) demonstrated by an indirect 

haemagglutination technique that the react ion between S . aureus pept i -

doglycan and ant i -staphylococcal se rum was mor e complex than or i g ina l l y 

thought. The peptide subunit was shown to contain the m a j o r antigenic 

determinants, with both the tetrapeptide and pentapeptide L - A l a - D-Glu 

- L - L y s - D -A l a - ( D - A l a ) , having strong a f f in i t i es f o r S . aureus ant i -

s e r u m . T h e y a lso isolated antibodies against the C - t e rm ina l of the 

pentaglycine br idges . 

S c h l e i f e r and Se id l (1974) immunised rabbits with synthetic penta-

peptide G ly - L - A l a - L - A l a - D -A l a - D - A l a linked to human se rum 

albumin. The antibodies ra ised c r o s s reacted on Ouchterlony agar gel 

di f fusion with son ica l l y disrupted peptidoglycan f r o m Staphylococcus S p . 

strain 24. By inhibiting the precipit in react ions with var ious structural 

analogues of the peptide unit they were able to show that the immunodom-

inant s i te is the C - t e rmina l D-A lany l - D -A lan ine . A s i m i l a r study 

concerning the antigenici ty of the pentaglycine c r oss br idge was pe r f o rmed 

by Se id l and S c h e i f e r (1977). They immunised mice with an albumin 

pentaglycine conjugate which possessed f r e e C - t e rm ina l res idues then, 
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using a latex agglutination method they demonstrated c r o s s react ions 

between antibodies to the synthetic immunogen and staphylococcal 

pept idoglycan. H o w e v e r , Se id l and S c h l e i f e r did point out that s e rum 

raised against peptidoglycan mos t l y contains antibodies with spec i f i c i t i e s 

f o r the po lysacchar ide chain and the peptide sub unit, with only a smal l 

f ract ion of the antibodies d irected against the interpeptide b r idge . 

The presence of antibodies against polyg lycyl peptides in ant i -

staphylococcal s e r a was a lso demonstrated by Ranu (1975). He 

sensi t ised tanned sheep red ce l l s with B S A linked to po lyg lycy l 

peptides showing e i ther a f r e e aminoterminat end o r a f r e e carboxyl 

terminus and found antibodies react ing with both t e rm in i . The presence 

of these antibodies is somewhat d i f f i cu l t to explain as there appear to be 

no f r e e amino o r carboxyl groups in the pentaglycine c r o s s b r idge . 

Howeve r , W i s e and Park (1965), T i ppe r and S t r ominge r (1965) and 

Matsuhashi et al (1965) al l proposed that the pentaglycine c r oss br idge 

with a f r e e amino terminal is present during the synthesis of pept idogly-

can. Carboxy termin i a r e l ess abundant and a r e thought only to a r i s e 

by the action of autolytic enzymes . 

1 .8 . A i m s of Th i s Study. 

The ro l e of the delayed hypersens i t iv i ty and/or ce l l mediated 

immunity in the pathogenesis of staphylococcal infection has rece i ved 

intermittent attention s ince the f i r s t reports of Panton and Valent ine, 

in 1929. Despite this , s ome 50 yea rs later there is s t i l l no complete 

understanding of the mechanism involved in delayed hypersensi t iv i ty 

and the part played by this in staphylococcal infections . 
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Th i s study has se t out to f i l l s o m e of the remaining gaps in our 

knowledge of this react ion; they a r e : -

1 . T o charac te r i se the antigens involved in delayed 

hypersens i t iv i ty to S . aureus. 

2 . T o invest igate the interactions between humoral 

immunity and delayed hypersensi t iv i ty to S . aureus . 



MATERIALS and METHODS 



25 . 

M A T E R I A L S A N D M E T H O D S 

2 . 1 . M i c e 

Inbred f ema l e CBA mice were used in al l exper iments , these had 

prev ious ly been shown to produce a good delayed hypersensi t iv i ty 

response to s taphy lococc i . (Easmon and Glynn, 1975b). A l l m i c e 

weighed between 20 and 25g . 

2 . 2 . Bacter ia and Culture Conditions 

(a ) Bacter ia 

The ma j o r i t y of S . aureus infections we re with the non-encapsulated 

laboratory s t ra in 8530. Occasional ly the protein A def ic ient s t ra in 

Wood 46 and the teichoic acid def ic ient stra in 52A5 we r e used. The 

latter was a g i f t f r o m Dr B . J . Wi lk inson, I l l inois State Un ive rs i t y , U . S . A . 

S . ep idermid is N C T C 5955/ATCC 155 and Streptococcus G r p . A Stra in 

T27 we r e g i f ts f r o m The Central Public Health Labora to ry , Co l inda le . 

(b ) Growth Conditions 

When staphylococc i we r e required f o r infection they w e r e grown 

o 
overnight in Nutrient broth (Oxoid)at 37 C and diluted as necessa ry 

with 0 .9% sa l i ne . When required f o r the isolation of antigens they w e r e 

o 

grown on an orbital shaker f o r 7 hrs at 37 C in 250 ml E r l e n m e y e r f lasks 

containing 100 ml of nutrient broth. Growth was harvested by cen t r i fu -

gation at 500 g f o r 20 minutes . 

The s t reptococc i we re grown by s i m i l a r methods but using Todd 

Hewitt Broth (Oxo id ) . 

( c ) Modi f icat ion of Peptidoglycan by A l t e r ed Growth Conditions 

S . aureus stra in 8530 we r e grown on an orbital shaker f o r 7 hours 
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at 37°C in 250 m l . E r l enmeye r f lasks containing 100 ml of yeast ex t ract 

glucose broth supplemented with 0.3% NaCl and 3% g lyc ine ( H a m m e r s , 

S c h l e i f e r and Kandler 1972). 

2 . 3 . Cyclophosphamide 

M i c e we r e given intraperitoneal injection of cyclophosphamide 

(Endoxana, Ward Blenkinsopp) 200 mg/kg body we ight , d issolved in 

water f o r in ject ion. 

2 . 4 . Sensi t isat ion of M i c e 

( a ) Sensi t isat ion with S . aureus 

T w o days a f t e r the cyc lophosphamide, mice w e r e g iven a subcutan-

eous inject ion of s taphylococc i suspended on a sma l l cotton dust plug 

as descr ibed by Noble (1965). 

(b ) Sensi t isat ion with soluble f ract ions and synthetic 

analogues in Freunds Adjuvants . 

M i c e we r e pretreated with cyclophosphamide as b e f o r e . The 

soluble f ract ion or the synthetic analogue was d isso lved in sal ine and 

emuls i f i ed with an equal volume of Freunds Adjuvant (D i fco Labs . , 

Det ro i t , U . S . A . ) . 0 .2 ml of the emulsion was then injected intra-

de rma l l y into the backs of shaven m i c e . 

2 . 5 . Measurement of Delayed Hypersens i t i v i ty 

T w e l v e days a f t e r sens i t isat ion, delayed hypersensi t iv i ty was 

assessed by the footpad swe l l ing technique. Both the hind footpad 

thicknesses w e r e measured ca re fu l l y with an eng ineer ' s m i c r o m e t e r , 

then 20 pi of antigen suspended in 0 .9% sal ine was injected into the 

r ight hand footpad and the same vo lume of sal ine injected into the l e f t 
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hind footpad. The change in footpad s i z e was measured at 4 hours, 

24 hours, and 48 hours. A l l measurements we r e made in t r ip l icate and 

care was taken not to squash the swol len footpad. The net footpad 

swel l ing was taken a s , the swel l ing in the right hand footpad minus the 

swel l ing in the l e f t hind footpad. A l l exper iments used groups of between 

4 and 8 m i c e . 

2 . 6 . Production of antigens 

(a ) Ce l l wal ls 

S . aureus ce l l wal ls we r e prepared f r o m a f r o z en block of 

S . aureus stra in V8 which was supplied by The Centre of Appl ied M i c r o -

bio log ica l Resea r ch , Por ton . S . ep idermid is N C T C 5955, S . aureus 

52A5 and Streptococcus Group A strain T27 we r e grown as prev ious ly 

desc r ibed . 

The bacter ia were mixed with sal ine to g ive a c r eam- l i k e suspension, 

added to with an equal volume of No . 11 Bal lot ini g lass beads and then 

dis integrated in a Braun homogeniser , cooled with carbon d iox ide . 

Disruption was continued until no whole g ram posi t ive ce l l s could be 

distinguished on a gram sta in . The crude ce l l wal ls we r e r e cove r ed 

by decantation and by washing the beads with sa l i ne . The ce l l wa l ls we r e 

washed three t imes in 1M NaCl and 3 t imes in 1M phosphate buf fer 

(pH 7 . 0 ) . Remova l of whole ce l l s was pe r f o rmed by 3 cyc l es of d i f f e rent ia l 

centr i fugat ion at 2,000 rpm fo r 5 minutes and 11 ,000 rpm f o r 10 minutes . 

A l l washings and centr i fugations were ca r r i ed out at 4 ° C . Auto lyt ic 

enzymes we r e then destroyed by steaming in buf fe r f o r 25 minutes. 

F ina l l y , the ce l l wal ls were treated with r ibonuclease ( B . D . H . L td ) 
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200 pg/ml f o r 2 hrs . fo l lowed by trypsin ( B . D . H . L td ) 500 pg/ml f o r 

2 hrs then washed in dist i l led water and f r e e z e d r i ed . 

The ce l l wal l preparat ions we r e observed by e l ec t ron m ic roscopy 

a f t e r staining with phosphotungstic ac id . 

(b ) Peptidoglycan 

Pept idoglycan was prepared by s eve ra l p rev ious ly reported 

methods . ( i ) Extract ion with 1 % deoxycholate solution f o r 

4 hours at 2 ° C . (Hi l l 1967). 

( i i ) Extract ion with 0 .1M NaOH f o r 1 hour at 100°C 

(Archiba ld ,Baddi ley and Heptinstall 1969). 

( i i i ) Extract ion with 0 . 5 M NaOH f o r 4 hours at room 

temperature (Archibald ,Coapes and S ta f f o rd 1969). 

( i v ) Extract ion with 0 . 1 M NaOH f o r 16 hours at room 

temperature (Hughes and Tanner (1966). 

( v ) Extract ion with 10% T C A f o r 36 hours at 2 ° C . 

( Sch l e i f e r 1975). 

( v i ) Extract ion with 10% T C A f o r 16 hours at 6 0 ° C . 

( S ch l e i f e r 1975). 

A f t e r preparat ion, the peptidoglycan residue was washed and 

f r e e z e d r i ed . The teichoic acid remaining a f t e r extract ion was e s t i m -

ated by determining the total phosphate content. 

( c ) Lysotaphin digested ce l l wal ls 

Ce l l wal ls were hydrolysed using the lyt ic enzyme lysostaphin. 

F i v e hundred m i l l i g r a m m e s of ce l l wal ls we r e incubated with 500 pg of 

lysostaphin (Becton, Dickinson Ltd ) at 37°C in 0 . 1 M potassium phosphate 
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buf fer (pH 7 . 4 ) . A l iquots w e r e removed at 15 minute intervals and 

the hydrolys is terminated by placing in a boil ing water bath f o r 4 minutes. 

The insoluble ce l l wal l mater ia l was centr i fuged down, washed with d i s t -

il led water and f r e e z e d r i ed . Hydro lys is was continued f o r 105 minutes. 

The react ion was monitored by : -

(1 ) Reduction in optical density at 620 nm 

(2) Measurement of increasing reducing power in the 

supernatant (Ghuysen and S t r om inge r 1965) see Sect ion 2.11 . 

(3 ) Measurement of r e l ease of f r e e amino groups into the supe r -

natant (Ghuysen and Strominger 1965). s e e Sect ion 2 .11 . 

The insoluble ce l l wal l preparat ions f r o m each aliquot we r e used 

as antigens . 

(d ) Solubi l ised ce l l wall f ragments 

S . aureus V8 protease enzyme (Houmard and Drapeau 1972). 

o 

One hundred m i l l i g r a m m e s of ce l l wal ls w e r e incubated at 37 C with 1 mg 

(560 units) of the S . aureus V8 protease enzyme (M i l e s B iochemica l s ) in 

t r i s buf fer (pH 7 .8 ) f o r 6 hours . The suspension was centr i fuged and 

the insoluble f ract ion washed in dist i l led w a t e r , both the soluble and 

insoluble f ract ions we re then f r e e z e d r i ed . The soluble f ract ion was 

e i ther used as a crude antigen or puri f ied by gel f i l t ra t ion . The 

insoluble ce l l wal ls we r e weighed be fo re and a f t e r enzyme digest ion. 

Chaloropsis B enzyme ( T i p p e r , S t r om inge r and Ghuysen 1964). 
o 

One hundred m i l l i g r ammes of ce l l wal ls we r e incubated at 37 C with 500 

units of Chaloropsis B enzyme (M i l e s B iochemica l s ) in 1 0 mis sodium 
# 

acetate buf fer (pH 4 .7 ) f o r 18 hours. The insoluble and soluble extracts 

w e r e treated as f o r the protease enzyme ex t rac t s . 
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Gel Chromatography of soluble ce l l wall d i ges ts . 

Gel f i l t rat ion of the two enzyme digests was ca r r i ed out on a Sephadex 

G-25 f ine column (1 x 25 c m ) . Dist i l led water was used as eluent and 

the column operated at 4 ° C . The fract ions we r e monitored by m e a s u r -

ing the optical density at 280 nm. 

Analy t i ca l P rocedures 

The puri f ied f ract ions obtained f r o m the protease digestion w e r e 

analysed by paper chromatography f o r aminoacids and aminosugars . 

One mg sample of each f rac t ion was hydrolysed in 200 pi HCl A r i s t a r 

grade (B . D . H. L td ) at 100°C in s ea l ed , evacuated pyrex tubes f o r 

24 hours . A f t e r hydro lys i s , the samples we r e r ed i s so l v ed in d ist i l l ed 

water and subjected to descending paper chromatography on Whatman 

N o . 4 chromatography paper using N-butanol , acet ic ac id , water (60:20:20) 

as so lvent . The papers we r e dr ied and sprayed with or dipped in a m m o n -

iacal A g NO o r ninhydrin. Muramic ac id , N -ace ty log lucosamine , 
o 

r ib i t o l , a lanine, g lyc ine , glutamic acid and lys ine we re used as s tandards . 

Po l yacry lamide Gel E lec trophores is 

The purity of the act ive f ract ion f r o m the protease digest was 

checked using po lyacry lamide Gel E lec t rophores is . 10% S . D . S . po l y -

acry lamide gels we r e run on a multiphor f latbed apparatus and stained 

with 1 % coomass ie blue . 

2 . 7 . Chemical Modi f icat ion of Peptidoglycan with Ace toace t i c Anhydr ide 

S . aureus peptidoglycan was acetoacety lated with acetoacet ic an-

hydride ' (d ike tene) (S i gma Chemical C o . L t d ) accord ing to the method 

descr ibed by Marzot to (1968). T en m i l l i g r a m m e s peptidoglycan was 



31 . 

suspended in 5 m l . borate buf fer (pH 8 . 5 ) and reacted with 0 .5 ml a c e t o -

acet ic anhydride f o r 6 hours, at room temperature with per iod ica l 

shaking. The pH was maintained using 2M NaOH. The modi f ied product 

was dialysed against d ist i l led water f o r 24 hours at room temperature 

to r emove any remaining soluble reactants and products . The a ce t o -

acetylated peptidoglycan was washed three t imes in d ist i l led wate r and 

f r e e z e dr ied (F i gure 4 ) . 

2 . 7 . 1 . Se l e c t i v e Unblocking of Ace toace ty la ted Hydroxyl Groups 

10 mg of the modi f ied peptid oglycan was s t i r r e d continuously 

in 50 ml of 0 . 2 M carbonate-bicarbonate bu f f e r (pH 9 . 5 ) f o r 24 hours at 

room tempera ture . Bu f f e r and reactants we r e r emoved by d ia lys is 

against dist i l led wate r and the product was washed and f r e e z e d r i ed . 

2 . 7 . 2 . To ta l unblocking of the Acetoacety la ted Groups 

20 mg of acetoacety lated peptidoglycan was continually s t i r r e d 

in 100 mis of 10% aqueous hydroxylamine hydrochlor ide (pH 7 . 0 ) 

at room temperature f o r 24 hours. Aga in the product was dia lysed 

washed and f r e e z e d r i ed . 

2 .8 . Pep t ide -Pro t e in Conjugation Using Carbod i imide 

Pentaglycine (S i gma Chemical C o . L t d ) was linked to B S A (S i gma 

Chemical Co . L td ) using the bifunctional reagent 1 c y c l o -3 - ( 2 -morpho l i no -

e thy l ) - carbod i imide metho-p-to luene sulphonate (A ld r i ch Chemical Co . 

L td ) , by a modi f icat ion of the method used by Good f r i end , Lev ine and 

Fasman (1966). 10 mg B S A and 1 Omg pentaglycine w e r e d isso lved 

together 4n 2 ml dist i l led w a t e r . 50 mg of the carbod i imide d isso lved in 

0 .25 ml of d ist i l led wa te r was added and the react ion a l lowed to proceed 
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The Ace toace ty la t ion React ions 

F igure A . 
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The Se l e c t i v e Unblocking of the Ace toace ty la ted Products 
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(1 ) The unblocking of acetoacety lated hydroxyl res idues by t reatment 

with b icarbonate . 

