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PREFACE 

The reviews in Volume 18 deal with subjects ranging from the basic 
physicochemical changes induced i n  antibodies by antigens to two im- 
portant aspects of the control of the immune response: genetic back- 
ground of the host and antigenic competition to the cellular and humoral 
events determining immunologic cytotoxicity. The broad scope of this 
subject matter reflects the ever expanding horizons of immunologic 
interest and research which continue to contribute importantly to almost 
every field of biology and medicine. 

David L. Gasser and Willys K. Silvers present in the first article a 
thorough and authoritative consideration of the genetic determinants of 
immunologic responsiveness. They review both the subject of the Ir genes’ 
determination of specific antibody responses and also less specific genetic 
influences on general imniuiiorespoiisivericss. Finally, the association of 
various genetic factors with susceptibility to particular diseases, specif- 
ically autoimmune disorders and tumors, is critically discussed. 

In the second paper, the several forms of cell-mediated cytotoxicity are 
discussed by Jean-Charles Cerottini and K. Theodore Brunner, whose 
studies in this field have contributed greatly to our current understanding. 
The antibody-independent action of sensitized cytotoxic T cells, the anti- 
body-dependent killing by nonsensitized lymphoid cells bearing receptors 
for the Fc piece, the specific cytotoxicity of macrophages armed by either 
cytophilic antibody or products of T cc4 interaction with specific antigen, 
and, finally, the nonspecific cell killing by macrophages activated by a 
variety of nonspecific stimuli are presented in terms of the extensive in 
vitm experimental data available. The possible roles of these several 
mechanisms in the complex processes of in vizjo rejection of allografts 
and tumor immunity are discussed. 

The important problem of interference and enhancement between t\\7o 
different antigenic challenges is presented by Hugh F. Pross and David 
Eidinger in the third review. Survey of the literature suggests that a 
variety of mechanisms may operate at different points in the immune 
response to produce what the authors term “antigen-induced suppression” 
and “antigenic promotion.” One attractive hypothesis explaining many of 
these observations is that they result from nonspecific manifestations of 
normal iinmunoregulatory phenomena and that products of T cells may 
well he among the more important inimunoregulatory substances which 
determine the number of antigcn-reactive units. 

The nature of the critical change in the properties of antibodies upon 
combination with mtigen is discussed by Henry Metzger in the fourth 

xi 



xii PREFACE 

article. Against a background of information on the structure of intact 
immunoglobulins and their degraded products, on the characteristics of 
antigen-antibody complexes, aiid on the: requirements for antigen-induced 
antibody function, the allosteric and distortivc models for antigen action 
are found wanting and an associative model based upon an approximation 
of Fc regions is favored. This presentation brings into sharp focus one of 
the most important steps in the scquence of events lending to significant 
biological consequences of immunologic rcactions. 

As a result of the investigations of Karl Erik Hellstriim and Ingegerd 
Hellstrom, it is now clear that the final effect of an immune response on 
a tumor depends upon the interaction of both cellular and humoral com- 
ponents, which often behave antagonistically. In the fifth paper these 
authors discuss the evidence for cell-mediated antitumor responses in man 
and animals in terms of in vitro destruction of tumor cells and the means 
by which tumor cells can escape from immunologic destruction as a result 
of blocking factors present in the seium. The potential benefit of manipu- 
lation of these two immune responses in order to maximize cellular 
cytotoxicity as a therapeutic approach is considered. The simultaneous 
operation of cellular cytotoxic mechanisms aiid humoral blocking factors 
is not limited to neoplastic disease but apparently is a general phenom- 
enon also occurring in pregnancy, allografts, and chimeras. 

The cooperation of the publishers in the production of Volume 18 is 
gratefully acknowledged. 

FRANK J. DIXON ' 

HENRY G. KUNKEL 
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I . Introduction 

The study of genetic differences in the ability of animals to produce 
specific iminune responses has attracted a great deal of attention from 
geneticists and immunologists for sovernl reasons: first. the possibility 
exists that thcse studies will play a key role in understanding the gen- 
erator of diversity: second. studies on genetic differences in the ability 
of immriiiocompetent cells to respond to specific antigcns may help 

1 



2 DAVID L. GASSER AND WILLYS K. SILVERS 

elucidate the steps involved in the differentiation of these cells; and 
third, the fact that some of the genetic deteiniiiiaiits of the immune 
response seem to be intimately associated with histocompatibility anti- 
gens could be of clinical significance. 

To focus attention on the activity in this field, various genetically 
determined iminunc response systems are listed in Table I. Our failure 
to discuss some of these reports in what follows is not to minimize their 
significance. After perusing the table, one cannot help but be impressed 
by the number and variety of specific immune responses which have 
been subjected to genetic analysis. 

It. Some General Genetic Considerations 

The genetic control of the immune response is a subject that has 
attracted much greater interest among immunologists than ainong gc- 
neticists. Because of this, some individuals with the greatest interest in 
this field are not conversant with some of the basic genetic concepts 
which need to be employed. What follows is n brief description of a few 
of these concepts for the benefit of renders whose background in genetics 
is not extensive. 

Of primary importance in analyzing the factors involved in immune 
responsiveness is the necessity to make a distinction between variability 
which is genetic and that which is noiigenetic in origin. In many cases 
the response to a given antigen will be determined by both genetic and 
iiongenetic factors. It has been the experience of many investigators that 
highly inbred strains may show considerable Variability in their responses 
to some particular antigen. Unless the strain is not really inbred, this 
variability must be considered nongenetic. Any variability in an F, 
generation obtained by mating two fully inbred strains must likewise be 
considered nongenetic. However, the variability appearing in F, and 
backcross generations arises from both genetic and nongenetic com- 
ponents, although in some cases one or the other of these components 
could be insignificant. 

If intrastrain variation is observed in the response to some particular 
antigen, an experimenter can determine whether this variability is genetic 
and the strain is not genetically uniform or whether it is nongenetic by 
making assortative matings within the strain or between F1 hybrids 
derived from it, High responders should be mated with high responders 
and low responders with low responders and the offspring immunized. 
If parent-offspring correlation is not observed in such an experiment, 
then one can assume that all the intrastrain variation is nongenetic. An 
example of how this was applied to an F, generation is shown in Table 
11. Most YBR mice were responders to Ea-1, most B10 mice were non- 
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responders, and two-thirds of the (YBR x BlO)F, hybrids were re- 
spondcrs. If these results occurred because one or both of the parental 
strains were not fully inbred or possessed mutations affecting this re- 
sponse, the F, responders would differ genetically from the F, non- 
responders, and the two types of niatings would produce significantly 
different proportions of rcspoiders. This experiment demonstratcd, 
however, that tlie responders and nonresponders froin the (YBR x 
B10) F, generation did not differ gcnetically with respect to their anti- 
body responses to Ea-1 antigens. The iniportancc of gcnetic factors ~vas  
demonstrated by making assortative niatings with F, and F, mice as 
parents ( Gasser, 1970). Since there was phenotypic variation within 
each parental strain and tlie F, generation aiid sincc this could not be 
attributed to genetic heterogeneity within either of tlie parental strains, 
the genes for high responsc aiid low response are, therefore, said to be 
“incompletely penetrant.” 

The problem of incomplete penetrance, the phenonienon by which an 
organism does not express a genetically endowed trait, is an old one in 
genetics aiid arises from the fact that the expression of some genetic 
traits can be influenced by environinental factors. In a classic paper on 
polydactyly in guinea pigs, Wright (1934) demonstrated that the age of 
the mother influenced the expression of genes controlling the number of 
toes in her offspring. Any number of nongeiietic factors could conceivably 
affect the expression of an immune response ( I r )  gene. The important 
distinction for an investigator to make is to assess properly the degree to 
which such factors are influencing the data. 

If a significant degree of nongeiietic variability is present in the 
parental strains, then this variation must also be taken into consideration 
in all generations derived from these strains (e.g., F, and backcross 
generations ) . Several methods have recently been published which allow 
an experimenter to evaluate genetic hypotheses when the results are 
confounded by significant amounts of nongenetic variation ( Mode aiid 
Gasser, 1972; Birnbauin, 1972; Elston and Stewart, 1973). 

Having established that one is dealing with a genetically determined 
immune response, a decision which most investigators attempt to make 
is whether this response is controlled by a single gene or by more 
than one gene. If an unambiguous distinction can be made between 
high responders and low responders ( or responders and non-responders), 
then the F, and backcross generations should furnish data which 
either do or do not conforni to Mendelian expectations. Even if a 
single-gene hypothesis is supported by such data, it is still possible that 
other genes could be involved. In the course of his studies on the in- 
heritance of polydactyly in guinea pigs, Wright (1934) showed that data 



TABLE I 
VARIOUS GENETICALLY DETERMINED IMMUNE RESPONSESQ 

Antigen Host Reference Comments 

Hapten-PLL conjugates, BSA, 

Glucagon-PLL 
Hapten-guinea pig albumin 

conjugates 
Insulin specificities 
Dipht,heria toxin 
Hydralazine 

HSA, GA, GT 

(T,G)-A- -L, (H,G)-A- -L, 
(P,G)-A- -L 

TNP-MSA 
GATm 

(T,G)-Pro- -L 
Ovalbumin and ovomucoid 
Poly-Ser, poly-Ala 

GLA, 

H-Y histocompatibility antigen 

H-2.2 

e Thymic antigen 
YG2a 
IgA and IgG myeloma proteins 
BSA 

H-2.2 

H-3 

Guinea pig 

Guinea pig 
Guinea pig 

Guinea pig 
Guinea pig 
Guinea pig 
Mouse 

Mouse 
Mouse 
Mouse 
Mouse 
Mouse 
Mouse 

Mouse 

Mouse 
Mouse 
Mouse 
Mouse 
Mouse 
Mouse 
Mouse 

Section I11 

Cuatrecases et al., 1971 
Section I11 

Section VIII 
Section I11 
Section I11 
Section IV 

Rathbun and Hildemann, 1970 
Section IV 
Section IV 
Section I V  
Vaz el al., 1971 
Bosma el d.. 1972 

Section V 

Stimpfling and Durham, 1972 
Lilly el al., 1970 
Fuji el al., 1972 
Kindred and Weiler, 1971 
Section V, I 
Section V 
Berrian and McKhann, 1960 

Linked to major histocompatibility locus 

Linked to major histocompatibility locus 
Linked to major histocompatibility locus 

Not linked to major histocompatibility locus 
Ir-1; Linked to H-2 

H-2 Linked; low response dominant 
H-2 Linked 

I r a ;  Not linked to H-2 
Single dominant gene; H-2 linked 
Poly-Ser-specific clones associated with C3H 

allotype; poly-Ala-specific clones with 
C57BL allotype 

Probably more than one gene involved, one 
of which is H-2 linked 

H-2 Linked; probably more than one gene 
Not linked to Ir-1 or Zr-2 
H-2 Linked; may be more than one gene 
Polygenic; ability t,o respond was recessive. 
H-2 Linked 

H-2 Incompatibility increases response to 
H-3" 



H-13 

SRBC 
SRBC 
SRBC 

Mouse 

Mouse 
Mouse 
Mouse 

Snell et al., 1967; Graff el al., 

Section V Polygenic 
Sabolovic el al., 1971 
Gottlieb et al., 1972 

H - 9  mice can recognize H-1s  incompatibil- 
1973 ity; HS" mice cannot 

Importance of H-2 was demonstrated 
The degree to which AKR spleen cells could 

proliferate in response to SRBC in various 
irradiated hosts was determined by the 
genotype of the host, with C3H being a 
good host and AKR a poor one. 

Strain differences in formation of complete 
antibodies were demonstrated; responder 
and nonresponder strains could both pro- 
duce incomplete antibodies. 

Ea-1 Mouse blood groups Mouse Section V 
EscheTichiu coli Vi antigen Mouse Gaines el al., 1965 

Bacteriophage fd Mouse Section V 
Influenza viruses Mouse Lennox, 1966 
S-I11 pneumococcal polysaccharide Mouse Section VI 
Salmonella lipopolysaccharides Mouse DiPauli, 1972 

Streptococcal group A carbo- Mouse Braun et al., 1972 
hydrate 

X-Linked 
Strain differences in the magnitude of re- 

sponse as well as specificity of antibodies 
produced were observed. 

BALB mice not only produced a higher re- 
sponse than other strains, but also showed 
a high degree of restriction; effect was 
thymus-dependent; not linked to H-2 or 
zg. 

Tetanus toxoid 
Lysoz yme Strain differences were observed in the pro- 

duction of antibodies to a portion of the 
lysozyme molecule attached to a synthetic 
polymer. 

Thyroid antigen Mouse Section X H-2 Linked 

(Continued) 

Mouse Section V 
Mouse Mozes el al., 1971 

CI z 

ur 



TABLE I (Continued) 

Antigen Host Reference Comments 

DNP-RSA Mouse Weinstein et al., 1972 Strain-related differences in the number of 
antibody-combining sites that could be 
labeled with bromoacetyl derivatives were 
observed. 

Dextran specificities Mouse Section VIII 
p-Aminobenzoic acid and sulfanilic Mouse gk&rov& and Riha, 1969; ftiihov6- 

T blood group Mouse Stimpfling and McBroom, 1971 H-2 Incompatibility between donor and host 
acid Sk&rovL and &ha, 1972a,b 

Keyhole limpet hemocyanin Mouse 

Mammary tumor virus Mouse 
Lymphocytic choriomeningitis Mouse 

(LCM) virus 

0 antigen of Rhizobiuna nieliloti Mouse 

Egg albumin Mouse 

Dextran Rat 

enhanced response to T.  
GL6 Mouse Merryman et al., 1972 H-2 Linked 
SRBC Mouse Silver et al., 1972 After repeated injections of SRBC, A/J mice 

switch from 19 S to 7 S production; 
C57BL/lO continues to make predomi- 
nantly 19 S; FI hybrids respond like 
C57BL/10; multigenic. 

Quantitative differences observed in serum 
antibody titers; dominant gene or genes 

Strain differences in the ability to make anti- 
LChZ antibody lead to varying degrees of 
severity of disease. Glomerulonephritis is 
most severe in those strains with the best 
antibody response. 

Heritability of response was estimated to be 
0.7s. 

Susceptibility to anaphylactic shock was in- 
herited as a polygenic trait. 

Failure to form anaphylactoid reaction de- 
termined by autosomal recessive gene. 

Cerottini and Unanue, 1971 

Section VII 
Oldstone and Dixon, 1968, 1969 

Sobey and Adams, 1961 

Treadwell, 1969 

Harris and West, 1961, 1963; 
Harris et al., 1963 

a 
% 
6 

0 * 
m 
9 

tn tn 



G1~6*Lys33Tyr*~ Rat 

(T,G)-A- -L 
I)NP-BGG 

Rat 
Rat 

H-Y histocompatibility antjigen Rat 

Simonian et al., 1968; Gill et al., Quantitative difference in antibody titer con- 
1970, 1971 ; Gill and Kunz, 1971 ; 
Sloan and Gill, 1972 

Section V Linked to Ag-B 
Lamelin and Paul, 1971 

trolled polygenically. 

A strain difference in the rate of increase of 
antibody affinity under certain conditions 
of immunization wm demonstrated. 

Females that normally do not reject male 
skin can be made to do so if the Y antigen 

DiMarco et al., 1972 

G.4Tia 11 at. Maurer et al., 1972 

Spinal cord Hat Section XI 

Lactic dehydrogenase Rat, rabbit Section V 
Hg blood group specificities Rabbit Cohen, 1962 

is on the same tissue as Ag-B incompatible 
antigens. 

Two of nine strains t,ested were lionre- 
sponders; no association with Ag-R 
observed. 

Susceptibility to experimental allergic en- 
cephalomyelitis is ctrntrolled by Ag-R or a 
closely linked gene. 

hntibodies to determinants of the complex 
Hg blood group locus are most easily pro- 
duced when donor and recipient, are incom- 
patiblefor all known Hg specificit,ies. When 
donor and recipient share an Hg specificity, 
it, is less likely t,hat an antibody to another 
Hg determinant can be produced. 

Groups A and C streptococcal Rabbit Eichmann el al., 1971 The magnitude and degree of heterogeneity 
of the antibody response are genetically 
determined and were shown to be inde- 
pendent variables. 

Tobacco mosaic virus Rabbit Sang and Sobey, 1954 Heritability of antibody titer was estimated 
as 0.876. 

( Continued ) 

vaccines 



TABLE I (Continued) 

Antigen 
~ 

Host Reference Comments 

Bovine serum albumin 
Graft-versus-host, reactions 

Blood group A 

Sheep 0 blood group 
Protein antigens 

Ith blood group 

ABO agglutinins 
Ragweed 

Rabbit., mouse 
Chicken 

Chicken 

Cat,tle 
Man 

Man 
Man 

Section V 
Longenecker el al., 1972 

Schierman and RLcBride, 1967 

Section V 
Choke and Vander Veer, 1916 

Lit,win, 1972, 1973 

Sect.ion V 
Section VIII 

Blood group B locus determined magnitude 

Response was enhanced by incompatibility 
of response. 

at the strong blood group B locus. 

The importance of heredity in various kinds 
of sensitivities was recognized. 

Suggestive evidence was obtained for anti-Rh 
V-region genes linked to ZgGf allotype locus. 

a Abbreviations: PLL, poly-L-lysine; BSA, bovine serum albumin; HSA, human serum albumin; G, Lglutamic acid; A, Lalanine; 
T, ttyrosine; L, tlysine TNP, trinitrophenol; RZSA, murine serum albumin; DNP, dinitrophenyl; SltBC, sheep red blood cells; BGG, 
bovine -,-globulin ; Ig, immunoglobulin, (T,G)-A- -L, poly (Tyr, Glu)-poly-~tAla- -poly-Lys; H, histidine; P, phenylalanine; RSA, 
rabbit serum albumin. 
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TABTAE IT 
POSITIVE ASSOIIT.\TIVE MLTINGS OF (YBT:. X BlO)Fl RIWWNDER AND 

NONIIICSPONDIX~ P.\RI,:NTs’ 

F? F? 
Responders Nonresponders % 

hfating (No.) (No.) Responders 

(a) Fl responder x Fl responder 14 24 37 
(b) FI nonresponder X F1 nonresponder 13 20 33 

Contingency x ’ 2  = 0.009, p > 0.90 

From Gasser, 1970. 

on F, and backcross gcnerations obtained from the inbred strains D and 
2 were compatible with single-gene segregation, but that this mode of 
inheritance was not substantiated when second and third backcross 
generations were examincd. A similar situation concerning the anti- 
allotype response of mice was recently reported by Kindred and Weiler 
(1971). 

If an investigator has identified a single gene involved in a specific 
immune response, he may attempt to do linkage analyses. Genetic link- 
age is an important exception to Mendel’s second law-the law of inde- 
pendent assortment. If two genetic loci are situated on the same chromo- 
some and are not too distant from one another, they will not assort 
independently. The frequency with which they recombine is determined 
by the distance that separates them. Genetic linkage, however, does not 
necessarily imply any functional relationship between two genes. For 
example, the genes for albinism and hemoglobin beta chains are closely 
linked i n  mice, but therc is no apparent functional relationship between 
these traits. Furthermore, if two loci are linked, it makes no difference 
as to which alleles are present at these loci. For example, the H-2K locus 
is known to have at  least eight alleles. The T l a  locus is linked to H-2K 
regardless of which allele is present at  this locus in any given experi- 
ment. The only requirement for demonstrating linkage is that one parent 
must be hcterozygous at  both loci. A different situation arises when a 
seemingly unrelated biological effect is known to be associated with a 
given allele at  some genetic locus. It is fairly well established that the A 
allclc of thc ABO ldood group locus in man is associated with a greater 
frequency of stomach cancer than the other alleles at this locus ( A i d  
et al., 1953; Vogel, 1970). Unless a closely linked gene is responsible for 
these cancers, which is highly unlikely in a random breeding population, 
this situation is not the same as genetic linkage. Rather, the A allele for 
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some unknown reason causes an individual to be somewhat more sus- 
ceptible to gastric cancer than the other allclcs. 

In studics on the genetics of the immune response, it has frequently 
been observed that the possession of certain alleles at a major histo- 
compatibility locus is coi-related with a characteristic level of response to 
some particular antigen. There are two reasons why this could occur, 
and they are very different from one another: (1) there could be an 
association between the possession of certain histocompatibility antigens 
and the range of antigenic diversity to which an organism is capable of 
responding or ( 2 )  there could be a separate genetic locus, an Ir gene, 
which is closely linked to the histocompatibility locus. If possibility 1 is 
correct, then what appears to be an Ir gene is actually a histocom- 
patibility locus. If possibility 2 is coirect, then the Ir gene could con- 
ceivably have no functional relationship at all to histocompatibility 
antigens. 

