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Recent work has made it clear that delayed hypersensitivity reactions are immuno- 
logical responses of a kind quite distinct from those dependent upon circulating 
antibody. The latter, presenting as they do a readily accessible molecular entity, 
have allowed the development of precise chemical technics for quantitative measure- 
ment, for the study of the structural and steric factors on the antigen which affect 
specificity, notably in work with simple chemical haptens (1), and even for an estimate 
of the size of the antigenic determinant involved in interaction with antibody (2, 3). 
Delayed hypersensitivity, presenting as a group of inflammatory reactions not sus- 
ceptible to precise quantitation, and mediated by sensitized cells unamenable in 
general to in vitro studies, is less well understood. Despite the general acknowledgement 
that conventional circulating antibodies play no role in delayed hypersensitivity reac- 
tions (4), the mediating factor in these reactions is widely assumed to be of the na- 
ture of a conventional antibody, (but one bound intimately with the sensitized mono- 
nuclear cell and not released into the circulation), probably because the nature and 
mode of action of circulating antibodies at least are thought to be well understood. 

One way to clarify the relationship of delayed sensitivity to antibody production, 
and to improve our knowledge of the basic phenomenon itself, is to study the spec- 
ificity of delayed reactions. A useful model has been supplied by the recent studies 
of Benacerraf and Gell (5, 7), who showed that guinea pigs, sensitized with hapten- 
protein conjugates made from homologous (guinea pig) albumin, passed through a 
period of delayed hypersensitivity lasting a number of days, before the appearance of 
anti-hapten antibodies. They also observed some degree of "carrier specificity," i.e., 
that the specificity of the delayed reaction involved not only the hapten but also had 
an appreciable overlap onto the adjacent protein molecule. They suggested that 
either the size of the determinant area in the delayed sensitive cell was larger than 
that involved in the interaction of antigen with conventional antibody, or at least 
that the interactive forces were different. 
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Using these observat ions  as a po in t  of depar tu re  the purpose  of this and  

subsequent  communica t ions  is to present  a s t udy  of the  i m m u n o c h e m i c a l  

specifici ty of de layed react ions to hap ten -p ro te in  conjugates .  These  resul ts  are  

to be con t ras ted  wi th  the  more  ful ly  unders tood  an t igen -an t ibody  systems,  in 

order  to compare  the sizes of the  respect ive de te rminan t s  act ing in the two sys- 

tems,  and the  effect on the  specificities invo lved  of changes in the  conf igurat ion 

of the  hap ten ic  moie ty .  

Materials and Methods 

Protein.--Serum albumins of guinea pig (GpA), pig, rabbit, sheep, ferret, and human were 
all prepared in the following manner, with minor variations: serum was precipitated with 
ammonium sulphate to half saturation, filtered, and the albumin precipitated from the filtrate 
by acidification with acetic acid. After re-solution and dialysis, an equal volume of 20 per cent 
trichloroacetic acid was added, the precipitate was spun down, partially redissolved in 80 
per cent EtOH, cleared by centrifugation, and the supernate dialyzed against running water 
for 24 to 48 hours. Mter a final centrifugation to clear, the supernate was found to be electro- 
phoretically a fairly pure albumin slightly contaminated with a ~-globufin, probably sider- 
ophilin. (In spite of this rather drastic method of purification, there was no evidence that the 
GpA was altered sufficiently to render it antigenic in guinea pigs; see below). Rat albumin was 
prepared from the urine of proteinuric rats by ammonium sulphate and acidification only. 

Ovalbumin (0val) and bovine albumin (BSA) were recrystallised commercial prepa- 
rations. 

Human gamma globulin (HSG) was prepared by alcohol fractionation (Cohn method 6 
followed by method 9 to give a purified gamma fraction) and kindly supplied by Dr. K. 
Walton. 

Guinea pig gamma globulin was made by precipitating three times with 16 per cent sodium 
sulphate, and was not pure. 

The potato protein was obtained by extracting the freeze-dried sap of domestic potatoes 
with acetate buffer at pH 4.0, and precipitation with hag-saturated (NH4)2S04 followed by 
dialysis and centrifugation. 

Hapten-Protdn Conjugates.--The simple chemicals used for conjugation were recrystal- 
lised commercial preparations, with the exception of m-aminobenzoyl-glycine, m-amino- 
benzoyl-DL-leucine, and sym. isophthaloyl-glycine-DL-leucine, for which we are indebted to 
Dr. David Pressman. Benzoic acid-p-isothiocyanate was prepared by adding dropwise with 
stirring a solution of p-aminobenzoic acid in dry acetone to a tenfold excess of thiophosgene in 
dry acetone, whereupon a precipitate formed. The suspension was stirred for an hour with 
heating to 60-70°C, filtered, washed with dry acetone, and then with dry petroleum ether. 
p-Isothiocyanate benzenesulfonic acid was prepared similarly, except that addition to the 
thiophosgene solution was affected as an acetone slurry of finely ground p-aminobenzene- 
sugonic acid. 