(2 ) The unblocking of acetoacety lated hydroxyl and amino res idues by 

treatment with hydroxy lamine . 
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f o r 30 minutes. The product was passed down a Sephadex-G-25 f ine 

column and eluted with NH^HCO^. The non-retarded f ract ions absorbing 

at 280 nm w e r e pooled and f r e e z e d r i ed . 

2 . 9 . The Measurement of Ant istaphylococcal Antibody by an Enzyme 

Linked Immunosorbant A s s a y ( E L I S A ) . 

One hundred m i c ro l i t r e s of antigen ( S . aureus strain Wood 46 at an 

optical density of 1 .0 ) in carbonate-bicarbonate buf fer (pH 9 . 6 ) . 

An enzyme linked immunosorbant assay was se t up to measure 

se rum antibodies to S . aureus . The assays w e r e pe r f o rmed in f latbed 

polvinyl ch lor ide m ic ro t i t r e t rays (Dynateck Labo ra t o r i e s , I n c . ) . 

S . aureus Wood 46 was used as ant igen. Th i s s t ra in is def ic ient in 

protein A and o ve r comes the problem of non spec i f i c binding of S . aureus 

to immunoglobulins. A conjugate of horseradish perox idase coupled 

to rabbit immunoglobulins was used in each a s s a y . It is important in 

the E L I S A technique that there is an excess of antigen, dilutions of known 

posi t ive and negative s e r a we r e the re f o r e tested against increasing 

antigen concentrat ions (F i gure 5 ) . A plateau was reached at concentrat ions 

of antigen above an optical density of 1 . 0 . The concentrations of S .aureus 

Wood 46 used in each assay was then kept within the plateau range . 

P r e l i m i n a r y exper iments using s e v e r a l dilutions of s e rum and conjugate 

we r e pe r f o rmed to find their optimal concentrat ions f o r the a s s a y . 

P lates we r e coated with 100 |il of antigen in carbonate-bicarbonate 

buf fer (pH 9 . 6 ) and incubated at r oom temperature f o r 30 minutes . The 

plates w e r e washed three t imes with phosphate buf fered sal ine containing 

0.05% Tween at this t ime and be fo re the addition of each of the subsequent 
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F i gure 5 . 

The measurement of antistaphylococcal antibody by an 

enzyme linked a s s a y , the e f f e c t of antigen concentrat ion. 

A posit ive se rum 

A negative s e rum 
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reagents . T w o hundred m i c r o l i t r e s of the test s e r a , diluted 1:100 in 

P B S - T w e e n was added to each we l l of the mic ro t i t r e t r a y . T r a y s we r e 

o 

incubated f o r one hour at 37 C in a mo is t a tmosphere . A f t e r washing, 

antimouse immunoglobulins conjugated to horseradish perox idase (Dako 

immunoglobulins, M e r c i a Brocades L td ) w e r e added at a dilution of 1:100. 

The conjugated antibody was incubated in the trays f o r two hours at 

37°C in a mo is t a tmosphere . A f t e r washing, 100 pi of the substrate 

o-phenylenediamine (S i gma Chemica l C o . L t d ) 0.4 mg/ml d isso lved in 

phosphate c i t rate buf fer pH 5 . 0 was added to each w e l l . Colour 

deve lopment was terminated by the addition of 50 pi of 2 . 5 M H^SO^ 

The optical density of each we l l was read at 492 nm. A negat ive cont ro l , 

using the pooled s e r a f r o m s e v e r a l normal mice was tested in each t r a y . 

No standardisation of the assay was required as al l s e r a w e r e measured 

on the s a m e day . 

2 . 1 0 . P l asma f o r Measurement of Ant ibody L e v e l s 

M i c e w e r e bled by cutting of f the tips of their tai ls and a l lowing 

the blood to be drawn in heparinised cap i l l a ry tubes. These tubes we r e 
o 

plugged, cent r i fuged , and the p lasma r emoved and s tored at minus 70 C . 

2 . 1 1 . P l asma T r a n s f e r s 

M i c e w e r e bled d i r ec t l y f r o m the heart into heparinised 1 ml s y r i n g e s , 

the blood was pooled and mixed with heparin at a concentration of 10 units/ml. 

o 

P lasma was separated by centr i fugat ion and s tored at minus 70 C . The 

immune plasma or p lasma f rac t ions w e r e injected into rec ip ient mice via 

the tail ve ins 1 hour be fo re sens i t i sa t ion . 
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( a ) Gel Chromatography of Immune P lasma 

P lasma f r o m mice given four infections was applied to a 

Sephacry l G-200 (Pharmac ia Fine Chemica l s ) column (80 x 1 .6 c m ) . 

The column was run at room temperature and eluted with P B S , the 

f ract ions monitored by measur ing the optical density at 280 nm. The 

f ract ions under each of the 3 peaks w e r e pooled and concentrated down 

to the or ig inal vo lume with an A m icon F i l t e r (membrane pore s i z e in 

excess of 5 0 , 0 0 0 M . W ) . 

(b ) Absorpt ion with Ce l l Wa l l s and Pept idoglycan 

P lasma was mixed with ce l l wa l l s o r peptidoglycan (1 mg/ml ) f o r 

2 hours at r oom tempera ture . The immune complexes w e r e r emoved by 

centri fugation and mi l l ipore f i l t ra t ion (pore s i z e 0 .4 pm) . 

2 .12 Tota l Phosphate Determinat ion • 

Phosphate was determined by a modi f icat ion of the method used 

by A m e s and Dubin (1960). The sample ( l e s s than 50 pi) was mixed in a 

1 x 7 .5 cm pyrex test tube with 0 .02 ml of 10% Mg (NO ) in ethanol; 
o 2 

the mixture was evaporated to dryness in a bunsen f l ame and fur ther 

heated in a s trong f l ame until the brown fumes d isappeared. The tube 

was a l lowed to c oo l , 0 .3 mis of 0 . 5 M HCl added and heated in a boil ing 

water bath f o r 15 minutes to hydro lyse pyrophosphate. A f t e r coo l ing , 
o 

0 .7 ml of ascorb ic -mo lybdate mixture was added and incubated at 45 C 

f o r 20 minutes, the optical density was then read at 820 nm against a 

blank containing w a t e r . The ascorb i c -mo lybdate mixture which was made 

up da i ly y contained 1 part of 10% ascorb i c acid to 6 parts 0.42% ammonium 

molybdate in 2M H S O . 
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2 . 1 2 . 1 . Measurement of F r e e Amino Groups 

F r e e amino groups w e r e measured by react ion with d in i t ro f luoro -

benzene ( D N F B ) , using the method of Ghuysen T ippe r and S t r om inge r 

(1965). The sample (25 pi) was mixed with 100 pi of 1% sodium bora te , 

Na B O J 0 H _ 0 . 10 pi of 10 m M D N F B in ethanol was added and each 
2 4 7 2 

sample immediate ly placed in a water bath at 60°C f o r 30 minutes . A f t e r 

incubation, 500 pi of 2M HC1 was added and the absorbancy read at 420 nm 

against a blank containing w a t e r . 

2 . 1 2 . 2 . Measurement of Reducing P o w e r 

Reducing groups w e r e measured by the Ghuysen, T i ppe r and 

S t r ominge r (1965) modi f icat ion of the or ig inal Park and Johnson method. 

The sample (containing reducing power equivalent to 1 -5 n mo les of 

N-ace ty lg lucosamine )was diluted to 100 pi in a 1 ml tube. 100 pi of a 

f r e sh mixture of 0.05% potassium f e r r i cyan ide and a carbonate-cyanide 

solution 1:1 was added. The mixture was heated f o r 15 minutes in a 

boil ing water bath, cooled and 250 pi of f e r r i c iron solution added. Th i s 

was a l lowed to stand f o r 15 minutes, be fo re the absorbancy was read at 690 

nm against a blank containing w a t e r . 

Stock So lut ions . 

Carbon ate-Cyanide Solution: 6 .3g sodium carbonate and 0.65g 
potassium cyanide inl l i tre of wa t e r . 

F e r r i c Iron Solutions: 1 .5g F e r r i c ammonium sulphate and 
1g of sodium dodecyl sulphate in 1 l i t re 
of 0 .1 5M Sulphuric acid . 
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RESULTS 

In this study cyclophosphamide was given two days be f o re sens i t -

isation to enhance delayed hypersensi t iv i ty to S . aureus to l eve l s normal l y 

only seen a f t e r multiple infect ions. This method of potentiating delayed 

hypersensi t iv i ty was f i r s t applied to S . aureus by Easmon and Glynn 

(1977). In addit ion, they pe r f o rmed spleen ce l l t rans fers to con f i rm 

that this was indeed a ce l l mediated delayed hypersensi t iv i ty r esponse . 

The results a re presented as footpad swel l ings measured 4 , 24 

and 48 hours a f t e r the injection of challenge ant igen. 

3.1 .1 . Induction of delayed hypersensi t iv i ty to S . aureus . 

P r e l i m i n a r y exper iments w e r e per fo rmed to determine whether 

delayed hypersens i t iv i ty to S . aureus could be induced with ki l led 

bac te r ia . The induction of ce l l mediated responses is usually dependent 

upon the presence of v iable o rgan i sms . Howeve r , T r i bb l e and Bolen 

(1978) demonstrated it was possible to induce hypersensi t iv i ty to 

S . aureus with f o rmal in and heat ki l led S . aureus in Freunds Complete 

Adjuvant . 

T w o days a f t e r the intraperitoneal administrat ion of cyc lophospha-

mide (200 mg/kg body we ight ) , m ice we r e sensi t ised with S • aureus . 

5 
One group of mice was given subcutaneous infections of 1 0 cfu of 

g 

viable s taphylococc i and another group given 10 heat ki l led cfu of 

S . aureus . The response to footpad challenge with 20 pg S . aureus ce l l 

wal ls is shown in Tab le 1 . T h e r e was little d i f f e r ence in the 4 hour r e -

sponses, between the sens i t ised and non-sensit ised control m i c e . 

Howeve r , by 24 and 48 hours a delayed response had developed in both 



T A B L E 1 . 

8 5 

The footpad swel l ings in mice sensit ised with 10 heat ki l led and 10 viable S . aureus and challenged 

with 20 |ig S . aureus ce l l wa l l s . 

Sensi t is ing Agent 4 hours S i g ' ( P ) * 
Footpad swe l l ings 

24 hours 
mm(± S D ) 
S i g ' ( P ) * 48 hours S i g ' ( P ) * 

g 
10 heat ki l led S . aureus 0 .52 (0 .15 ) NS 0 .76 (0 .18 ) <0.005 0 .60 (0 .18 ) <0.001 

5 
10 viable S . aureus 0 .54 (0 .29 ) NS 0 .78 (0 .44 ) <0 .02 0 .58 (0 .30 ) <0.01 

Control 0 .70 (0 .04 ) 0 .28 (0 .12 ) 0 .11 (0.1 0) 

*Student 's T test comparing the mean footpad swel l ings in the sensi t ised and non-sensit ised control m i c e . 

Each group contained 6 m i c e . 

NS = Not s igni f icant 
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groups of sens i t ised mice and stat is t ica l ly s igni f icant d i f f e rences in 

footpad swe l l ings between these and the control mice we r e measured . 

5 
Cyclophosphamide treated mice were injected subcutaneously with 10 , 

7 7 8 5 
10 , 5x10 and 10 heat ki l led o r with 10 v iable S . aureus. The footpad 

responses on chal lenge with 20pg S . aureus ce l l wal ls are shown in 

Tab le 2 . Sens i t is ing doses of 5x107 o r more heat ki l led S . aureus 

induced delayed hypersensi t iv i ty react ions , with s igni f i cant ly g rea te r 

footpad swe l l ings at 24 and 48 hours than in the cont ro l s . Delayed 

7 5 

react ions induced by 10 and 10 heat ki l led bac te r ia , w e r e not 

s ign i f i cant ly g r ea t e r than that seen in the control m i c e . Forma l in 

ki l led S . aureus consistantly induced g r ea t e r footpad swel l ings than an 

equivalent number of heat ki l led staphylococci but the d i f f e rences we r e 

not s ta t i s t i ca l l y s igni f icant (Table 3 ) . 

3 . 1 . 2 . The induction of delayed hypersens i t iv i ty with ce l l wal ls and 

peptidoglycan f r o m S . aureus . 

8 

T h e last s e r i e s of exper iments demonstrated a requirement f o r 10 

heat ki l led S . aureus to induce a good delayed hypersensi t iv i ty r esponse . 

At tempts w e r e then made to induce delayed hypersens i t iv i ty in c y c l o -

phosphamide treated mice with subcutaneous injections of ce l l wal ls and 

peptidoglycan on cotton dust plugs . The sens i t is ing doses of 0.0625 m g , 

0.125 mg and 0.25 mg ce l l wal ls and peptidoglycan we r e based on the 

8 

d ry weight of 1 0 S . aureus . F igure 6 shows the 24 hour footpad swel l ings 

when these mice we r e challenged with 20pg of ce l l wa l l s . Both the pept i -

doglycan and the ce l l wal ls induced s igni f icant 24 hour footpad swe l l ings , 

# 

however dose f o r dose ce l l wal ls induced g r ea t e r footpad swel l ing than 

pept idoglycan. 



T A B L E 1 . 

The footpad swel l ings in mice sensit ised with increasing doses of heat ki l led S . aureus and challenged 

with 20 pg S . aureus cel l wal ls . 

Sensi t is ing Agent 4 hours S i g ' ( P ) * 
Footpad swe l l ings mm ( ±SD ) 

(S . aureus) 
4 hours S i g ' ( P ) * 24 hours S i g ' ( P ) * 48 hours S i g ' ( P ) * 

108 heat kil led 0 .64(0.04) N S 0 .82 (0 .16 ) <0.005 0 .63(0 .10) <0.002 

5x1 0 7 heat ki l led 0 .62(0.09) NS 0 .71 (0 .17 ) <0.025 0 .60(0 .11) <0.01 

107 heat ki l led 0 .58(0.09) N S 0 .66 (0 .17 ) N S 0 .48(0 .13) <0.02 

105 heat ki l led 0 .72(0.14) NS 0 .51 (0 .29 ) NS 0 .26(0 .31) NS 

105 viable 0 .59(0.16) NS 0 .90 (0 .25 ) <0,025 0 .68(0 .13) <0.01 

control 0 .62(0.21) 0 .35 (0 .19 ) 0 .17(0 .14) 

^Student's T test comparing the mean footpad swe l l ings in the sensi t ised and non-sensit ised control m i c e . 

Groups of 6 mice . 

NS = Not s igni f icant 
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Figure 6 . 

The 24 hour footpad swel l ing in mice sensi t ised with ce l l wal ls o r 

peptidoglycan f r o m S . aureus and challenged with 20pg S . aureus 

ce l l wal ls . 

Sensi t is ing doses S ign i f i cance ( P ) * 

A 0 .0625 mg peptidoglycan NS 
B 0 .125 mg peptidoglycan <0 .05 
C 0 .250 mg peptidoglycan <0 .05 

D . 0 .0625 mg ce l l wa I Is NS 
E 0 . 125 mg ce l l wal ls <0 .02 
F 0 .250 mg ce l l wal ls <0 .01 

G control 
Standard deviat ions shown by bars on h is togram. *Student !s t t es t . 
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T A B L E 4. 

The 24 hour footpad swel l ing in mice sensi t ised with fo rmal in 

or heat ki l led S . aureus and challenged with 20 pg S . aureus 

ce l l w a l l s . 

Sensi t is ing Agent 24 hour footpad S ign i f i cance ( P ) * 
(S . aureus) swel l ing ( ±SD ) 

8 

10 heat ki l led 0 .61 (0 .22 ) <0.002 

108 f o rma l in ki l led 0 .74 (0 .14 ) <0.001 

control 0 .17 (0 .10 ) 

* Student 's t test comparing the mean footpad swe l l ings in 

sens i t ised and non sensi t ised control m i c e . Each group 

contained 5 m i c e . 
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3 . 2 . Use of lysostaphin to spl i t the peptidoglycan structure 

In an attempt to identi fy the antigenic determinants f o r the 

delayed hypersensi t iv i ty reaction lysostaphin, a staphylolyt ic enzyme 

mixture was used to degrade the peptidoglycan in ce l l w a l l s . L y s o -

staphin is a combination of three en z ymes , endo -N-ace ty l g lucosamini -

dase , N -ac e t y l -muramy l - L - a l an ine amidase and endopeptidase ( g l yc inase ) , 

the s i tes of action of these enzymes are shown in F igure 7 . Cel l wal ls 

treated with lysostaphin f o r up to 90 minutes we r e then used to e l i c i t 

a delayed hypersensi t iv i ty react ion in S . aureus sens i t ised m i c e . The 

degradation of the ce l l wa l l s was monitored by the r e l ease of f r e e 

amino groups and the increase in the reducing power of the supernatant 

and by the fa l l in optical density of the ce l l wal l suspension. The 

re l ease of f r e e amino groups measures the rates of action of the amidase 

and endopeptidase enzymes , there fore re f l ec t ing the breakdown of the 

peptide part of the pept idoglycan. The r e l ease of reducing power 

measures the rate of action of the g lucosaminidase enzyme and there fo re 

shows the degradation of the polysaccharide chain of pept idoglycan. 