Ill. Specific Immune Response Genes in Guinea Pigs 

The discovery of the first specific Ir gene in guinea pigs was stimulated 
by investigations on the nature of antigenicity. Kantor et aZ. (1963) re- 
ported that good immune responses could be obtained in some random 
bred guinea pigs after they were injected with dinitrophenyl (DNP)- 
poly-L-lysine (PLL) or a DNP copolymer of lysine and glutamic acid 
( GL ) . The responding animals deinonstratcd both immediate, and de- 
layed hypersensitivities and produced appreciable amounts of antibody, 
whereas animals with negative skin reactions did not seem to be im- 
mune to the injected antigen, since there was no sign of anaphylaxis 
upon intravenous challenge with DNP-guinea pig albumin. This striking 
all-or-none difference among the guinea pigs seemed to reflect consti- 
tutional differences which were presumed to be genetically determined. 
This assumption was verified by breeding experiments, in which it was 
shown that the immune response difference could be explained by the 
segregation of two alleles at a single locus (Levine et aZ., 1963a; Levine 
and Benacerraf, 1965). Ten matings consisting of nonresponders crossed 
with heterozygous responders produced 31 progeny, 14 of which were 
responders, so that the trait appeared to be determined by a single gene 
(Levine and Benacerraf, 1965). 

All guinea pigs of strain 2 were responders to DNP-PLL and DNP- 
GL, no animals of strain 13 were responders, and the ( 2  X 13)F, hybrids 
gave a response which is the same as that of strain 2, so that responsive- 
ness is inherited as a completely dominant trait ( Ellman et al., 1970a). 

In order to determine whether this gene had specificity for the carrier 
or the hapten, Levine et al. (1963b) immunized a group of 33 Hartley 
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guinea pigs simiiltnneously with four different PLL conjugates: benzyl- 
penicilloyl-PLL, DNP-PLL, 11-toliiene sulfonyl-PLL, and dimethyl- 
aniii~onaplithalciie sulfonyl-PLL. Every guincn pig in the group either 
responded to all four of the non-cross-reacting haptens or to none of 
thcni. This demonstrated that the spwificity of the genc was associated 
with the PLL carrier rather than with any liapten attachcd to it, and the 
gene was subsequently referred to as thc P L L  gene. 

Genetic nonrespondcr guinea pigs ( c.g., strain 13) could be induced 
to produce low levels of anti-DNP antibodies if repeatedly immunized 
with DNP-PLL mixed with 10 nig /nil. Alycobacterium tulierculosis. 
Apparently the mycobacteria were ablc to function as a carrier for the 
DNP-PLL ( Green et d., 1969a,b ) , Nonresponder animals immunized 
by this method, however, failed to develop delayed hypcrsensitivitics to 
DNP-PLL or DNP-GL. 

The antibody produced in genetic nonresponders immunized with 
DNP-PLL mixed with Alycobacterium tuberculosis belonged only to the 
y2 class. That no 7, antibodies were detected in these sera contrasted 
sharply with the results obtained with genetic rcspoiider guinea pigs, 
in which high concentrations of 7 ,  antibodies were generally found 
(Green et al., 1969a). 

Levine (1969) reportcd that PLL nonrcsponders also failed to respond 
to DNP conjugates of poly-L-arginine, poly-L-homoarginine, and poly-L- 
ornithine, which suggested that the same gene controlled the response 
to all four conjugates of these basic polyamino acids. Similar findings 
were reported by Green et a2. (1969b), who discovered that the delayed 
hypersensitivity response to some of these antigens was not controlled 
by the PLL gcne as was the casc with the antibody response. Levine also 
observed an interesting correlation between the rank order of immuno- 
genicity of DNP conjugates of the four homopolyaniino acids and the 
rank order for the hydrolysis of these conjugates by trypsin, but the 
significance of this correlation remains to be clarified ( Levine, 1969). 

The ability of guinea pigs to respond to low doses of bovine sei‘um 
albumin (BSA) is also inherited as a dominant genetic trait. No reconi- 
binants werc observed between this gene and the PLL gene among 
( 2  x 13)F, x 13 backcross animals, and all PLL responders among 
Hartley guinea pigs were high responders to low doses of BSA. How- 
ever, results with the Hartley PLL nonresponders were somewhat differ- 
ent in that some of these animals produced substantial amounts of anti- 
body when immunized with low doses of RSA, but always less than what 
was observed in responder animals (Grcen et al., 1970). Perhaps the 
PLL gene is associated with response to one determinant of BSA, and 
some PLL nonrespondcrs possess another gene associated with recog- 
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nition of another BSA determinant. Further breeding tests and studies 
on the specificities of the antibodies could determine whether this is the 
case. 

Genetic control of the response to low doses of human serum albumin 
(HSA) was found to parallel the situation with BSA (Green and 
Benacerraf, 1971). Because the ability to respond to limiting doses of 
HSA and BSA was not restricted to PLL responder Hartley guinea pigs, 
it would appear that there is at least one gene controlling responses to 
BSA and HSA which is not the same as the PLL gene. 

Perhaps the most interesting experiments on responses to hapten- 
serum albumin conjugates are those involving the use of guinea pig al- 
bumin (GPA) as a carrier (Green and Benacerraf, 1971; Green et al., 
1972; Davie et al., 1972). When immunized with DNP,-GPA, strain 13 
guinea pigs developed significantly higher anti-DNP serum antibody 
levels than strain 2 animals, even when the GPA was obtained from 
strain 13 guinea pigs. The gene controlling this response is linked to the 
major histocompatibility locus and appears to have specificity for the 
carrier rather than the hapten (Green et al., 1972). Presumabiy the 
carrier is modified to some extent by the addition of DNP, but the fact 
that an Ir gene with specificity for a self-protein, even if a slightly modi- 
fied self-protein, may exist is most intriguing. 

In order to determine how Ir genes exert their effects, it is necessary 
to identify the cell population in which the processes controlled by these 
genes are expressed. Green et al. (1967) demonstrated that passive trans- 
fer of delayed sensitivity to DNP-PLL and DNP-GL among Hartley 
guinea pigs could usually be successfully accomplished only by trans- 
ferring cells from immunized responder animals into other genetic re- 
sponder guinea pigs. These investigators suggested that a cell type other 
than an immune lymphocyte (e.g., a macrophage) was also essential in 
producing this response and that genetic nonresponders were deficient 
in some way with respect to this cell type. It was subsequently shown, 
however, that if irradiated genetic nonresponders were reconstituted with 
bone marrow cells from responders, most of them could develop delayed 
hypersensitivity when challenged with DNP-PLL after sensitization 
with this antigen (Foerster et al., 1969). Lymph node and spleen cells 
were even more effective than bone marrow in achieving this result. It 
was concluded that the process controlled by the PLL gene finds ex- 
pression in some type of lymphoid cell rather than in monocytes or 
macrophages. The discrepancy between the findings of Green et al. 
(1967) and Foerster et al. (1969) has not been entirely resolved but may 
suggest that donor macrophages histocompatible with recipient lympho- 
cytes are required for an effective interaction to occur (E. M. Shevach 
and A. S. Rosenthal, personal communication). 
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The discovery by McDevitt and Tyan that the Ir-1 gene of mice is 
closely linked to the H-2 histocompatibility locus (see Section IV,A) 
stimulated Benacerraf and his colleagues to search for evidence of linkage 
between the PLL gene and the major histocompatibility locus of guinea 
pigs. Among 18 backcross progeny of the generation ( 2  x 13)F, x 13, 
the 9 animals that were responders possessed the ( 2  x 13)F, histo- 
compatibility type, whereas the 9 animals that were nonresponders 
possessed the strain 13 histocompatibility type, thus demonstrating that 
the PLL gene is, indeed, linked to the guinea pig's major histocompati- 
bility locus. Typing for the major histocompatibility locus was accom- 
plished by both the mixed leukocyte culture test and "Cr release from 
lymph node cells exposed to strain 13 antiserum directed against strain 2 
antigens ( Ellman et al., 1970b). 

This linkage was confirmed by the use of a third technique, that is, 
susceptibility to L,C leukemia, a lymphatic leukemia that arose spon- 
taneously in a strain 2 guinea pig. When 15 ( 2  X 13)F, X 13 backcross 
animals were inoculated with 2 x 10" L,C cells, all 9 PLL responders 
were dead within 44 days, whereas all 6 PLL nonresponders were alive 
and free of leukemia at the end of 3 months (Ellman et al., 1971a). 

Two random-bred lines of guinea pigs, the Hartley and NIH strains, 
were tested for major histocompatibility antigens and PLL responsive- 
ness. Among 78 Hartley guinea pigs (42 PLL responders and 36 non- 
responders) and 14 NIH multipurpose guinea pigs (1 PLL responder), 
the lymphocytes of all PLL responders were susceptible to lysis by cyto- 
toxic antistrain 2 antiserum (Ellman et al., 1971a). The complete corre- 
lation between PLL responsiveness and possession of the strain 2 speci- 
ficity suggests that no recombination had occurred between the major 
histocompatibility locus and the PLL gene among these random-bred 
stocks. 

Bluestein et al. (1971a) reported that a random copolymer of L-glu- 
tamic acid and L-alanine (GA) was immunogenic in strain 2 but not in 
strain 13 guinea pigs, whereas a copolymer of L-glutamic acid and 
L-tyrosine ( G T )  was immunogenic in strain 13 but not in strain 2. The 
( 2  x 13) F, hybrids responded to both GA and GT. These observations 
suggested that two separate genes were associated with response to GA 
and GT and that both were dominant over the alleles for nonresponsive- 
ness. Among random-bred Hartley guinea pigs, most animals capable of 
responding to GA could respond to PLL and most nonresponders to GA 
were nonresponders to PLL; but several exceptions to this rule suggest 
that the GA and PLL genes were nonidentical (Bluestein et al., 1971b). 
When 9 progeny of the backcross generation (2  X 13)F, X 13 were 
simultaneously immunized with GA and DNP-PLL, 4 responded to both 
GA and PLL, whereas 5 responded to neither GA nor PLL. The 4 GA 
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and PLL responders were shown to possess the major histocompatibility 
type of strain 2, whereas the 5 nonresponders all lacked the major strain 
2 histocompatibility specificities ( Bluestein et al., 1971~).  These obser- 
vations suggested not only that the GA and PLL genes were linked but 
that both genes were linked to the major histocompatibility locus. Among 
17 progeny of the reciprocal backcross generation, ( 2  x 13) F, x 2, 9 
animals were responders to GT and all possessed the strain 13 major 
histocompatibility specificities, whereas the remaining 8 guinea pigs that 
were nonresponders to GT were shown to lack these specificities. This 
observation confirmed that the locus controlling GT responsiveness was 
linked to the major histocompatibility locus of the species (Bluestein 
et aZ., 1971~). Further evidence for this linkage was obtained when it 
was shown that among random-bred Hartley guinea pigs, all GT re- 
sponders possessed one of the major strain 13 histocompatibility speci- 
ficities ( Bluestein et al., 1971d). 

Since separate genes were shown to control the immune responses to 
GA and GT, it was of great interest to study guinea pigs immunized 
with a random polymer of L-glutamic acid, L-alanine, and L-tyrosine 
(GAT). Bluestein et al. (1972) found no cross-reactivity between delayed 
hypersensitivity skin reactions specific for GA and GT. All inbred strain 
2 and 13 guinea pigs developed delayed hypersensitivity and circulating 
antibodies directed against GAT. However, the anti-GAT sera from strain 
13 guinea pigs (GA nonresponders) were not able to bind GA-HSA-'"I, 
whereas anti-GAT sera from strain 2 guinea pigs (GA responders) were 
able to bind significant amounts of this ligand. The GT gene did not have 
a similar effect on the specificity of anti-GAT sera. The demonstration 
that the specific Ir gene, GA, can affect the specificity of an animal's re- 
sponse to a complex antigen is similar to work done in mice on the re- 
sponse to (Phe,G)-Pro--L (see Section IV,B) and is reminiscent of studies 
on the response of guinea pigs to insulin ( Arquilla and Finn, 1963, 1965). 
An important implication of these studies is that the immune response to 
a complex antigen may be controlled by more than one Ir gene, with each 
Ir gene being associated with the response to one determinant of the 
complex antigen. 

The response of guinea pigs to immunization with hydralazine in 
Freund's complete adjuvant (CFA) was investigated by Ellnian et al. 
(1971b). These authors observed that strain 13 and Hartley guinea pigs 
were able to mount a vigorous immune response to this drug, but that 
strain 2 guinea pigs were nonresponsive to the same antigen. The ability 
to produce this response was inherited as an autosonial dominant trait 
unlinked to the major histocompatibility locus and, therefore, not linked 
to the PLL gene. 

One of the most incisive experiments on the cellular effects of Ir 
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genes was recently reported by Shevach et (11. ( 1972). Alloantisera 
against guinea pig histocompatibility antigens were produced, and the 
effects of these heat-inactivated sera on lymphocytes stimulated by GL 
and GT wcre studied. Peritoneal evudate lymphocytes were incubated 
with antigen for 30 minutes, washed 3 times to remove excess antigen, 
and cultured for 72 hours. Four hours prior to harvesting, tritiated thy- 
midine was added to each culture. The amount of tritiated thymidine in- 
corporated into cellular deoyyribonucleic acid (DNA) was used as a 
measure of the degree of antigenic stimulation. Strain 2 lymphocytcs 
incubated with DNP-GL incorporated an average of 13,409 c.p.m., but 
if strain 13 anti-2 sera were included in the media, only 380 c.p.ni. were 
recorded. Strain 13 lymphocytes responded to GT with 3,612 c.p.m., but 
if strain 2 anti-13 sera were included in the media, only 320 c.p.m. were 
recorded. In  order to determine whether this represented a specific in- 
hibitory effect or a nonspecific blocking effect, this experiment was re- 
peated by using lymphocytes from ( 2  X 13)F, guinea pigs. These 
lymphocytes are capable of responding to both GT and GL and possess 
the histoconipatibility antigens of both parental strains, 2 and 13. Re- 
sponses to phytoheniagglutinin (PHA ) were included as a specificity 
control. Because in all cases the proliferative response to PHA was less 
inhibited than the response to antigen, the results were expressed as the 
ratio of response to antigen to the response induced by PHA. The re- 
sponse to purified protein derivative ( PPD) was included for compari- 
son, since this response was not known to be genetically determined. 

Representative results from this truly elegant experiment are shown 
in Table 111. There can be no doubt that strain 13 anti-2 sera markedly 

TABLE I11 
INHlnITlON OF LYMPHOCYTE PROLIFl<R:\TlON I N  FI ANIMhLS'' 

Serac 

2 Anti-13 
Stimulantb Normal 13 Anti-2 2 Anti-13 + 13 anti-2 

None 3,499 1,479 1,484 1,494 

GT 17,070 (0.25) 12,147 (0.25)  1,770 (0.01) 3,793 (0.07)  
PPD 20,049 (0.31) 12,086 (0.25)  15,159 (0.51) 4,344 (0.09) 
FHA 56,887 (1.00) 44,281 (1.00)  28,094 (1.00) 34,040 (1.00) 

DNP-GI, 68,361 (1.21) 1,231 (0 .0)  46,385 (1.69) 2,17S (0.02) 

~ 

From Shevach el al., 1972. 
Abbreviations: DNP, dinitrophenyl; G, Lgliitanlic acid; I,, IJysine; T, I>-tyrosine; 

c Results are expressed as counts per miiiute per tube; each value is the mean of 
PPD, purified protein derivative; PHA, phytohemagglutinin. 

three determinants. Fraction of PHA response is given in parentheses. 



16 DAVID L. GASSER AND WILLYS K. SILVERS 

inhibited the response to DNP-GL, whereas the same effect occurred on 
the GT response when strain 2 anti-13 sera were used. 

To rule out the possibility that inhibition was caused by blocking cell 
surface immunoglobulins, the alloantisera were absorbed with y-globulin 
of the opposite strain. No decrease in the inhibitory activity of either of 
the alloantisera was observed after these absorptions. It was concluded 
that Ir genes produce a cell surface-associated product and that this 
product plays a role in the mechanism of antigen recognition by the 
T lymphocytes. 

In an interpretation which was at variance with that of Green and his 
colleagues, Levin et al. (1971) have suggested that bone marrow-derived 
cells may be critically involved in the action of the PLL gene. By fluores- 
cence quenching, these authors studied the exact specificity of anti-DNP 
antibody produced by Hartley guinea pigs immunized with a series of 
defined (u,DNP- and r,DNP-oligolysines. When the antigens were in- 
corporated into an adjuvant containing Mycobacterium tuberculosis, 
both responders and nonresponders produced anti-DNP antibodies, 
whereas only responders developed delayed sensitivities as in the experi- 
ments of Green et al. (1969a). However, Levin and his colleagues dis- 
covered an important difference in the anti-DNP antibody produced 
under these conditions. All responder animals made anti-DNP antibodies 
that recognized the precise chain length, k one lysyl residue, of the 
DNP-oligolysines used to induce the immune response as measured by 
an increase in binding energy for that antigen. In contrast, antibodies 
made by nonresponder animals to the identical antigens showed no 
greater binding energy with the immunizing antigen than for DNP- 
oligolysines of other chain lengths. These authors concluded that antigen 
recognition by the antibody-forming cell is directed not only to the hap- 
ten but to the local environment of the hapten as well, and that the PLL 
gene exerts its control in the antibody-producing cell (Levin et al., 
1971 ) . 

More recently, Schlossman and his colleagues have used the method 
of isoelectric focusing to examine the anti-DNP-oligolysine antibodies 
produced by responder and nonresponder guinea pigs. This method is the 
most sensitive technique presently available to identify the products of 
individual antibody-producing clones. Every clone which Schlossman 
observed in more than one animal was seen in both responder and non- 
responder guinea pigs. One clone was seen ten times in individual re- 
sponder guinea pigs and the same clone was observed seven times in 
nonresponder animals. These results strongly suggest that there is no 
detectable difference between responder and nonresponder B cell popu- 
lations. Although the rcsults reported by Levin et al. (1971) remain 
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enigmatic, Schlossman interprets his most recent findings as supporting 
the hypothesis that the PLL gene is expressed exclusively in T cells 
( Schlossman, 1972). 

IV. Responses of Mice to Synthetic Polypeptide Antigens 

A. RESPONSES TO ( T,G ) -A--L, ( H,G ) -A--L, AND 

A very important series of experiments was initiated by the observa- 
tions of McDevitt and Sela (1965) on the responses of inbred mice to 
the branched multichain synthetic polymer, poly ( Tyr,Glu ) -poly-DL-Ala-- 
poly-Lys[ (T,G) -A--L]. These authors demonstrated that when strains 
CBA and C57 were given footpad injections of (T,G)-A--L in Freund's 
adjuvant followed 5 weeks later by another injection of the antigen in 
saline, the antigen-binding capacity of the C57 sera was approximately 
10 times the antigen-binding capacity of the CBA sera. The dosage used 
for demonstrating this effect was 10 pg. in both the primary and second- 
ary injections, but essentially the same result was obtained when the 
dosage was increased to 100 pg. This quantitative difference in antibody 
production was inherited as a dominant trait, and breeding experiments 
suggested that a single gene was largely responsible for this capacity. 
When these same strains were immunized with (H,G)-A--L, a synthetic 
polypeptide similar to (T,G)-A--L except for the substitution of tyrosine 
by histidine, CBA mice gave a good response whereas C57 mice gave no 
response at all (McDevitt and Sela, 1965). When (CBA X C57)F1, 
F, x CBA, and F, x C57 mice were immunized with 100 pg. (H,G)-  
A--L, boosted 5 weeks later and tested 10 days after receiving the booster, 
it was apparent that the difference in the ability of CBA and C57 mice to 
respond to (H,G)-A--L was under genetic control. High response is 
dominant over low response, and more than one genetic factor seems 
to be involved ( McDevitt and Sela, 1967). As discussed in Section 11, it 
is sometimes difficult to assess the number of genes involved in the 
determination of a quantitative trait. The suggestion of McDevitt and 
Sela (1967) that high response to (H,G)-A--L was largely determined by 
a single gene was borne out by studies on congenic strains (McDevitt 
and Chinitz, 1969) despite indications than an unknown number of modi- 
fier genes could be involved ( McDcvitt and Sela, 1967). 

The PLL gene of guinea pigs was shown to have specificity for the 
carrier rather than the haptenic portion of the immunizing antigen 
(Section 111). To determine whether the same principle applied to Zr-1, 
as this Ir gene was named (Herzenberg et al., 1968), Mozes and MC- 
Devitt (1969) immunized CBA a i d  C57 mice with lightly substituted 

(P,G)-A--L: THE Zr-1 GENE 
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(L.S.) or heavily substituted (H.S.) DNP-( T,G)-A--L and DNP- 
( H,G) -A--L. When sera from these mice were assayed for anti-DNP 
antibodies, tlie high responders to (H,G)-A--L ( CBA) produced better 
responses to DNP-( H,G)-A--L than the low responders to (H,G)-A--L 
(C57), when either L.S. or H.S. carriers were used. The high responders 
to (T,G)-A--L (C57) produced better anti-DNP responses to DNP- 
(T,G)-A--L than the low responders to (T,G)-A--L (CBA) when L.S. 
carriers were used. Since substitution with many DNP groups changes 
the antigenic determinants on the carrier, it was not surprising that the 
same correlation was not observed whcn the iiiiniunizing antigen was 
DNP-(T,G)-A--L, H.S. These data are shown in Table IV. I t  was 
shown in control experiments that CBA and C57 responded equally well 
to DNP when the immunizing antigen was DNP-BSA. Thus Mozcs and 
McDevitt have demonstrated that the effect of Zr-1 is priniarily asso- 
ciated with carrier recognition. This conclusion is also supported by 
McDevitt’s demonstration that tlie difference between responders and 
nonresponders can be partially eliminated if mice are injected with 
(T,G)-A--L complexed with niethylated BSA ( McDevitt, 1968). 