In every instance, conjugates were prepared by the addition of a theoretical 60 haptenic 
groups per mole of protein. The proteins were made up as saline solutions and stirred in an 
ice bath. Prior to addition of the hapten, 1/10 volume of 10 per cent Na2COa was added. 
Aminobenzoie acid and aminobenzenesulfonic acid were converted to their diazonium de- 
rivatives with NaNO2 in acid solution, and the product added slowly to the protein mixtures. 
Picryl chloride was added as an ethyl alcohol solution and p-nitrobenzoyl chloride as an acetone 
solution, the organic solvent comprising no more than 5 per cent of the final volume of the 
conjugation mixture. The isothiocyanate preparations were added to the protein solutions as 
finely divided powders, which rapidly went into solution. All conjugation mixtures were 
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stirred for at least 1 hour, then placed in the cold overnight, and finally dialyzed against tap 
water. The hapten content of the conjugates was not determined. 

Sensitization of Guinea Pigs.--Suitable dilutions of the protein conjugates in isotonic 
saline were emulsified with an equal volume of Difco complete adjuvant (containing 1 mg of 
Mycobacterium butyricum per ml of oil). The immunizing dose (either 10 or 50 #g) was con- 
tained in 0.2 mi of emulsion, which was distributed equally into the hind foot-pads of the 
guinea pig as an intradermal injection. White guinea pigs weighing 250 to 450 gm were used 
throughout. 

Skin Tests.--At a suitable time after sensitization, usually 7 to 12 days, but occasionally 
longer depending upon the efficacy of the antigen concerned, the guinea pigs were tested 
intradermally in the flanks. The test doses were generally 0.1 ml volume, containing 10 #g of 
antigen. Multiple tests were the rule, generally involving the sensitizing antigen, and one 
or more additional proteins bearing the same hapten. In some instances, as discussed below, 
tests were performed with the same carrier (GpA) bearing the same hapten, but the hapten 
linkage to the protein differing, as for example azobenzoate and thiocarbamidobenzoate. In 
all cases, it was determined at some stage of the study that the haptens themselves in the 
amounts used were not capable of eliciting inflammation in animals not sensitized to them. 

Skin Reactions.--The time chosen for skin testing was before the appearance of Arthus 
sensitivity, so that observations of the test sites 2 to 4 hours later were usually negative. The 
tests were read and recorded at 18 to 24 hours, and the rare presence of an Arthus-like com- 
ponent will be noted in the Tables where present. The readings are recorded as the average 
diameters in millimeters of erythema presented by the lesions. While it is acknowledged that 
the results are not precisely quantitative and that the dose-response is ill defined, the measure- 
ments give an adequate estimate of the cross-reactivity of the various antigens compared. 

Desensitization and Retesting.---On the morning following the original tests, the reactions 
were read, and where indicated, the animals were desensitized with the appropriate antigen, 
by the intraperitoneal injection of from 2 to 10 mg of antigen in the middle of the same day. 
After 4 to 6 hours, the animals were retested by intradermal route in a fresh area of the skin, 
and the reactions read the next day. 

RESIYLTS 

The Effect of the Protein Carrier on Delayed Specificity to ttapten-Protein 
Conjugates.--Table I illustrates the extent of cross-reactions observed in guinea 
pigs sensitized to 50/zg of m-azobenzenesulfonate-guinea pig albumin, upon skin 

testing with a variety of other carrier proteins coupled with the same anionic 
hapten. I t  can be seen that  in each case, the homologous antigen has given the 
greatest reaction. Further,  conjugates of a number  of serum albumins from 
other mammalian  species have all yielded greater or lesser degrees of cross- 
reaction. This is in accordance with the known serological relationship which 
exists among the serum albumins of mammal ian  species, as reflected by  similar 
types of cross-reactions observed on the par t  of antibodies prepared against the 
several serum albumins. In  contrast, ovalbumin, human  serum globulin, and 
potato protein extract have failed in every instance to provide evidence of cross- 
reactivity. Data  are presented on individual animals, to indicate the extent of 
the variation observed. 

The azohapten causes the antigenic determinant  of the guinea pig a lbumin 
conjugate to be centered around the tyrosine, histidine, and t ryptophan groups 
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of the protein. The use of the hapten p-nitrobenzoyl centers the interest pri- 
marily about the epsilon amino groups of lysine as the predominant point of 
attachment.  The data for this system are presented in Table II .  Again, it will 
be seen that  conjugates of other mammalian serum albumins with this non- 
ionic hapten are able to cross-react and induce delayed sensitivity skin reac- 
tions. The completely unrelated ovalbumin, human serum globulin, and potato 
protein conjugates again fail to cross-react, despite their possession of the iden- 
tical haptenic grouping. Guinea pig gamma globulin gives only a very minor 
cross-reaction due probably to contamination of the starting material with 
albumin. These observations stand in marked contrast to the precipitating anti- 

T ~ L E I  
Eff~t~Cam~Pro~nonOoss-~t~s~M-Azob~z~phonateCo~ug~es 

Test anfigen:m-azobenzenesuiphonate 
conjugate of 

Gp. albumin 
Bovine " 
Pig " 
Sheep " 
Rabbit " 
Ferret " 
Human " 
0valbumin. 
Potato protein.. 
Human 3~-globulin • 

Guinea pig No. 