The e f f e c t of the lysostaphin on ce l l wal ls is represented in 

F igures 8 and 9 . A f t e r 60 minutes treatment the optical density 

measured at 620 nm had fa l len to 25% of its or ig ina l value and therea f te r 

remained constant. The re l ease of the ce l l wal l constituents ove r the 

period of lys is is shown in F igure 9 . T h e r e was a rapid re l ease of 

amino groups , espec ia l l y a f t e r 60 minutes. Th is was accompanied by a 

much s l o w e r re l ease of reducing power , indicating that l ys is was 

p r i m a r i l y associated with the loss of integr i ty of the peptide part of the 

pept idoglycan. 
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F igure <5 • 

Act ion of three enzymatic act iv i t ies of lysostaphin: endo -N -

acety l -g lucosamin idase , N -ace t y l -muramy l - L - a l an ine amidase , 

and endo-peptidase (g lyc inase ) on staphylococcal pept idoglycan. 
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Figure 8 . 

L y s i s of S . aureus ce l l wal ls by lysostaphin, measured by 

the reduction in optical density of the cel l wal l suspension 

at 620 nm . 
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F igure 9 . 

Re l ease of ce l l wall constituents by lysostaphin. (X ) f r e e 

amino groups, (c) reducing power . 
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Tab le 4 shows the 24 hour footpad swel l ings obtained when 20 pg 

of the lysed ce l l wal ls we r e used as challenge antigens in S . aureus 

sensi t ised m i c e . Both the untreated ce l l wal ls and the ce l l wal ls lysed 

f o r 60 minutes gave s ign i f i cant ly g r ea t e r 24 hour footpad swe l l ings in 

the sensi t ised mice than in the non sensi t ised con t ro l s . Howeve r , the 

ce l l wal ls which had been subjected to 90 minutes of lysostaphin 

digestion e l i c i ted no de layed hypersens i t iv i ty reac t ion , with 24 hour 

footpad bare ly above the contro l l e v e l s . It is of interest to note that 

the abi l i ty of the ce l l wal ls to st imulate a delayed hypersens i t i v i ty 

react ion was lost a f t e r 60 minutes of l y s i s , at which t ime the r e l ease 

of f r e e amino groups was max imal and the r e l ease of reducing power 

s t i l l l ow . Th is suggests that the antigenic determinant f o r the de layed 

hypersensi t iv i ty react ion involves the peptide part of the pept idoglycan. 

3 . 3 . Modi f icat ion of peptidoglycan by growth in a g lycine enr iched 

medium and its e f f e c t on the abi l i ty of peptidoglycan to e l i c i t 

delayed hypersens i t i v i ty . 

Supplementation of the growth medium with high concentrat ions 

of g lycine can inhibit bacter ia l growth and a l t e r the structure of the 

peptidoglycan ( H a m m e s , S c h l e i f e r and Kandler 1972). The e f f e c t of 

such modi f icat ions on the immunogenici ty of S . aureus ce l l wa l l s was 

examined . 

3 . 3 . 1 . The e f f e c t on S . aureus of growth in a medium supplemented 

with 3% g l yc ine . 

The growth of S . aureus in 3% g lyc ine enr i ched , yeast ex t rac t 

glucose broth is shown in F igure 10. C l ea r l y the g lyc ine enr ichment of 
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T A B L E 4 . 

The 24 hour footpad swel l ing in mice sensi t ised with S . aureus 

and chal lenged with 20 pg of lysostaphin treated ce l l wal ls . 

Pe r i od of lysostaphin Sensit isat ion 24 hr footpad S ign i f i cance 
treatment (minutes) of mice swe l l i ng ( ±SD ) ( P ) * 

0 + 0 .79 (0 .20 ) <0 .025 
control - 0 .46 (0 .13 ) 

60 minutes + 0 .94 (0 .21 ) <0 .02 
control - 0 .41 (0 .07 ) 

90 minutes + 0 .58 (0 .02 ) NS 
control - 0 .48 (0 .06 ) 

* Student 's t test compar ing the mean footpad swe l l ings in the 

sens i t i sed and non-sensit ised control m i c e . Each group 

contained 4 m i c e . 

NS = Not s ign i f i cant . 
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l i m e ( h o u r s ] 

Figure 10. 

Inhibition of staphylococcal growth by medium supplemented 

with 3% glycine . 

• Growth in yeast ex t rac t glucose broth 

o Growth in yeast ex t rac t glucose broth plus 3% g lyc ine 
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the medium has inhibited the staphylococcal growth. 

The staphylococc i cultured in the supplemented medium exhibited 

many changes f r o m the or ig inal s t ra in . The bacter ia we r e gram 

negat ive , did not f o r m any of the usual c lus t e r s , we r e var iab le in s i z e 

and gave a negative result with the s l ide coagulase t es t . Subcultured 

onto blood agar the bacter ia r eve r t ed to being both g ram and coagulase 

pos i t i v e . When subcultured onto g lyc ine enriched agar the colonies 

w e r e s m a l l e r and less pigmented than on nutrient a g a r . 

It s e e m s that growth in a 3% glyc ine enriched medium induces a 

phenotypic change which produces a variant of S . aureus s i m i l a r to the 

L - f o r m s isolated f r o m cultures containing penic i l l in . 

3 . 3 . 2 . Delayed hypersensi t iv i ty st imulated by ce l l wal ls f r o m S . aureus 

grown in a g lyc ine enriched med ium. 

Cel l wal ls f r o m S . aureus grown in a glycine enriched medium 

w e r e compared with ce l l wal ls f r o m S . aureus grown in the usual medium 

f o r their abi l i ty to e l i c i t a delayed hypersensi t iv i ty r esponse . A s 

expec ted , chal lenge with 20 pg of normal ce l l wal ls gave r i s e to s igni f icant 

delayed react ions at 24 and 48 hours (Tab le 5 ) . Challenge with 20 pg of 

ce l l wal ls f r o m staphylococc i grown in the glycine enriched medium 

showed a d i f f e rent p ic ture . T h e r e was a high 4 hour response in both the 

sensi t ised and non-sensit ised m i c e . Th is was s igni f icant ly g r ea t e r than 

the 4 hour response seen when normal ce l l wal ls w e r e used f o r chal lenge . 

H o w e v e r , the delayed footpad swe l l ings at 24 and 48 hours in the 

sensi t ised mice w e r e not s ign i f i cant ly g r ea t e r than the controls ( f o r a 

ful l stat ist ical analysis of this exper iment s e e Appendix ) . It is possible 

that the high e a r l y in f lammatory response obtained with the modi f i ed ce l l 



T A B L E 5 . 

The footpad swe l l ings e l ic i ted in S . aureus sensi t ised mice by 20 pg ce l l wal ls f r o m S . aureus grown 

in a glycine enriched medium. 

Challenge Antigen Sensit isat ion Footpad swe l l ings m m ( ± S D ) 
of m ice 4 hours S i g ' ( P ) * 24 hours S i g ' ( P ) * 48 hours S i g ' ( P ) * 

Cel l wal ls f r om 
normal S . aureus + a 

0 .43 (0 .07 ) N S 0 .61 (0 .10 ) <0.002 0 .51 (0 .11 ) <0.002 

Cel l wal ls f r om 
normal S . aureus 0 .40 (0 .07 ) 0 .27 (0 .12 ) 0 .09 (0 .11 ) 

Cel l wal ls f r o m 
S . aureus grown 
in 3% glycine 

+ 0 .71 (0 .19 ) N S 0 .57 (0 .21 ) NS 0 .34 (0 .14 ) NS 

Cel l wal ls f r om 
S . aureus grown 
in 3% glycine 

0 .65 (0 .16 ) 0 .39 (0 .07 ) 0 .14 (0 .12 ) 

*Student 's t test comparing the mean footpad swel l ings in the sensi t ised and non-sensit ised control m i c e . 
Sensi t ised mice we r e in groups of 6 , control mice we r e in groups of 4 . 

NS = Not s igni f icant 

a = Student's t test comparing these two mean footpad swe l l ings P < 0 .05 

b = Student 's t test compar ing these two mean footpad swe l l ings P< 0 .02 
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wal ls pers is ted up t i l l 24 hours and there fore masked a delayed 

hypersensi t iv i ty reac t ion . Thus it s e e m s that although the modi f ied 

ce l l wal ls can st imulate in f lammatory react ions it is not certa in if 

they can e l i c i t a de layed hypersensi t iv i ty reac t ion . 

3 . 4 . The chemica l modi f icat ion of peptidoglycan by acetoacet ic anhydride 

Ace toace t i c anhydride is a powerful reagent which wi l l spec i f i c a l l y 

acetoacety late f r e e hydroxyl and amino res idues . Th i s s e r i e s of 

exper iments studied the e f f e c t of the chemica l modi f icat ion of pept i-

doglycan on its ab i l i ty to st imulate a delayed response in S . aureus 

sensi t ised m i c e . The modi f i ed groups w e r e then s e l e c t i v e l y r e m o v e d , 

f i r s t f r om the hydroxyl r es idues , then f r o m the amino groups and the 

act iv i ty of the par t ia l l y and comple te l y res tored peptidoglycan was again 

measured . 

3 . 4 . 1 . Delayed hypersens i t i v i ty e l i c i ted by the acetoacety lated 

peptidoglycan 

Cyclophosphamide treated mice w e r e sens i t ised with S . aureus . 

T w e l v e days la ter footpad tests w e r e p e r f o rmed , challenging mice with 

20 pg each of peptidoglycan and acetoacety lated pept idoglycan. Pept idog -

lycan e l i c i ted a s ign i f i cant delayed react ion at 24 and 48 hours (Tab le 6 ) . 

Howeve r , the modi f ied peptidoglycan did not st imulate any delayed 

response . Thus the acetylat ion of the f r e e amino and hydroxyl groups 

of peptidoglycan has resulted in the loss of the ab i l i ty to e l i c i t delayed 

hypersensi t iv i ty to S . aureus . 

3 . 4 . 2 . Par t ia l and complete r emova l of the acetoacety l modi f icat ions and 

its e f f e c t on the abi l i ty to e l i c i t delayed hypersens i t i v i ty . 

Cyclophosphamide treated S . aureus sens i t i sed m ice we re footpad 



T A B L E 5. 

The footpad swel l ings in mice sensit ised with S . aureus and challenged with 20 pg of acetoacetylated 

peptidoglycan f r om S . aureus . 

Challenge Antigen Sensit isat ion Footpad swe l l ings mm ( t S D ) 
of mice 4 hours S i g ' ( P ) * 24 hours S i g ' ( P ) * 48 hours S i g ' ( P ) * 

normal peptidoglycan + 0 .66 (0 .09 ) N S 1 .23 (0 .46 ) <0 .02 0 .82 (0 .07 ) <0 .02 

normal peptidoglycan - 0 .76 (0 .14 ) 0 .49 (0 .13 ) 0 .23 (0 .23 ) 

acetoacetylated p'g + 0.72(0.11 N S 0 .56 (0 .14 ) NS 0 .39 (0 .15 ) NS 

acetoacetylated p'g - 0 .83 (0 .18 ) 0 .45 (0 .16 ) 0 .25 (0 .17 ) 

* Student's t test comparing the mean footpad swel l ings in the sensi t ised and non-sensit ised control m i c e . 
Each group contained 4 m i c e . 

NS = Not s igni f icant 
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tested with: 

(a ) 20 pg peptidoglycan 

(b ) 20 pg acetoacetylated peptidoglycan 

( c ) 20 pg acetoacetylated peptidoglycan with the modi f icat ions 

r emoved f r o m the hydroxyl res idues by treatment with Na CO 
2 o 

(d ) 20 pg acetoacetylated peptidoglycan with the modi f icat ions 

removed f r o m both the hydroxyl and amino res idues by treatment 

with hydroxy lamine . 

The footpad responses a r e shown in Tab l e 7 . A s expec ted , the 

peptidoglycan e l i c i ted delayed react ions at 24 and 48 hours . The delayed 

hypersensi t iv i ty e l i c i ted by the modi f i ed peptidoglycan was s ign i f i cant ly 

less than that e l i c i ted by the normal pept idoglycan. The modi f i ed pept i -

doglycan did however e l i c i t a s ign i f i cant delayed response at 24 and 48 

hours. Th i s was probably due to the incomplete modi f icat ion of pept i -

doglycan by the acetoacet ic anhydr ide. The acetoacety lated peptidoglycan 

treated with Na CO st imulated only poor delayed react ions at 24 and 
d 

48 hours, which were not s ign i f i cant ly g r ea t e r than the control va lues . 

H o w e v e r , the hydroxylamine treated acetoacety lated peptidoglycan 

stimulated a full delayed hypersens i t iv i ty r eac t i on . T h e r e f o r e , whi le 

remova l of acetoacetyl groups f r o m the hydroxyl res idues did not return 

any act iv i ty to the peptidoglycan, r emova l of a l l the modi f icat ions 

comple te ly r e s t o r es the abi l i ty to st imulate delayed hypersens i t i v i ty . 

The antigenic determinant f o r delayed hypersens i t iv i ty is there fo re not 

associated with the hydroxyl res idues of the po lysacchar ide chain of 

pept idoglycan, but it could be associated with the amino groups found 

in the peptide part of pept idoglycan. 



T A B L E 11 . 

The footpad swel l ings in mice sensi t ised with S . aureus and challenged with 20pg peptidoglycan, 
• 20 pg acetoacetylated peptidoglycan, 20 pg sodium carbonate treated peptidoglycan and 20 pg 

hydroxylamine treated pept idoglycan. 

Challenge Antigen Sens itisation 
of m ice 4 hours S i g ' ( P ) * 24 hours S i g ' ( P ) * 48 hours S i g ' ( P ) * 

peptidoglycan 

peptidoglycan 

+ 0.50 (0 .24 ) 

0 .41(0.17 

NS a i .34(0.23) 

0 .39 (0 .06 ) 

<0.001 1 .04(0.34) 

0 .10 (0 .07 ) 

<0.002 

acetoacetylated p ' g ' 

acetoacetylated p ' g ' 

+ 0 .35 (0 .10 ) 

0 .65 (0 .12 ) 

NS a 0 . 8 2 ( 0 . 2 1 ) 

0 .31(0.1 1) 

<0.01 0 .55 (0 .18 ) 

0 .06 (0 .07 ) 

<0.01 

Na CO treated ace to -
acetyla^ed p ' g ' 

Na CO treated ace to -
acetylated p 'g ' 

+ 0 .54 (0 .19 ) 

0 .84 (0 .20 ) 

NS 0 .64 (0 .31 ) 

0 .49 (0 .15 ) 

NS 0 .18 (0 .20 ) 

0 .05 (0 .09 ) 

NS 

hydroxylamine treated 
acetoacetylated p ' g ' 

hydroxylamine treated 
acetoacetylated p ' g ' 

+ 0 .57 (0 .17 ) 

0 .75 (0 .20 ) 

NS 1 .23(0 .40) 

0 .32 (0 .15 ) 

<0.01 1 .03(0 .03) 

0 .06 (0 .06 ) 

<0.001 

* Student's t test comparing the mean footpad swel l ings in sensi t ised and non-sensit ised m i c e . Each group 
contained 4 m i c e . 
NS = Not s igni f icant 
a = Student's t test comparing these two mean footpad swe l l ings P<0 .02 . 
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3 . 5 . Cross react ions between S . aureus and Streptococcus Group A 

and S . aureus and Staphylococcus ep ide rm id i s . 

Pept idoglycans f r om staphylococci and s t reptococc i a r e s t ruc tura l l y 

v e r y s i m i l a r (F i gure 3 ) and ant iserum ra ised against one w i l l c r o s s r eac t 

with ce l l wa l l s f r o m the o ther . Cross react ions in delayed hypersens i t i v i ty 

we re observed and re lated to the structures of the peptidoglycans to 

locate the antigenic determinants f o r this reac t ion . 

3 . 5 . 1 . Staphylococcus aureus and Streptococcus Group A stra in T 27. 

M ice sensi t ised with S . aureus and pretreated with cyc lophosphamide 

were footpad tested with 20 pg of ce l l wal ls f r o m e i ther S . aureus o r 

Streptococcus Group A stra in T 27. A s expected , mice chal lenged with 

S . aureus ce l l wal ls gave r i s e to s igni f icant delayed react ions ( Tab l e 8 ) . 

Howeve r , chal lenge with the s t reptococca l ce l l wa l ls produced no 

s igni f icant swe l l ing at 24 hours . 

3 . 5 . 2 . S . aureus and S . ep idermid is N C T C 5955. 

T w o groups of cyclophosphamide treated mice w e r e injected with 

5 

10 cfu S . aureus on a cotton dust plug. T w e l v e days later footpad tests 

w e r e pe r f o rmed using 20 pg ce l l wal ls f r om e i ther S . aureus o r S . 

ep iderm id is as challenge ant igens. S i m i l a r l y , two groups of S . e p i d e r m -
idis sensi t ised mice w e r e chal lenged with 20 pg S . aureus and S . e p i d e r m -

idis ce l l w a l l s . Control exper iments w e r e pe r f o rmed by chal lenging non-

sensi t ised mice with the two types of ce l l wa l l s . The footpad swe l l ings 

a r e shown in Tab le 9 . The highest l eve ls of delayed hypersens i t iv i ty 

w e r e obtained when both sensi t isat ion and chal lenge we r e with bacter ia 

and wal ls of the same s p e c i e s . Cross reactions did occur between the 

two staphylococcal spec i es and delayed responses we r e achieved when 
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T A B L E 8 . 