McDevitt and Tyan (1968) demonstrated that the ability to respond 
well to (T,G) -A--L could be passively transferred from ( C3H X C57) F, 
donors to irradiated C3H hosts with spleen cells. In an attempt to mini- 
mize the problems of radiation deaths and rejection of injected cells, 

TABLE I V  

CONJUGATES OF SYNTHETIC POLYPICPTIDES~.~ 
RIWONSIC TO DINITROPHENYL .\FTICR I M M U N I Z I T I O N  WITH DINITROPHENYL 

Strain 

CBA c57 

Antigen boundd Antigen boundd 
Imniunixing antigenC (average yo) h l l g e  (average yo) Range 

DNP-(T,G)-A- -L, L.S. 1 0-4 11 6-26 
DNP-(H,G)-A- -L, L.S. 52 47-68 2 0-5 
DNP-(T,G)-A- -L, H.S. 9 6-23 2 0-4 
DNP-(H,G)-A- -L, H.S. 1s 13-28 4 0-8 

0 From Mozes and McDevitt (1969). 
Iodinated dinitrophenyl (DNA)-bovine serum albumin (BSA) was used for the 

titration. The DNP-BSA-’261 was 93% precipitable by trichloroacetic acid and 70% 
precipitable by excess specific antibody. 

Abbreviations: (T,G)-A- -L, poly(Tyr,Glu)-poly-Dr-Ala- -poly-Lys; H, histidine; 
L.S., lightly substituted; H.S., heavily substituted. 

d Antiserum dilution 1/50. 
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they examined congenic pairs of mice differing only at the H-2 locus, 
the genetic rcgion that specifies thc major histocoiiipatibility antigens of 
mice. This experiment led to the discovery that the gene associated with 
response to (T,G)-A--L is closely linked to H-2  ( McDevitt and Tyan, 
1968). Thus it was shown that whrn 38 (CRA X C57)F, X CBA mice 
were immunized with (T,G)-A--L :uid tested for H-2  type, 14 of 1S 
responders were ZI-2”/ H-2” and 22 of the 23 nonresponders were H-Z’./ 
H-2”. Although this pro\*cd that Ir-I is very closc~ly linked to H-2, it was 
Iatcr shown that this gene actually maps within the H-2 region. The 
linkage bctween Ir-1 and fl-2 \vas confirmed by McDevitt and Chinitz 
( 1969) after extensive tcsting of congcmic pairs of mice. These investi- 
gators reported that a characteristic pattcrn emerged when 16 strains 
of cight different H-2 types were immunized with three synthetic anti- 
gens: (T,G)-A--L, ( H,G)-A--L, and ( P,G)-A--L, the last-named antigen 
being similar to (T,G)-A--L esccpt for the substitution of tyrosine by 
pheiiylalanine. The two H-2’ strains rrymnded poorly to all threc anti- 
gens, DBA/1 responded well only to (P,G)-A--L, and all other strains 
responded well to two out of three of thc antigens used, the pattern of 
responscs being the same for all strains of any given €1-2 genotype 
( McDevitt and Chinitz, 1969). 

The exact position of 17-1 within thc H-2 region has been the subject 
of a great deal of careful investigation. Examination of nine H-2 re- 
combinant strains permitted McDevitt et al. (19f39) to localize Zr-l in 
the middle of the H-2  complex, lying between the Ss gene and the genes 
coding for H-2 histocompatibility specificities 11 and 13 ( McDevitt et al., 
1969). Since 1969, information about H-2 has increased a great deal; a 
new model for the organization of this genetic region has been developed 
(Shreffler et al., 1971; Klein and Shreffler, 1972), and the position of 
Zr-1 within this region has been established ( McDevitt et al., 1972). It 
has been proposed that the H-2 complex has undergone one or more 
duplications during evolution so that the present H-2 chromosome con- 
sists of two genetic regions, €€-2D and H-2K, which code for histoconi- 
patibility antigens. Between these two regions are found the Ss-Slp and 
Ir-I genes as shown in Fig. 1. Since thcrc. is no evidence for any func- 
tional relationship between the Ss -S lp  and €1-2 traits, it is quite possildr 

H - 2  Complex ? 

T - t  t_f E K  p--J Ss-Slp H-2D ‘Tla T138 ’ - * - - +--+, -- .- -- .- 

‘‘entromere -7--c-7-- 0.5--1.5- 

FIG. 1. 
Shreffler, 1971.) 

A simplified map of linkage group IX of the niouse. (From Klein and 
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that lr-1 is also functionally unrelated to H-2. Whether or not this is the 
case remains to be determined. 

Studies on the nature of the lesion in the lr-1 nonresponder have led 
to some interesting findings. McDevitt ( 1968 ) initially reported that 
CBA and C57 mice failed to show any simple qualitative difference in 
the antibodies which they produced against ( T,G ) -A--L when immunized 
with antigen in CFA. In order to avoid complications caused by the 
effects of adjuvant on lymphoid tissue and by the possibility of persistent 
release of low doses of antigen from a CFA deposit, mice were immu- 
nized and subsequently boosted with (T,G) -A--L in saline alone 
( Grumet, 1972). This immunization protocol revealed qualitative differ- 
ences between responders and nonresponders that were not evident from 
previous studies. It was shown that both responder and nonresponder 
strains produced equally good immunoglobulin M ( IgM ) responses to 
(T,G) -A--L, but that only responder strains were able to produce a 7 S 
immunoglobulin G ( IgG ) response to this antigen. Both responder and 
nonresponder strains produced brisk primary responses consisting of 
IgM antibody during the first week after immunization. With subsc- 
quent immunization, only the high-responder mice showed immunologi- 
cal menioiy and produced high titers of IgG antibody. It was suggested 
that the Zr-1 gene exerts its effect on the immune response at the time 
of switchover from IgM to IgG antibody production ( Grumet, 1972). 

Although the nature of the lesion in the Ir-1 nonresponder has not 
yet been determined, two possibilities have been ruled out. One pos- 
sibility is that there is cross-tolerance between (T,G ) -A--L and the histo- 
compatibility antigens of the nonresponder. Because high responder 
lymphoid cells that were tolerant of low-responder tissues retained the 
high-responder phenotype, the cross-tolerance hypothesis does not appear 
to be tenable (Chesebro et al., 1972). A second possibility is that the 
inability of low responders to produce high antibody response is due 
to a defect at the level of the antibody-producing cell. Since low 
responders to ( T,G )-A--L can producc a good anti-( T,G) -A--L response 
when injected with (T,G)-A--L coupled to methylated BSA (MBSA) 
( McDevitt, 1966), this possibility would likewise appear to be ruled out. 

Mitchell et al. (1972) made the important observatioii that adult 
thymectomy blocked the IgG response to (T,G)-A--L in responders, but 
did not block the IgM response. Thymectoniized responders and non- 
responders therefore produced the same response to (T,G ) -A--L, which 
consisted of IgM antibody. They also showed that adult thymectomy 
ablated the otherwise high response of nonresponder mice to MBSA- 
( T,G ) -A--L in adjuvant. These experiments suggested that nonresponder 
mice possess a functional or cognitive lesion in their T-cell population 
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with respect to tlie carrier moiety of the (T,G)-A--L immunogen. Thc 
Zr-1 gene effect mediated via T cells would presuinably act during the 
stage of induction of IgG antibody formation. 

Experimcmts by Tyan and McDcvitt ( 1970) havc established that 
the Zr-1 genotype of the thymic epithelial reticulum is not reflected in 
the antibody response to (T,G ) -A--L and ( H,G) -A--L. Thymectomized, 
lethally irradiated mice which normally respond wc-11 to either (T,G ) - 
A--L or (H,G)-A--L were protected with fetal liver cells and a fetal 
thymus graft from donor mice of known lr-1 genotypes. Although the 
thymus was essential for a e1ctectal)lc~ rcsponsc’ to occur, tlie phenotypic 
expression of the rcqioiise was chariicteristic of the genotype of the 
injected liver cells and was indcycwdc~iit of the genotype of the thymic 
epithelial reticulum. 

The various cell populations capable of rcsponding to ( T,G) -A--L 
were analyzed by Tynn (1972) in an in zjitro system. Blood leukocytcs, 
splecn, bonc marrow, and fctal liver cells from high responders or low 
responders werc cultured in the presviice of  antigen, and proliferative 
responses \vere measmcd by incorporation of thymidiiic-”H. An antiscmini 
to the 0 antigen greatly redliced the% rcymises to (T,G)-A--L of blood, 
splecn, and iiiarrow cells but had no effect on the response by fetal liver 
cells. Furthermore, the proliferative, responses of fetal liver cells from 
low-responder or high-respondcr cmbryos were best increased when the 
cells were incubated with spleen cells from irradiated high-responder 
inice previously given syngeneic thym~is cells. These experiments deinon- 
strated that the response to (T,G)-A--L by both high-responder and low- 
responder mice was quantitatively dependent on the function of thyinus- 
passaged cells. 

Further studies on the role of thymus-derived cells in the Zr-1 response 
were reported by Orclal and Grumet ( 1972). These authors demoii- 
strated that a graft-versus-host rc,action induced by injection of non- 
responder lymphoid cells into heterozygous nonresponder recipients at 
the time of primary challenge with ( T,G ) -A--L clicitcd the production 
of both IgM and IgG anti-( T,G)-A--L antibodies. It appeared that non- 
responder T cells activated against host histocompatibility antigens 
could substitutc for (T,G)-A--L reactive T cells to bring about an anti- 
body response normally observed only in responders. 

B. RESPONSES TO THE ( PHE,G) AND PRO--L DETERMINANTS 

The synthetic polypeptide antigen poly-L- ( Phe,Glu ) -poly-L-Pro-poly- 
L-LYS [ ( Phe,G ) -Pro--L] possesses some interesting immunogenic char- 
acteristics. When mice of strain DBA/ 1 wcrc injected with this antigen, 
the antibody reacted nlniost exclusively with the (Phe,G) sequence, 
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whereas S JL mice produced antibody primarily directed to the Pro--L 
portion of the antigen ( Mozes et ul., 1969a). Immunizations of ( DBA/ 
SJL) x SJL mice indicated that the response to the (Phe,G) portion 
of the molecule was determined by a gene linked to the H-2 locus. The 
response to the Pro--L determinant appeared to be genetically distinct 
from the (Phe,G) responsc, since no linkage could be demonstrated 
between H-2  type and response to Pro--L in the (DBA/SJL) X DBA 
population. The gene determining the response to the Pro--L specificity 
was designated Ir-3, but it was evident from the segregation data that 
these results could not be explained solely by a single gene (Mozes et 
al., 1969b ) . In subsequent experiments utilizing younger mice than those 
used initially, data were obtained which more nearly approximate single 
gene segregation ( Shearer, 1972). 

When F, anti-( Phe,G)-Pro--L antisera were tested for their ability 
to bind either (T,G) -Pro--L or (Phe,G)-A--L in the presence of a 100- 
fold excess of the other antigen, there was no inhibition of binding, 
indicating that the two populations of antibodies were separate and 
distinct (Mozes et al., 196913). 

The limiting dilution technique was used to compare the numbers of 
immunocompetent precursors sensitive to ( T,G ) -Pro--L in spleen cell 
suspensions from the low-responder DBA/ 1 and the high-responder S JL 
strains (Mozes et al., 1970). Recipient SJL or DBA/1 mice, heavily ir- 
radiated to destroy their own immune systems, were injected with graded 
numbers of spleen cells from immunized syngeneic donors along with 
antigen. Approximately 60% of SJL sera were positive when 1 X loG 
spleen cells were injected, but 2 4  x lo7 spleen cells were required for 
an equivalent proportion of DBA/ 1 sera to be positive. These results 
suggest that SJL spleens contain approximately 24 times as many (T,G)-  
Pro--L precursor cells as DBA/ 1 spleens. A significant 4.5-fold difference 
was observed in the number of splenic antigen-sensitive precursors from 
nonimmunized donors, suggesting that the defect is expressed even be- 
fore immunization ( Mozes et d., 1970). 

Since SJL and DBA/ 1 mice each recognize different determinants 
on (Phe,G)-Pro--L, this type of analysis has been extended to this im- 
niunogen as well. Graded and limiting inocula of spleen cells from SJL, 
DBA/ 1, and F, donors were injected into X-irradiated, syngeneic 
recipients along with (Phe,G)-Pro--L (Shearer et al., 1971a). Nonim- 
munized DBA/ 1 mice possessed 1 antigen-sensitive unit specific for 
(Phe,G) in 8.5 x 10'; spleen cells and 1 Pro--L-sensitive precursor in 
38 X loo cells. Nonimmune SJL mice were found to have 1 (Phe,G) 
precursor per 20 X 10'; spleen cells and 1 Pro--L-sensitive unit per 3.4 X 
loe spleen cells. The numbers of cells sensitive to (Phe,G) and to Pro--L 
in ( SJL X DBA) F, spleens were approximately the same. These results 
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demonstrate that the genes controlling responscs to ( Phe,G) and to 
Pro--L are both associated with varying frequencies of imiiiunocoiiipeteiit 
precursors and that two different poplations of splecn cells are involved 
in the response to these determinants (Shearer et ul., 1971a). 

Mozes and Shearer ( 1971) have demonstrated that the response to 
( Phe,G ) -Pro--L requires cooperation I)ct\ve~en tliymocytcxs and bone liiar- 
row cc4s. A noiiliiiiiting iiuiiilwr of thymocytes w a s  mixed with liiiiitiiig 
nuiiibers of bonc iii:irron7 cells and transferred into syngencic irradiated 
recipients. In SJL micc, nl)out S tiincs ns many iii;irrow precursors \vcre 
detected for Pro--L as for (Phe,G), whereas, in DBA/1 mice, about 5 
times as many ( Phe,G) niarrow precursors as Pro--L precursors werc 
cstiiiiated. 

When a large numbcr of I~oiie iiiarro\v cells was iiiised with graded 
numbers of syngeneic thymocytes and injected with antigen into havi ly  
irradiatcd recipients, no significant differcnces werc observed betwecn 
SJL and DBA/1 mice in their responses to the (Phc1,G) and Pro--L 
determinants ( Mozcs and Shearer, 1971 ) . This conclusion w a s  modified 
in a. subsequent piper, however, in which it was reported tlint only the 
response to Pro--L was reflected solely by frequency of bone iiiarrow 
cell precursors. The respolisc to ( Phe,G ) involved frequency differcwxs 
in both bone iiiarrow aiid thymus cell popiilations (Shearer et ul., 1972). 

Tlie respoiise to the Pro--L cleterminant can be enhanced in low 
responders by injection of peritoneal cells or poly AU,' but this is not the 
case with the response to (Phe,G) (Sliearer et nl., 197111). Sincc it W;IS 

shown that poly AU increasead the number of bone marrow precursors 
in DBA/ 1 micc, these obsrrvatioiis are compatible with the interpretation 
that iioiirespoiise to Pro--L represents a B-cell defect and nonrcsponscb 
to (Phe,G) involves a defect in T-cell function. 

C. RESPONSES TO GLA, AND GAT 

In studies on the antigcmicity of synthetic polypeptidc>s, Pinchuck and 
Mnurer ( 1965a) observed that antibocly responses could not be obtaiiicd 
when mice were injected with copolymcw of only two amino acids, h i t  
the introduction of as little as 4 mole 2 of a third amino acid resulted iii 
an immunogenic molecule, regardless of the nature of the third amino 
acid. Depending on the composition of the injected antigen, variable 
proportions of random-bred Swiss iiiicc, produced antibodies that were 
detected by passive Iie~iiagglutiiiatioi~ of antigen-coated, tanned, red 
blood cells. The polymer G1u"Lys""Ala~ ( GLA, ) was iiiimuiiogeiiic in 
three inbred strains and did not rlicit antibody response in four strains 
( Pinchuck and h/laurer, 19651) ) , Forty-seven percent of the Swiss mice 

Po1)adenylic-uridylic acid. 
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responded to this antigen, and matings were set up between male and 
female responders and male and female nonresponders. All progeny of 
the nonresponder matings were nonresponders, and most of the progeny 
of the responder Inatings were responders. It was suggested that a singlc 
dominant Mendelian factor determined the ability to respond to GLA,. 

Strain C57BL/6J mice normally respond very poorly to Glu"Ala3"- 
Tyr"' (GAT), whereas C3H/HeJ and DBA/2 strains respond very well 
to this polymer. Pinchuck et al. (1968) studied the possible role of 
macrophage ribonucleic acid (RNA) in the deteimination of this differ- 
ence. When RNA, extracted from rabbit or mouse macrophages which 
had been incubated with antigen, was injected into either primed 
or unprimed C57BL/6J recipients, a number of these mice produced anti- 
GAT antibodies. When rabbit macrophages were incubated with G1u"- 
L y ~ ~ * A l a ' ~  ( GLA ) and injected into recipient mice, anti-GLA antibodies 
could be detected in all cases, but anti-GAT antibodies could not be 
detected at all, even if the RNA was incubated with GAT prior to in- 
jection. Although these studies are very interesting, their significance is 
unclear since they have not been followed up by further work. 

The immuiiogenicity of GAT in a nuniber of inbred and congenic 
strains of mice was examined by Martin et al. (1971), who showed that 
the ability to produce anti-GAT antibody correlated with the possession 
of any one of four alleles at the H-2 locus. Mice possessing any one of 
seven other 11-2 alleles did not respond at all to this antigen, and the 
pattern of reactivity of inbred strains was different from that observed 
with any previously studied antigen ( Merryinan and Maurer, 1972). 
When this antigen was complexed to MBSA, nonresponder mice were 
capable of producing as much anti-GAT antibody as responder mice 
(Gershon et al., 1972; Dunham et at., 1972). Since there was no signifi- 
cant difference in the number of lymphocytes from unsensitized re- 
sponders and nonrespoiiders capable of binding antigen ( Dunham et al., 
1C372), these two observations suggest that antigen-sensitive precursor 
cells of the nonresponders were not defective. It was concluded that the 
inability of nonresponder mice to produce anti-GAT antibodies must be 

( Dunham et al., 1972). 
One possible explanation for the mode of action of this Ir gene is 

that T cells of nonresponders are able to recognize GAT but are easily 
made tolerant of it. When lethally irradiated nonresponders were 
inoculated with syngeiieic thymocytes and GAT, they made good primary 
responses as measured by DNA synthesis, but were unable to respond 
when confronted with GAT a second time. When intact responders and 
nonresponders were injected with GAT and then challenged with GAT/ 

attributed to a genetic defect in the thymus-derived cell popul a t' 1011 
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MBSA, the anti-GAT response of nonresponders was abolished, but 
responders produced normal secondary responses ( Gershon et aZ., 1972, 
1973). 

V. Genetics of Response to Naturally Occurring Antigens 

A. RESPONSES OF RABBITS AND M i a  TO BOVINE SEIKJM ALBUMIN 

Sang and Sobey ( 1954) observed that some of the rabbits which they 
injected with BSA were complete nonresponders to this antigen, that 
breeding tests showed this to he a genetically determined trait, and that 
responsiveness is associated with a number of recessive genes ( Sobey, 
et aZ., 1966). 

Similar experiments were extended to mice, in which 1 animal out 
of 50 injected with BSA produced no detectable circulating antibody and 
continued to show circulating RSA ( Sobey et al., 1966). The offspring 
of this mouse were used to initiate a selection experiment in which male 
and feniale nonresponders to BSA were matcd to produce the next 
generation. As in the case with rabbits, the results of this experiment did 
not support a single-gene model (Sobey et al., 1966). 

Subsequent experiments showed that with low doses of BSA, the 
putative nonresponder or Sobey mice were as reactive as responder Swiss 
white mice. However, when antigen doscs greater than 500 pg. were 
injected, Sobey mice frequently became tolerant whereas Swiss white 
mice did not (Hardy and Rowley, 1968). The genes for unresponsive- 
ness to BSA, therefore, appear to be involved in lowering the threshold 
of tolerancc induction. These genes have recently been transferred from 
Sobey mice to a BALB/c genetic background (Hardy and Kotlarski, 
1971). 

B. RESPONSES TO DIPHTHERIA TOXIN AND TETANUS TOXOID 

By eniploying diphtheria toxin as the antigen, Fjord-Scheibel ( 1943) 
attempted to develop lines of good and poor antitoxin producers in 
guinea pigs. Within oiie generation, over 90% of the pigs selected for good 
production wcre antitoxin producers, but five generations of selection 
were reqiiircd to develop a line that did not produce antitoxin. As pointed 
out by Carlinfanti ( 1948), this observation suggests that the factors 
rcsponsible for antitoxin production are inherited as recessives. 