12 
8 
7 
8 
9 
5 
6 
0 
0 
0 

11 
6 
9 
9 
7 

3 

11 
8 
9 
9 
9 

7 4 
4 5 
0 0 
0 0 
o l o  

4 5 

11 ] 
7 
8 
8 
7 
5 
7 
0 
0 
0 

I 

Average 

10.8 
6.3 
7.5 
6.7 
5.3 
4.2 
3.7 
0 
0 
0 

Animals sensitized with 50 #g of m-azobenzenesulphonate-GpA and tested on the 9th 
day after sensitization with 5 #g of conjugates. Reaction diameters in mm. 

body situation, in which it is usual to employ conjugates of completely unre- 
lated protein carriers as the immunizing and test antigens. 

Another point to be noted in Tables I and I I  is that  not  only does the homolo- 
gous conjugate elicit the largest reaction, but  that  the order of extent of cross- 
reaction of the other serum albumin conjugates differs from one animal to an- 
other, possibly owing to individual variation in the response to different hapten- 
centered determinants. I t  is also noteworthy that  the non-ionic hapten p-nitro- 
benzoyl shows strikingly more carrier specificity than the ionic m-azobenzene- 

sulfonate. 
Desensitization of Delayed Sensitive Animals with Cross-Reacting Hapten- 

Protein Conjugates.--A valuable technic in working with precipitating antibody 
systems has proved to be the in vitro absorption of antisera with excess amounts 
of related antigens. In  delayed hypersensitivity studies this technic finds its 
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ana logy  in the  in  dvo desensi t iza t ion  of the  an imal  wi th  excess in jec ted  ant igen.  

U h r  and  P a p p e n h e i m e r  (8) have  d e m o n s t r a t e d  t h a t  guinea  pigs rendered  

de layed  hypersens i t ive  to p ro te in  ant igens  became  rap id ly  desensi t ized upon  

pa ren te ra l  admin i s t r a t ion  of re la t ive ly  large a m o u n t s  (of the  order  of 1 to 10 

mg) of these ant igens.  P r e l im ina ry  exper iments  showed t h a t  this was also 

genera l ly  t rue  of guinea  pigs rendered  de layed  hypersens i t ive  to hap ten -p ro te in  

conjuga tes .  I n  this  and  subsequen t  s tudies to be repor ted  later ,  this technic  has 

been  e m p l o y e d  ex tens ive ly  to desensi t ize animals  wi th  cross-react ing ant igens,  

TABLE II  

E ffea of Carrier Protein on Cross-Reaaions of p-Nitroben,.oyl Conjugates 

Test antigen: of I 
~-mtrobenzoyl conjugate 

Gp. albumin . . . . . . . . . .  
Bovine " .. 
Pig " . . . . .  
~heep " .. 
Rat " 
Rabbit " . . .  
Ferret " .. 
[ - I uman  " 

3valbumin. 
Potato protein . . . . .  
[-Iuman T-globulin . . . .  
Gp. 7-globulin . . . . .  

1 

20 
8 
7 
5 

13 
0 
9 
6 
0 
0 
0 
7 

Guinea pig No. 

17 
5 
0 
0 
0 
0 
0 
6 
0 
0 
0 
0 

3 L 
11 
5 
0 
0 
0 
4 
0 
5 
0 
0 
0 
5 

16 
6 
0 
0 
0 
4 
0 
0 
0 
0 
0 
0 

5 6 7 

12 16 25 
0 6 0 
0 7 7 
0 5 0 
0 5 7 
0 5 0 
0 5 0 
0 8 0 
0 0 0 
0 0 0 
0 0 0 
0 5 0 

8 

12 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Average 

f#t~ 

16.1 
3.7 
2.6 
1.2 
3.1 
1.6 
1.7 
3.1 
0 
0 
0 
2.8 

Animals sensitized with 25/~g of p-nitrobenzoyl-GpA and tested on the 8th day after 
sensitization with 10/~g of the various conjugates. Reaction diameters in ram. 

in order  to s t u d y  the  na tu re  of these cross-reactions,  and  the  he t e rogene i ty  of 

the  specificities mani fes ted  b y  de layed  sensi t ive animals .  