The footpad swel l ing in m ice sensi t ised with S . aureus and 

chal lenged with 20 pg staphylococcal and s t reptococca l 

ce l l wa l l s . 

Challenge Ant igen Sens i t - 24 hr . footpad S ign i f i cance 
isation of m i ce swe l l ings (±SD) ( P ) * 

S . aureus ce l l wal ls + 0 .82 (0 .11 ) <0.0005 

S . aureus ce l l wal ls - 0 .30 (0 .04 ) 

S t r ep ' G r p . A ce l l wal ls + 0 .31 (0 .13 ) NS 

S t r ep ' G r p . A ce l l wa l ls 0 .35 (0 .21 ) 

*Student 's t test compar ing the mean footpad swe l l ings in the sens i t ised 

and non-sensi t ised m i c e . Sens i t i sed mice we r e in groups of 6 , control 

mice w e r e in groups of 4 . 

NS = Not s i gn i f i cant . 
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The footpad swel l ings in mice sensit ised with S . aureus and S . epidermidis and challenged with 20 pg of 

the homologous or heterologous cel l wa l l s . 

Challenge Antigen Sensit isation Footpad swel l ing mm ( ±SD ) 
of mice 4 hours S i g ' ( P ) * 24 hours S i g ' ( P ) * 48 hours S i g ' ( P ) * 

s . aureus S . aureus 0.56(0.09) NS 0.90(0 .21) <0.01 0 .50(0 .31) NS 

s . aureus S . epidermidis 0.61(0.08) NS 0.77(0.1 1) NS 0 .32(0 .17) NS 

s . aureus 0.64(0.09) 0 .41(0 .11) 0 .1 0(0 .1 2) 

s . epidermid is S . epidermidis 0.64(0.09) NS 0.89(0.22) <0.02 0.40(0.19) NS 

s . epidermid is S . aureus 0.47(0.08) NS 0.71(0.17) NS 0.36(0.23) NS 

s . ep iderm id is 0.72(0.08) 0 .55(0 .08) 0 .1 9(0 .1 4) 

*Student's t test comparing the mean footpad swell ing in the sensit ised and non-sensitised m i c e . Each group 
contained 4 mice . 

NS = Not s igni f icant . 
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mice sensi t ised with one of the bacter ia we r e chal lenged with the 

heterologous ce l l wa l l s . H o w e v e r , the swe l l ings in the sens i t ised 

mice we r e not s igni f icant ly g r ea t e r than that observed in the non-sensi t ised 

control m i c e . 

The structure of the peptidoglycans of S . aureus and Streptococcus 

Group A a r e , apart f r om their interpeptide b r i dges , identical . The lack 

of c ross reac t i v i ty between these two bacter ia must indicate that the 

interpeptide br idge is important in the antigenic determinant f o r delayed 

hypersens i t iv i ty . The peptidoglycans of S . aureus and S . ep idermid is 

only d i f f e r in that the pentaglycine interpeptide br idge of S . aureus is 

replaced in S . ep idermid is by four g lyc ines and a s ing le alanine res idue 

( S c h l e i f e r , 1973) on this basis t h e r e f o r e , the part ia l c r o s s reac t i v i t y is 

not unexpected. 

3 . 6 . The use of soluble ce l l wal l f ract ions to induce and e l i c i t de layed 

hypersens i t i v i ty . 

It is possible using spec i f i c ce l l wal l lyt ic enzymes to obtain 

soluble f ragments of the ce l l wa l l , I have used two such en zymes , a 

muramidase f r o m Chaloropsis s p . and a spec i f i c protease f r o m S . aureus 

V8 . These f ragments have then been used in an attempt to both induce 

and e l i c i t delayed hypersens i t i v i ty , to determine whether the intact 

three dimensional structure of the ce l l wal l is necessa ry f o r this react ion 

and to find which parts of the ce l l wal l are of importance. 

3 . 6 . 1 . The induction of delayed hypersensi t iv i ty with soluble ce l l wal l 

f ragments produced by muramidase f r o m Chaloropsis s p . 

Cyclophosphamide treated mice w e r e sensi t ised with the crude 

soluble ex t rac t produced by the action of the Chalorops is s p . muramidase 
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on S . aureus ce l l w a l l s . The ext ract (0.1 m l ) was adminis tered 

intradermal ly in F C A , at a concentration of 2 m g / m l . T w e l v e days 

later footpad tests w e r e ca r r i ed out using both ce l l wa l ls and the 

soluble ex t rac t as chal lenge antigens ( Tab l e 10). The soluble ex t rac t 

induced a de layed hypersensi t iv i ty react ion which was e l i c i t ed both by 

the soluble ex t rac t i tsel f and by S . aureus ce l l w a l l s . Where the 

extract was used to e l i c i t delayed hypersens i t iv i ty there was a rapid fal l 

o f f in swe l l ing between 24 and 48 hours. Th i s could be due to the 

soluble antigen being rapid ly removed f r o m the s i te of in ject ion. 

3 . 6 . 2 . The st imulation of delayed hypersens i t iv i ty to S . aureus by 

the soluble extracts produced by Chalorops is s p . muramidase 

and S . aureus V8 pro tease . 

T h e crude soluble extracts produced by Chalorops is s p . m u r a m i -

dase and S . aureus V8 protease we r e used to st imulate a de layed hyper -

sens i t i v i ty response in cyclophosphamide treated S . aureus sens i t i sed 

m i c e . Tab l e 11 shows that the muramidase ex t rac t was able to e l i c i t 

s igni f icant delayed swel l ing at 24 hours, howeve r , this swe l l ing did 

not f o l l ow the c lass i ca l delayed hypersensi t iv i ty pattern and had subsided 

by 48 hours . A g a i n , this was probably due to the prompt r emova l of antigen 

f r o m the s i t e of in ject ion. The so lubi l ised ce l l wa l ls produced by the 

protease enzyme e l i c i ted no s igni f icant de layed swe l l i ng , there was 

however , s o m e e a r l y in f lammatory resporise . 

3 . 6 . 3 . The puri f icat ion of the soluble ce l l wal l ex t ract produced by 

Chalorops is sp . muramidase . 

The soluble extract (30 m g ) d isso lved in 1 ml d ist i l led water was 

o 
applied to a Sephadex G-25 co lumn. Elution was pe r f o rmed at 4 C with 



T A B L E 11 . 

The footpad swel l ings in mice sensi t ised with the soluble ex t rac t produced f r o m S . aureus ce l l wa l l s 

by Chaloropsis s p . muramidase . 

Challenge Antigen Sensit isat ion 
of mice 4 hours S i g f ( P ) * 

Footpad swe l l ings m m ( ± S D ) 
24 hours S i g ' ( P ) * 48 hours S i g ' ( P ) * 

S . aureus ce l l wal ls 

S . aureus ce l l wal ls 

+ 0.39 (0 .10 ) 

0 .52 (0 .13 ) 

NS 1 .01 (0 .32 ) <0 .02 

0 .29 (0 .04 ) 

0 .94 (0 .12 ) <0.001 

0 .12 (0 .07 ) 

soluble extract 

soluble extract 

+ 0 .40 (0 .06 ) 

0 .29 (0 .11 ) 

N S 0 .80 (0 .14 ) <0.02 

0 .16 (0 .25 ) 

0 .38 (0 .13 ) <0.025 

0 .06 (0 .10 ) 

*Student fs t test comparing the mean footpad swel l ings in the sensi t ised and non-sensit ised m i c e . Each 

group contained 4 m i c e . 

NS = Not s ign i f i cant . 



T A B L E 11 . 

T h e footpad swel l ings in mice sensi t ised with S . aureus and challenged with 20 pg of the soluble 

extracts produced f r om S . aureus ce l l wal ls by muramidase f r o m Chaloropsis s p . and protease 

f r o m S . aureus V8 . 

Challenge Antigen Sensit isat ion 
of m ice 4 hours S i g ' ( P ) * 

Footpad swe l l ings 
24 hours S i g ' ( P ) * 

m m ( ± S D ) 
48 hours S i g ' ( P ) * 

muramidase extract + 0.21 (0 .19 ) NS 0 .66 (0 .10 ) <0.01 0 .18 (0 .05 ) N S 

muramidase extract - 0.20 (0 .09 ) 0 .21 (0 .20 ) 0 .09 (0 .07 ) 

protease extract + 0.28 (0 .14 ) NS 0 .07 (0 .09 ) N S 0.00 NS 

protease extract 0 .27 (0 .09 ) 0 .00 0 .05 (0 .10 ) 

*Student 's t test comparing the mean footpad swel l ings in the sensi t ised and non-sensit ised m i c e . Sens i t i sed 

mice we r e in groups of 6 , non-sensit ised control mice we r e in groups of 4 . 

NS = Not s ignificant 
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dist i l led water and the soluble extract separated into three f rac t ions 

(F i gure 11), each fract ion was co l lected and f r e e z e d r i ed . 

3 . 6 . 3 . 1 . The delayed hypersensi t iv i ty e l i c i t ed by the puri f ied f r a c t i ons . 

Each of the three f ract ions produced by the gel f i l t rat ion of the 

muramidase extract was used in an attempt to st imulate delayed hyper -

sens i t iv i ty in cyclophosphamide t reated, S . aureus sens i t ised m i c e . 

Tab le 12 shows that only f ract ion 1 could e l i c i t a delayed response , 

st imulat ing s igni f icant ly g rea te r 24 hour footpad swe l l ings in the 

sensi t ised m ice than in the cont ro l s . Aga in as with prev ious exper iments 

using the crude soluble ex t rac t as chal lenge ant igen, the swe l l ing at 

48 hours was not s igni f icant ly g r ea t e r in the sens i t ised m ice than in 

the con t ro l s . In this respect these react ions are more l ike the Jones -

Mote reac t ion , where protein antigens in F IA a r e used to induce delayed 

hypersensi t iv i ty than c lass ica l tuberculin delayed hypersensi t iv i ty r eac t i ons . 

3 . 6 . 4 . The puri f ication and analysis of the ext ract produced f r o m ce l l 

wal ls by the S . aureus V8 protease enzyme . 

L y s i s with the protease enzyme so lubi l ised 70% of the ce l l wal l 

ma te r i a l . The soluble products we r e subsequently separated by 

Sephadex Gel chromatography into two f rac t ions (F i gure 12) and then 

analysed by paper chromatography. The higher mo lecu lar weight f ract ion 

was shown to contain the amino acids g l yc ine , l ys ine , alanine and 

glutamic ac id , some smal l quantities of sugars we re a lso detected. The 

lower mo lecu lar fract ion contained only suga rs , no amino acids w e r e 

found. The purity of the f i r s t f ract ion was checked using po lyacry lamide 

gel e l e c t r ophores i s , this showed a s ing le protein band when stained with 

Coomass ie b lue. P r e l i m i n a r y exper iments indicated that immunological 
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F igure 11 . 

Gel f i l t rat ion of the soluble ex t rac t produced f r o m ce l l wa l ls 

by Chalorops is s p . muramidase . 



T A B L E 11 . 

The footpad swel l ings in mice sensi t ised with S . aureus and challenged with 20 pg of the fract ionated 

soluble extracts produced f r o m S . aureus ce l l wal ls by the Chaloropsis s p . muramidase . 

Challenge Antigen Sens itisation 
of mice 4 hours S i g ' ( P ) * 

Footpad swe l l ings m m ( ± S D ) 
24 hours S i g ' ( P ) * 48 hours S i g ' ( P ) * 

Fract ion 1 + 0.35 (0 .14 ) NS 0 .40 (0 .13 ) <0.005 0 .22 (0 .11 ) N S 

Fract ion 1 - 0.30 (0 .04 ) 0.1 1(0.06) 0 .07 (0 .08 ) 

Fract ion 2 + 0 .21 (0 .10 ) NS 0 .18 (0 .07 ) N S 0 .09 (0 .03 ) NS 

Fract ion 2 - 0.20 (0 .05 ) 0 .15 (0 .08 ) 0 .08 (0 .06 ) 

Fract ion 3 + 0 .1 7(0 .1 2) NS 0 .1 9(0 .1 3 ) NS 0 .05 (0 .05 ) N S 

Fract ion 3 0 .20 (0 .12 ) 0 .21 (0 .16 ) 0 .09 (0 .15 ) 

*Student 's t test comparing the mean footpad swel l ings in the sensi t ised and non-sensit ised control m i c e . 

Each group contained 4 mice . 

NS = Not s igni f i cant 
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Figure 12. 

Gel f i l t rat ion of the soluble ex t rac t produced f r o m S . aureus 

ce l l wa l ls by S . aureus V8 protease e n z y m e . 
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act iv i ty was res t r i c ted to the high molecular weight f ract ion and this 

was there fo re used in al l subsequent exper iments . Th is react ion in 

Freunds Complete Adjuvant was used to induce delayed hypersens i t iv i ty 

in cyclophosphamide treated mice (Table 13). Challenge with 20 pg ce l l 

wal ls e l i c i ted s igni f i cant delayed swel l ings at 24 and 48 hours. Ce l l 

wal ls howeve r , did not e l i c i t any delayed swe l l ings in m i c e sens i t ised 

with F C A a lone , thus showing that there was no c ross reac t i v i t y with the 

mycobacter ia present in the adjuvant, nor was there any enhancement 

of pre -ex is t ing immunity by the adjuvant. 

3 . 6 . 5 . The induction of delayed hypersensi t iv i ty with the act ive f ract ion 

f r o m the soluble ce l l wall extracts produced by the Chalorops is s p . 

muramidase and S . aureus V8 pro tease . 

M ice pre treated with cyclophosphamide w e r e given intracutaneous 

injections of 0 .2 ml of the act ive f ract ions f r o m e i ther the muramidase 

produced ex t rac t or the protease produced ex t rac t in Freunds Comple te 

o r Incomplete adjuvant. A l l emulsions w e r e at a f inal concentration of 

2 mg/ml . T w e l v e days a f t e r sens it isation, 20 pg staphylococcal ce l l 

wal ls we r e used to st imulate a delayed hypersensi t iv i ty r e sponse . In 

each case delayed react ions we r e induced and the 24 hour footpad 

swel l ings w e r e s ign i f i cant ly g rea ter than in the control group of m i c e . 

Both extracts produced g rea te r swel l ing when used in conjunction with 

F C A than with the incomplete adjuvant (Table 14). 

3 . 7 . The induction of delayed hypersensi t iv i ty to S . aureus with synthetic 

analogues of the pentaglycine c ross b r idge . 

P rev ious exper iments have indicated that the pentaglycine c r o s s 

br idge is the m a j o r antigenic determinant f o r the delayed hypersens i t iv i ty 



T A B L E 11 . 

The footpad swel l ings in mice sensi t ised with the soluble ex t rac t produced f r o m S . aureus ce l l wal ls 

by the protease enzyme and challenged with 20 jjg S . aureus ce l l wa l l s . 

Sensi t is ing Agent Footpad swe l l ings m m ( + S D ) 
4 hours S i g ' ( P ) * 24 hours S i g ' ( P ) * 48 hours S i g ' ( P ) * 

ex t rac t/FCA 0 .62 (0 .20 ) NS 0 .81 (0 .13 ) <0.005 0 .71 (0 .18 ) <0.002 

F C A alone 0 .61 (0 .11 ) NS 0 .37 (0 .07 ) N S 0 .20 (0 .10 ) NS 

Control 0 .69 (0 .21 ) 0 .43 (0 .14 ) 0 .23 (0 .04 ) 

^Student's t test comparing the mean footpad swe l l ings in the sensi t ised and non-sensi t ised m i c e . 

Sens i t i sed m ice we r e in groups of 6 , control mice w e r e in a group of 4 . 

NS = Not s igni f icant 

+ = challenge with 20 jjg ce l l wa l l s . 
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T A B L E 18. 

The footpad swe l l ing in mice sensi t ised with soluble ce l l wall 

ex t racts in Freunds Adjuvant and challenged with 20 [ig S . aureus 

ce l l wa l ls . 

Sensi t is ing Agent 24 h r . footpad S i gn i f i cance (P ) * 
swel l ing ( +SD ) 

muramidase ex t rac t/FCA 0 .84(0 .06) < 0 .001 

muramidase ex t rac t/F lA 0 .49(0 .09) < 0 .01 

protease ex t rac t/FCA 0 .66(0 .15) <0 .002 

protease ex t rac t/F lA 0 .52(0 .05) <0 .002 

Control 0 .19(0 .10) 

* Students t test compar ing the mean footpad swe l l ings in the sens i t ised 

and non-sensit ised control m i c e . Each group contained 4 m i c e . 
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reaction to S . aureus. These exper iments a im to sens i t i se m ice with 

synthetic analogues of the c r o s s br idge and then to st imulate delayed 

hypersensi t iv i ty with S . aureus ce l l wal ls . 

3 . 7 . 1 . The induction of de layed hypersensi t iv i ty with pentaglycine 

and po lyg lyc ine . 

Cyclophosphamide treated m ice we r e injected in t radermal ly with 0 .2 

ml of e i ther polyglycine or pentaglycine in F C A at a concentration of 

2 mg/ml . T w e l v e days la ter footpad tests we re ca r r i ed out using 20 pg 

S . aureus ce l l wal ls as a chal lenge antigen. No delayed swe l l ings w e r e 

e l ic i ted at 24 or 48 hours (Tab l e 15). It is probable that these two 

antigens w e r e too smal l to e l i c i t an immunological react ion . T o o v e r -

come this pentaglycine was coupled to a l a r g e r c a r r i e r prote in . 