Ipscw ( 1959) examined the immuiiizal~ility of four inbred mouse 
strains with tetanus toxoid. After injections of varying doses of toxoid, 
mice were given challenge doses of toxin and were scored according to 
how soon dcath occurred, or, in  the case of those that survived, whether 
or not the miec had tetanus aftcr 168 hours. These experiments demon- 
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strated significant differences in the ability of members of each of the 
four strains to become immunized and also showed that the same differ- 
ences occurred when the mice were given a secondary immunization. 

C. RESPONSES TO HUMAN A, AND B ANTIGENS 

Carlinfanti ( 1948) examined the anti-A,, anti-A,, and anti-B ag- 
glutinins in fifty-one families with 159 children and looked for parent- 
off spring correlations in the titers of these antibodies. The following 
values of the linear coefficient of correlations were obtained: 

anti-A, 
fathers-children, 0.55 f 0.11 
mothers-children, 0.52 f 0.15 

anti-B 

fathers-children, 0.41 f 0.09 
mothers-children, 0.36 f 0.0s 

The theoretical value expected if agglutinin titers were determined 
solely by heredity in the absence of dominance is 0.5, and dominance 
would lower this value to approximately 0.3. Therefore the values ob- 
tained suggest that the agglutinin titers to the A, and B antigens are to 
a large extent genetically controlled. This problem ought to be re- 
examined in the light of more recent information. It is quite possible 
that, if donors were typed for HL-A haplotypes, a significant correlation 
between HL-A type and anti-A, and anti-B titers could be demonstrated 
within families such as these. 

D. RESPONSE OF CATTLE TO THE 0 BLOOD GROUP OF SHEEP 

In the J-Oc blood group system of cattle, animals can be classified 
according to four phenotypes: J, JOc, Oc, and "-" ( Sprague, 1958). Some 
cattle of the "-" phenotype were shown to possess a naturally occurring 
antibody with specificity for the 0 blood group of sheep. Among cattle 
matings consisting of "-" x "-" crosses, production of the naturally 
occurring anti-0 antibody was shown to be transmitted by a single 
dominant gene ( Sprague, 1958). Although this system is potentially just 
as interesting as any of the others that have been studied, unfortunately 
no additional work has been done on it. 

E. POLYCENIC CONTROL OF THE MURINE RESPONSE TO SHEEP 

A two-way selection experiment for high and low antibody response 
was undertaken by Biozzi et al. (1968a,b, 1970a,b, 1971a). Sixty-two 

RED BLOOD CELLS 



GENETIC DETERhfINANTS 01; Ih.Ih[UNOI.OCICAI, 1W.SPONSIVENESS 27 

random-bred Swiss micc were initially immunized against sheep red 
blood cells (lSRBC) and were then nssortntivcly mated-high responders 
with high responders and low respondcw with low responders. This 
type of selection was continued for six generations, at which time it was 
observcd that high responders to SRBC were also high responders to 
pigeon red cells, and low responders to SRRC were low responders to 
pigeon red cells, despite the fact that no cross-reactivity was obscrved 
between these two types of erythrocytes (Biozzi et al., 1970a). It was 
also observed that antibody production against SRBC was inhibited by 
maternally transmitted antibodies. For subsequent generations of 
selection, mice were therefore immunized with pigeon red cells in 
alternate generations. By the ninth generation of selection the two lines 
were completely separated in the ranges of antibody titer produced in 
response to SRBC, with a thirty-fold difference between the mean ag- 
glutinin titers attained (Biozzi et al., l%Sb). The two lines were also 
separated with respect to their antibody responses to the 0 and H 
antigens of Salmonella typhi  (Biozzi et al., 1970b), hen ovalbumin 
( Prouvost-Danon et al., 1971), pncumococcal polysaccharide SIII 
(Howard et al., 1972), DNA hapten (Del Guercio and Zola, 1972), and 
T4 bacteriophage ( Lieberman et al., 1972a). 

After thirteen generations of selection, the levels of serum imniuno- 
globulin were determined in low and high responder lines. It was ob- 
served that ( I ) immunoglobulin lcvels in the high responders before 
iinniunization were about doublc those in the low responders, except 
for IgM where the difference was much smaller, and (2), after immuni- 
zation, low responders showed little increase in immunoglobulin levels, 
whereas high responders showed a large increase (Biozzi et al., 1970a). 
When individual mice were typed for immunoglobulin allotypes, there 
was considerable variation in the phenotypes expressed in the high line, 
but all mice of the low line exhibited the identical phenotype Ga,5.7z8H’,1’- 
A-Fr ( Biozzi et al., 1970a). Apparently this breeding program selected 
for genes concerned with genetic regulation of immunoglobulin synthesis 
irrespective of antibody specificity, and in the case of the low line, for a 
heavy chain linkage group associated with depressed immunoglobuliil 
levels. 

That the two populations did not differ in thymus-derived cell func- 
tions was suggestcd by the observation that the high and low lines 
behaved alike in graft-versus-host reactions ( Byfield and Howard, 1972). 
There was no difference in the rejection time of interline skin grafts ex- 
changed between high and low responders, but the high line produced 
a much higher titer of cytotoxic antibodies than did the low line (Biozzi 
et a?., 1971b). When mice of the two lines were injected with 100 or 
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200 pg. of benzopyrenc, the incidence of tumors was higher in the low 
line for both doses (Biozzi et al., 1971b). Since the two lines did not 
appear to differ in cell-mediated immunity, the greater tumor resistance 
of the high line seemed to be based on humoral rather than cellular 
immunity. 

When Sarcoma 180 grafts were implanted subcutaneously into low 
responders and high responders, the tumors completely regressed in the 
low line in less than 40 days but they grew progressively larger in the 
high line (Biozzi, 1972). Apparently, tumor growth in this case was 
facilitated by the production of enhancing antibodies by the high 
responder mice, whereas failure to produce such antibodies had a 
protective effect in the low responder mice. 

Evidence has been reported suggesting that the genes by which these 
two lines differ are involved in regulation of the rate of multiplication 
and differentiation of the antibody-producing cells (Biozzi et al., 1972). 
Before immunization, thc two lines of mice had similar numbers of 
rosette-forming cells (RFC)  and plaquc-forming cells (PFC) ;  after im- 
munization, the high line possessed 11 times as many PFC per spleen 
as the low line. The RFC doubling time for the high line was calculated 
to be 11 hours as compared with 19 hours for the low line. The PFC 
doubling times in the high and low lines were estimated as 5 hours and 
11 hours, respectively (Biozzi et al., 1972). 

In order to evaluate the role of the heavy chain linkage group in this 
genetic system, mice of the high and low lines were crossed to obtain 
F,, F,, and backcross individuals. When these mice were immunized 
against SRBC, a significant correlation was observed between their anti- 
body responses and their immunoglobulin allotypes. For example, in the 
F, generation, mice that were homozygous for the allotypes of the high 
line showed a significantly greater response to SRBC than did mice that 
were homozygous for the allotypes of the low line, with the heterozygous 
mice showing an intermediate level of response. These results suggest 
that one of the genes involved in the response to SRBC is linked to the 
immunoglobulin, heavy chain, allotype loci ( Lieberman et al., 1972a). 

Playfair (1968a) observed differences among three inbred strains of 
mice, NZB, C57BL, and BALB, in their PFC responses to SRBC, and it 
was suggested that at least three genes were responsible for these differ- 
ences. Neonatal thymectomy reduced the response of all three strains 
to the same low level. When irradiated (NZB x C57BL)F, and (NZB x 
BALB ) F, hybrids were given mixtures of parental and syngeneic cells, 
it was shown that the high NZB response to SRBC was characteristic 
of newborn liver rather than of thymus cells ( Playfair, 1968b). 

The NZB thymus cells were shown to be more resistant to tolerance 
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induction by high levels of SRBC than the BALB thymus cells (Playfair, 
1971 ) . This was demonstrated by measuring spleen PFC responses in 
irradiated (NZB X BALB)F, mice that had received syngeneic marrow 
cells, various doses of SRBC, and thymus cells from either NZB, BALB, 
or F, donors. In each case the “thymus effect” was determined by sub- 
tracting the PFC obtained with bone marrow and SRBC alone from those 
obtained with marrow, SRBC, and thymus. The peak thymus effect for 
BALR cells occurred at a much lower dose of SRBC than for NZB cells. 
It was suggested that the increased propensity of NZB mice to develop 
autoimmunity (Howie and Helyer, 1968) could in part result from a 
raised threshold of NZR T cells for both immunity and tolerance (Play- 
fair, 1971). 

F. GENETICS OF RESPONSE TO THE EA-1 BLOOD GROUP ANTIGENS 

The Ea-1 blood group system was discovcred in wild populations of 
the houw mouse, hlus niuscu2u.s (Singer et al., 1964). Three alleles, 
Ea-l“, Ea-1”, and Ea-l”, arc determined by a single locus which is linked 
to the Es-1 serum esterase locus in the eighteenth linkage group (Foster 
et a!., 1969). Despite the fact that all inbred strains which have been 
typed so far are Ea-I”, most of these strains are not capable of producing 
agglutinating antibodies to Ea-1.’ or Ea-1” antigens. 

The inbred strain which initially was observed to be the best re- 
sponder to Ea-1 antigcns was YBR. When YBR was crossed with either 
of two nonresponding strains, BALB or CBA, responsiveness behaved 
as a rccessive trait determined by a single gcne. This locus was named 
IT-2 and was shown to be linked to agouti in the fifth linkage group. Since 
11-3 and H-6 are also linked to agouti with recombination frequencies 
comparable to that occurring between 17-2 and agouti, it was suggested 
that IT-2 could be closely linked or identical to one of these loci (Gasser, 
1969). 

It seemed unlikely that the nonresponders were tolerant or “cross- 
tolerant” of Ea-1 antigens because (1) in vivo and in vitro absorption 
expcriments failed to detect any Ea-1 antigens in nonresponder tissues, 
( 2 )  soine mice of the nonresponding BALB strain were capable of 
responding to Ea-1 when intensively immunized, and ( 3 )  the Ea-1 locus 
is carried in the eightecnth linkage group whereas IT-2 maps in the fifth 
linkage group ( Gasser, 1969). 

When YBR mice were mated with C57BL/ 10 ( BlO), a strain in which 
approxiniately 80% of the mice are noiiresponders to Ea-1, responsiveness 
was inherited as a dominant trait and a significant nongenetic effect was 
observed (Table 11, Section 11). In order to demonstrate the importance 
of genetic factors, assortative matings were made between male and 
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female responders and male and female nonresponders to obtain F,, F3, 
and F, generations. The F4 generation obtained in this way included 81% 
responders in the line selected for response, and the line selected for non- 
response did not include any responders ( Gasser, 1970). 

It was suggested by Gasser and Shrefflcr (1972) that these rcsults 
could be expIained by the segregation of two genetic loci, one of which 
was closely linked or identical to the H-2  locus. Two independent types 
of evidence were obtained in support of this hypothesis: ( 2 )  when 
(YBR X BlO)F, mice were tested for 11-2 type and for response to Ea-1 
antigens, a significant correlation was observed betwecn these two char- 
acteristics; and (2)  data obtained from F, and backcross generations 
derived from YBR, an H-2l  strain, and B10, an H-2" strain, did not sup- 
port single-gene determination of response to Ea-1, but when YBR was 
crossed with B10.D2, an H-2d strain with the B10 genetic background, 
response to Ea-1 segregated as a single-gene trait. 

Work is in progress which hopefully will provide further information 
about the gene by which YBR and B10.D2 differ. There can be no doubt, 
however, that the nonresponder gene possessed by CBA and BALB is 
different from either of the nonresponder genes possessed by  B10, since 
a single dose of the lr-2 nonresponder gene causes a mouse to be unre- 
sponsive to Ea-1. 

G.  RESPONSES TO LACTIC DEHYDROCENASE SUBUNITS 

Some very interesting immunogenic characteristics of the enzyme 
lactic dehydrogenase (LDH) have been described by Rajewsky and his 
colleagues (Rajewsky et al., 1967; Rnjewsky and Rottlander, 1967; 
Armerding and Rajewsky, 1970). Lactic dehydrogenase is a tetramer 
that can exist in all possible combinations of two subunits, A and B 
(A4, AsB, A2BZ, AB:,, and B4). In some rabbits this enzyme behaved like 
a hapten-carrier system in that the haptenic B subunits induced antibody 
formation only if combined with carrier A subunits. In other rabbits the 
B subunits alone were immunogenic, and the ability to respond to B, was 
inherited as a genetic trait (Rajewsky and RottlBnder, 1967). Hypo- 
responsiveness to the A,B, enzyme could be induced by injection of 
LDH-A, into newborn rabbits. Both anti-A and anti-B titers were equally 
depressed. The response to A,B, was not depressed by neonatal injections 
of LDH-B,. The carrier property of the A subunit was therefore evident 
in the induction of both immunity and tolerance to LDH-A,B, (Rajewsky 
et al., 1967). 

The situation in rats differed in that Sprague-Dawley and Wistar rats 
responded equally well to EDH-B, but they differed drastically in their 
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response to LDH-A,. At low doses of antigen, only Sprague-Dawley rats 
produced a detectable response to LDH-A ,, but with increasing doses of 
antigen, Wistar rats could also bc stimulated ( Aimerding and Rajewsky, 
1970). Since there is some evidence that carrier spccificity can be 
partially overridden by high doses of antigen ( Brownstone et ul., 1966), 
these results wcrc compati1)le with tlic iiiterpretatioii that the difference 
between these two strains involved a difference in carrier recognition. 

Breeding experiments sliowcd that tlic difference in response to 
LDH-A, was determined by a single gene ( Armerdiiig and Rajcwsky, 
1970), and it was subsequently shown that this gene was closely linked 
to thc major 1ii.tocoiiipatibility locus of rats, H - l  or A g - B  (Wiirzburg, 
1971). Further evideiicc that the A g - B  region of rats controls immuno- 
logical reactivity is providcd by the demonstration that tlie response to 
(T,G) -A--L is also associated with this locus (Gunther et ul., 1972). 

H. GENETICS OF RESPONSE TO THE H-Y ANTIGEN 

Males of all inbred strains of mice which have becn appropriately 
tested are known to possc~ss a liistocoiiipatibility antigen lacking in fe- 
males (reviewed in Gasser and Silvers, 1972). Females of some inbred 
strains rapidly reject skin grafts from males of the same strain, whereas 
females of othcr strains reject such grafts veiy slowly or not at all. It 
has been demonstrated that the H-2 region is of primary importance in 
determining the ability of female mice to make this response (Gasscr and 
Silvers, 1971a; Bailey and Hoste, 1971), but other genetic factors also 
appear to be involved (Gasser and Silvers, 1971b). It has also been 
demonstrated that C3H and DBA females that cannot reject male skin 
are, nevertheless, capable of making good serum antibodies to the Y 
antigen ( Goldberg et al., 1972). 

Evidence suggests that a specific site within the H-2 region control- 
ling the respoiisc to H-Y is near H-2K and could be identical to Zr-I 
(Bailey, 1971b; Stimpfling and Reichert, 1971 ) . The only evidence which 
is at variance with this conchision is tlie observation of Bailey (1971b) 
that HTG females reject iiialc skin in a manner comparable to fcniales of 
H-2" strains. Strain HTG mice possess the H-2'' allele which is R re- 
combinant chromosome possessing tlie I> specificities in the H-2D region 
and tlic d specificities in the H-2K region (Kleiii and Shreffler, 1971). 
The b-like rcsponsc of HTG mice suggests that either this response is 
determined by a non-H-2 gcne or that there is a gene in the H-2D region 
that is responsible for this effect. Experiments by Gasser and Shrcffler are 
in progrcss which hopefully will determine which of these alternatives 
is correct. 
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I. ANTIBODY RESPONSE TO IMMUNOGLOBULIN A AND G 

Lieberman and Humphrey ( 1971 ) studied antibody responses of 
inbred and congenic strains of mice to allotypic determinants on IgA 
niyelonia proteins. These authors observed that mice possessing the H-2 
alleles, a, k, s, and r, were good responders whereas those possessing 
alleles b, (1, q, I, and 2) were poor responders or nonresponders. Two 
strains possessing H-2 alleles derived by recombination between H - 2 L  
and H-2" chromosomes were immunized, and the results suggested that 
the gene controlling response to IgA mapped between the genetic deter- 
minants of H-2 specificities 2 in H-2D and 22 in H-2K. 

Lieberman and Humphrey (1972) demonstrated that the rcsponsc to 
IgG 7221 allotypes was also determined by an H-2-linked gene. Evidence 
that this gene was different from Zr-ZgA was obtained by immunizing five 
strains possessing H-2 alleles derived by recombination between H-2" and 
H-2". Strain H-2L mice are high responders to IgA but not to IgG allo- 
types, and H-2" mice are high responders to IgG but not IgA allotypes. 

ALLOTYPES OF MICE 

b 5, 33 - + S s h  S I P 0  2 

4R 111PP~~~z131D11111~1-1 + :: + S s h S l p O  2 

FIG. 2. Schematic representations are shown of the chromosomes of B1O.A 
( H - 2 " ) ,  B10 ( H - 2 ' ) ) ,  and of the H-2"/H-2b  crossover chromosomes of B1O.A ( l H ,  
2R) ,  BIO.A (3R,  5R), and B1O.A (4R) .  The region of crossover in the generation 
of each recombinant chromosonre is indicated by an X. It has previously been 
established that B1O.A ( 4R)  chromosome resulted from a crossover event between 
the K region of H - 2  and Ss-SZp genes. Data presented elsewhere indicate that the 
crossover separates the IT-IgA and IT-ZgG genes occurring in this region, and, thus, 
Zr-ZgA and Zr-IgG are at sepitratc loci. The 1R kind 2R chroinosonies are conil)ined as 
the H - 2  products have not yet been distinguished; this is also true of 3R and 5R.  
( Froin Lieberman et al., 197211. ) 
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Of the five recombinant strains tested, one was a high responder to both 
IgG and IgA, which established the genetic distinction between Zr-ZgG 
and Zr-ZgA genes (Lieberman et al., 197213). The results of testing the 
various recombinants are summarized in Fig. 2, in which one can observe 
the type of reconibination between the a and b chromosomes that would 
be required in order to derive the 4R chromosome. Genes Zr-ZgA and 
Zr-ZgG thus appear to map in approximately the same position as Zr-1 
(Fig. 1). Evidence was obtained suggesting that Zr-ZgG and Zr-l are 
distinct from one another, but the question of whether lr-lgA and Ir-1 
are at different loci has not yet been resolved (Lieberman et al., 1972b). 

J. MURINE RESPONSE TO BACTERIOPHAGE fd 

The antibody response to the bacteriophage fd was analyzed in 
several inbred strains of mice by Kolsch et al. (1971). Strain CBA/MH 
was found to be a high responder, AKR/HO was a low-responder, and 
( CBA X AKR) F, hybrids behaved like the high-responding parental 
strain over the whole dose range tested. Dominance in the F, is therefore 
complete, but among 45 F, animals, only 29% were high responders. 
Despite the authors' interpretation to the contrary, the response to fd 
bacteriophage does not appear to be determined by a single gene, since 
75% of the F2 generation would be expected to be high responders if 
this were the case. 

Kolsch and Diller (1971a) observed that partial low zone tolerance 
to phage fd could be induced in the high-responding C57BL/6J straiL 
as well as in the low-responding AKR/ J strain. Partial tolerance was more 
readily established in the C57BL/6J strain, however, suggesting that 
receptor antibodies in the low-responding strain differed from those pres- 
ent in high-responding mice. Experiments utilizing acid dissociation of 
antigen-antibody complexes provided evidence that antibodies from 
low-responder mice showed a inore restricted heterogeneity than anti- 
bodies obtained from high responders ( Kolsch and Diller, 1971b). 

VI. Genes on the X Chromosome Influencing Immune Responses 

The first evidence that the immune response is controlled in some 
way by a gene on the X chromosome stemmed from the description by 
Ogden Bruton in 1952 of a sex-linked agammaglobulineniia. This disease, 
now known as "infantile sex-linked agarnmaglobuliiiemia" ( Seligmann 
et al., 1963), is chiefly one of the ininiuiioglobuliii-producing system. 
Although an affected child has ii normal-appearing thymus, produces 
normal aniounts of blood lyniphocytes, nncl is therefore able to exhibit 
delayed hypersensitivity and homograft reactivity, he has virtually no 
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capacity to form plasma cells and y-globulin. Indeed, many patients with 
this syndrome have never produced detectable antibodies. 

Patients with another X-linked disease, the Wiskott-Aldrich syndrome 
(Aldrich et al., 1954; Cooper et al., 1968) or immune deficiency with 
thrombopenia and eczema ( Seligman et d., 1968), possess immuno- 
globulins of all major classes, but serum IgM levels are usually low. 
These patients respond to certain antigens with nornial IgM and IgG 
antibody synthesis, but their antibody responses to several polysac- 
charide antigens are deficient. There are indications that a third disease, 
primary lymphopenic inmunological deficiency, may also be sex-linked 
(Gitlin and Craig, 1963; Seligman et al., 1968). Whatever the underlying 
mechanisms of these disorders might be, it is clear that genes on the 
human X chromosome are involved in humoral immune functions and 
that mutant forms of these genes are associated with immunological 
deficiencies. 