Two groups of guinea pigs were employed, the one sensitized to 10 #g of picryl-GpA and 
the other to 10/~g of picryl-BSA. 7 days after the sensitizing injection, all animals were skin- 
tested both with the homologous sensitizing antigen and with the cross-reacting antigen. 
After reading the results the following day, the animals were divided into balanced groups, and 
desensitized as indicated in Table III. In each case, one group received a desensitizing dose of 
the cross-reacting antigen, and as a control, other groups received desensitizing doses of 
homologous antigen, or no desensitization at all. Since the animals sensitized to picryl-BSA 
might be expected to become delayed sensitive both to non-coupled determinant areas in the 
BSA molecule, as well as to determinants possessing the picryl group, a fourth group in this set 
were desensitized with a mixture containing both picryl-GpA and uncoupled BSA. 

It  will be seen from Table I I I  that where no desensitization was performed, the second 
set of skin tests approximated in intensity to the reactions given by the original tests. The 
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very slight diminution in average intensity observed is in all probability ascribable to the 
slight desensitizing effect of the first test performed the day before, as discussed by Uhr and 
Pappenheimer (8). Where the homologous sensitizing antigen was employed for desensitiza- 
tion, the animals, with one minor exception, were completely desensitized both to the 
homologous and to the heterologous antigen, as would be expected. 

Quite different are the results of desensitization with the heterologous cross- 
reacting antigens. In  animals delayed sensitive to picryl-BSA, desensitization 
with picryl-GpA served to eliminate completely all trace of cross-reaction, while 
significantly reducing the degree of the homologous reaction. In  animals delayed 
sensitive to picryl-GpA, desensitization with picryl-BSA again almost com- 

TABLE I I I  
The Effect of Homologous and Heterologous Desensitization on the Homologous and Cross- 

Reacting Skin Tests 
The number of positively reacting animals in each sub-group is recorded, followed in 

brackets by the mean reaction diameter of the positive animals. 

Sensitizing antigen 

Picryl-GpA 

Picryl-BSA 

No. of 
~nimals 

Initial skin test 

With With 
picryl-GpA picryl-B SA 

6/6 (17) 6/6 (12) 
3/3 (14) 1/3 (10) 
6/6 (17) 6/6 (13) 

5/6 (9)16/6 (15) 
4/5 (11)5/5 (16) 

2/3 (12)3/3 (15) 
415 (10)515 (17) 

Desensit izing dose 

mg 

5, Picryl-BSA 
10, Picryl-GpA 
N o n e  

5, Picryl-GpA 

plus 5, picryl-BSA 
10, Picryl-BSA 
N o n e  

Final skin test  

With With 
picryl-GpA picryl-BSA 

6/6 (16)12/6 (8) 
113 (7);013 
6/6 (16)16/6 (12) 

0/6 6/6 (11) 

o15 515 (lO) 
o13 013 
4/5 (9) 5/5 (15) 

pletely eliminated the response to this cross-reacting antigen. In  this case, 
however, the homologous reaction to picryl-GpA was essentially unaffected. 

I t  is, finally, of some interest to point out that  the addition of normal BSA to 
the desensitizing dose of picryl-GpA in animals sensitized to picryl-BSA made 
little difference in the extent of residual reaction to the homologous antigen. 
This suggests that  the delayed sensitivity of the animal was primari ly directed 
against areas on the BSA molecule to which picryl groups were attached, and 
that  little or no sensitivity was directed against normal, unaltered BSA deter- 
minants.  Since the picryl conjugates employed in this s tudy were all ra ther  
highly substituted, it is perhaps not surprising tha t  no uncoupled areas on the 
conjugate molecule were available to react as determinants.  

The Effect of the Site of Attachment of the Hapten upon Delayed Specificity to 
Hapten-Protein Conjugates.--Whereas it has been common in work with anti- 
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hapten antibodies to employ different carrier proteins as test antigens, the 
carrier seems to play a major role in the delayed hypersensitivity reaction. This 

is made clear by the previous observations of Gell and Benacerraf (7), Bena- 
cerraf and Levine (9), and by  the data presented above on the lack of cross- 
reaction of unrelated proteins coupled to the same haptenic determinant  by the 
same chemical linkage. If indeed both the hapten and the adjacent area on the 

carrier protein are each necessary to define a determinant  with respect to de- 
layed hypersensit ivi ty reactions, then it might be predicted that  the same hap- 

TABLE IV 

The Effect of Mode of Linkage of the Hapten on the Specificity of Delayed Hypersensitivity Sk in  
Reactions in Conjugate-Sensitized Guinea Pigs 

Immunizing antigen: guinea pig 
albumin conjugate of 

Benzenesulfonate-p-NCS* . . . . . . .  
p-Azobenzene sulfonate* . . . . . . .  
p-NCS-benzoate . . . . . . . . . . . . . . .  
p-Azobenzoate . . . . . . . . . . . . . . . .  
p-NO~-benzoyl . . . . . . . . . . . . . . . .  
p-NO2-benzeneazo . . . . . . . . . . . . .  