3 . 7 . 2 . The induction of de layed hypersensi t iv i ty with pentaglycine 

coupled to B S A . 

Cyclophosphamide treated mice we re injected intracutaneously 

with 0 .5 ml of pentaglycine coupled to B S A in F C A , at a concentration 

of 1 mg/ml . Footpad tests we r e pe r f o rmed twelve days la ter using 

20 pg of B S A - 5 G l y and 20 pg of S . aureus ce l l wal ls as chal lenge antigens . 

No ev idence of de layed react ion was seen when B S A - 5 G l y was used 

as challenge antigen, however the ce l l wal ls did g ive r i s e to a delayed 

hypersensi t iv i ty react ion, with s igni f icant ly higher 24 and 48 hour 

footpad swe l l ings in the sens i t ised mice than in the contro ls (Tab le 16). 

T h e r e was a possibi l i ty that the induction of the delayed hypersensi t iv i ty 

was due to a c ross react ion of ce l l wal ls with B S A . T h e r e f o r e , the 

exper iment was repeated using B S A / F C A and B S A - 5 G l y / F C A to 

sens i t i se m i c e . In this exper iment sensit isat ion was with 0 .2 mis of 



T A B L E 11 . 

The footpad swe l l ings in mice sensi t ised with polyglycine and pentaglycine and challenged with 20 pg 

S . aureus ce l l wal ls . 

Sensitation Footpad swe l l ings mm ( ± S D ) 
4 hours S i g ' ( P ) 24 hours S i g ' ( P ) * 48 hours S i g ' ( P ) * 

poly g l yc ine/FCA 0 .56 (0 .17 ) NS 0 .30 (0 .14 ) N S 0 .10 (0 .10 ) N S 

pentaglyc ine/FCA 0 .48 (0 .22 ) NS 0 .30 (0 .13 ) NS 0 .15 (0 .19 ) N S 

0 .45 (0 .16 ) 0 .22 (0 .06 ) 0 .05 (0 .10 ) 

*Student 's t test comparing the mean footpad swel l ings in the sensi t ised and non-sens i t i sed . Sens i t ised 

groups contained 6 m i c e , the control group contained 4 m i c e . 

NS = Not s igni f icant 



T A B L E 11 . 

The footpad swel l ings in mice sensi t ised with pentaglycine coupled to B S A and chal lenged with 

S . aureus ce l l wa l l s , B S A - pentaglycine and B S A . 

Challenge Antigen Sens itisation 
4 hours S i g ' ( P ) * 

Footpad swe l l ings 
24 hours S i g ' ( P ) * 

m m ^ S D ) 
48 hours S i g ' ( P ) * 

ce l l wa l ls + 0.82 (0 .13 ) NS 0 .92 (0 .25 ) <0.02 0 .51 (0 .36 ) <0 .05 

ce l l wa l ls - 0.58 (0 .19 ) 0 .42 (0 .08 ) 0.1 0 (0 .11) 

B S A - 5 G l y + 0 .24 (0 .15 ) NS 0 .09 (0 .09 NS 0 .08 (0 .08 ) N S 

B S A - 5 G l y - 0.15 (0 .09 ) 0 .05 (0 .06 ) 0 .06 (0 .11 ) 

B S A + 0 .1 0(0 .1 2) NS 0 .02 (0 .02 ) NS 0 .07 (0 .08 ) NS 

B S A 0 .05 (0 .05 ) 0 .01 (0 .02 ) 0 .04 (0 .07 ) 

*Student 's t test comparing the mean footpad swel l ings in the sensi t ised and non-sensi t ised control m i c e . 

Each group contained 4 m i c e . 

NS = Not s igni f icant 
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2 mg/ml . The 24 hour footpad swe l l ings e l ic i ted by challenge with 20 pg 

S . aureus ce l l wal ls a re shown in Tab le 17. S igni f icant footpad swe l l ings 

we re obtained only in mice sens i t ised with B S A - 5 G l y , the B S A sens i t i sed 

mice did not produce s igni f icant 24 hour footpad swe l l i ngs . 

3 .8 . The extract ion of peptidoglycan f r o m cel l wa l l s . 

Cel l wal l po lymers including te ichoic acid a r e cova lent ly attached 

to the ce l l wal l peptidoglycan and thus require harsh extract ion procedures 

to remove them. Numerous methods have been reported which pur i f y 

peptidoglycan f o r immunobiological studies . Th is s e r i e s of exper iments 

compares the e f f i c i ency of s e v e r a l of the published puri f icat ion methods 

with the abi l i ty of the result ing peptidoglycan to st imulate a delayed 

hypersensi t iv i ty response . Organic phosphate was measured be fo re and 

a f te r extract ion to est imate the e f f i c i ency of extract ion (phosphate is 

only found in teichoic acid and not in peptidoglycan). Twenty m i c r o g r a m m e s 

of each preparat ion was then used to st imulate delayed hypersens i t i v i ty in 

cyclophosphamide treated m ice (Tab le 18). 

The extract ion methods used d i f f e red w ide ly in their ab i l i ty to 

remove teichoic acid f r o m ce l l wa l l s . One per cent sodium deoxycholate 

was only able to r emove 29% of the ce l l wall phosphate ( te ichoic a c id ) . 

The sodium hydroxide extract ions removed between 29 and 75% of the 

teichoic ac id , this extract ion being dependent upon temperature and 

t ime , but not on the concentration of the sodium hydroxide. S i m i l a r l y , 

the t r i ch loracet i c acid extract ion was dependent upon t empera ture , only 

o 

35% of the te ichoic acid was removed at 2 C whereas 76% was r emoved 

at 60 °C . 
A p a r t f r o m the 'peptidoglycan' extracted with sodium hydroxide at 
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T A B L E 18. 

The footpad swel l ing in m ice sensi t ised with BSA-pentag lyc ine 

and B S A and chal lenged with S . aureus ce l l wa l l s . 

Sensi t isat ion 24 hour footpad S ign i f i cance (P ) * 
swe l l ing (±SD) 

B S A - 5 G ly/FCA 0, .44(0, .10) < 0.01 

B S A / F C A 0, .27(0, .08) NS 

Control 0, . 1 9(0, .06) 

* Student's t test compar ing the mean footpad swe l l ings in the 

sensi t ised and non-sensit ised control m i c e . Each group contained 

4 mice . 

NS = Not s igni f icant 
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T A B L E 18. 

Delayed Hypersensi t iv i ty stimulated in S . aureus sensi t ised 

mice by peptidoglycans, isolated by d i f f e rent methods. 

Preparat ion % Te icho ic Ac id DH Response 
removed 

Cel l wal ls +++ 

DOC 29 +++ 

0 . 1M NaOH, 1hr 22°C 29 +++ 

10% T C A , 36hrs 2 °C 35 +++ 

0 . 1 M NaOH, 1hr 100°C 54 N I L 

0 . 5 M NaOH, 4 hrs 22°C 61 + 

10% T C A , 16 hrs 60°C 76 + 

0 . 1M NaOH, 4 hrs 22°C 75 + 
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o 

100 C all the preparat ions we r e able to e l i c i t a delayed hypersensi t iv i ty 

response in S . aureus sensi t ised m i c e . H o w e v e r , the magnitude of 

the delayed response stimulated by the other 'pept idoglycans ' var i ed 

inverse ly with the quantity of te ichoic acid remain ing . Thus there 

s eems to be some involvement of te ichoic in the delayed hypersens i t iv i ty 

react ion to S . aureus. Howeve r , Easmon and Glynn (1978) fa i led to 

find any delayed hypersensi t iv i ty to teichoic acid in S . aureus 

sensi t ised m i c e . It is possible that te ichoic acid has an indirect ro l e 

in promoting the react ion to peptidoglycan. Th is can be further 

investigated using a mutant stra in of S . aureus which is known to be 

def ic ient in te ichoic ac id . 

3 . 8 . 1 . The delayed hypersensi t iv i ty st imulated by ce l l wal ls f r o m a 

te ichoic acid de f ic ient stra in of S . aureus . 

Ce l l wal ls f r o m the teichoic acid de f ic ient s t ra in , S . aureus 

52A5 we r e used to st imulate delayed hypersens i t iv i ty in mice treated 

with cyclophosphamide and sensi t ised with S . aureus 8530. Routine 

phage typing was used to check that the 52A5 stra in had not r eve r t ed to 

its parent H s t ra in , 52A5 was untypable at routine test dilution o r 

100 t imes routine test dilution. 20yg of ce l l wal ls f r o m 52A5 e l i c i t ed 

s igni f icant delayed swel l ings at both 24 and 48 hours . Howeve r , this 

response was f a r l ower than the delayed response st imulated by the normal 

S . aureus V8 ce l l wa l l s . (Tab le 19). Th is resul t is in agreement with the 

previous expe r iment , in that teichoic acid s e ems to play an indirect ro le 

in the potentiation of the delayed hypersensi t iv i ty st imulated by 

pept idoglycan. 



T A B L E 11 . 

The footpad swe l l ings in mice sensit ised with S . aureus and challenged with 20 yg of ce l l wa l ls 

f r o m teichoic acid de f ic ient and normal stra ins of S . aureus. 

Challenge Ant igen Sensit isat ion Footpad swe l l ings mm ( ± S D ) 
4 hours S i g ' ( P ) * 24 hours S i g ' ( P ) * 48 hours f ( P ) * 

S . aureus V8 ce l l wal ls + 0 .49 (0 .17 ) NS 1 .13 (0 .17 ) <0.005 0 .91 (0 .13 ) <0.001 

s . aureus V8 ce l l wal ls - 0.43(0 .19) 0.30(0 .14) 0 .23 (0 .06 ) 

s . aureus 52A5 ce l l wal ls + 0.57(0 .14) NS 0.74(0 .13) <0.005 0 .52 (0 .11 ) <0.01 

s . aureus 52A5 ce l l wal ls - 0.59(0 .11) 0.28(0 .08) 0 .27 (0 .10 ) 

*Student 's t test comparing the mean footpad swe l l ings in the sensi t ised and non-sensit ised control m i c e . 

Sens i t ised mice we r e in groups of 6 . Control groups contained 4 m i c e . 

NS = Not s ign i f i cant . 
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3 . 9 . The relat ionship between delayed hypersensi t iv i ty and the 

antibody response to S . aureus. 

Delayed hypersensit iv i ty to S . aureus in mice is usually seen 

only a f t e r at least four subcutaneous infect ions. That i s , it is only 

a f t e r four infections that mice respond pos i t ive ly to footpad chal lenge 

with ce l l wa l l s . It is known that immune se rum suppresses delayed 

hypersensi t iv i ty if given be fo re induction (Easmon and Glynn 1977). 

Howeve r , l i tt le is known about the c lass of antibody involved o r what these 

antibodies a r e directed against . A l s o , there has been no work published 

on the relat ionship between the induction of delayed hypersensi t iv i ty 

to S . aureus and the corresponding humoral response . 

3 . 9 . 1 . The antibody response to doses of S . aureus required to induce 

delayed hypersens i t iv i ty . 

The antibody l eve ls we r e fo l lowed in mice during the sensit isat ion 

f o r delayed hypersensi t iv i ty by : -

(a ) 4 week ly subcutaneous infections 

(b ) pre treatment with cyclophosphamide fo l lowed by a 

s ing le subcutaneous infect ion. 

The s e ra obtained f r om individual mice obtained during the 

course of the exper iment we r e s tored and the antibody l eve l s measured 

on the same day using an enzyme linked immunosorbant assay ( E L I S A ) . 

F igure 13 shows that even be fo re infect ion, the mice possessed antibodies 

against S . aureus, presumably due to the so cal led natural immunity 

induced by this o rgan ism. In the mice given multiple infect ions, no in-

c rease in the leve l of antibody was noticable until a f t e r the second 

infect ion. A gradual increase in antibody l eve ls took place reaching a 

plateau at four weeks . A s expected , the cyclophosphamide pretreated 
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Figure 13. 

The antibody response to multiple S . aureus subcutaneous 

infections and to a s ing le infection a f t e r cyclophosphamide 

t reatment . 
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mice displayed no increase in antibody l e v e l s . 

Both sets of mice we r e tested f o r delayed hypersensi t iv i ty 12 days 

a f t e r the last infect ion. Both the 4 t imes infected and the cyclophospha-

mide pretreated m ice responded to footpad challenge with ce l l wa l l s 

giving high 24 hour swe l l i ngs . 

3 . 9 . 2 . Suppress ion of de layed hypersensi t iv i ty with fac tors f r o m 

immune p lasma. 

One hour p r i o r to sensi t isat ion with S . aureus cyclophosphamide 

treated mice w e r e given intravenous injections (0 .2 m i s ) o f : -

(a ) Immune plasma f r o m four t imes infected mice 

(b ) IgM extracted f r o m the plasma of four t imes infected mice 

( c ) IgG extracted f r o m the plasma of four t imes infected mice 

(d ) The remaining se rum proteins f r o m the plasma of four 

t imes infected m ice . 

( e ) Immune plasma which had been absorbed with peptidoglycan 

( f ) Immune plasma which had been absorbed with ce l l wal ls 

T w e l v e days a f t e r sens i t isat ion, the mice we r e footpad tested f o r 

delayed hypersensi t iv i ty with S . aureus ce l l wa l l s . 

A s prev ious ly shown by Easmon and Glynn (1977) the immune plasma 

(F igure 14) s ign i f i cant ly suppressed the delayed hypersensi t iv i ty r esponse . 

Both the IgM and to a l e s s e r extent the IgG a lso suppressed the delayed 

react ion. The remaining prote ins in the plasma had no e f f e c t on the 

react ion. P lasma absorbed with e i ther ce l l wal ls o r peptidoglycan given 

p r i o r to sensit isat ion caused no subsequent suppression of the delayed 

hypersensi t iv i ty r esponse . Thus , the humoral fac tors which suppress 

the induction of delayed hypersens i t iv i ty a re I gM and I gG, although the 
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The 24 hour footpad swe l l ings in m ice given immune plasma 

f rac t i ons p r i o r to infection with S . aureus . 

Bars on h is togram show standard deviat ions . 

Each group contained 8 m i c e . 
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f o r m e r is mo r e e f f e c t i v e and these antibodies a r e directed against 

a component of the staphylococcal ce l l wa l l , possibly the pept idoglycan. 



DISCUSSION 
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D ISCUSS ION 

4 . 1 . Induction of delayed hypersensi t iv i ty to S . aureus . 

Delayed hypersensi t iv i ty to S . aureus in m ice can be induced by 

multiple infections of v iable staphylococci ( Taub l e r , 1968; Taub l e r and 

Mudd, 1968 and Easmon and Glynn, 1975). Howeve r , the need f o r 

multiple infections can be removed by treatment with cyclophosphamide 

two days p r i o r to a s ingle subcutaneous infect ion. The l e ve l s of delayed 

hypersensi t iv i ty in these mice are then s im i l a r to those seen in mice 

given four week ly infections (Easmon and Glynn, 1977). I have used this 

cyclophosphamide model to study the antigens involved in the delayed 

hypersensi t iv i ty react ion to S . aureus . 

P rev ious studies on the induction of delayed hypersens i t i v i ty to 

S . aureus have all required infection with v iable bacter ia ( Taub l e r , 1968; 

Easmon and Glynn, 1975) o r , the injection of ki l led bacter ia with Freunds 

complete adjuvant ( T r ibb l e and Bo len , 1978). Using cyclophosphamide 

to dispense with the requi rement f o r multiple in fect ions, I have induced 

8 
delayed hypersens i t iv i ty with 10 heat ki l led S . aureus (Tab l e 1) to the 

5 
same l eve l s as seen with 10 v iable s taphy lococc i . It was not poss ib le 

5 

however to induce delayed hypersensi t iv i ty with 10 heat k i l led bac te r i a . 

The subcutaneous injections of both v iable and ki l led S . aureus we r e 

per fo rmed on cotton dust p lugs, using the method descr ibed by Noble 

(1965). Aga rwa l (1967a) studied the e f f e c t of cotton dust on subcutaneous 

infections with S . aureus . He demonstrated that cotton dust a l lows 

bacter ial growth to take place at the s i te of infection and that within 24 
5 8 hours 10 staphylococc i w i l l mult iply to 10 . Thus it s e e m s that sens i t i sa -

tion of mice is not dependent upon viable bacter ia o r the presence of 
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Freunds adjuvant, but it is dependent upon the quantity of antigen and 

Q 

it appears that 10 S . aureus a r e necessa ry . The induction of ce l l 

mediated hypersensi t iv i ty react ions are often descr ibed as being dependent 

upon v iable bacter ia but, there a re examples of induction with ki l led 

o r gan i sms . Indeed s e v e ra l mycobacter ia l spec i es a re immunogenic when 

k i l l ed , although l a r g e r doses are usually required f o r sensit isat ion than 

when v iable organ isms are used (Rook , 1980). 

In v i ew of the abi l i ty of ki l led staphylococci to induce delayed hyper -

sens i t i v i t y , attempts we r e made to sens i t i se mice with ce l l wal ls and 

peptidoglycan f r o m S . aureus . Kowalski and Berman (1971) and Easmon 

and Glynn (1978) demonstrated that peptidoglycan contains the antigenic 

determinants f o r delayed hypersensi t iv i ty to S . aureus and this st imulates 

g r ea t e r footpad swel l ing in S . aureus sensi t ised mice than ce l l wa l l s . 