Levels of serum IgM immunoglobulin were observed to be higher in 
XXX and XXXY individuals than in normal XX women and XXY per- 
sons, whereas normal XY males had the lowest IgM levels of all of these 
groups (Rhodes et al., 1969). The serum levels of IgG and IgA were not 
correlated with the number of X chromosomes. These results suggested 
that at least one gene on the X chromosome is involved in IgM pro- 
duction and that this gene is not subject to “Lyonization” (Lyon, 1961). 

Further evidence for the existence of such a gene was obtained by 
Grundbacher ( 1972), who showed that the best parent-offspring corre- 
lation in serum IgM levels was obtained when a parent was compared 
with a child to whom an X chromosome was transmitted. Thus a much 
closer correlation was shown between boys and their mothers than be- 
tween boys and their fathers, and the serum IgM concentrations of girls 
were more closely correlated with those of their fathers than with those 
of their mothers. These correlations were not observed with respect to 
IgG or IgA levels. 

The abilities of inbred strains of mice to produce serum antibody and 
antibody PFC‘s in response to Type 111 pneumococcal polysaccharide 
(SSS-111) were studied by Braley and Freeman ( 1971) and Amsbaugh 
et aZ. ( 1972). Both groups observed significant differences among strains 
and reported that these differences were genetically determined. Ams- 
baugh et al. (1972) obtained evidence that an X-linked gene was involved 
in this response. When females of the low-responding strain CBA were 
mated with male BALB high responders, the male offspring gave a low 
response to SSS-I11 whereas females from the same mating gave an 
intermediate response. The intermediate response of the females was 
explained on the basis of the Lyon hypothesis ( Lyon, 1961 ) . When mice 
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of the F, and backcross generations wcre testcd, the results were com- 
patible with thc hypothesis that a single gene on the X chromosome of 
CBA mice w a s  associated with low rcsponsiveness. For example, there 
were no low responders among the females of the ( ? [ ? CBA X d” 
BALBIF, X 6 BALB) backcross gcncration, but 7 of 11 males in this 
generation were low responders. 

Most of the antibody to SSS-111 w a s  of thc IgM class, and the low- 
responding CBA strain also gave extremely low or undetectable IgM 
antibody responses to SRBC, SSS-I, SSS-11, and Escherichin coli lipopoly- 
saccharide. The gene or genes controlling tlic SSS-111 response, and per- 
haps these other responses, could well be homologous to the human 
X-linked genes described above. 

VII. Tumor Susceptibility and Immune Response Genes 

Eight steps that take place in the viral induction of tumors have been 
outlined by Lwoff ( 1971 ) , and genetic factors could conceivably influence 
any of these. Several of these steps could also be influenced by an im- 
niune responsc, so genetic factors controlling such a response would be 
likewise reflected in inherited differences in tumor susceptibility. This 
subject has been reviewed recently (Lilly, 1970a, 1971a, 1972), and in the 
present article only a few aspects of the role of I r  genes in tumor sus- 
ceptibility will be discussed. 

One of the most important observations on the role of genetic factors 
in tumor susceptibility was the discovery that susceptibility of mice to the 
Gross leukemia virus is strongly influenced by their H-2 genotype (Lilly 
et al., 1964). That susceptibility or resistance could have an immuno- 
logical basis was suggested by Aoki et nl. (1966), who reported that 
many mice of the H-2”/ H-2” or H-2”/ H-2” genotypes, which are resistant 
to the Gross virus, possessed a natural antibody to the Gross leukemia 
antigen, but mice of the susceptible genotype H-2’$/ H-2h did not possess 
this antibody. 

Further evidence for the primary importance of H-2  in determining 
susceptibility to the Gross virus was obtained by the examination of 
congenic mouse strains. In each case, on a given genetic background, 
changes of H-2 type produced a significantly different level of suscepti- 
bility to Gross virus infection ( Lilly, 1970b). The locus determining the 
response to the virus was designated Rgu-1 and was shown to be located 
near the K end of the H-2 region (Lilly, 1970a). It was proposed that a 
second locus unlinked to H-2, R p - 2  is also involved in determining 
resistance to the Gross virus (Lilly, 1970a, 1971b). 

The possible mechanisms by which Rgu-l could determine suscepti- 
bility or resistance to the Gross virus have been discussed by Lilly (1971a) 
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and include: ( a )  the functioning of the H - 2  antigens as virus receptor 
sites, ( b )  an interaction between an H - 2  antigen and a virus-induced 
antigen which leads to the expression of a new antigen necessary for the 
development of neoplastic propertics of the cell, and ( c )  an effect of 
IT-1, which determines the host’s ability to respond immunologically to 
virus-induced antigens and thereby its capacity to reject the infected 
cells. 

Resistance to the Friend leukemia virus is determined by a number 
of loci in mice (Lilly, 1972) : H - 2  or a closely linked locus (Lilly, 1968), 
Fu-1 (Lilly, 1970b; Rowe, 1972; Rowe and Hartley, 1972), Fu-2 (Odaka, 
1970; Lilly, 1970b), f (Axelrad and van der Gaag, 1968), W (Steeves, 
1971), and SZ (Bennett et al., 1968). In addition, it was demonstrated by 
Axelrad (1!366) that congenic pairs of mice differing at the H-7 locus 
show significant differences in susceptibility to the Friend virus. It is 
now known that H-7 and Fu-2 are either linked or identical (Lilly, 1972), 
which would explain this finding. Three of the above genes ( f ,  W, and 
S I )  are known to affect erythropoiesis and apparently increase resistance 
to the virus by decreasing the availability of target cells for it (Lilly, 
1972). The mechanism by which Fu-1 affects tumor susceptibility has not 
been conclusively established, but experiments by Rowe and Hartley 
(1972) are compatible with the interpretation that this locus contains 
virus genetic determinants. 

Experiments by Dietz and Rich (1972) confirmed that regression of 
Friend virus occurred primarily in mice homozygous for the H-2k allele 
and did not occur in two H-2z strains. But the failure of leukemia re- 
gression in one H-2k strain and the occurrence of regression in one H-2d 
strain suggested that H - 2  itself was not responsible for these differences. 
Lilly’s results could therefore be explained either by the occurrence of a 
non-H-2 gene closely linked to H-2,  or by the fact that resistance re- 
quired the combined influence of H - 2  plus one or more other genes. 

The susceptibility of four inbred and four congenic strains of mice 
to the BALB/Tennant lympholeukemogenic virus was studied by Ten- 
nant and Snell (1968). Strain BALB/c mice were 100% susceptible to 
this virus, whereas 39% of the B10 mice developed this leukemia. Differ- 
ent alleles at the H - 2  locus were shown to predispose to both different 
incidences and different rates of development of leukemia. Different 
allelic combinations behaved differently: the heterozygote sometimes 
resembled the susceptible parent, sometimes the resistant parent, and 
sometimes it was intermediate. These results cannot be explained by 
molecular mimicry, since this hypothesis would predict complete domi- 
nance of susceptibility (Tennant and Snell, 1968). 

Lilly (1966) reported suggestive evidence that H - 2  was involved in 



GENETIC DETERMINANTS OF IhlhZUNOLOGICAL RESPONSIVENESS 37 

determining susceptibility to the Bittner mammary tumor virus ( MTV) . 
Convincing evidence for this association was subsequently reported by 
Miihlbock and DUX (1971), who observed that IZ-2h mice were more 
resistant to MTV than mice with the H-2 alleles a, (1, f, k, or m. 

Genes at the agouti locus of mice havc been known for many years to 
be involved in some way with tumor susceptibility. The lethal yellow 
( A") gene is associated with relatively high susceptibility to induced 
pulmonary tumors ( Heston, 1942), spontaneous pulmonary tumors 
( Heston and Deringer, 1947), induced skin tumors ( Vlahakis and 
Heston, 1963), mammary gland tumors and hepatomas ( Heston and 
Vlahakis, 1961 ) , and reticular neoplasms ( Deringer, 1970). The viable 
yellow gene (A"") is associated with susceptibility to mammary tumors 
( Heston and Vlahakis, 1968; Vlahakis et a!., 1970), hepatomas (Heston 
and Vlahakis, 1968), and spontaneous cholangiomas ( Vlahakis and 
Heston, 1971). Nonagouti ( u a )  mice, on the other hand, are more re- 
sistant than A'/u or A'% mice to all of the above tumors. The reason for 
these inherited differences in susceptibility could be quite complicated, 
but the possibility that there might be an immunological basis was ex- 
plored by Gasser and Fischgrund ( 1973). The cellular immune reactivity 
of nonagouti mice was compared with that of At~u  and A"ga mice by 
means of the graft-versus-host assay. Spleen cells from nonagouti mice 
were shown to be significantly more reactive in this assay than cells from 
congenic At% or A""a animals. These results suggested that reduced 
cellular immune responsiveness may be involved in the tumor suscepti- 
bility of At's and A1"a mice (Gasser and Fischgrund, 1973). 

VIII. Histocompatibility locus H l -A  and Disease Susceptibility 

During the past few years it has become increasingly evident that 
there is a statistical correlation between the possession of certain HL-A 
antigens and the occurrence of certain diseases, usually either neoplastic 
or of a suspected autoimmune etiology ( Walford et al., 1971a; McDevitt 
and Bodmer, 1972). This suggests that susceptibility to certain diseases 
is genetically controlled and, more specifically, that some of the im- 
portant genetic factors involved are closely associated with the major 
histocompatibility locus of the species, namely HL-A. As in the case of 
the H-2 locus of mice this locus is more accurately defined as a chromo- 
somal region since there is evidence that each HL-A chromosome (haplo- 
type) carries two subloci and can determine a maximum of two antigens 
(one by each sublocus) (Walford et al., 1970b; Klein and Shreffler, 
1971 ) . 

The possible mechanisms which might lead to an association between 
a histocompatibility locus and some diseases in inbred mice were men- 
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tioned in Section VII. In the case of HL-A, however, an additional com- 
plication must be considered since human populations are randomly 
bred. Consequently, if there are genetic loci in man similar to ZT-I which 
are closely linked to HL-A, this linkage would only be demonstrable 
within individual pedigrecs unless linkage disequilibrium prevailed.2 
Barring the possibility of linkage disequilibrium, if possession of a given 
HL-A allele is associated with some disease at the population level, it 
is most plausible that it is because the HL-A allele itself causes the indi- 
vidual to be somewhat more susceptible to the disease. This could come 
about because of molecular mimicry and cross-tolerance, or perhaps 
because the HL-A antigens play a direct role in the physiology of the 
patient and allelic variation leads to certain pathological consequences. 

The initial evidence that there might be an association between a 
particular HL-A specificity and some disease was presented by Amiel 
(1967), who found that HL-A antigen 4c occurred in 51% of 41 patients 
with Hodgkin’s disease as opposed to its incidence of 13% in the French 
population. This association has been confirmed by a number of sub- 
sequent investigations (van Rood and van Leeuwen, 1971; Zervas 
et at., 1970; Thorsby et al., 1971; Bertrams, 1971; Bei-trams et al., 1972; 
Kissmeyer-Nielsen et at., 1971; Falk and Osoba, 1971; Forbes and Morris, 
1970, 1972). ( I )  van Rood and van Leeuwen found that there was an 
increased frequency of W5, a 4c-related antigen, in 98 patients with 
Hodgkin’s disease. ( 2 )  Zervas et al. (1970) compared the incidence of 
HL-AS, a11 antigen now known to be included in 4c, in 27 patients with 
Hodgkin’s disease, with 20 normal, unrelated control subjects from the 
same geographic area: of the patients with the disease, 63% were HL-A5 
positive, as compared with an incidence of 20% among the controls. ( 3 )  
Forbes and Morris (1970) in Australia have reported more than twofold 
increased frequency of W5 in 110 patients with Hodgkin’s disease and, 
more recently ( 1972), have confirmed this association by determining the 
HL-A phenotypes of 127 additional patients. They also found the disease 
to be associated with a significant increase in HL-All. ( 4 )  Falk and 
Osoba (1971) have reported an increased incidence of HL-A1, HL-A8, 
and HL-A5 in a population of 112 patients with Hodgkin’s disease. In- 
terestingly HL-At? was increased in frequency only in those having the 
disease for more than 5 years, whereas the frequencies of HL-A1 and 

* Linkage disequilibrium refers to the situation in which specific alleles at two 
linked loci are associated with one another in a population despite the fact that re- 
combination would be expected to dissociate them. This could come about by selection 
for a specific combination of alleles at the two loci. In the absence of such selection, 
and given enough time, however closely two loci are linked, they will not show their 
linkage at the population level (Bodnier, 1972). 
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HL-AS were high regardless of thc duration of the disease (Falk and 
Osoba, 1971). ( 5 )  A significant association between IIL-AS and Hodg- 
kin’s disease has also been confirmed by Rege and his associates (1972). 
Indeed, their study suggests that this association may extend to other 
types of lymphomas as well. 

Although these independent observations strongly suggest that there 
is at least a bona fide association bctwecn antigens of the 4c group and 
Hodgkin’s disease, evidence to the contrary has also been forthcoming. 
Thus, a Dutch study (Sybesnia et al., 1972) on 35 patients with Hodgkin’s 
disease, 23 patients with other lymphomas, and 26 control subjects 
failed to reveal any differences in the frequency of HL-AS among these 
groups. Similar findings, based on 44 patients, have been reported frcm 
Stanford (Coukell et al., 1971). 

The fact that Hodgkin’s disease can be histologically divided into 
different types as well as the possibility of sampling error may be re- 
sponsible for some of the reported discrepancies. 

Studies have also been undertaken to determine if there is an in- 
creased incidence of any HL-A specificities in individuals with acute 
lymphoblastic leukemia. In Los Angeles, Walford et al. (1970a) tested 
10 children with this disease, their parents, and 13 siblings. They found 
a significant positive association between the disease and the HL-A.21 
HL-A12 haplotype. Moreover, none of the patients possessed HL-A1. 
Similar results have also been reported by Svejgaard et al. (1971) for 
a Scandinavian population, although these investigators found no de- 
ficiency of HL-A1 in the affectcd group. These findings have likewise 
been confirmed by  Sanderson and blahour (cited by Walford et al., 
1971b), who phenotyped 43 youngstcrs with acute childhood leukemia 
and found an excess of HL-A2 ( + )  12 ( + )  individuals. Indeed, 40% 
of the patients, as comparcd with only 6% in a control population of 180 
persons, possessed these specificities. An increase in the frequency of 
the haplotype HL-A2,12 in children with acute lymphoblastic leukemia 
has also been reported by Thorsby and Lie (1971) and Thorsby et al. 
( 1971 ) . These investigators also observed an increase in the haplotype 
HL-A1,8, consistent with the report of Singal et al. (1971). 

In a subsequent analysis, Walford and his colleagues reported that, 
although children with acutc lymphatic leukemia displayed an increased 
frequency of HL-A12, the authors were unable to confirm their original 
finding of a statistically significant increase of the HL-A( 2,12) haplo- 
type in this disease ( Walford et al., 1971b). 

However, Rogentine and his colleagues (1972) have recently reported 
a significant association between acute lyniphocytic leukemia and HL-A2 
but not HL-A12. Their analysis was based on typing 50 Caucasian chil- 
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dren with the disease, as well as 219 members of their families and a 
panel of 200 normal Caucasians. 

In  contrast to these results are a number of reports which failed to 
detect any disturbance in the distribution of HL-A antigens in patients 
suffering from lymphoblastic leukemia. In fact, the initial study in this 
area by Kourilsky and his associates (1968) was in this negative cate- 
gory. These investigators tested 102 cases of acute lymphoblastic leu- 
kemia and concluded that the reaction frequencies of the HL-A antigens 
in the patients did not differ from those in normal controls. Similar re- 
sults have also been obtained by Lawler et at. (1971) who studied 58 
Caucasian patients, by Batchelor et al. (1971) who typed 17 similar 
patients, by Harris and Viza (1971) who studied 20 children with 
hematologically proven acute lymphoblastic leukemia in remission, and 
by Thorsby et al. (1969). 

It seems evident that at present the association between HL-A and 
acute lymphatic leukemia is less convincing than that for Hodgkin’s 
disease. Most frequently, HL-A2 and HL-A12 have been implicated, 
and some of the variations observed could be related to the fact that, 
like Hodgkin’s disease, “acute leukemia” undoubtedly lumps together a 
variety of conditions of perhaps different etiologies. 

A number of reports have also bcen published indicating associations 
between distinct HL-A specificities and other malignant conditions. 
These include: (I  ) a significant association between HL-A12 and malig- 
nant lymphoma ( excluding Hodgkin’s disease ) , particdarly follicular 
lymphoma (Forbes and Morris, 1971); ( 2 )  a higher frequency of HL-A3 
in chronic (Degos et al., 1971) and perhaps acute myeloid leukemia 
(Pegrum et at., 1970), and ( 3 )  an association between carcinoma of the 
breast and HL-A7 (Pate1 et al., 1972). 

A correlation between specificities W17 and HL-A13 and psoriasis 
seems particularly significant inasmuch as this association was estab- 
lished in two completely independent investigations. Russell et al. ( 1972) 
phenotyped 44 unrelated psoriatic patients and found that HL-A13 was 
present in 12 of them as opposed to only 3 of 89 controls; W17 was also 
present in 10 of the patients as well as in 17 family members with the 
disease. This association between HL-A13 and W17 and psoriasis was 
confirmed by White et ul. (1972), who also found a decrease in HL-A12 
among patients with the disease. They present evidencc that, whereas 
psoriasis associated with W17 or HL-A12 appears to have a distinct mode 
of inheritance, HL-A13-associated psoriasis does not. 

Susceptibility to ragweed hay fever and its relationship to HL-A 
haplotypes were studied by Levine el al. (1972). Each of seven families 
was analyzed in tcrms of whether family members possessed or did not 
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possess the HL-A haplotype observed in another family member with 
ragweed hay fever. Of 26 family members having the hay fever-associated 
haplotypes, 20 members (77%) had ragweed hay fever and intense skin 
reactivity to antigen E, a purified protein derived from ragweed pollen 
extract. By contrast, clinical, ragweed hay fever did not occur in any of 
the 11 family members who had the other haplotypes of the propositi 
and lacked the hay fever-associated haplotype. These results suggest 
that an Ir  gene, designated “Ir-antigen E,” is closely linked to the HL-A 
locus. Preliminary data suggest that both IgE and IgG responses to 
antigen E were controlled by this gene (Levine et al., 1972). 

A possible correlation between the possession of certain HL-A alleles 
and susceptibility to systemic  UPU US erytheinatosus ( SLE ) has been re- 
ported. Grumet et d. (1971) observed a significantly greater frequency 
of HL-A8 and W15 (LND) among patients with SLE than in controls, 
and similar findings were reported by Waters et al. (1971). This disease 
is especially iiitcresting since a good animal model is available. Strains 
NZB and NZB/NZW micc spontaneously develop an illness that re- 
sembles SLE (Howie and Helyer, 1968). I t  was shown that these mice 
readily produced anti-DNA antibodics when injected with polyinosinic- 
polycytidylic acid and that patients with SLE had antibodies with similar 
specificities (Steinberg et aZ., 1969). Strain differences in the anti-DNA 
response are discussed in Section XI. Furthcr work is needed to clarify 
the genetic basis of anti-DNA antibody production and the relationship 
of these antibodies to disease in both species. 

Analyses of HL-A specificities have been carried out on individuals 
suffering from a number of other pathological conditions resulting in 
some positive indications. Thus chronic glomerulonephritis ( Pate1 et al., 
1969; Mickey et al., 1970), multiple sclerosis (Naito et d., 1972), auto- 
immune, active chronic hepatitis (Mackey and Morris, 1972), adult 
celiac disease (Stokes et al., 1972), asthma (Thorsby et al., 1971; Thorsby 
and Lie, 1971), dermatitis herpetiformis (Katz et al., 1972), and gluten- 
sensitive enteropathy ( Falchuk et nl., 1972) have all been associated 
with one or more HL-A determinants. 

One of the most striking associations betwcen an HL-A antigen and 
a disease has recently been reported in two different geographical 10- 
cations. Thus, Sehlosstein and his associates (1973) at the University of 
California found that 35 out of 40 patients with ankylosing spondylitis, 
a rheumatoid disease, possessed IIL-A antigen W27, and, in London, 
Brewerton ct  ul. (1973) found this same antigen in 72 of 75 similarly 
affected individuals. The patients tested were all Caucasians, in whom 
the frequency of the W27 antigcii is normally less than 10%. It remains to 
be determined whether this highly significant correlation is the result of 
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very close genetic linkage of an Ir gene to HL-A, and in particular with 
a strong linkage disequilibrium with W27, or, to the strong immunologic 
cross-reactivity between W27 and the etiologic agent. 