Skin test antigen: guinea pig albumin conjugate of 

p-NCS- ] p-Azo- 
benzene I benzene 
sulfonate sulfonate 

o o 

0 1 5  

bP-NCS- enzoate 

m m  

16 
0 

p-Azo- } p-NO2- 
benzoate benzoyl 

m m  m m  

9 - -  
• - -  l l  

[ - -  0 

p-NO2- 
benzeneazo 

m m  

0 
12 

* Cross-desensitization between these antigens showed no effect, in doses sufficient to 
abolish an homologous reaction. 

ten attached at  two different points on the same protein might serve to define 
two distinct antigenic determinants  in the delayed system. 

In order to achieve this situation, conjugates of GpA were made with several different 
simple haptens. These were p-benzoate, benzene-p-sulfonate, and p-nitrophenyl. In each 
instance, two derivatives of each hapten were used, the one being a diazonium salt which 
couples primarily to tyrosine, tryptophan and histidine, and the other predominantly an 
amino-coupling agent, either the isothiocyanate or the acid chloride. One group of animals 
were sensitized to each of the haptens of a pair, and then tested both with the homologously 
linked hapten conjugate (used for sensitization), and with the conjugate of the same hapten 
and protein, but linked to one another differently. 10 #g of conjugate was used for sensitization 
in the p-nitrophenyl and benzenesulfonic acid systems; 50/zg of conjugate was used for the 
benzoate sensitizations. In every case, the skin test doses were of 10 #g amounts. These 
data are presented in table IV. 

I t  is immediately apparent  from this Table that  the specificity of the de- 
layed hypersensitivity reaction is such that  it can distinguish the type of linkage 
by  which a given hapten is attached to a given protein carrier. In  no instance 
was a cross-reaction observed in any of the hapten-protein pairs, among which 
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the only difference was the site of attachment of the hapten on the carrier 
protein surface. Cross-desensitization was attempted on the p-NCS-benzene- 
sulfonate/p-azobenzenesulfonate pair and was entirely ineffective in doses 
sufficient to abolish completely the homologous reaction. 

FIG. 1. Reactions of anti-p-nitrobenzoyl guinea pig antiserum with various p-nitrobenzoyl 
proteins (Alb. = albumin) and with p-nitrophenylazo guinea pig albunfin. 

This result cannot be taken as an argument for a clearcut difference between 
delayed specificity and antibody specificity; we present in Fig. 1 an analogous 
situation found among precipitating antibodies, when cross-tested with the 
same hapten linked differently to the same protein. In this case, delayed hyper- 
sensitive guinea pigs were allowed to go on to antibody production, and the 
resultant precipitin tested by gel diffusion both with the homologously linked 
conjugates and with the same hapten linked differently to the same protein. 
I t  will be seen that the antibody specificity in this instance is not solely deter- 
mined by the simple hapten, but appears also to involve at least the amino 
acid to which the hapten is attached, in the one case predominantly lysine, in 
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the other predominant ly  tyrosine. The  presence of a cross-reaction between this 
ant ibody and the homologously linked hapten on an ovalbumin carrier shows 
tha t  the precipitin system is not  subject to the same degree of carrier specificity 
as the delayed system discussed above. 

A Preliminary Observation on the Determinant Size Effective in Delayed Sen- 
sitivity Reactions.--In their a t t empt  to define the max imum size of the antigenic 
determinant  effective in ant igen-ant ibody reactions, Landsteiner and Van der 
Scheer (10) employed haptens possessing two distinct antigenic specificities. 
These investigators concluded tha t  rabbits  injected with protein conjugates of 
sym.-azoisophthaloyl-glycine-DL-leucine responded with little or no ant ibody 
production against the entire haptenic determinant .  Rather ,  the animals were 

TABLE V 
Delayed Hypersensitivity in Animals Sensitized to GpA-Azo-Isophthaloyl-Glycine-dl-Leucine 

Effect of Desensitization with a Mixture of GpA-m-Azobenzoyl-Gljwine (2 rag) and GpA-m- 
Azobenzoyl-DL-Leucine (2 rag) on Ddayed Skin Reactions 

Test antigen: 10/~g GpA conjugate of 

Glycine-leucine: difunctional 
hap ten  . . . . . . . . . . . . . . . . . . . . . .  

Leucine hap ten  . . . . . . . . . . . . . . . . .  
Glycine hap ten  . . . . . . . . . . . . . . . . .  

Guinea pig No. 

/ 
1 2 3 4 5 I 6 

16110 I 16116 I 1518 ] 16101 is /° [  17119 
7/0 I 1110 I 1°/° I 12/° I 12/° I 12113 

11/0 I 10/0 I 9/0 I 10/0 1,2/o/13/13 
Animal No. 6 was an un-desensitized control: in each instance the first figure is the 

reaction diameter before desensitization and the second that after desensitization with the 
mixture of the two monofunctional haptens. 

found to make antibodies specific for either the one group (m-azobenzoyl- 
glycine) or for the other (m-azobenzoyl-DL-leucine). 