Howeve r , weight f o r weight ce l l wal ls a lways induced the g rea te r footpad 

response ( F i gu r e 6 ) . Thus there s e ems to be a paradox, with pept idog-

lycan containing the antigenic determinants and e l ic i t ing the better footpad 

swe l l ing in S . aureus sens i t ised m i c e , but ce l l wal ls inducing higher 

l eve ls of de layed hypersensi t iv i ty than pept idoglycan. An explanation f o r 

this is provided by the nature of the lesions f o rmed a f t e r the subcutaneous 

injections of ce l l wal ls and pept idoglycan. Pept idoglycan f o r m s a s e v e r e 

necrot ic les ions which is maximal at 24 hours and thereaf ter heals with the 

rapid dis integrat ion of the pept idoglycan. Cel l wal ls however , f o rm a 

chronic granulomatous lesion in which the ce l l wall mater ia l is remarkab ly 

persistant (Abdulla and Schwab, 1966). Thus ce l l wal ls prov ide a more 

prolonged sensi t isat ion and promote the inf i l trat ion of many m o r e ce l l s 

into the granuloma. This abi l i ty of ce l l wa l ls to induce delayed hyper -
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sens i t iv i ty may be analysed by exper iments in which the les ions f o rmed 

by the ce l l wal ls a re exc ised f r o m the animal . T h e r e might a lso be an 

indirect ro l e f o r te ichoic acid in s lowing the degradation of the ce l l wa l l s 

by the muramidase type enzymes o f the host. This situation is known 

to occur with s treptococca l ce l l wal ls (Lahav e t a l , 1974) and wi l l be 

discussed in detail l a t e r . 

8 

T h e r e f o r e , it s e ems that at least 10 S . aureus are necessary f o r 

the induction of delayed hypersensi t iv i ty in cyclophosphamide treated m i c e . 
5 

When infections with 10 v iable S . aureus are given to induce delayed 
g 

hypersensi t iv i ty it is evident that these must mult iply to 10 be fo re 

inducing delayed hypersens i t i v i ty . Th is is supported by the work of 

Easmon (1981) where the local injection of antibiotics into the area of 
5 

the lesion could prevent the induction of delayed hypersensi t iv i ty by 1 0 

viable bac te r i a , only if g iven immediate ly a f te r in fect ion. 

4 . 2 . The antigenic determinants involved in the delayed hypersens i t iv i ty 

react ion to S . aureus . 

S e v e r a l staphylococcal antigens have been impl icated in the delayed 

hypersensi t iv i ty react ion to S . aureus. Howeve r , both Kowalski and 

Berman (1971) and Easmon and Glynn (1978) have g iven conclusive ev idence 

that peptidoglycan is the only ce l l wal l antigen which st imulates delayed 

hypersensi t iv i ty in S . aureus sensi t ised m i c e . S . aureus peptidoglycan 

consists of 3 parts; a polysaccharide backbone c ross linked by tetrapeptide 

units and pentaglycine br idges (F i gure 2 ) . A l l three of these have d e t e r -

minants .which st imulate antibody fo rmat ion , with the terminal D-alanine 

o f the tetrapeptide unit being the immunodominant f a c t o r . (He lge land, 
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Grov and S c h l e i f e r , 1973). 

I have attempted to elucidate which, if any, of these determinants 

is involved in the delayed hypersensi t iv i ty reac t ion . The methods I have 

used include; the enzymat ic degradat ion, the chemica l and b io log ica l 

modif icat ion and c ross react ions of the peptidoglycan and f ina l ly the use 

of synthetic analogues. Lysostaphin was f i r s t isolated f r o m the culture 

f i l t rate of S . ep idermid is N R R L B-2628 by Sch ind ler and Schuhardt 

(1965), who descr ibed it as an antibiotic which lyses S . aureus. Howeve r , 

its main use has been in the c lass i f i cat ion of staphylococcal spec i es 

(Heczko , G rov and P u l v e r e r , 1975) and in the study of the b io log ica l 

act iv i ty of peptidoglycan (Sch l e i f e r 1975). Lysostaphin is in fac t a 

combination of three en z ymes , endo-N-ace ty l g lucosaminidase , N - a c e t y l -

muramy l -L -a lan ine amidase and endopeptidase ( g l yc inase ) , the s i t es of 

action of which are shown in F igure 15 • 

T i ppe r and S t rominger (1971) investigated the actions of l y s o -

staphin and demonstrated that the endopeptidase action on the pentaglycine 

c ross b r idge , proceeds the actions of the N -ace t y l muramy l -L -a l an ine 

amidase and the endo-N-ace ty l - g lucosamin idase . The endo-N-ace ty l g luco-

saminidase is only able to hydrolyse the polysacchar ide chain a f t e r it 

has been str ipped of its peptide by the action of the other two e n z y m e s . 

The results I have obtained are in agreement with this theory of lysostaphin 

act ion. The re is a rapid hydrolys is of the peptide s ign i f i ed by the r e l ease 

of f r e e amino groups while the re l ease of reducing power which measures 

the hydrolys is of the glycan chain is e x t r e m e l y s l ow (F i gures 8 and 9 ) . 

I have investigated the e f f e c t on the ce l l wal ls of treatment with 

lysostaphin and compared the abi l i ty of the treated ce l l wal ls with that of 
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F igure (5 . 

Act ion of three enzymat ic act iv i t ies of lysostaphin: endo -N -

ace ty l -g lucosamin idase , N -ace t y l -muramy l - L - a l an ine amidase , 

and endo-peptidase (g lyc inase ) on staphylococcal pept idoglycan. 
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normal ce l l wal ls to e l i c i t a delayed hypersensi t iv i ty react ion in 

S . aureus sensi t ised mice . 

A f t e r 90 minutes of lysostaphin t reatment , the ce l l wal ls lost 

the abi l i ty to e l i c i t a delayed response (Tab le 4 ) . Th i s occurs a f t e r 

the reduction in optical density has reached its max imum, at the t ime 

when the r e l ease of f r e e amino groups is maximal but there is s t i l l 

only a s l ow re l ease of reducing powe r . ( F i gures 8 and 9 ) . 

T h e r e f o r e , there is a coincidence between the loss of the abi l i ty 

of the treated ce l l wal ls to e l i c i t a delayed response and the maximal 

r e l ease of f r e e amino groups . I take this as an indication that the 

antigenic determinants of the peptidoglycan a r e contained within the 

peptide part and not the polysacchar ide chain (F i gure 2 ) of this m a c r o -

molecule . 

The use of lysostaphin in the isolation of ce l l wal l antigens should 

be borne in mind by future w o r k e r s , it is pointless as some have done 

(T r ibb l e and Bo len , 1978) to prepare antigens with treatments including 

lysostaphin action and then c la im that the peptidoglycan f rac t ions possess 

no immunobiological ac t i v i t y . 

One possible method f o r gaining further insight into which parts of 

the ce l l wall peptidoglycan are important in the antigenic determinants 

f o r the delayed hypersensi t iv i ty react ion is to a l te r its normal structure 

and then observe this e f f e c t on its immunogenic i ty . The r e a re s e v e r a l 

ways of doing this . One is by the addition to the growth medium of sub-

inhibitory concentrations of penici l l in o r other ce l l wal l inhibiting ant i -

biot ics such as vancomycin, both of which lead to the accumulation of 



ce l l wal l p r e c u r s o r s . Pen ic i l l in acts by binding to s e v e ra l proteins 

which a f f ec t the c r oss linking of the peptide sub units. In contrast , 

vancomycin acts by inhibiting the t rans fe r of muramic and pentapeptide 

units ac ross the ce l l membrane . Another method is to a l ter the nutrients 

in the medium l imit ing cer ta in fac to rs necessa ry f o r growth, o r to use 

a quite unbalanced growth med ium. I have chosen a method of growing 

the S . aureus in a 3% g lyc ine enriched medium (Hammes , S c h l e i f e r and 

Kandler , 1972). This has the e f f e c t of inhibiting growth, giving r i se to 

i r regu lar s i z ed cocc i and leads to the accumulation of ur id ine -N-ace ty l 

muramic acid and other ce l l wal l p r e c u r s o r s . The glycine is incorporated 

into the peptidoglycan at posit ions 1 , 4 and 5 of the peptide sub unit, 

which then becomes a poor substrate f o r the carboxy peptidase II and 

transpeptidase enzymes of peptidoglycan synthes is . Th i s results in a 

higher percentage of uncrossl inked peptidoglycan. The e f f e c t of a g lyc ine 

enriched growth medium on the morphology of S . aureus has a l ready 

been descr ibed in the results . P r esumab ly , they appear g r am negative 

as a result of the loss of integr i ty of the ce l l wal ls and s l ide coagulase 

negative because the coagulase enzyme can no longer bind to ce l l wal ls. 

The 3% glyc ine there fo re induces a phenotypic a l terat ion in the ce l l wal l 

peptidoglycan which is only maintained in this growth med ium. 

When used as chal lenge antigen in S . aureus sensi t ised mice these 

modi f ied ce l l s did not e l i c i t a s igni f icant delayed response (Tab le 5 ) . 

This means that rep lacement of some of the alanine groups in the t e t ra -

peptide unit by glycine and the resultant decrease in c ross bridging by 

pentaglycine has removed the abi l i ty of peptidoglycan to e l i c i t a delayed 
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hypersensi t iv i ty response in S . aureus sensi t ised m i c e . The increase 

in the 4 hour footpad swel l ing is a total ly d i f f e rent p rob l em, it is 

probably an antibody mediated Arthus react ion . But why is it higher with 

the ce l l wal ls f r o m S . aureus, grown in the g lyc ine enriched medium? 

Dz iarsk i and Kwareck i (1975) have shown that Arthus react ions do occur 

in S . aureus sensi t ised mice and are produced by the ce l l wal l antigens 

protein A and peptidoglycan but not te ichoic ac id . A l s o , there is the 

constant presence of antibodies against peptidoglycan (due to the indigenous 

bacter ia of the r e sp i ra t o ry and gastrointest inal t rac ts ) which wi l l a l l ow 

f o r the format ion of immune complexes . Perhaps the increased e a r l y 

reaction st imulated by the a l tered ce l l wal ls is due to the loss in integr i ty 

of the peptidoglycan which there fo re becomes more susceptible to the 

lyt ic enzymes of the host, thus al lowing quicker r e l ease of soluble antigens 

which wi l l undoubtedly lead to a more pronounced Arthus react ion . P e p t i -

doglycan f r o m S . aureus act ivates both the c lass ica l and al ternat ive 

pathways of the complement sys t em ( P r y j m a et a l , 1975) and possesses 

its own intr insic toxic i ty (Dz ia rsk i and Kwareck i , 1975) both of which can 

explain the e a r l y in f lammatory response , but not the increased react ion 

promoted by the a l tered ce l l wa l l s f r o m the staphylococc i grown in 3% 

g lyc ine . 

It has been known f o r some t ime that extensive substitution of 

protein antigens can destroy their s e ro l og i ca l spec i f i c i t y . In studying 

the fac tors which govern the immune response to Sa lmone l la f lage l l in 

Par i sh (1971) induced to lerance to this normal ly highly immunogenic 

molecule by chemica l modi f icat ion with diketene (acetoacet ic anhydr ide ) . 

Th is powerful reagent wi l l acetoacety late f r e e amino and hydroxyl groups 



and can the re f o r e be used to gain some understanding of the ro le of these 

groups in the antigenic spec i f i c i t y of the mo lecu l e . 

I have used a s im i l a r method to study the immunogenic i ty of 

S . aureus peptidoglycan f o r the delayed hypersensi t iv i ty reac t ion . T h e 

acetoacet ic anhydride wi l l mod i f y the f r e e amino and hydroxyl groups 

of the peptidoglycan as shown in F igure 4 . Th is modi f ied peptidoglycan 

was no longer able to e l i c i t a de layed response in S . aureus sens i t i sed 

mice Tab l e 6 . A result which consider ing the large amount of substitutions 

is not unexpected. The modi f i ed groups we r e then sequent ia l ly r e m o v e d , 

f i r s t f r o m the hydroxyl groups by treatment with sodium carbonate and 

then f r o m the amino groups by treatment with hydroxylamine Tab l e 7 . 

The r emova l of the modi f icat ions f r o m the hydroxyl groups had no e f f e c t 

on the inabil i ty of the modi f ied peptidoglycan to e l i c i t delayed hypersens i t -

i v i ty . Howeve r , r emova l of the modi f icat ions f r o m the amino groups 

res tored the act iv i ty of the pept idoglycan. Th is must mean that the 

polysacchar ide backbone, where the hydroxyl groups are found is not 

involved in the antigenic determinants f o r delayed hypersens i t i v i ty , but 

the antigenic determinant involves o r is c l o se l y re lated to ( i . e . in the 

3 dimensional s t ructure ) a f r e e amino group. T h e r e are two poss ib i l i t i es 

f o r this. One is the f r e e amino group on the glutamic acid res idue at 

position three in the tetrapeptide unit, the other is the N terminal part 

of the interpeptide br idge . It is known that peptidoglycans are not 

comple te ly c ross linked and in S . aureus at least 15 per cent of the 

c ross br idges show f r e e unsubstituted amino groups (Se id l and S c h l e i f e r , 

1978). Indeed, antibodies with spec i f i c i t y against this N termina l of the 

pentaglycine br idge are known to occur in antistaphylococcal ant isera 



(Ranu, 1975). Thus the polysaccharide chain can be e l iminated f r o m 

having any involvement in the antigenic spec i f i c i t y of the delayed hyper -

sens i t i v i ty react ion to S . aureus . Th is is in contrast to the humoral 

response where antibodies a r e directed against the N -ace t y l g lucosamine 

of the glycan chain (Karakawa e t a l , 1968; Ro l icka and P a r k , 1969). It 

is however , possible to assoc iate the determinant with e i ther o r both of 

two f r e e amino groups on the peptide part of the pept idoglycan. Aga in , 

this is in contrast to the humoral response in which the immunodominant 

aminoacids a re the C - t e rmina l alanine of the tetrapeptide o r the C- t e rmina l 

alanine of the uncross-I inked pentapeptide (He lge land, G r o v and S c h l e i f e r , 

1973) and only a v e r y sma l l amount of the antibodies are d i rec ted 

spec i f i ca l l y against the pentaglycine interpeptide b r idge . 

Many w o r k e r s have reported c ross react ions between peptidoglycan 

of one s tra in of staphylococcus and antibodies ra ised against a heterologous 

s t ra in , o r indeed against other g ram posit ive bac te r ia , most notably 

s t reptococc i (Karakawa et a l , 1968). The basis f o r this c r o s s reac t i v i t y 

is that the po lysacchar ide backbones and the tetrapeptide units of most 

staphylococcal and s t reptococca l stra ins a re ident ica l . The interpeptide 

br idges howeve r , a r e normal l y a charac ter i s t i c of each s t r a in . By way 

of an as ide , these c r oss react ions between peptidoglycans of s e v e r a l s p e -

c ies of bacter ia a re be l ieved to f o r m part of the so cal led natural immunity 

whereby antibodies raised against the indigenous bacter ia of the gas t r o -

intestinal and r e sp i r a t o r y tracts protect against invading pathogens. 

The c ross react ions between d i f f e rent spec i es and stra ins led to the 

proposal that the immunodominant group of S . aureus peptidoglycan is 

the tetrapeptide unit, a theory which has been s ince proved c o r r e c t with the 



use of synthetic analogues. ( S ch l e i f e r and S e i d l , 1974). 

The polysaccharide chain and the interpeptide br idge play minor 

ro l es in the humoral antigenicity of peptidoglycan, although recent l y 

Schopfer et al (1980) have indicated that in patients with r ecur ren t 

staphylococcal infections and hyperimmunoglobulinemia E it is the penta-

glycine c r oss br idge which binds the IgE (Schop fe r e t a l , 1980). 

I have used the approach of studying the c ross reac t ions , in the 

delayed hypersensi t iv i ty react ion in an attempt to d i scover the important 

antigenic determinants . When used as a chal lenge antigen in S . aureus 

sensi t ised m i c e , Streptococcus Group A stra in T 27 ce l l wa l ls w e r e 

unable to e l i c i t delayed response (Tab le 8 ) . Howeve r , part ia l c r o s s 

react ion did occur between S . ep idermid is and S . aureus (Tab le 9 ) . The 

structures of the peptidoglycan of these three bacter ia a re shown in 

F igure 3 , they all possess exact ly the same polysaccharide backbone 

and tetrapeptide unit. The Streptococcus Group A has a c r o s s br idge of 

two alanine r es idues , S . ep idermid is a c ross br idge of four g lyc ines 

linked in the middle by a s ing le s e r ine res idue , while S . aureus has a 

pentaglycine c ross b r idge . The te ichoic acid types of these bacter ia 

d i f f e r and S . ep idermid is and Streptococcus Group A contain no protein A . 