Finally, it should be noted that among the diseases associated with 
an increase in more than one HL-A specificity are a number of conditions 
associated with an increase in HL-A1 and HL-A8. These include Hodg- 
kin’s disease ( Kissmeyer-Nielsen et al., 1971 ), autoimmune, active chronic 
hepatitis ( Mackay and Morris, 1972), childhood asthma (Thorsby et al., 
1971), myasthenia gravis (Engelfriet, cited by Mackay and Morris, 
1972), and celiac disease (Stokes et al., 1972). Moreover, there are some 
indications that incompatible renal transplants to HL-A1,8 recipients 
may be more likely to suffer severe rejection than transplants to re- 
cipients of other HL-A types (Mickey et al., 1971). To account for the 
increase of these antigens in patients with diseases of suspected auto- 
immune etiology, as well as to account for the fact that HL-A1,8 is the 
most commonly occurring HL-A haplotype among Caucasians, Mackay 
and Morris (1972) have proposed that this haplotype may be “associ- 
ated, either by genetic or phenotypic processes, with change in the point 
of balance between proliferative and tolerance responses in specifically 
stimulated antigen-reactive cells.” Thus, although the HL-A1,8 pheno- 
type might be more prone to develop autoimmune conditions, he might 
have a stronger immune response against childhood infections. 

It seems obvious that only the surface has been scratched in corre- 
lating specific HL-A determinants with specific pathological conditions. 
Consequently, we can anticipate that many new associations will un- 
doubtedly be revealed, and others will “fall by the wayside.” The most 
intriguing aspect of these associations is, of course, their etiological 
relationships, and as specific associations become better documented, 
hopefully, these relationships will become more apparent. 

IX. Inherited Differences in Antibody Specificity 

The study of immunoglobulin structural genes has in the past been 
primarily based on two types of analyses: the inheritance of allotypic 
differences and the amino acid sequences of immunoglobulins (reviewed 
by Cohen and Milstein, 1967; Kelus and Gell, 1967; Potter and Lieber- 
man, 1967; Herzenberg et al., 1968; Milstein and Munro, 1970; Gally 
and Edelman, 1972). There is a growing body of evidence, however, that 
a third type of genetic analysis is feasible, namely the study of the 
inheritance of antibody-combining sites as reflected either in idiotypes or 
differences in antibody specificity. 

The responses of inbred guinea pigs to antigenic determinants on 
insulin have provided an important model system for studying the ge- 
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netics of antibody specificity. It was reported by Arquilla and Finn 
(1963) that strain 2 guinea pigs produced antibodies to portions of the 
insulin molecule to which strain 13 guinea pigs could not respond. In- 
soluble insulin complexes were saturated with antibodies from one ani- 
mal, and the precentage of antibodies from another animal which could 
be bound to these complexes was measured. By means of this test, anti- 
body variation within either strain 2 or strain 13 could not be demon- 
strated, but when the two strains were compared with one another, 
remarkable differences in specificity were observed. For example, when 
insulin complexes were saturated with one particular rabbit antiserum, 
22.9-99.5% of the strain 2 antibodies were bound, whereas only 0.5% of 
the antibody activity from strain 13 guinea pigs could be bound to the 
same aggregates. 

When antibodies from individual ( 2  x 13)F, guinea pigs were tested, 
there were no differences between F, specificities and specificities of 
either strain 2 or 13 which could consistently be demonstrated ( Arquilla 
and Finn, 1965). When sera from individual ( 2  x 13)F, guinea pigs 
were tested, some of the sera had specificities characteristic of strain 13, 
others of strain 2, and still others had specificities not observed in either 
parental strain ( Arquilla and Finn, 1965). 

In subsequent work it was demonstrated that strain 2 guinea pig 
antisera reacted preferentially with the N-terminals of the A and B 
chains of insulin, whereas strain 13 antisera reacted better with the 
C-terminals of the A and B chains ( Arquilla et al., 1967). 

A search for genetic differences in the fine specificity of anti-DNP 
antibodies has been undertaken by Yoshida et al. (1970) and Paul 
et al. (1970a). The fine specificities of anti-DNP antibodies from four 
mammalian species were quantitated by the use of ligand inhibition of 
the binding of DNP-3H-c-aminocaproic acid. Interspecies differences 
were demonstrated which could be accounted for neither by the amount 
nor by the affinity of these antibodies (Yoshida et al., 1970). When inbred 
strains of mice were examined by the same techniques, clear and repro- 
ducible differences in the fine specificities of anti-DNP antibodies pro- 
duced by several strains were demonstrated (Paul et d., 1970a). The 
strain differences in the anti-insulin responses of guinea pigs described 
above were shown to stem from differences in the nature of the anti- 
genic determinant to which the animal makes its most vigorous response 
( Arquilla et al., 1967), whereas the anti-DNP variations involve fine 
specificity differences of antibodies with the same general specificity. 

A niyeloma protein was described which was capable of binding 
a-1,3-dextran (Weigert et al., 1970) and which had an idiotypic speci- 
ficity to which the anti-idiotype antibody reaction could be inhibited by 
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a disaccharide with the a-1,3 linkage (Blomberg et al., 1972). It was 
proposed that the antibody-combining site could be coded for by two 
germ-line variable-region genes : one for the A-chain variable region and 
one for a heavy chain variable region. If this were so, it was suggested 
that gerin-line polymorphism in either VA or V,, might render mice 
unresponsive to a-1,3-dextran, and that responsiveness would show 
dominant inheritancc. Mice were, therefore, immunized with dextran, 
and antibody responses were tested in a modified Jerne plaque assay. 
Most of the cells from BALB/ c mice with anti-~1,3-dextran antibody 
produced antibody of the lambda class which possessed the idiotypic 
specificity described above. Mice of the other strains, such as C57BL/6, 
however, produced anti-a-1,3-dextran antibody mainly in the kappa 
light-chain class and without the test idiotype. The response produced 
by BALB/c mice ranged from lo00 to 2800 PFC/lOG cells, whereas the 
response for C57BL/6 mice ranged from 50 to 160 PFC/lOG cells. The 
ability to respond well was dominant, as the (BALB/c X C57BL/6)F1 
hybrids produced a mean response of 1140 PFC/ loc cells ( Blomberg 
et al., 1972). 

Linkage relationships of the gene involved in the dextran response 
were explored by testing seven recombinant inbred strains derived from 
(C57BL/6 X BALB/c)F2 mice (Bailey, 1971a). These results suggested 
that the immune response locus was linked to the genes controlling the 
heavy chain constant regions ( Blomberg et al., 1972). 

Evidence for a similar genetic difference involving the antibody re- 
sponse to the phosphorylcholine determinant was reported by Sher and 
Cohn (1972). The immunoglobulin products of a series of BALB/c 
plasmacytomas were shown to precipitate with the phosphorylcholine 
determinant of the pneumococcal C-carbohydrate ( Cohn et al., 1969; 
Potter and Lieberman, 1970; Leon and Young, 1971). It was demon- 
strated that seven of the eleven immunoglobulins in this group possessed 
an idiotypic determinant (S107) which could be identified by mouse 
antisera. Since it seemed most improbable that somatic mutation would 
result in the production of antiphosphorylcholine sequences in seven in- 
dependently derived plasmacytomas, the possibility was explored that 
this sequence was encoded in gerni-line V genes. Inbred strains of mice 
were accordingly inimunized with C-carbohydrate, and immune responses 
were measured in an agar-slide plaque assay. Strains BALB/c and A/J  
both produced good antiphosphorylcholine responses, but the BALB/ c 
response could be specifically inhibited by anti-S107 serum, whereas the 
A/ J response could be only slightly inhibited by this antiserum. 

Various inbred strains were then immunized against the C-carbo- 
hydrate, and antiphosphorylcholine responses were classified as idiotype 
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positive ( inhibitable by anti-S107) or idiotype negative (not inhibitable 
by anti-S107). None of the inbred strains that were tested gave inter- 
mediate levels of inhibition (21-91%). 

In the (BALB/c X A/J)F,  X A/J backcross generation, 15 of the 17 
idiotype-positive mice proved to possess the BALB/ c IgA allotype and 
only 1 of the 11 idiotype-negative mice possessed this determinant. Nine 
of the mice exhibited intermediate levels of inhibition in this generation. 

These results suggest that a heavy chain germ-line V gene codes for 
an antiphosphorylcholine sequence and that this sequence possesses the 
S107 idiotype. In order to explain the occurrence of intermediate levels of 
inhibition in the backcross generation, it was suggested that a second 
genetic factor, possibly linked to H-2, was also involved in this response 
(Sher and Cohn, 1972). 

X. Genetic Control of the Mixed leukocyte Culture Reaction 

A. INTRODUCTION 

It was shown by Bach and Hirschhorn (1964) and by Bain and 
Lowenstein ( 1964) that when blood leukocytes from two unrelated indi- 
viduals are mixed and maintained in culture for several days, a mutual 
proliferative response occurs which is characterized by the emergence of 
blast cells and increased DNA synthesis. The evidence that this reaction 
occurs in response to inimunological incompatibility is fairly strong 
(Wilson, 1971) : (1 ) the responding cells in the mixed leukocyte culture 
(MLC) reaction are lymphocytes-cells known to be of primary im- 
portance in immune phenomena; (2)  the magnitude of the proliferative 
reaction in the MLC depends on the degree of immunogenetic disparity 
of the two leukocyte codonors (Bain et aZ., 1964); ( 3 )  the immuno- 
proliferative behavior of lymphocytes is similar in the graft-versus-host 
reaction and the MLC reaction ( Wilson and Elkins, 1969); ( 4 )  allo- 
antigens of the major histocompatibility loci of man (Amos and Bach, 
1969), the mouse ( Rychlikova and Ivbnyi, 1969), and the rat ( Silvers 
et al., 1967) appear to stimulate proliferation in culture; ( 5 )  cells that 
respond are thynius-derived lymphocytes of the circulating lymphocyte 
pool (Johnston and Wilson, 1970); and (6)  cells from immunologically 
tolerant animals do not respond to the H isoantigens of which the donors 
have been made tolerant (Wilson et al., 1967). 

Silvers et al. (1967) demonstrated that among genetically defined 
backcross populations of rats, mixed lymphocyte reactivity occurred only 
when leukocyte donors differed at the Ag-B locus, which is the major 
histoconipatibility locus of rats. The major histocompatibility locus in 
man is the HL-A locus. It was shown by Bach and Amos (1967) that 
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leukocytes from sibling pairs possessing similar HL-A types did not 
stimulate one another in culture. 

Because of all of the above observations, it was widely believed that 
mixed lymphocyte stimulation was directly controlled by the major histo- 
compatibility locus of each species. It has been necessary to modify this 
belief, however, after several types of observations were described: ( I )  
some reports suggest that the combined effects of multiple minor histo- 
compatibility loci may induce proliferation in MLC's (Dutton, 1966; 
Colley and DeWitt, 1969; Hayry and Defendi, 1970); ( 2 )  a growing 
body of evidence suggests that a locus or loci closely linked to the major 
histocompatibility locus are of primary importance for proliferation in 
MLC's in man and in the mouse (Amos and Yuiiis, 1971; Yunis and 
Amos, 1971; Rychlikova et al., 1971; Klein et al., 1972; Bach et al., 1972); 
( 3 )  a single genetic locus has been identified in mice which is not linked 
to H-2,  but which controls mixed leukocyte reactions ( MLR's). Allelic 
differences at this locus lead to MLC reactions equivalent to those occur- 
ring when H-2  incompatible cells are cultured together (Festenstein et 
d., 1972). 

B. STUDIES IN MAN 

It was proposed by Yunis and Amos (1971) that MLR's are deter- 
mined by two loci, a stimulator locus (MLR-S) and a response locus 
(MLR-R) which is analogous to an Ir gene, and that both of these loci 
are closely linked to HL-A. According to this hypothesis, diffcrences at 
the MLR-S locus would lead to a 14LR even in the absence of a major 
HL-A difference. 

In  order to prove this hypothesis, it would be necessary to demonstrate 
that, in certain cases, ( a )  there are HL-A identical individuals whose 
leukocytes stimulate in culture, and (21) there are individuals whose 
leukocytes do not stimulate in culture despite the fact that these indi- 
viduals differ at the HL-A locus. At least six reports providing evidence 
for condition a have recently been published: (1) Kissmeyer-Nielsen 
et al. (1970) studied 4 HL-A identical unrelated pairs and found all 4 
of them to be stimulatory in mixed cultures; ( 2 )  Koch et  al. (1971) 
reported that only 2 of 9 HL-A identical unrelated pairs of individuals 
did not stimulate in MLC's (that the other 7 pairs stimulated in culture 
suggests the existence of a separate MLR locus); ( 3 )  Yuiiis and Amos 
(1971) reported studies on one family in which 2 siblings, A and B, were 
HL-A identical and 2 other siblings, C and D, were also HL-A identical 
but differed from A and B. All four siblings showed stimulation with an 
unrelated subject who was phenotypically identical for the HL-A 
antigens of C and D; ( 4 )  Johnston and Bashir (1971) studied MLC re- 
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actions in 13 pairs of HL-A idcntical unrelated individuals and found 
that in all combinations stimulation occurred, and it was frequently of a 
magnitude similar to that obseived when HL-A nonidentical subjects 
were tested; ( 5 )  Eijsvoogel et al. (1971) studied 26 HL-A identical un- 
related pairs of individuals and found that only 3 of these pairs did not 
stiinulate; and ( 6 )  Menipel et al. (1972) found one family in which 1 
sibling showed definite stimulation with 3 HL-A identical siblings and, 
conversely, a clear nonstimulation with a sister who differed by one 
haplotype. 

Evidence of nonstimulation between HL-A nonidentical individuals 
has also been reported for unrelated people. Pentycross et al. (1972a) 
studied 2 unrelated individuals, 1 of type HL-Al, HL-AS, HL-A8, W5 
(donor 1, D1) and the other of type, W19, HL-A12 (donor 2, D2). The 
lymphocytes of these donors failed to stiinulate one another in culture, 
even though their cells responded nornially to PHA. Further studies 
were performed utilizing cells from a third donor (D3) of type IIL-A9 
(W24), HL-All, W14, W15 (LND'), a full sibling of D1 ( S l )  of type 
HL-A2, W10, W15 (LND" ) and a full sibling of D2 (S2) of type HL-A1, 
HL-A2, HL-A8 (Pentycross et at., 1972b). The cells of S2 stimulated the 
lymphocytes of D1, D2, D3, and S1, giving transformation scores of 3% 
or over in each case. But when the cells of S2 were the stimulated ones 
in the MLC, the transformation score was never more than 1%. Since the 
S2 cells responded nornially to PHA, it was concluded that S2 is a non- 
responder in the MLC. It was suggested that these results could be ex- 
plained by the hypothesis of Yunis and Amos (1971), but there are some 
difficulties with this explanation. Yunis and Amos proposed that any 2 
individuals possessing different alleles at the MLR-S locus should 
stimulate in culture. Thus, S2 appears to differ at the MLR-S locus froni 
D1, D2, D3, and S1 because this donor could stimulate all of these cells. 
Therefore, the failure of S2 to respond to these donors cannot be at- 
tributed to compatibility at the MLR-S locus. One could argue that S2 
possesses a mutation at the MLR-R locus, but no evidence has been 
presented that this is the case. As far as present evidence is concerned, 
it would appear that the genetic or nongenetic factors causing the un- 
responsiveness of S2 could be totally unrelated to both the MLR-S and 
MLR-R loci. 

If there is an MLR locus or loci genetically separable froni the loci 
coding for HL-A antigens, it would be of great interest to understand 
the linkage relationships of these loci. Yunis et al. (1971) have proposed 
the tentative order HL-A first series-HL-A second series-MLR. This 
order was suggested bccause one family (Duke family 0189) included 
a probable reconibinant who seemed to have kept the second series and 
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MLR locus of the C haplotype, but lost the first series from this 
chromosome. 

DuPont et at. (1971) tested for MLC reactions among 7 siblings, 1 
of whom was a recombinant between the LA (first) and Four (second) 
series. Isolated LA antigen differences always failed to stimulate, 
whereas isolated Four antigen differences gavc unequivocally positive 
responses. These findings are in agreement with those of Yunis et at. 
(1971) in placing the MLR locus closer to the second series than the first. 

Eijsvoogel et al. (1972) have provided additional evidence that 
antigens of neither the LA nor the Four series are responsible for MLC 
activation. Their crucial finding was a child who was MLC positive when 
tested with cells from 2 siblings known to possess the same LA and Four 
antigens, and yet was MLC negative when tested with cells from other 
siblings who were known to be HL-A incompatible. Their results suggest 
that a recombinant chromosome derived by crossing-over between the 
MLR locus and the HL-A FOW locus occurred and that the proposal of 
Yunis et al. (1971) that the genes are arranged in the order LA-FoLx- 
MLR is correct. 

C. STUDIES IN MICE 

The availability of a large number of inbred mouse strains, some of 
which possess recombinant H - 2  chromosomes, has greatly facilitated the 
study of this problem. Rychlikova et al. (1971) studied a series of mouse 
recombinant strains that differed only for the H - 2 D  region or H-2K region 
and other inbred strains that differed at both the H - 2 D  and H - 2 K  
regions. Their findings suggested that difference for the 1 1 - 2 0  region 
alone did not result in MLC reactions, but that H - 2 K  differences, either 
alone or in combiiiation with H - 2 D  diflerences, resulted in positive MLC 
reactions. These studies were repeated by Klein et al. (1972) who con- 
firmed that H-2K differences were associated on the average with 
stronger MLC stimulation than H - 2 D  differences but also showed that 
some H - 2 D  region differences by themselves do result in significant 
stimulation in MLC. Bach et al. (1972) have proposed that in addition 
to the serologically defined (SD)  antigens coded by the H - 2 D  and H - 2 K  
loci (Fig. l ) ,  the major histocompatibility complex of the mouse deter- 
mines other antigens. Although these lymphocyte-defined ( LD ) antigens 
cannot be detected serologically, they can cause stiinulation in MLC. 
Direct evidence has also been obtained for the existence of LD differ- 
ences that cannot be detected by skin grafting. Thus cells of 4R micc 
respond to stimulating cells of 2R mice despite the fact that skin grafts 
between 2R and 4R mice arc not rejected (Stimpfling and Reichert, 1970; 
Bach et al., 1972). The exact map position of the genes for LD differences 
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has not been deteiinined, but evidence has been reported suggesting that 
in some cases L D  differences map genetically with the iinniune response 
loci between H-2D and H-2K (Bach et al., 1973; Meo et al., 1973). The 
response of 4R lymphocytes to 2R cells is especially interesting in this 
respect, since these strains differ at the Zr-ZgG locus (Fig. 2; Lieberman 
et al., 1972b). 

Meo et al. (1973) tested for MLRs among a number of strains possess- 
ing intra-H-2 recombinant chromosomes. In combinations differing only 
in H-2K, H-2D, Ss-Slp or any two of these together, the reaction either 
was weak or not different from controls. In combinations differing in the 
Zr region, both with or without accompanying differences in other 
regions, the reaction always was very strong. These results clearly 
demonstrate that MLR’s are induced by incompatibilities in the Zr region 
and not by the serologically detectable differences at the H-2D and 
H-2K loci. It is, therefore, possible that the product of the 17-1 gene is 
an LD antigen which can be studied in the MLC reaction. 

XI. Genetic Control of Autoimmune Reactions 

Although genes for high immune response would be advantageous in 
resisting infections and tumor growth, some of these same genes could be 
deleterious insofar as autoimmunity is concerned. Ir genes concerned 
with autoimniunity have now been described and are very similar to 
those genes that regulate responses to synthetic or environmental 
antigens. 

When the immune responses of NZB/ W mice, which are notoriously 
susceptible to autoimmune disease, were compared with those of several 
other strains, it was observed that NZB/Ws were relatively high re- 
sponders to some antigens and low responders to others. When these 
same strains of mice were injected with DNA-MBSA, the titer of anti- 
nuclear antibodies was much greater in NZB/W mice (252) than in four 
other strains (32, 4, 4, 1). It was concluded that, although NZB/W mice 
do not possess a uniform immune hyperresponsiveness, they do have a 
genetically determined hyperreactivity to some antigens and particularly 
to the antigens involved in their autoimmune disease ( Lambeif and 
Dixon, 1970). 

Vladutiu and Rose ( 1971 ) studied thc induction of autoimmune 
thyroiditis in thirty-three inbred and congenic strains of mice and 
demonstrated the importance of H-2 in determining susceptibility to this 
condition. The animals were injected twice with murine thyroid extract 
emulsified in CFA and killed 4 weeks after the first injection. The titer 
of thyroid antibody and degree of thyroid pathology were recorded in 
cach case. There was a remarkable uniformity among all strains of a 
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given H - 2  type in both the antibody titer and its degree of thyroid 
pathology. That the severity of autoimmune thyroiditis was dependent 
on H - 2  rather than the genetic background was best demonstrated by 
studies on congenic strains. In every case the relative severity of the 
disease correlated with that characteristic of other strains of the same 
H - 2  type and was independent of the genetic background. Responsiveness 
to thyroid antigens was inherited as a dominant trait, since F, hybrids 
derived by crossing good responders with poor responders developed 
antibody titers and thyroid pathology similar to those observed in the 
good responder ( Vladutiu and Rose, 1971 ) . 