In order to compare these results with the delayed hypersensitivity mechanism guinea pigs 
were sensitized with 50/zg of GpA coupled to the difunctional glycine-leucine compound 
through the azo linkage. After 15 days, the animals were skin-tested with 10 #g doses of the 
homologous difunctional antigen, and also with conjugates of GpA with the monofunctional 
benzoyl-glycine and benzoyl-DT.-leucine compounds. The following day, the reactions were 
read, and the animals were then desensitized with 2 nag each of the azo-benzoyl-glyeine and azo- 
benzoyl-Ds-leucine conjugates. 5 hours later, the same set of skin tests were performed. 

The  results of this prel iminary experiment are recorded in Table V. The con- 
trol undesensitized animal showed no change in its reactivity.  The  results 
among the desensitized animals used are somewhat  disparate. Two of the ani- 
mals were completely desensitized, not only to the cross-reacting monofunctional 
compounds, but  also to the homologous difunctional antigen. Significantly, 
however, three animals showed a complete disappearance of the cross-reaction 
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to the monofunctional antigens, and a reduced, but quite significant residual 
reaction to the homologous difunctional antigen used for the original sensi- 
tization, suggesting that they had in part become sensitized by, and could re- 
spond to, the complete difunctional haptenic determinant. 

DISCUSSION 

In contrast to the relative ease with which antibodies with a predominant 
hapten specificity may be elicited by hapten-protein conjugates, the develop- 
ment of a strictly hapten-oriented delayed hypersensitivity is appreciably more 
difficult to demonstrate (11). Thus, animals rendered delayed hypersensitive to 
modest doses of picryl-BSG gave delayed skin test reactions to the homologous 
antigen, but not to picryl-Oval. Only after the animals had progressed to anti- 
body production would they give anaphylactic responses indiscriminately to 
either conjugate. This latter characteristic of antibodies is the basis for the 
common practice (1) of preparing anti-hapten antibodies with one carrier pro- 
tein and testing the anti-hapten specificity with a conjugate of an unrelated 
protein. Based on such data, it was proposed (5) that the specificity of the 
delayed hypersensitivity reaction may involve an appreciable overlap beyond 
the haptenic moiety onto the surrounding surface of the carrier protein. 

The data presented in this communication verify and extend the observa- 
tions referred to above. In Tables I and II  are recorded the data on the extent 
of cross-reaction observed with a variety of hapten-protein conjugates in guinea 
pigs sensitized to GpA conjugates. The results were similar, both with the 
anionic m-azobenzenesulfonate system, which couples to protein primarily onto 
tyrosine and histidine groups, and with the non-ionic p-nitrobenzoyl hapten, a 
primary amine-coupling agent. No cross-reactions were observed with con- 
jugates of the completely unrelated proteins HSG, ovalbumin, or potato pro- 
tein. Cross-reactions were found, however, to all of the more-or-less related 
mammalian serum albumins employed as protein carriers of the hapten in- 
volved. Since the several mammalian serum albumins have been recognized as 
being serologically related for phylogenetic reasons, the cross-reactions ob- 
served are not unexpected. The failure of cross-reaction among the other con- 
jugates, despite the fact that they bear the identical hapten on the same amino 
acids and are efficient precipitating antigens with guinea pig anti-hapten sera 
(cf. Fig. 1) seems to support the notion that in animals sensitized and tested 
with the present dosage schedules, there exists little or no specificity directed 
solely against the haptenic moiety. Rather, the carrier protein itself is seen to 
constitute a necessary portion of the antigenic determinant which interacts 
with the mononuclear cell carriers of delayed sensitivity to result in the delayed 
sensitivity lesion. 

The extent of cross-reaction between conjugates of closely related serum al- 
bumins is brought out in greater detail in Table III. The antigens employed 
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here were picryl-GpA and picryl-BSA. The extent of cross-reaction in this 
system is seen to be considerable. It is unclear at present why the picryl-BSA 
antigen should have reacted relatively more strongly in picryl-GpA-sensitized 
animals than picryl-GpA in picryl-BSA-sensitized animals. 

By way of further pointing up the nature of the specificity involved in the 
delayed sensitivity reaction to hapten-protein conjugates, and as an indication 
that both the hapten and its immediately adjacent carrier protein surface are 
each required to elicit the reaction, haptens were coupled to a given carrier 
protein by two different chemical routes. Each of the hapten-protein conjugate 
pairs were identical both with respect to the hapten used and the protein em- 
ployed, differing only in the point of attachment onto the protein's surface. 
In the one case, attachment was primarily to lysine groups; in the other, to 
tyrosine, tryptophan, and histidine sites (Table IV). In no instance was a cross- 
reaction observed. These data suggest that not only are the haptenic portion 
of the determinant and the carrier protein portion both necessary to elicit 
delayed hypersensitivity, but that they must be present together, and in the 
same relationship to one another as existed in the molecule used for sensitiza- 
tion. Both moieties are necessary, but neither member alone suifices to affect 
the delayed hypersensitive animal. This observation is further borne out by 
the desensitization data of Table III. Here it may be seen that guinea pigs 
made delayed hypersensitive to picryl-BSA could not be completely desensi- 
tized with a mixture of BSA and picryl-GpA, which contained an excess of 
both the carrier protein and the hapten. Only those determinants shared by 
picryl-GpA seem to have been suppressed. 