The inabil ity of the s t reptococca l ce l l wal ls to c ross react can only 

indicate that neither the polysacchar ide chain nor the tetrapeptide unit are 

involved in the antigenic spec i f i c i t y f o r delayed hypersensi t iv i ty i . e . in 

d i rec t contrast to the humoral r esponse . The partial c ross react ion of 

S . ep idermid is and S . aureus is expected s ince there is only a minor 

d i f f e r ence in one amino acid of the pept idoglycan. A l s o , antibodies ra ised 

the synthetic immunogen pentaglycine conjugated to albumin wi l l c r o ss 
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react both with S . aureus and S . ep idermid is peptidoglycan (Se id l and 

S c h l e i f e r , 1977). The r e is the additional poss ib i l i ty that a considerable 

proport ion of the S . ep idermid is c ross br idge is made of pentaglycine and 

does not contain any s e r i n e , a situation which has a l ready been demon-

strated in S . ep idermid is strain Texas 26, where 20% of the c r o s s 

br idges a re pentaglycine. ( T i p p e r , 1968). The resul t a lso rules out the 

d i rec t involvement of te ichoic ac id , as the d i f f e r en t types should not g ive 

r i se to any c r o s s reac t ions . Taken toge ther , these exper iments have 

indicated that the antigenic determinants involved in delayed hypersens i t i v -

ity to S . aureus a re associated with the pentaglycine c r o s s b r idge . 

Th is lack of c ross react i v i ty in delayed hypersens i t iv i ty react ions 

between c l o s e l y re lated peptidoglycans is dist inct ly bene f i c i a l . Delayed 

hypersensi t iv i ty is normal ly de leter ious and obv iously it would be 

e x t r eme l y disadvantageous and react ions would become mor e widespread 

if they w e r e induced and e l i c i ted by heterologous bac te r i a . 

It is possible that the immunogenici ty of staphylococcal peptidoglycan 

r e l i e s on an intact three dimensional structure to hold the antigenic 

determinants in the c o r r e c t configuration f o r lymphocyte s t imulat ion. I 

have used so lubi l ised ce l l wall extracts to show that the three dimensional 

conformat ion is not necessary f o r immunogenic i ty and to gain some 

further insight into the actual antigenic determinants f o r delayed hyper -

sens i t iv i ty to S . aureus . The two enzymes used f o r solubi l isat ion of the 

ce l l wal ls w e r e : -

(1 ) Muramidase f r o m Chaloropsis s p . , this d i f f e r s f r o m egg 

white l y so zyme in that it has both (3-1 , 4 -N -a c e t y l muramidase 

and p-1 , 4 - N , 6 -0 -d iace ty l muramidase ac t i v i t y , whi le egg-whi te 
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l y sozyme only has the f o r m e r act iv i ty and is the re f o r e not 

act ive against ce l l wal ls f r o m S . aureus . 

(2 ) P r o t ease f r o m S . aureus V 8 , this enzyme spec i f i c a l l y 

c l eaves peptide bonds on the carboxy l terminal s ide of 

g lutamic ac id . 

The resul ts indicate that while the soluble ex t rac ts produced by 

the two enzymes can both induce delayed hypersensi t iv i ty in both Freunds 

complete and incomplete adjuvants (Tab le 14), only the ex t rac t produced 

by the muramidase could e l i c i t delayed hypersensi t iv i ty in S . aureus 

sensit ised m i c e (Tab le 11). The composit ion of the soluble ex t rac t 

produced by Chalorops is s p . muramidase has been we l l documented 

(Ghuysen and S t r o m i n g e r , 1965). It is known that the f i r s t f rac t ion 

produced a f t e r gel f i l t rat ion on Sephadex G - 2 5 , is a mixture of f ragments 

of a g lycopept ide- te icho ic acid complex and a g lycopept ide complex 

(F igure 11). The second f ract ion is a mixture of N -ace t y l g lucosamine 

and f r e e amino ac ids . A s expec ted , f ract ion I is the act ive constituent 

of the so lubi l i sed ce l l wa l ls (Tab le 12). 

The solubi l isat ion of ce l l wal ls by the protease enzyme has not 

been prev ious ly documented. The enzyme should sp l i t the tetrapeptide 

unit giving r i s e to a polypeptide of units of the pentaglycine br idge 

attached to lys ine and alanine residues and to the po lysacchar ide chain with 

alanine and glutamine attached. Howeve r , paper chromatography of the 

two f ract ions shows that while f ract ion 1 (F i gure 12), the act ive f rac t ion 

contains .all 4 amino acids in high concentration and some suga r s , 

Fract ion II contains higher concentrat ions of sugars with only t races of 

aminoacids . Th i s can only be explained by e i ther solubi l isat ion occurr ing 
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be fore the enzyme has broken al l the glutamate lys ine bonds or by 

the two main products remaining together on ge l f i l t ra t i on , o r both. 

Neve r the l e s s , solubi l isat ion with this enzyme has resul ted in the loss 

of abi l i ty to e l i c i t a delayed hypersensi t iv i ty response in S . aureus 

sensit ised m i c e . I can only suspect that this is due to the spl i tt ing 

of the antigenic determinant f r o m teichoic acid which then cannot p e r f o r m 

its indirect r o l e in delayed hypersens i t i v i ty . Th is f rac t i on can st i l l 

induce delayed hypersens i t iv i ty , probably because the Freunds adjuvant 

takes o v e r the ro l e of the te ichoic acid in maintaining the antigen at 

the s i te of in ject ion. 

A s we l l as further establ ishing the ro le of te ichoic ac id , in the 

delayed hypersensi t iv i ty react ion, these exper iments add weight to 

the prev ious f indings that the antigenic determinant is contained in the 

peptide part of the peptidoglycan molecule and a lso indicate that the 

intact three dimensional conformat ion of pept idoglycan, which is 

destroyed by these enzymes is not necessary f o r T - l ymphocy t e 

st imulat ion. 

The exper iments which I have a l ready d iscussed, have all ind i rect ly 

indicated that the antigenic determinant f o r delayed hypersens i t iv i ty is 

contained in the peptide part of peptidoglycan and is a lmost cer ta in ly the 

pentaglycine b r i dge . T h e r e i s , however , only one poss ib le method of 

d i rec t l y impl icat ing the pentaglycine br idge as the antigenic determinant 

and that is by the use of synthetic analogues. A s i m i l a r approach was 

used to evaluate the immunogenici ty of peptidoglycan f o r the humoral 

response (He lge landet al, 1 973; ;Schle i fer & S e i d l , 1974; Se id l and S c h l e i f e r 

1977; Ranu, 1975). I decided to use the synthetic analogues in F C A 
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to induce de layed hypersensi t iv i ty and then to chal lenge with S . aureus 

ce l l w a l l s , rather than to sens i t i se mice with S . aureus and challenge with 

the analogues . The main reason f o r this was my exper i ence with 

enzymat i ca l l y so lubi l ised ce l l w a l l s , where one f rac t i on would induce 

but not e l i c i t de layed hypersensi t iv i ty to S . aureus probably due to the 

e f f ec t s of adjuvant which was used in combination with the sensi t is ing 

antigen. 

It was howeve r , imposs ib le to induce delayed hypersens i t iv i ty with 

pentaglycine o r polyglycine (Tab le 15). This is quite understandable as 

pentaglycine must be near to the minimum s i z e requ i red f o r immunogen-

ic i ty . S chec t e r et al (1970) o v e r came this prob lem by covalent ly coupling 

the sma l l peptide to l a r g e r protein c a r r i e r s . In o r d e r to increase the 

immunogenic ity I coupled pentaglycine to bovine s e rum albumen, using 

the bifunctional reagent ca rbod i im ide . This reagent is assumed to 

act ivate carboxy l groups and subsequently couples of these to f r e e amino 

groups with the format ion of a peptide bond. Th is coupling results in 

B S A attached to pentaglycine peptides by both the amino and carboxyl 

groups . Thus , there are two synthetic analogues of the pentaglycine 

b r idge , one with a f r e e amino terminal and another with a f r e e carboxy l 

t e rmina l . 

It is known that in S . aureus, about 20% of the interpeptide br idges 

are uncross- l inked and possess f r e e amino groups ( S ch l e i f e r and Kandler , 

1972). These a re the determinants f o r the v e r y sma l l amount of ant i -

bodies that a r e d i rected against the pentaglycine br idge in antiserum 

ra ised against pept idoglycan. (Se id l and S c h l e i f e r , 1977). Occas iona l ly , 
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however , antibodies with spec i f i c i t y against the carboxyl terminus a re 

found. These f r e e carboxyl groups on the pentaglycine are thought only 

to ar i se through the action of autolytic enzymes (Ranu, 1975). 

When challenged with S . aureus ce l l wa l l s , mice sens i t ised with 

BSA-pentag lyc ine did g ive r i se to a delayed hypersensi t iv i ty react ion 

(Tab les 16 and 17), thus providing d i r ec t proof that the pentaglycine 

bridge is involved in the antigenic determinant f o r delayed hypersens i t i v i ty . 

Howeve r , it is not possible to say whether the N - t e rm ina l , the C - t e rm ina l 

or neither of these is involved in binding to the lymphocyte . 

The abi l i ty of hapten-carr i e r c omp l exes , to induce and e l i c i t 

delayed hypersensi t iv i ty presents a prob lem s ince Benacerra f and Ge l l 

(1959) f i r s t demonstrated a requirement f o r both homologous haptens and 

c a r r i e r s in sensit isat ion and cha l l enge . C l e a r l y , this is not the situation 

when S . aureus ce l l wal ls are used to challenge mice sensi t ised with 

synthetic analogues. Howeve r , the rules of c a r r i e r spec i f i c i t y a r e not 

absolute, which has been demonstrated by Alkan e t al (1976) and Jairewc^ 

et al (1975), where guinea pigs we r e sens i t ised with 2 , 4 d ini trophenol-

mycobacter ia and subsequently produced a delayed hypersens i t iv i ty 

response when challenged with a va r i e t y of DNP-p ro t e ins . A l s o , Schechter 

et al (1970) using short pept ides, coupled to protein c a r r i e r s demonstrated 

that antibodies only show c a r r i e r spec i f i c i t y when the hapten attached 

is less than a tetrapeptide . 

4 . 3 . Preparat ion of peptidoglycans 

Te i cho i c ac ids a r e covalent ly bound to peptidoglycan and requ i re 

rather harsh extract ion methods to r emove them. Many d i f f e rent 



1 100. 

extract ion procedures have been used, each having its own disadvantage. 

M o r e o v e r , l i t t le is known about how these extract ion methods a f f e c t the 

bio log ical ac t i v i ty of the pept idoglycan. I have used three methods of 

extract ion; t r i ch lor acet ic ac id , dilute sodium hydroxide and deoxycholate . 

T h e r e are s e v e ra l other methods ava i lab le , f o r example f o rmamide at 

150°C o r N N-di methyl hydrazine but I considered these e i ther too 

dangerous o r , as with the la t te r , too much of the peptidoglycan mater ia l 

is d i sso l ved . Even the extract ion procedures I have used are f a r f r o m 

o 

ideal . T r i ch l o r a c e t i c acid is usually used between 2 -4 C . H o w e v e r , 

this g ives an incomplete remova l of te ichoic ac id . F o r a better 

extract ion, a higher temperature is necessary and this can resul t in 

partial degradation of the pept idoglycan. A s i m i l a r situation ex is ts 

with dilute sodium hydrox ide , at high temperatures this d i sso lves the 

peptidoglycan due to the l iabi l i ty of the interpeptide pentaglycine br idges 

(Arch iba ld , Coapes and S t a f f o r d , 1969). Extract ion with deoxycholate 

is v e r y mi ld but, does not comple te ly r emove the te ichoic acid (H i l l , 1967). 

1 have compared the e f f i c i ency of the extract ion procedures with 

the abi l i ty of the resulting 'pept idoglycans ' to e l i c i t de layed hypersensi t iv i ty 

in S . aureus cyclophosphamide treated m i c e . T h e r e appears to be a 

general inverse relat ionship between the amount of te ichoic acid remaining 

and the magnitude of the delayed response (Tab le 18) . A l l these responses 

except one we r e of the delayed type, with increased footpad swe l l ings at 

24 and 48 hours . It was only the magnitude of the response that was 

changed. T h e r e was one exception to th is , peptidoglycan prepared by 

sodium hydroxide at 1 00°C could not e l i c i t any react ion at 24 hours . Th is 

is quite understandable s ince this treatment spl i ts the pentaglycine br idge , 



1 101 . 

and as I have a l r eady indicated, this is the antigenic determinant f o r 

delayed hypersens i t iv i ty to S . aureus . 

The involvement in delayed hypersensi t iv i ty of te ichoic acid is much 

more compl icated and can only be postulated. It has a l ready been 

demonstrated by Kowalski and Berman (1971) and Easmon and Glynn 

(1978) that te ichoic acid is not d i r ec t l y involved in the antigenic de t e r -

minant f o r delayed hypersens i t i v i ty . It may however , play an indirect 

r o l e , e i ther pure ly by confer ing g r ea t e r s i z e on the antigenic par t i c l e , 

thus making it m o r e immunogenic and l ess l ike ly to be quickly r emoved 

f r o m the s i te of injection (Katsura et a l , 1977). Or it could function in a 

manner s i m i l a r to that proposed by Lahav e t al (1974) f o r s t reptococca l 

te ichoic a c i d s , preventing the action of the ce l l wal l lyt ic enzymes and 

thus al lowing retention at the s i te of in ject ion. 

In an attempt to c l a r i f y the ro le of te ichoic ac id , I have used the 

mutant s t ra in S . aureus 52A5 which is de f i c ient in te ichoic ac id . Th is 

mutant is de f i c ient in an enzyme phospho-Glc N A c translocase which 

is involved in the synthesis of the linkage unit between teichoic acid and 

peptidoglycan (Bracha , Davidson and M i r e l m a n , 1978). Shaw (1971) 

found that the wa l l s of 52A5 had a phosphate content of 10% of that of the 

parent s t ra in , a lso muramic acid and glucosamine w e r e in equ imolar 

concentrat ions, rather than there being the usual excess of g lucosamine. 

No r ibi to l res idues could be isolated f r o m the ce l l wal ls of 52A5. The 

mutant is not susceptible to the phage 52A at a routine test dilution or at 

100 t imes the routine test di lution, because this phage normal ly binds to 

the te ichoic ac id . The phosphate present in the ce l l wal ls is thought to 

represent muramic acid linked to phosphate. 
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When used as a challenge antigen in S . aureus sensi t ised m i c e , 

these ce l l wal ls gave r i se to a s im i l a r response as the peptidoglycans 

with a substantial proportion of their teichoic acid removed i . e . de layed 

hypersensi t iv i ty react ion was observed (Tab le 19) but at a cons iderab ly 

lower l eve l than with normal ce l l wa l l s . Thus while te ichoic acid does 

not contain any of the re levant antigenic determinants f o r delayed hyper -

sens i t i v i ty it does s e e m to have an indirect ro l e in potentiating the 
f 

delayed r esponse . 

4 . 4 . The regulation of delayed hypersensi t iv i ty to S . aureus . 

Delayed hypersensi t iv i ty to S . aureus in mice is norma l l y only 

seen a f t e r at least four subcutaneous in fect ions. Howeve r , this need 

f o r repeated infections can be r emoved by p r i o r injection with c y c l o -

phosphamide, whereupon the l eve l s of delayed hypersensi t iv i ty e l i c i t ed 

by staphylococcal ce l l wal ls a re of the same o rde r as w ith mice given 

multiple infect ions. The cyclophosphamide r emoves fac tors which 

suppress the appearance of delayed hypersensi t iv i ty in once infected 

m i c e , between one and four infections there must be an al terat ion in the 

regu la tory mechanisms al lowing the ce l l s mediat ing delayed hypersens i t iv i ty 

to o ve r come its suppression a f te r a s ingle infect ion. Easmon and Glynn 

(1977) have investigated the suppressor f ac to rs involved in delayed 

hypersens i t iv i ty to S . aureus and have found ev idence f o r two mechanisms 

of regulat ion. The f i r s t , humoral regulation was only observed when 

immune se rum or plasma was given immediate ly be fo re infection i . e . 

it suppressed the induction of delayed hypersens i t i v i ty . The second, a 

ce l lu lar regulatory sys tem had its e f f e c t on the express ion of delayed 

hypersens i t i v i ty . The ce l l s involved in this suppression w e r e most act ive 
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when taken f r o m twice infected mice and we r e probably B lymphocytes 

(Easmon and Glynn, 1979). 

I have fo l lowed the antibody l eve l s using an E L I S A assay during 

the induction of delayed hypersensi t iv i ty by multiple infections o f S . aureus. 

Considering these results together with the induction of delayed hypersens-

it iv ity by multiple infections (F i gure 13), there s e e m s to be a concomitant 

increase in antibody l eve l s and delayed hypersens i t i v i ty , with high l eve l s 

of antibody and delayed hypersensi t iv i ty ex ist ing together at the same 

t ime . However , this is in contrast to much of the work descr ibed on the 

relationship between humoral and ce l lu lar immunity . Par i sh (1971b) has 

shown an inverse relat ionship to ex i s t between antibody production and 

delayed hypersensi t iv i ty in that the chemica l modi f icat ion of a s t rong 

antibody producer Sa lmone l la f lage l l in enhances, the delayed hypersens i t -

ivity response and decreases the magnitude of antibody production. A l s o , 

delayed hypersensi t iv i ty usually preceeds the appearance of detectable 

antibody and there is a depress ion of delayed hypersens i t iv i ty just be fore 

the appearance of c irculat ing antibodies to protein antigens (Neta and 

Sa l v in , 1976). C l ea r l y , these situations do not ex i s t in delayed hyper -

sens i t iv i ty to S . aureus but one cannot ideal ly compare infection with a 

viable multiplying bacter ia to injection of a soluble protein or a sheep 

red blood c e l l . 