The genetic basis of susceptibility to experimental allergic encephalo- 
myelitis (EAE) in rats was first explored by Kornblum ( 196S), who 
observed that EAE could easily be induced in most Lewis and DA rats 
by injecting guinea pig spinal cord in CFA. The same treatment failed 
to induce EAE in any of the BN rats tested, but 64% of the (Lewis x 
BN ) F, hybrids were susceptible to the disease. Evidence suggesting that 
susceptibility to EAE is determined by a locus closely linked to the Ag-B 
histocompatibility locus was obtained by Gasser et al. (1973). It was 
observed that all Lewis rats tested were susceptible to EAE, that no BN 
rats were susceptible, and that all of the (Lewis X BN) F, hybrids could 
develop the disease. Among 26 (Lewis X BN)F,  X BN backcross indi- 
viduals, 11 rats were homozygous for the Ag-B allele possessed by strain 
BN and 15 were heterozygous. None of the 11 homozygotes developed 
EAE, but 12 of the 15 heterozygotes were susceptible. 

That the locus determining EAE susceptibility is not the Ag-B locus 
itself was suggested by results obtained with the BN.B.1 strain. BN.B4 is 
a congenic strain which has the genetic background of strain BN but is 
homozygous for the Ag-B‘ allele of strain DA. Since DA is susceptible 
to induction of EAE, BN.B4 should likewise be susceptible if the Ag-B 
locus determines susceptibility. When 14 BN.B4 rats were tested, 13 were 
completely resistant to the induction of EAE, and one was scored as 
“questionable.” Assuming that the susceptibility of DA rats is determined 
by the same locus as is the case with Lewis animals, the results with 
BN.B4 demonstrate that the locus determining susceptibility to EAE is 
distinct from Ag-B. Whether this assumption is valid is being tested by 
experiments now in progress. 

XII. Genetic Control of Nonspecific Immunological Function 

Most of the Ir genes described in this article were discovered by 
observations concerning deficiencies in specific immune responses which 
were not known to affect overall immunological function. Nevertheless, 
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genetic factors have been studied which are known to have nonspecific 
effects on the immune system. Examples of such genes include those 
responsible for ( Bruton-type againmaglobulinemia and the Wiskott- 
Aldrich syndrome (Section VI)  as well as some of the genes that 
responded to selection in Biozzi’s experiments ( Section V,E ) . In this 
section, other genetic factors known to affect generally in vivo and in 
oitro manifestations of immunological reactions will be considered. 

In the course of an experiment in which lines of mice were selected 
for large and small sizr, Chai (1957) observed that the line selected for 
small size was leukopenic. The average white blood cell count for the 
small line was 2320 leukocytes/mm.’, as compared with an average count 
of 8380 cells/mm.’ in the animals selected for large size. When these two 
lines were crossed to produce F, and F L  populations, variance estimates 
indicated that approximately 50% of the variance could be attributed to 
genetic factors ( Chai, 1957). 

A two-way selection experiment was then initiated to study the 
genetic control of leukocyte production ( Chai, 1970). The initial popu- 
lation was established by intercrossing six inbred strains to provide a 
wide spectrum of genes for selective breeding. One line (HLC)  was se- 
lected for high leukocyte count, another (LLC)  for low leukocyte count, 
and a random line derived from the same population was maintained as 
a control. After eighteen generations of selection, the mean leukocyte 
count in the HLC line was about 4 times as great as that of the LLC 
line (24,510 versus 5760 for females and 26,080 versus 6090 for males). 
Selection for high leukocyte count had the effect of increasing the per- 
centage of lymphocytes in the blood, whereas the proportion of neutro- 
phils was correspondingly decreased. 

Thymus, spleen, and adrenal weights were recorded for animals of 
the eighteenth generation. The rnean thymus weight of the HLC mice 
was larger than that of the LLC mice (52.4 nig. versus 26.3 mg.), but 
the spleens were smaller in the HLC mice (85.2 mg. versus 119.6 mg. ), 
and the adrenals likewise were smaller (4.7 versus 5.9 mg.).  Genes as- 
sociated with low leukocyte counts were dominant over those for high 
counts, and it was suggested that only a few genes with rather large ef- 
fects were responsible for these differences (Chai, 1970). 

Selection of mice for high and low leukocyte counts over a period of 
twenty-five generations was also conducted by Weir and Schlager ( 1962). 
These authors concluded that the heritability of leukocyte count was ap- 
proximately 20%. The mice with high leukocyte counts were more re- 
sistant to irradiation than the animals with low leukocyte counts, but no 
differences were observed in resistance to Salmonella typhimurium. 
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Strain differences in the susceptibility of guinea pigs to anaphylaxis 
were explored by Stone et d. (1964). These authors observed that 
strain 2 guinea pigs werc considerably more resistant than Hartley ani- 
mals to the acute ( bronchospasm ) phase of analphylactic shock. Intra- 
venous injections of histamine revealed no differences between these two 
lines of animals in histaniinc sensitivity. Howcver, when the histamine 
content of various tissues was determined by bioassay, these authors 
observed a threefold diffcrencc in lung histamine between strain 2 
(10.5 2 4.3 pg./gm.) and Hartley (31.2 k 15.8 pg./gm.). It was coii- 
cluded that susceptibility to acute analphylaxis is related to the quantity 
of liberatable histamine available for release in thc lung. 

During the course of their studies on the mechanisms of asthma sensi- 
tivity, Takino et al. (1969) designed a method for selecting a sensitive 
and iionsensitive broiichial walls in guinea pigs. Animals were placed in 
a 10-liter glass container into which was blown an atomized aqueous 
solution of 1.5% acctylcholinc or 0.5% histamine. The lciigth of time before 
the animals fell with dyspnea was regarded as an expression of the 
sensitivity of the broiichial walls or the irritability of bronchial vagi. 
After eight to ten generations of sclection, the linc seleoted for sensitivity 
consisted of 26 sensitive and 2 nonsensitive animals, whereas the line 
selected for inscnsitivity consisted of 26 nonsensitivc and 1 sensitive 
guinea pig. The length of time before the animals fell with dyspnea due 
to acetylcholine averaged 1 minute and SO seconds for the sensitive 
guinea pigs, but it was over 5 minutes for most of the nonsensitive ani- 
mals. The time for standing dyspnea due to histamine likewise showed 
wide divergence between the two lines. It was subsequently demon- 
strated that guinea pigs sensitive to acetylcholine and histamine were 
also sensitive to pilocarpine, serotonin, and bradykinin, whereas animals 
not sensitive to acetylcholine were not sensitive to these other chemicals 
(Takino et al., 1971). 

The sensitivities of traclieobronchial strips from 6 sensitive and 6 
iionsensitive guinea pigs were compared by stimulating these strips 
with acetylcholine while they were weighted with 1.0 to 1.5-gm. weights. 
When the 2.0-gin. weight was used, five strips froin the sensitive animals 
produced a strong contraction and the remaining one produced a mod- 
erate reaction, whereas none of the nonsensitive strips produced a strong 
contraction and only one produced a inoderate reaction. When the 
expcrimeiit was repeated using ileum strips, no significant differences 
in contraction could be demonstrated. The two groups did not differ 
significantly in the amounts of salivation produced in response to pilo- 
carpine injections 1101’ in thc dcgree that their blood pressure was re- 
duced in response to acetylcholine. 
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When sensitive and nonsensitive animals were intensively immunized 
with egg albuniin before inhaling acetylcholine, no decreases were found 
in the length of standing dyspnea. These results demonstrated that 
genetic factors were selected which were not concerned with antigenic 
stimulation but rather with the activity of nonspecific mediators. The 
interpretation favored by Takiiio et al. (1971) was that thew differ- 
ences resulted froni variations in  tlie peripheral bronchial vagi. 

For a number of years the proliferative response of lymphocytes 
stimulated by PHA has becn used as a measure of tlie overall immuno- 
logical reactivity of an orgmism. This test has recently been reconi- 
mended as a iiieans of assessing the activity of the thymus-deiived 
lymphocyte population ( Fudenberg et a!., 1971 ) . Genetic differences in 
the level of this response liave recently been described in mice and rats, 
but it is not clear how these differelices might be reflected in imniuno- 
logical functions. 

Williams and Benacerraf ( 1972 ) describcd heritable differences 
aiiiong inbred strains of mice in tlie i n  oitro response of spleen cells to 
PHA and concanavalin A (con A ) .  These responscs were controlled by 
more than one autosomal dominant gc'ne, and no linkage to H-2 could 
be demonstrated. Since responscs to PHA and con A are predominantly 
properties of thymus-derived cells, thesc authors compared the fre- 
qwncy of O-positive cells in the higli- and low-responding strains. No 
significant correlation could be demonstrated between the proportion of 
O-positive cells and the pcak level of responses to con A or PHA. 

Quantitative differences in the responses of periplicral blood leuko- 
cytes froin inllred rat strains were reported by Newlin and Gasscr ( 1973). 
The response of Lewis lymphocytc~s was approximately 5 to 7 times as 
grcat as that of BN lyniphocyt~'~ when these cells were cultured in the 
prcsence of 0.7 PI. PHA/nd. culture medimn. The response of (Lewis X 
BN)F, hybrid leukocytes was similar to that of Lewis cells, and all data 
obtained froni F, and backcross generations were compatible with single 
gene segregation. Thus the ( Lewis X BN ) F, generation included 37 
high responders and 7 low responders, thc (Lcvis X BN) X Lewis gen- 
eration included 12 high responders and no low responders, and the 
(Lewis X BN) X R N  genrration iiicluded 24 high responders and 21 
low responders. Wlicw high rcyonders were selected froni this last back- 
cross and mated with BN' rats to obtain a second backcross generation, 
tlie results were again coinpatible with single gene segregation ( Newlin 
and Gasser, unpublished obscrvations ) , In all generations tested, tlie 
response to con A correlated fairly well with the response to PHA, and 
thc gene controlling these rcspoiises was not linked to the major histo- 
compiitibility locus, Ag-B ( Ncwlin aiid Gasscr, 1973). 
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XIII. Discussion and Conclusions 

For a number of years the literature concerning Ir genes was ex- 
tremely puzzling and difficult to interpret. Although we are not claiming 
that this era is over, enough important advances have now been made 
to justify formulating some tentative conclusions. 

The first conclusion we feel justified in making is that the immune 
response to a very large number of antigens is under some type of 
genetic control. There are at least four reasons why this genetic control 
may be difficult to demonstrate. If one is not successful in finding genetic 
differences in the response to some particular antigen, the reason could 
be that the antigen has a number of determinants and a given strain 
may be a nonresponder to only one of these. As long as the assay system 
depends on the use of an antigen that includes a determinant which the 
nonresponder can recognize, this type of Ir gene will not be detected. 
An excellent example of this principle is the response of mice to lyso- 
zyme (Mozes et al., 1971). It was observed that most mouse strains 
responded well to immunization with lysozyme, but only certain strains 
could produce antibodies against a conjugate consisting of the loop 
region (residues 60-83) of lysozyme attached to a synthetic polymer. 

A second reason why an Ir gene may escape detection is that many 
genetically controlled immune responses are dose-dependent. This type 
of I r  gene will never be detected unless an investigator uses a suffi- 
ciently low dose of antigen for sensitization. 

Third, in many immunization procedures, some unsuspected mole- 
cule may act as a carrier. In the experiments of Green et al. (1969a,b), 
Mycobacterium tuberculosis was apparently capable of acting as a 
carrier for DNP-PLL. In the chicken’s response to the weak antigens of 
the A blood group system, incompatibilities at the strong B blood group 
can provide an “adjuvant effect,” which is perhaps the same as a carrier 
function ( Schierman and McBride, 1967). The H-2 incompatibilities in 
mice produce a similar effect on the response to H - 3  (Berrian and 
McKhann, 1960) and to the blood group antigen T (Stimpfling and 
McBroom, 1971). 

Fourth, an Ir gene may escape detection because the individual com- 
ponents of the antibody response are not analyzcd separately. For ex- 
ample, two strains may appear to respond similarly to a given antigen, 
when, in fact, one of the strains is responding with both IgG and IgM 
production whereas the other is producing only IgM. The Zr-1 gene is 
known to affect IgG and not IgM (Mitchell et al., 1972), and the re- 
sponse of mice to SRBC involves a similar effect. The response of 
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C57BL/10 mice to SRBC consists largely of 19 S antibody, whereas 
strain A/J produces both 19 S and 7 S responses (Silver et al., 1972). 

An important question with respect to any Ir gene is what cell type 
is primarily involved in the expression of that gene. A considerable body 
of evidence has now been accumulated implicating the thymus-deri:-cd 
lymphocyte as being directly involved in the expression of a number of 
Ir genes. The following are examples: (1) both the PLL and Zr-1 genes 
appear to involve carrier recognition, since nonresponders in these sys- 
tems can be made to respond if the antigen in question is complexed 
with an immunogenic carrier (Green et al., 1966; McDevitt, 19f38); ( 2 )  
in the case of the PLL gene, neither the use of an immunogenic carrier 
(Green et al., 1966) nor the use of an adjuvant containing M .  tubercu- 
losis (Green et al., 1969a) induces nonresponder guinea pigs to express 
delayed hypersensitivity reactions to DNP-PLL; ( 3 )  adult thymectomy 
eliminates the phenotypic diff crence between responders and nonre- 
sponders to (T,G)-A--L (Mitchell et al., 1972); ( 4 )  the Zr-1 locus has no 
effect on IgM production (McDevitt et al., 1971; Grumet, 1972), which 
is in accord with the observation that IgM responses tend to be inde- 
pendent of the thymus (Katz and Benacerraf, 1972); and ( 5 )  activation 
of T cells by a graft-versus-host reaction (the allogeneic effect described 
by Katz et al., 1971) enables “nonresponders” to react to (T,G)-A--L 
in a manner normally observed only in responders (Ordal and Grumet, 
1972). 

The function of T cells in T-B cell interactions remains enigmatic, 
although some important contributions have been made in this area 
(e.g., Katz et al., 1970, 1971; Paul et al., 1970b; Mitchison, 1971a,b,c; 
Boak et al., 1971; Britton et al., 1971). Mitchison (1971a) has suggested 
that T cells function primarily to concentrate antigen. If an immunogen 
consists of repeating antigenic subunits, the response to it may be inde- 
pendent of T cells (Mdler, 1971; Moller and Michael, 1971). However, 
there are antigens that consist of repeating determinants but are still de- 
pendent on thymus-derived cells to elicit immunity. Such antigens are 
apparently metabolized very rapidly, so that T cells are required for 
antigen concentration. It was shown by Sela et al. (1972) that rapidly 
metabolized enantiomorphs are tliyiiius-dependent immunogens, whereas 
slowly metabolized optical isomers are thymus-independent immunogens. 

A growing body of evidence suggests that T cells possess immuno- 
globulin receptors on their surfaces (Basten et al., 1971; Greaves and 
Hogg, 1971; Cone et al., 1972). The important observations of Shevach 
et al. (1972) also suggest that some type of receptor is directly or in- 
directly controlled by Ir genes. Present evidence does not allow us to 
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discriminate between the two. alternative hypotheses: ( 1 )  that an Ir 
gene in some way modifies the activity of the immunoglobulin receptor 
or ( 2 )  that an Ir gene produces a T-cell receptor which is functionally 
distinct from the immunoglobulin receptor. Evidence suggesting that the 
Zr-1 gene product is responsible for stimulation in MLC's (Bach et al., 
1973; Meo et al., 1973) is germane to this point. Lymphocyte stimulation 
in vitro promises to be a powerful tool in elucidating the nature of the 
T-cell receptor or receptors. 

Immune response genes have also been identified which appear to 
concern primarily B cells. The response to Pro--L is probably in this 
category (Section IV,B) as well as at least some of the genes that re- 
sponded to selection in Biozzi's experiment ( Section V,E ). The most 
direct evidence for genetic factors concerned with B-cell function is the 
demonstration that a specific Ir gene is closely linked to the immuno- 
globulin allotype loci. Two important examples of such genes have now 
been reported: the responses to a-1,3-dextran and to phosphorylcholine 
(Section VIII). It is necessary to keep in mind, however, that the occur- 
rence of an allotypic and idiotypic determinant on the same molecule 
does not necessarily imply genetic linkage. If an antibody molecule con- 
sisted of a constant portion and a variable portion coded by two un- 
linked genes, it would be possible to demonstrate the occurrence of an 
Ir  gene that was reflected in an idiotypic specificity but was not ge- 
netically linked to the allotype loci. In the experiment by Sher and Cohn 
(1972), the idiotype and allotype loci were shown to be linked, but the 
possible existence of V-region genes not linked to allotype loci should 
not be overlooked. 

There is obviously more than one mechanism by which a B-cell de- 
pendent Ir gene could function. One type of gene could code for the 
V region of an antibody molecule, as discussed in the foregoing, whereas 
other B-cell-dependent Ir genes could regulate the division rate of anti- 
body-producing cells, as seems to be the case with the murine response 
to SRBC (Biozzi et al., 1972). 

The activities of macrophages are undoubtedly controlled genetically, 
but in very few cases has there been conclusive evidence for genetic 
variation in macrophage function. One excellent example involves a 
difference in susceptibility to arbor B virus which is controlled by a 
single autosomal dominant gene ( Goodman and Koprowski, 1962a,b). 
It was shown that macrophage cultures from susceptible mice supported 
the growth of the virus in vitro, whereas macrophage cultures from re- 
sistant mice did not ( Goodman and Koprowski, 1962b). 

Another conclusion difficult to escape is that the massive efforts that 
have been expended on the genetics of the immune response are being 
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rewarded by the advancement of clinical knowledge. The correlations 
between HL-A type and disease susceptibility discussed in Section VIII 
cannot be fully explained at the present time, but the fact that such 
correlations exist can be useful clinical information. I t  is quite possible 
that on the basis of histocompatibility typing, clinicians will eventually 
be able to predict with some degree of accuracy the profile of diseases 
to which a given patient will be most susceptible. In some cases this 
knowledge might have rather somber overtones. For example, many 
persons who possess HL-A 4c might not wish to be informed as to the 
implications of possessing this antigen. But in many cases there could 
well be significant preventative measures that could be used on patients 
known to have an inherited predeliction toward the development of some 
diseases. 

The point has been stressed by other reviewers that the immune re- 
sponse is a complex process which must be regulated at many levels by 
genetic factors ( McDevitt and Benacerraf, 1969; Benacerraf et al., 1971; 
Benacerraf and McDevitt, 1972). Fortunately, experimental systems in- 
volving genetic variation at many of these levels are receiving increasing 
attention so that within a few years we should have a much better under- 
standing of the genetic determinants of immunological responsiveness. 
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I. Introduction 

Allograft rejection and tumor immunity are generally considered as 
manifestations of cell-mediated immunity. This concept is based on a 
great many observations showing that both phenomena are regularly 
transferred from immune donors to normal recipients with lymphoid cells 
but not with serum. However, the actual mechanism by which transfer 
of iminunc~ lymphoid cells leads to cell destruction is still poorly under- 
stood. Due to the complexity inherent in studies in uivo, much effort has 
been devoted during the last decade to establishing in vitro models for 
allograft and tumor rejection. The various in vitro models have been 
extensively revicwed by Perlmann and Holm (1). As a result of these 
studies, it became apparent that lymphoid cell populations from immune 
donors were often capable of destroying target cells bearing surface 
antigens to which the donors were sensitized. Evidence was obtained 
that these lytic reactions could be distinguished from those brought about 
by antibody and complement, and the term celLmediated cytotoxicity 
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was thus proposed to account for immune lysis requiring the participa- 
tion of lymphoid or nonlymphoid cells. 

A major advance in immunobiology was the recent demoiistratioii that 
lymphocytes could be divided into two general types: (1) T cells or 
lymphocytes that have differentiated under the influence of the thymus, 
and ( 2 )  B cells or lymphocytes that have not been directly influenced 
by the thymus. It is generally accepted that both types of lymphocytes 
contain antigen-reactive cells which undergo proliferation and differ- 
entiation iipon antigcnic stimulation. Although it is well established that 
B cells differentiate under appropriate conditions into antibody-secreting 
cells and are thus responsible for hunioral immunity, antigenic stimu- 
lation of T cells leads to the formation of effector cells with different 
specific functions. 

1. They have a fundamental regulatory influence in the development 
of hunioral immunity, although they are not capable of secreting humoral 
antibodies. 

2. Thcy are responsible for mediating delayed hypersensitivity re- 
actions presumably by virtue of releasing various factors. 

3. They play n crucial role in resistance to infection by iiitracellular 
microorganisms. [The extensive literature on these three topics has re- 
cently been well reviewed by Katz and Beiiacerraf (2), Bloom ( 3 ) ,  and 
Mackaness ( 4 )  .] 

4. Whcn antigen is a normal or abnormal constituent of a cell mem- 
brane, antigen-stimulated T cells differentiate into specific cytotoxic 
lyniphocytcs that are able to destroy directly target cells carrying the 
sensitizing antigen. Sensitized T cells are thus the effector cells involved 
in sonic in uitro models of cell-mediated cytotoxicity. With appropriate 
methods, the activity of the cytotoxic T lymphocytes can lie very ac- 
curately quantitated in uitro, in contrast to the otlicr functions of sensi- 
tized T cells. 