Since anti-hapten antibodies appear often to be regarded as possessing a 
purely hapten-specific action, it might appear that the data discussed above on 
the effect of the haptenic linkage to carrier proteinin delayed reactions represent 
a striking difference between delayed and antibody specificity. That this is not 
always true is shown by the observation that anti-p-nitro-benzoyl-GpA anti- 
bodies raised in the guinea pig will not cross-react with p-nitrobenzeneazo- 
GpA, but will react with p-nitrobenzoyl-ovalbumln, etc. (Fig. 1). This suggests 
that even precipitating antibodies may require for their specificity not only 
the hapten itself, but also the immediately adjacent amino acid to which the 
hapten is attached. A similar observation was made by Mutsaars and Gregoire 
(12), who showed that with at least some rabbit anti-hapten sera, no precipitin 
cross-reaction could be observed when the mode of linkage of hapten to protein 
was changed. It is of interest, however, that several of their antisera did show 
cross-reactions independent of the nature of the haptenic linkage to the carrier. 
This contrasts with the complete absence of such cross-reactions in delayed 
hypersensitive animals described above. The effect of hapten linkage on anti- 
body specificity is being further investigated, and will be discussed at greater 
length elsewhere. As for the carrier protein, Haurowitz (13), Haurowitz and 
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Schwerin (13), and Francis et al. (14) have shown that  with some anti-hapten 
antisera at least, there exists a small proportion of the antibody which appears 
to be truly carrier-specific. Nevertheless, the invariable presence of cross-reac- 
t ivity independent of the protein carrier stands in sharp contrast to the case 
with which carrier specificity can be demonstrated in the delayed situation. 

What,  then, may be said about the size of the antigenic determinant func- 
tionally active in the delayed hypersensitivity reaction? 

At present it can be concluded that at least at the stage of development of delayed 
hypersensitivity which we have investigated the reaction requires an apparently 
larger determinant area than does the circulating antibody in the rabbit. I t  is known, 
for instance, that anti-phenylarsonate antibody will interact with and bind so simple 
and small a chemical as phenylarsonate (14), and that guinea pigs may be sent into 
anaphylactic shock with a simple polyvalent hapten (15). While the work of Leskowitz 
and Kabat has indicated a maximum effective size of the antigenic determinant with 
respect to precipitin formation as that of tri- to hexasaccharide (2). the mono- or 
disaccharide seems to present a large enough determinant area so that the antigen- 
antibody reaction may proceed, the terminal hexose contributing at least 40 per cent 
of the binding energy. Goebel et al. (16) found moreover that with rabbit antibody 
to the p-aminophenyl glycosides of di-hexoses, inhibition was almost as strong with 
the p-aminophenyl glycoside of the terminal sugar as with that of the terminal di- 
hexose. I t  is significant that before the appearance of antibody, the guinea pig de- 
layed sensitive to a hapten-GpA conjugate will not support a cross-reaction of the 
same hapten coupled to ovalbumin. After antibody production has begun, however, 
this animal will give Arthus reactions indiscriminately to both the homologous and 
the heterologous conjugates (9). In the former instance, carrier specificity is being 
manifested; in the latter, it seems to be lacking. 

In an effort to ascertain the maximum determinant size to which the antibody- 
producing mechanism could respond, Landsteiner and Van der Scheer (10) employed 
for immunization a conjugate of sym.-aminoisophthaloyl-glycine-DL-leucine. They 
concluded, based upon absorption studies, that little or no antibody was formed 
against the total hapten. Rather, they found antibodies against either the glycine or 
the leucine moieties. We have observed in a preliminary experiment (Table V) that 
guinea pigs rendered delayed hypersensitive to a conjugate of this difunctional com- 
pound could often not be completely desensitized with conjugates of the monofunc- 
tional constituents. I t  thus appears that the delayed hypersensitivity mechanism may 
result in a specificity capable of encompassing the full size of the difunctional hapten 
used. 

The possibility that  a fraction of the delayed sensitive cells in an animal may 
be able to act free of the restrictions of carrier protein specificity, (i.e., may be 
hapten-specific) is suggested by the data of Benacerraf and Gell (2). Cross-reac- 
tions independent of the nature of the protein carrier were obtained by  these 
workers, however, only with the use of heroic measures, involving sensitiza- 
tions with 100 to 1,000 times the ordinary doses of antigen, and with the use of 
skin test doses very much larger than ordinarily employed. In the normal course 
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of events, with small doses of antigen such as employed in the present study, it 
may reasonably be concluded that few if any cells participating in the delayed 
reaction are able to respond to hapten alone, without the intervention of carrier 
protein specificity. 