The l e ve l s of antibody (F i gure 13) do not s tar t to r i s e until a f t e r 

the second infect ion, which presents an interest ing analogy with the 

findings of Easmon and Glynn (1975), that m ice given two subcutaneous 

infections a r e protected f r o m dermonecros i s when given a subsequent 

infection in the same way as passive t rans f e r of immune se rum protects 
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against de rmonecros i s . Thus high l eve l s of antibody ex is t s ide by s ide 

with delayed hypersensi t iv i ty s o that the harmful dermonecro t i c e f f e c t s 

of the la t ter a r e not e xp ressed . 

A s I have a l r eady descr ibed , immune se rum or plasma does 

suppress de layed hypersens i t iv i ty when given be f o re infect ion, the 

results ( F i gu r e 14) have indicated that this suppression is mainly due 

to IgM and to a l e s s e r extent IgG and these antibodies a re d i rected against 

a determinant in the ce l l wal ls of S . aureus , poss ib ly the pept idoglycan. 

If this is the c a s e , then the most l ike ly part of the peptidoglycan against 

which the antibodies a re determined is the carboxy terminal alanine of 

the tetrapeptide unit which is the immunodominant part of peptidoglycan 

(Helge land, G r o v and S c h l e i f e r , 1973) and this could be v e r i f i ed by 

raising antibodies against a synthetic analogue of this unit. Howeve r , 

there is another poss ib i l i t y , it has recent ly become c l ea r that immune 

responses can be regulated by ce l l s and antibodies that a re spec i f i c f o r 

idiotypic determinants , i . e . the spec i f i c antigen combining s i t es of 

antibody and T ce l l r eceptors . These idiotypes can be themse lves 

immunogenic in the same spec ies or even in the same individual, which 

leads to a network of idiotype, ant i - id io type , ant i - (ant i - id io type ) e t c . 

Jerne (1973) postulated that interactions amongst this network are of 

central importance in the regulation of the immune response . Th is 

presents us with the poss ib i l i ty that s e rum suppression of delayed 

hypersensi t iv i ty is brought about by ant i - id iotypic ant ibodies. In this 

part icular c a s e , the determinant f o r the ant i - id iotypic antibodies could 

be the spec i f i c T ce l l r eceptor mediat ing delayed hypersens i t i v i ty . One 

piece of ev idence in favour of such a response is the f inding that s e rum 
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f r om both twice and four t imes infected mice suppress delayed hypei— 

sens i t iv i ty equal ly as wel l but, there a re large d i f f e rences in the 

quantities of antibody in the two s e r u m s , thus only sma l l quantities of 

antibody a re necessary to suppress delayed hypersens i t iv i ty . A s i m i l a r 

finding was made by Easmon (1980) who demonstrated that the quantity 

of pass ive ly t rans fe r red serum necessary to suppress delayed hyper -

sensi t iv i ty could be reduced to as l i tt le as 0.075 m l . It is known, that 

quite sma l l amounts of ant i - id iotypic antibodies can inhibit an idiotypic 

response (E ichman, 1974). It would be d i f f i cul t to explain away the sma l l 

quantities of antibody needed f o r suppression using the sheep red blood 

ce l l model of Mackaness (1974) who suggested that antibody e i ther 

combines with antigen to block the antigen f r o m stimulating T - c e l l s o r , 

immune complexes switch of f the T - c e l l responses leading to a delayed 

hypersensi t iv i ty react ion. 

Asherson and Zembala (1976) suggested that one of the functions 

of immune regulatory sys tems is in the control of potential ly harmful 

responses . Th is certa inly appears to be the case in S . aureus in fect ions, 

where the induction of the harmful delayed hypersensi t iv i ty is prevented 

by antibodies . Its el ic i tat ion is prevented by the B - c e l l suppressor 

sys tem and when both these sys t ems are ove r ridden as in mice given 

multiple infect ions, then high l e ve l s of antibody prevent the harmful 

e f f e c t of delayed hypersensi t iv i ty , namely de rmonec ros i s , f r o m being 

expressed . 
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5 . C O N C L U S I O N S 

Delayed hypersensi t iv i ty can be induced in cyclophosphamide 

8 

treated m i c e with heat ki l led S . aureus at a dose equivalent to 1 0 

colony f o rming units. P rev i ous work has shown that the normal dose 
5 

of 1 0 v iable S . aureus used to induce delayed hypersensi t iv i ty wi l l g r ow 
g 

to 1 0 bacter ia within 24 hours , suggesting that the quantity of antigen 

8 

associated with 10 S . aureus is necessary to induce delayed hyper -

sens i t i v i t y . Delayed hypersens i t iv i ty can be induced with both ce l l 

wal ls and peptidoglycan f r o m S . aureus using a dose equivalent to the 

8 

dry weight of 10 S . aureus . 

The antigenic determinant f o r delayed hypersensi t iv i ty is known to 

be associated with the ce l l wal l peptidoglycan. The enzymat ic deg rad -

ation of the ce l l wal l by lysostaphin, the modif icat ion of the peptidoglycan 

by a l tered growth conditions and by chemical methods, plus c ross 

react ion studies with s i m i l a r peptidoglycans f r o m Streptococcus Group A 

and S . ep idermid is al l impl icate the pentaglycine in the antigenic de t e rm in -

ant. The need f o r the intact three dimensional structure of the peptidoglycan 

is dispel led using enzymat i ca l l y solubi l ised ce l l wal ls to induce and e l i c i t 

delayed hypersens i t iv i ty . Final proof that the antigenic determinant 

involved in the delayed hypersensi tv i ty react ion is the pentaglycine br idge 

is obtained using synthetic analogues to induce delayed hypersens i t i v i ty . 

Howeve r , it is not known whether the amino te rmina l , the carboxyl 

terminal of the pentaglycine br idge o r neither of these binds to the 

T - l ymphocy t e . 

The preparation of peptidoglycan by the remova l of te ichoic acid 
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f r o m cel l wal ls is neve r comple te l y sa t i s fac to ry , with none of the 

methods used leading to a pure peptidoglycan and one method producing 

a peptidoglycan which is unable to e l i c i t a delayed hyper s ens i t i v i t y . 

It should be borne in mind by future workers that during its preparat ion 

some of the peptidoglycan wi l l be destroyed and it wi l l a l so be invar iab ly 

contaminated with te ichoic acid . Te i cho i c acid does s e e m to p lay an 

indirect ro le in the st imulation of delayed hypersensi t iv i ty by s lowing 

down the breakdown of peptidoglycan by lyt ic e n z y m e s . 

The humoral suppression of the induction of delayed hypersens i t i v i ty 

appears to be mediated by IgM and to a l e s s e r extent I gG. These 

antibodies a r e spec i f i c f o r an unknown determinant in the ce l l wal l 

peptidoglycan. In four t imes infected m i c e , high l eve l s of delayed 

hypersensi t iv i ty and humoral immunity ex is t s ide by s i d e , with the 

high antibody l eve ls protecting mice f r om the harmful de rmonecro t i c 

e f f ec ts of delayed hypersens i t i v i ty . 
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A P P E N D I X 

Example of analysis of data 

Taken f r o m Tab l e , 5. The footpad swel l ing e l ic i ted in S . aureus 

sensit ised mice by 20 pg cel l walls f r o m S . aureus grown in a glycine 

enriched medium. 

1 . Measurement of footpad swel l ing using an engineers m i c r ome t e r . 

T i m e 0 Hrs 4 hrs 
Mouse R L R L 

G 1 . 2 .33 2 .36 2 .34 2 .32 2 .33 2 CO
 

3 .21 3 .19 3 .14 2 .26 2 .27 2 .27 
r 2 . 2 .28 2 .29 2 .29 2 .34 2 .34 2 .36 2 .90 2 .88 2 .87 2 .54 2 .60 2 .63 
o 3 . 2 .30 2 .29 2 .31 2 .26 2 .29 2 .31 3 .22 3 .18 3 .18 2 .42 2 .44 2 .42 
u 4 . 2 .23 2 .24 2 .25 2 .33 2 .33 2 .36 3 .13 3 .13 3 .12 2 .40 2 .40 2 .40 
P 5. 2 .28 2 .28 2 .29 2 .23 2 .23 2 .25 2 .91 2 .91 2 .96 2 .23 2 .25 2 .23 

( A ) 6 . 2 .32 2 .39 2 .38 2 .31 2 .31 2 .30 3 .16 3 .14 3 .20 2 .40 2 .35 2 .32 

G 1 . 2 .32 2 .30 2 .32 2 .32 2 .34 2 .39 2 .76 2 .83 2 .84 2 .52 2 .50 2 .49 
r 2 . 2 .29 2 .30 2 .29 2 .26 2 .25 2 .25 2 .75 2 .77 2 .76 2 .35 2 .37 2 .39 
o 3 . 2 .31 2 .29 2 .31 2 .28 2 .28 2 .29 2 .70 2 .71 2 .75 2 .28 2 .29 2 .29 
u 4. 2 .32 2 .32 2 .30 2 .25 2 .27 2 .25 2 .98 2 .92 2 .92 2 .31 2 .35 2 .40 
p (B ) 5 . 2 .33 2 .25 2 .27 2 .25 2 .31 2 .29 2 .70 2 .80 2 .82 2 .43 2 .43 2 .40 

G 1 . 2 .43 2 .42 2 .42 2 .43 2 .41 2 .40 2 .85 2 .84 2 .90 2 .53 2 .51 2 .52 
r 2. 2 .42 2 .41 2 .42 2 .34 2 .33 2 .35 3 .08 3 .04 2 .98 2 .57 2 .60 2 .56 
P 3 . 2 .34 2 .35 2 .40 2 .28 2 .26 2 .25 2 .93 2 .95 2 .95 2 .45 2 .43 2 .44 

(C ) 4 . 2 .26 2 .23 2 .25 2 .34 2 .31 2 .34 2 .81 2 .80 2 .80 2 .47 2 .50 2 .49 

G 1 . 2 .24 2 .23 2 .20 2 .38 2 .39 2 .40 2 .95 2 .96 2 .98 2 .31 2 .33 2 .28 
r 2 . 2 .40 2 .42 2 .38 2 .42 2 .43 2 .38 3 .02 3 .01 3 .05 2 .43 2 .44 2 .45 
P 3 . 2 .32 2 .29 2 .33 2 .26 2 .24 2 .28 3 .07 3 .07 3 .09 2 .29 2 .31 2 .31 

(D) 4 . 2 .37 2 .39 2 .38 2 .38 2 .38 2 .37 3 .04 3 .01 3 .01 2 .32 2 .34 2 .36 

Sensit isation Challenge 

Group A — S . aureus 

Group B — S . aureus 

Group C — 

Group D — 

Cell walls f r om S . aureus 

grown in 3% glycine enriched media 

Cell walls f r o m normal S . aureus 

Cel l walls f r o m normal S . aureus 

Cel l walls f r om S . aureus grown 
in 3% glycine enriched media 
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T i m e 24 hrs 48 hrs 
Mouse R L_ R L 

1 . 2 .88 2 .89 2 .84 2 .31 2 .29 2 .30 2 .93 2 .88 2 .85 2 .35 2 .32 2 .30 
2 . 2 .72 2.73 2.76 2.51 2.54 2.47 2.46 2.51 2 .45 2 .42 2 .38 2.38 
3 . 2 .77 2.77 2.78 2 .33 2.31 2 .32 2 .70 2.71 2 .72 2 .37 2 .35 2 .30 
4 . 3 .02 3.01 3 .03 2 .60 2 .60 2 .63 2 .60 2 . 6 0 2 . 6 3 2.26 2 .32 2 .35 
5 . 2 .86 2 .90 2.92 2 .32 2 .32 2 .30 2.68 2 .68 2 .70 2 .30 2 .30 2 .37 
6 . 3.21 3 . 1 9 3 . 1 9 2 .33 2 .35 2 .39 2 .73 2 .75 2 .73 2 .42 2 .42 2.44 

1. 2 .96 2 .93 2.94 2 .43 2 .40 2.44 3 .10 3 . 0 4 3 . 0 6 2.44 2 .44 2.46 
2 . 3 .17 3.18 3.17 2.38 2.38 2 .39 2.97 2 .98 2 .98 2 .38 2 .39 2.41 
3 . 2 .90 2.95 2.91 2 .43 2.41 2 .42 2 .75 2 .74 2 .75 2 .34 2 .39 2 .37 
4 . 3.0CJ 2.98 3 .00 2.34 2 .35 2.34 2 .82 2 .83 2 .83 2 .33 2 .34 2 .33 
5 . 3 .05 3.01 3.02 2.38 2 .35 2.37 2 .90 2 .90 2 .90 2 .35 2.36 2 .35 

1. 2 .80 2.85 2.81 2 .42 2 .39 2 .42 2.71 2 .69 2 .72 2.46 2 .49 2.48 
2 . 2 .66 2.71 2.66 2 .45 2 .40 2.46 2 .52 2 .52 2.51 2 .43 2.41 2 .47 
3 . 2 .72 2.71 2.72 2 .45 2.47 2.46 2 .55 2 .53 2.48 2.46 2 .44 2.41 
4 . 2 .72 2 .70 2 .69 2 .43 2 .43 2 .47 2.52 2 .50 2.48 2 .48 2 .44 2.46 

1. 2 .67 2 .65 2.65 2.36 2.36 2.36 2.46 2 .44 2.44 2.34 2 .35 2 .29 
2 . 2 .89 2 .83 2.82 2.46 2 .43 2.44 2 .64 2 .64 2 .65 2.48 2.51 2.51 
3 . 2.68 2 .69 2 .70 2 .33 2 .30 2 .35 2.41 2 .42 2.44 2.36 2 .36 2 .35 
4 . 2 .78 2.76 2 .73 2 .40 2 .39 2.41 2 .43 2 .42 2 .45 2.31 2 .32 2 .33 
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2 . Calculation of net footpad swel l ing 

Net footpad swel l ing = swel l ing in r ight hind footpad minus 
swel l ing in l e f t hind footpad 

T i m e 4 hours 24 hours 48 hours 
Mouse Mean i S D Mean+SD M e a n + S D 

0.56 ) 0 .56 ) 
0.28 ) 0 .15 ) 

0.71 + 0 .19 0.57+0.21 0.34+0.14 

0.54 ) 0 .33 ) 
0 .79 ) 0 .25 ) 

0 .56 ) 0 .66 ) 

0 .43+0.07 0 .61+0.10 0.51+0.11 
0 .49 ) 0 .37 ) 
0 .60 ) 0 .45 ) 
0.66 ) 0 .55 ) 

G 1 . 0 .90 
r 2 . 0 .35 
o 3 . 0 .75 
u 4 . 0 .82 

P 5 . 0 .66 
( A ) 6 . 0 .76 

G 1 . 0 .45 
r 2 . 0 .35 
P 3 . 0 .43 

(B ) 4 . 0 .54 
5 . 0 .37 

G 1 . 0 .33 
r 2 . 0 .37 
P 3 . 0 .50 

( C ) 4 . 0 .39 

0.40 ) 0 .22 ) 

0 .40 t0 .07 0.27+0.12 } 0.09+0.11 
0 . 1 6 ) ~ 0 . ) 
0.34 ) 0 .12 ) 

G 1 . 0 .82 ) 0.47 ) 0.29 ) r 2 . 0 .60 ) 0.65+0.16 8 , 4 2 ) ^ ^ 0 . 1 5 
0.39+0.07 ^ _ ) 

P 3 . 0 .73 ) 0.32 ) 0.01 ) (D) 4 . 0 .46 ) 0.36 ) 0.11 ) 
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T e s t of S ign i f i cance 

The student's t test was used to assess the d i f f e r ences between the 

footpad swe l l ings of the sensi t ised and the control m i c e . 

The test stat ist ic t is given by the formula 

t = X - X „ where X , - X^ = the d i f f e r ence in means 
1 2 1 2 

ST ^ - the standard e r r o r of 
the d i f f e r ence in means 

V = I X ^ - ( X ^ ) / N 1 + X 2 - ( X ^ ) / N 2 

x 1 + 1 

( N 1 - 1 ) + ( N 2 - 1 ) N 1 N 2 

Test ing f o r s igni f icant d i f f e r ence between the 24 hour swe l l ings in 
Groups B and C . 

2 2 
X B X C 

0.56 0 .40 1.9269 9.4249 0.3268 1.1236 
0.76 0.16 
0 .49 0.16 
0 .60 0.34 
0.66 

= 11 .9269 - 9.4249 + 0.3268 - 1 .1236 x J 5 4 

^ T = I 0.04192 + 0.0459 x 9 

J  7  

= 0.075137 

t = X B - X C .= 0 .34 

0.075137 
= 4.5251 

1 + 1 
5 4 

The computed value of t is g r ea t e r than the value g iven in the stat ist ical 
table f o r P =?0.01 (3 .499) where there a re seven deg rees of f r e e d o m . 
Th is is taken as proof that a stat ist ica l d i f f e r ence ex ists between the 
mean footpad swe l l ings at 24 hours in groups B and C 

S i m i l a r l y testing f o r a s igni f icant d i f f e r ence between the 24 hour 
swel l ings in groups A and D . t = 1 .6687 

This value of t is l ess than the tabulated value f o r P = 0.1 (1 .895) where 
there a r e 8 degrees of f r e e d o m . Thus it is unl ikely that there is a 
s igni f icant d i f f e r ence between the mean footpad swe l l ings at 24 hours in 
the two groups . 