In the present discussion, as in earlier ones, the differences in specificity of 
the delayed hypersensitivity reaction and the reactions of circulating antibody 
have been expressed in terms of apparent differences in the size of the deter- 
minant required to initiate a response. I t  is appreciated that reference to a func- 
tionally larger determinant does not necessarily imply a real difference in total 
area participating in the immunological interaction. I t  is unlikely that the 
energy of interaction of antigen with the receptor on the delayed hypersensitive 
cell will be found ultimately to be of an order different from those involved in 
other similar biological reactions, such as between antigen and antibody. 
Among the possibilities which present themselves to explain the specificity 
differences between delayed and antibody reactions are: 

1. That roughly the same interaction energy is, in the delayed system, dis- 
tributed over a greater determinant area, with the haptenic end of the deter- 
minant not itself sharing enough of the total binding energy to initiate a reac- 
tion in the delayed sensitive cell. 

2. That the determinant sizes in the two situations are actually of the same 
order of magnitude, but that for some reason the distribution of interaction 
energy differs. If the interaction energy were distributed more-or-less equally 
over the determinant, rather than being fairly concentrated within a small 
area, as in the antibody situation, then the share of the total interaction energy 
contributed by the hapten in the delayed system might be insufficient to trigger 
the reaction. 

3. That the interaction of antigen with the delayed sensitive cell may be a 
multi-stage reaction, involving at one step the terminal (hapten) portion of the 
determinant, and at another stage, the carrier protein moiety. 

None of these arguments excludes the possibility that some, at least, of the 
antibodies formed in the early stage of production may show similar specificity 
characteristics to those of the delayed reaction (a point which is under investi- 
tation) nor, though this ~eems less likely, that during the later stages of anti- 
body production, any persisting delayed sensitive ceils may reflect the narrowed 
kind of specificity of conventional antibodies. 

If indeed the delayed mechanism responds in general only to the combina- 
tion of hapten with its surrounding carrier area, then a highly substituted con- 
jugate may present almost as many different determinants as there are haptenic 
groupings on the molecule, since there is probably little repetition of amino 
acid sequences in proper orientation to one another in the proteins generally 
employed. If this be so, sensitization with a conjugate of even the most highly 
purified protein will result in the production by the recipient animal of a group 
of sensitive cells specific for each determinant present, i.e., there will be en- 
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countered an antigen-induced heterogeneity of specificities among a very large 
number of clones of sensitive cells. We would term this type of heterogeneity 
"heteromorphic," to indicate that it is directed against determinants of differ- 
ent form. In the response of animals to hapten-protein conjugates, a hetero- 
geneity of interaction energies has been described among the antibodies pro- 
duced, such that the less well "fitting" antibodies will cross-react against hap- 
tens of slightly differing structures. In contrast to the above defined 
hetero-morphic heterogeneity, this latter might be termed "isomorphic" heteroge- 
neity, to indicate a diversity of response to the same form of inducing antigen. 

Another consequence of the inability of the hapten alone to elicit the delayed 
reaction is the relatively less dominant role which it plays in the total deter- 
minant, in comparison with the prominent contribution by the hapten to anti- 
body-hapten interactions. In a situation wherein the hapten plays such a lesser 
role, it might be expected that the immune system (delayed) would manifest 
a wide range of cross-reactions among related haptenic structures. This has 
indeed been found to be the case, and is the subject of the following paper. 

SUMMARY 

Further data havc bccn presented showing that the specificity of the dclaycd 
hypersensitivity reaction in the guinea pig to hapten-protcin conjugates in- 
volves to a considerable degree a contribution by the protein carder. The car- 
tier contribution is such that sensitization to guinea pig alburnin--~-azobenzene- 
sulfonate, for example, does not result in cross-reaction with conjugates of the 
same hapten with unrelated proteins such as ovalbumin or human gamma 
globulin, nor were cross-reactions observed between conjugates prepared with 
the same hapten, coupled to the same protein, but by two different chemical 
routes, such that the point of attachment of the hapten to thc protein diffcrcd. 
It thus appears that in this system both haptcn and carder protein arc neces- 
sary, but that neither alone is in general su~cicnt to stimulate the delayed 
sensitive cell. 

Desensitization experiments with cross-reacting hapten-protein conjugates 
have suggested the presence of a multiplicity of antigenic determinants par- 
ticipating in the elicitation of the delayed lesion, and of a concomitant develop- 
ment of a heterogeneity of specificities in the population of delayed sensitive 
cells in the sensitized animal. 

The data are discussed in terms of the apparent requirement of the delayed 
sensitivity mechanism for a larger functional antigenic determinant than that 
reqnired for interaction with circulating antibodies. Some possiblc explanations 
for this difference, and some of its consequences, are discussed. 
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