Evidence has recently been obtained that several mechanisms in- 
cluding different cell types are involved in cell-mediated cytotoxicity 
in uitro. By using defined cell populations, it has been possible to dem- 
onstrate at least two different pathways by which lymphocytes exert 
direct cytotoxicity in uitro. Thc first one requires the participation of T 
cells from immune donors. These cells interact directly with membrane- 
associated antigens by virtue of specific receptors. Humoral antibodies 
are not involved or may cven inhibit the effect of the cytotosic T lympho- 
cytes. In contrast, the second pathway depends on the presence of 
immunoglobuliii G ( IgG ) antibody bound to target-cell antigens and 
involves the participation of lymphoid cclls present in normal donors and 
carrying receptors for the Fc portion of IgG molecules. Although present 
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evidence indicates that T cells are not involved in aiitibody-depeiideiit 
cytotoxicity, the true nature of the lymphoid effector cell remains to be 
established. In addition to direct cytotoxicity mediated by lymphocytes, 
it has been shown that specific cytotoxicity in vitro can be obtained with 
inacropliages carrying cytophilic antibodies or specific factors released 
by sensitized T cells. It is thus evident that the mechanisms of cell- 
mediated cytotoxicity in uitro are iiunierous aiid involve different effector 
cells according to the in uitro models studied. 

In the present review, we first describe thc experimental data rc- 
cently accumulated concerning the nature of the effector cells and the 
mechanisms uiiderlying the various pathways of cytotoxicity in oitro. In 
the last part, the relevance of the in vitro findings to the rejection of 
allografts or tumors in uioo will be briefly discussed. To avoid over- 
lapping with two recent reviews of this series (1, 3 ) ,  this review will 
primarily include experimental work performed during the last 3 years. 

II. Methodology 

As stated in Bloom and Glade ( 5 ) ,  understanding of the basic prin- 
ciples of biological phenomena can proceecl iio further than the methods 
by which they are studied will permit. This remark is particularly per- 
tinent to the studies dealing with cell-mediated cytotoxicity in uitro since 
most of the methods used arc subject to serious limitations that are often 
underestimated. Detailed descriptions of the various in oitro assay sys- 
tems have been published ( 5 ) ,  and critical discussion of their appli- 
cability mid limitations can be found in sevcral recent articles (5-7). 

In this review, we will mainly discuss the results obtained from 
measuring direct cytotoxicity by release of radioactive chromium ( "Cr ) 
from labeled target cells (8-10). Such an assay is simple, sensitive, pre- 
cise, quantitative, reproducible, and independent of target cell multipli- 
cation. Its sensitivity and precision allow detection of cell-mediated 
cytotoxicity in appropriate model systems as early as 15 minutes after 
the sensitized lymphocytes aiid target cells are mixed. 

Studies of cell-mediated immunity are severely limited by the ab- 
seiice of assays for detecting individual effector cells as is the case for 
antibody-producing cells. A proinising approach to this question is the 
developmeiit of a virus plaque assay which appears to enumerate a 
certain category of sensitized T cells (11, 12). Although release of "Cr 
per se is not an assay for individual effector cells, its use under appro- 
priate conditions provides opportunities for the relative estimation of 
cytotoxic cell frequency in different cell populations. Such an estimation 
is based on the existence of a qt1:iIititative relationship between the de- 
gree of cytotoxicity and the concentration of effector cells. Analysis of 
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1 I I 1 

dose-response relationship, i.e., the nuniber of labeled target cells lysed 
by varying numbers of lymphoid cells from immune donors within 
a few hours, has demonstrated that specific cytotoxicity varies linearly 
with the logarithm of the number of immune lymphoid cells, at least 
over cell concentrations causing more than 15 and less than 75% lysis ( 1 3 ) .  
In addition, it was observed that dose-response curves obtained with 
different immune lymphoid cell populations resulted in parallel lines, as 
illustrated in Fig. 1. Empirical estimation of the relative frequency of 
effector cells in different populations can thus be made by comparing 
the number of cells required to achieve a fixed value of cytotoxicity ( 1 3 ) .  
Experimental evidence supporting the validity of this procedure for 
quantitative estimates of effector cell frequency has been presented re- 
cently (14). Practical use of the “Cr assay for quaiititation of cytotoxic 
lymphocytes will be presented in Section 111. 
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FIG. 1. Relationship between effector cell concentration and target cell lysis 
in ljitro. Strain C57BL/G spleen cells were immunized against DBA/2 alloantigens 
Iiy transfer into lethally irradiated DBA/2 recipients (see Section 111). The lymphoid 
cells present in the recipient spleens were collected from days 2 to 5 after transfer. 
Each cell population was assayed in oitro by using varying nmnbers of lymphocytes 
and a constant number (25 x lo3)  “Cr-labeled P-815 (DBA/2) target cells. Spe- 
cific target cell lysis was determined after 6-hour incubation at 37°C. On the left 
side, the results are plotted on a semilogarithmic scale. The numbers refer to the 
time (days) of spleen cell collection after transfer. From these plots, the lymphocyte- 
target cell ratio necessary to obtain 33% lysis is graphically determined (dashed lines). 
The number of lymphocytes corresponding to this ratio is arbitrarily taken as 1 lytic 
unit ( L U ) .  The nunilier of LU’s present in recipient spleens is then calciilated and 
the results are plotted on a semilogarithmic scale (right side). 
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Studies of the specificity of cell-mediated cytotoxicity can be per- 
formed by using a variety of target cc4s bearing related or unrelated 
membrane antigens. However, tlic results of direct cytotoxicity tests may 
be difficult to interpret because of differences in target cell susceptibility 
to lysis. Kinetic studies of "Cr release from various normal or tumor 
cells of tlie saine H-2 genotype in the prescwce of the same population of 
iiiimuiic~ lyiiiphoid cclls revealed considcwble differcmces ( 1 5 ) ,  the 
nature of which is still poorly imclerstood. Selection of appropriate target 
cells is thus of primary importancr, as escmplified by recent studies con- 
cerned with the detection of cytotoxic lymphocytes forined during the 
mixed leukocyte reaction (MLC) in man (16). I t  was found that the 
sensitivity of thc> assay w a s  increased manyfold by using phytohemag- 
glutiiiiii-induced lymphoblasts instead of normal lyiiipliocytes as the 
source of target cells. Recently, an inhibition assay using a mixture of 
"'Cr-labeled and unlabeled targct cells was proposed for the study of 
the specificity of cell-mediatcd cytotoxicity ( 17) .  Competitive inhibition 
of lysis of labeled target cells by immune lymphoid cells was noticcd in 
the presence of unlabeled target cells beaiing tlie sensitizing antigcns, 
whereas lysis was unaffected by addition of targct cells lacking the rele- 
vant antigens. Further studies are needed to establish the applicability 
of this method to various systems (sce Section III,C,2). 

One difficulty often encountered with the ;lCr assay is related to the 
spontaneous release of tlie isotope labcl which varies froin 0.2%/ hour 
with chicken red cells to 14%/ hour with established cell lines, but may 
reach unsuitable levels with frcslily esplanted tumor cells. Another linii- 
tation of the ;'Cr assay is the requirement of relatively large numbers 
of lyniphoid cells. With tlie spccific activity of ;lCr presently available, 
a minimum numbc~r of 5 to 10 x 10:' labelccl target cells per individual 
tube is required to obtain a measurable reaction. Because excess lympho- 
cytes are needed to obtain significant lysis, therefore a limited supply of 
lymphocytes may rcstrict tlie iisc of such a method, especially in man. 

In contrast to the short inculxition time needed with the "Cr assay, 
the other conimonly u s c d  assay niethod, lxised on visual assessment of 
destriietion of target cell monolayers, req1iirc.s iiicubation of target cells 
with lymphocytes for 48 to 72 hours ( 1 8 ) .  This assay, which can be 
performcd in microtitration platc.s, is limited to the use of target cells 
grown in monolayc~r cultares since it relies on thc, detachment of injured 
cells from the monolayer. It is thus evident that thc actual target-cell 
counts at tlie cnd of the incubation period result from a comlinatioii of 
direct lysis, cletachmcnt, and proliferation. The same problems app1y to 
modifications of the cell-counting niethocl i n  which target cells are 
labeled with radioactive thyniidine (19, 20) or iododeoxyuridinc (21 ), 
since both compoiinds are incorpor:ited into tlie target-cell deoxyri1)o- 
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nucleic acid (DNA) and are not released froiii damaged cells mlcss 
treatiiient with trypsin is used ( 2 2 ) .  

Extensive comparison of the results obtained with the "Cr and the 
microplate assay methods has iiot been done. There are situations in 
which discordant results have been obtained suggesting that the two 
methods do not necessarily detect the same basic phenomenon (sec 
Section 1 1 1 ) .  A clear relationship between in vitm lysis and growth in- 
hibition of target cells has been established in a few instanccs ( 2 3 ) ,  
but this may not be the general rule. In view of the complexity of the 
factors that can influence the final results in the microplate assay, the 
results obtained with this method will iiot be discussed in this rcview 
unless they extend observations iiiade with the "Cr assay method. 

Ill. Cytotoxicity Mediated by Specifically Sensitized T Cells 

Following the obscrvatioii of Govaerts ( 2 4 ) ,  several studies demon- 
strated that lymphoid cells from individuals immuiiized against normal 
or tumor allografts exerted a cytotoxic activity in uitro on target cells 
bearing the transplantation antigens to which the donors were sensitized 
(for refercnccs, see Ref. 1 ) . Cytotoxicity was specific, depended on 
close contact between reacting cells, and needed no added complement. 
It was assuiiied that antibody was not involved in the lytic process siiice 
addition of alloaiitibody directed against the target cells to the reaction 
mixture inhibited rathear than increased cytotoxicity ( 25, 26) . The validity 
of this assumption, however, was questioned by the observation of a 
tciiiporal relationship between development of cell-mediated cytotoxicity 
nnd appearancc~ of seruiii alloantibody ( 23) .  Not until 1970 was direct 
evidence obtained that cell-mediated cytotoxicity in mouse allogc~ncic 
systeiiis was directly caused by spc~ificall y sensitized T cells, the activity 
of which was iiidepcwdent of antibody, iioriiid T or B cells, antiliocly- 
producing cells, and/ or macrophages. 

A. IDENTIFICATION OF CYTOTOXIC LYMPHOCYTES AS 

SENSITIZED T CELLS 

The first direct evidence for mediation of cytotoxicity by sensitized 
T cells was provided by studies of the foriiiatiou of cytotoxic lymphocytes 
( CL) and cytotoxic alloantibody during graft-versus-host ( GVH ) re- 
actions ( 27) .  Thcse invc~stigations were facilitatcd by the development 
of two qiiaiititntive in vitro assay systems allowing the iiidependmt de- 
tection of CL and of alloantibody plaque forming cells (PFC) with the 
snine target cells (28). Thus, lethally irradiated mice were injected in- 
travenously with splren, thymus, or bone iiiarrow cells froin allogeneic 
donors. Five days after transfcir of spleen cells, the vast majority of the 
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cells present in the recipient spleen were found to be of donor genotype 
and contained CL and alloantibody PFC directed against the recipient 
alloantigens. In contrast to the results obtained with spleen cells, thymus 
cells sensitized by inoculation into irradiated allogeneic recipients pro- 
duced only CL, but no alloantibody PFC. Transferred bone marrow cells 
showed little cell-mediated cytotosicity, with the exception of one strain 
combination ( C57BL/6 bone inarrow cells injected into 800 R-treated 
DBA/S mice) whereby cviclencc was obtained that the relatively high 
degree of cytotosicity was related to the presence of contaminating T 
cells in the bone marrow preparations ( 2 7 ) .  

Subsequent studies by Cerottini et al. (29-31 ) showed that specific 
elimination of T cells from spleen cells containing both CL and allo- 
antibody PFC (obtained either from iiiimune donors or by transfer into 
irradiated allogeneic recipients) abrogated cell-mediated cytotoxicity 
but had no effect on plaque formation. Elimination of T cells was 
achieved by treatment with either nnti-6' serum or rabbit sermi against 
moiisc T cells and coniplcment ( 2 9 3 2  ) . Treatment of the same immune 
spleen cell populations with riib1)it sermm against mouse B cells or plasma 
cells and complement had no effect on cell-mediated cytotoxicity but 
completely inhibited the formation of PFC ( 3 2 ) .  

These results, which were confirmed in several other studies ( 3 3 3 9 ) ,  
made it clear that sensitized T cells were responsilde for cell-mediated 
cytotoxicity observed in allogmft system and in GVH reactions in mice. 
As will be clcltailed in thc following, similar conclusions have been ob- 
taincd concerning the nnture of mouse CL formed in vitro during the 
MLC. In other species, direct identification of CL involved in allogeiieic 
systems either in vitro or in  vivo still awaits the dcnionstration of specific 
markers for T and B cells. From the increasing body of evidencc sug- 
gesting that such markers exist, especially in  inan (40 ) ,  the role of T 
cells in cytotoxic reactions dc.tectec1 i n  allogeneic systems should be 
clearly defined in the very near future. 

In contrast to the clear evidence for the formation of cytotoxic T cells 
i n  allograft immunity, studies of cytotosic lymphoid cells appearing in 
senograft systems providrd opposite results. On the one hand, Beverley 
and Siinpson ( 41 ) showed that anti-6' trc,ntment of spleen aiid lyniph 
node cells from mice immunizcd with hamstcr tumor cells abolished 
their cytotosic activity as  assessed in  ;I microplate assay. Similarly, in- 
direct evidcnce for the participation of cytotoxic T cells was obtained 
in studies of rat 1ymphocytcLs sensitized in vitro on mousc cnibryo fibro- 
blasts ( 4 2 ) .  On the other hand, MacLennan and his associates (43, 4 4 )  
demonstrated that cell-mediated cytotoxicity observed with lymphoid 
cells from rats immunized against n human tiiiiior cell line did not in- 
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volve the participation of T cells but required the presence of antibody 
to the target cells and of normal lymphoid cells (see Section IV).  A 
similar mechanism was suggested by Chapuis and Brunner ( 4 5 )  in 
studies of in vitro cytotoxicity of spleen cells from guine;i pigs immunized 
against mouse tumor cells. 

M ~ c h  less information is avnilnble in syngeneic tunior systems. Evi- 
dence for the participation of T cells in cell-mediated cytotoxic reactions 
against syngeneic tumor cells has been suggested by the results of a few 
investigations testing thc effect of treatment with anti-8 serum and coni- 
plenient on the lytic activity of iinniune lymphoid cell populations (46 ) .  
Since the results were essentially negative, i.e., anti-8-treated cells showed 
little cytotoxic activity, the possibility could not be ruled out that T cells 
were not the actual effector cells, but that their presence was required 
for the effector cells to become functional, as suggested in other sys- 
tems (see Section V )  , Recently, Wagner and Riillinghof ( 47)  reported 
the formation of cytotoxic lymphocytes in in vitro cultures of inousc 
thymus cells with irradiated syngeneic plasmocytonin cells. Additional 
support for the formation of cytotoxic T cells in syngeneic tumor system 
was provided by studies on the nature of the cytotoxic cells detected in 
spleen cells from mice bearing Moloney sarcoma virus ( MSV ) -induced 
tumors. Leclerc et al. (48) found that treatiiient of the immime spleen 
cells with anti-6' and coniplemcnt abrogated their cytotoxic activity, as 
measured by the "Cr assay method, whereas removal of B cells or addi- 
tion of anti-immunoglobulin to the reaction mixture had no effect. Using 
the microplate assay method, Lamoii et al. (49)  studied the same system 
and found cytotoxic T cells in spleens and lymph nodes taken just prior 
to tumor development and soon after regression. In addition, these 
authors found that a non-T cell subpopulation was also cytotoxic in uitro. 
This non-T-crll-niediatc.d activity, which was detectable prior to tumor 
development, was particularly cvident following tumor regression. Simi- 
larly, studies by Perlmann et a1. (50) on the cytotoxicity of blood lympho- 
cytes taken from bladder carcinonia-bearing patients suggested the 
presence of T as well as non-T effector cells. 

To sum up, in the mouse, clear evidence has been obtained that cell- 
mediated cytotoxicity of lymphocytes sensitized against alloantigcns is 
priniarily a T-cell function. Further work is needed to confirin the va- 
lidity of this finding in other species. Conflicting results have been re- 
ported in xenograft systems. Cytotoxic T cells have been described in a 
fcw syngeneic tumor systems, but extensive investigation is still required 
to assess their role critically in the increasing number of studies demon- 
strating the presence of reactive lymphoid cells in tumor-bearing animals 
and patients (see Section V1,B). 
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n. Fonxr~~rorv OF CYTOTOSIC T LYhrivIocY?.is 

I. During IIo.st-oerszis-Grti ft Response 

a. P v i i n t q  Response. With the dcvelopment of qiiantitativc assay 
nietliotls, it has 1xx.n possil~lc to follow the aplwaraiice of CL in recipi- 
ents of normal c y  tmiior allografts. In iiiice injected intraperitoncally with 
a single optimal dose of living nllogeiicic tumor cells, lytic activity in 
spleen cells was detectable on days 3-4, rose rapidly to a maxin?um on 
clays 10-11, and thcn fell gradually over thc ensuing weeks (15, 5 1 ) .  
Detectable activity was still prcsent in spleen ccdls taken 2-3 months 
after a single immunization. Comparative studies of CL appearance in 
spleen and blood suggested a 48-hOiIr delay between formation of active 
cells in  lymphoid organs and their subsrquent releasc into circulation 
( 15) .  A t  peak activity, dose-response curvcs demonstrated that the high- 
cst concentration of CL was prescnt at the rejection site, the peritoneal 
cavity in this instance, and then i n  the blood, thoracic duct, splren, and 
lymph nodes ( 15, 52 ) .  Negligible cytotosicity was found in the thymiis. 

Such observations indicatcd that at least some of the CL belonged 
to the circulating pool of lymphocytcs. Similar conclusions were reached 
by Sprcnt and Miller (53) in extensive studies of the fate of CL formed 
during GVH reactions (see below). 

In ccrtaiii instances, kinetic studics of mice immunized with tmmor 
allografts dcxtected thc sequential appearance of two peaks of cytotoxic 
activity, the first near day 10, and thc second near day 25 (54, 55). 
Physical characterization of CL during the devclopment of thc inimune 
response indicated important differenccs in density and size between the 
effector cells obtained early or late after iniiiiunization (5648). Al- 
though the detailed mapping of a lymphocyte differentiation pathway 
is difficult in whole nniiiial studies, thc separation data, takcn together, 
suggest the following chnngcs during CL formation in oiuo: (1) the CL 
progenitor in the normal mouse spleen is a very dense, small lymphocyte; 
( 2 )  early effector cells are cxtreiiiely light in density and vcry large and 
correspond to blast cells; and ( 3 )  as the response proceeds, the CL ap- 
pear to pass through a series of maturntion steps reflected by incrcase in 
cell density and decrease in size. Onc month after immunization, the 
effector cells have thc density and sedimentation properties of small 
1ynipl;ocytes. Whether or not these cclls, after ceasing their cytotoxic 
activity, can act as memory cells, i.e., they differentiate into cytotoxic 
blast cells tipon secondary stimulation, remains to be established. 

It is well established that cytotoxic antibody is also produced in 
allograft immunity. In the studies cited abovc, the peak of cell-mediated 
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cytotoxicity coincided very closely with the peak of serum IgM allo- 
antibody (23, 59). Moreover, the development in time of alloantibody 
PFC followed very closely that of CL in spleens of mice immunized with 
tumor allografts (28, 60).  Ample evidence has been obtained, however, 
that CL and PFC differ as regards their origins, physicochemical prop- 
erties, and mechanisms of action. Some of the differences between the 
two types of effector cells have been reviewed recently ( 6 1  ). In addition, 
clear dissociation of the formation of CL and PFC has been achieved 
in certain instances (60). 

Besides CL and alloantibody PFC, another function of effector cells 
has been demonstrated in allograft immunity, As first shown by Al-Askari 
et al. (62), inhibition of macrophage migration, an in witro assay system 
widely used in studies of cell-mediated immunity (3),  can be applied to 
detection of allograft immunity. In a comparative study of the cytotoxic 
and macrophage migration inhibitory activities of spleen cells during the 
primary response to alloantigens, Brunner and Cerottini (60) found 
that both activities reached peak values at the same time and were 
abrogated by treatment of spleen cells with anti-6' serum and comple- 
ment. Whether or not the lymphocytes responsible for cytotoxicity and 
for inhibition of macrophage migration are identical remains unsettled. 

These studies indicate that the development of effector cells of both 
cellular and humoral responses to transplantation antigens can be meas- 
ured independently in a quantitative fashion. It is thus feasible to assess 
critically the immunogenicity of different alloantigen preparations ac- 
cording to source, dose, and route of administration. Examples of such 
studies can be found in recent publications (51, 6 3 ) .  

Formation of CL has also been followed after skin allografting in 
mice (64, 65) or in rats (66). Cytotoxic activity, as assessed by the "Cr 
assay method, was detected several days before graft rejection first in 
draining lymph nodes, then in spleens, blood, and contralateral lymph 
nodes. Peak activity usually coincided with rejection of the allogeneic 
skin and was more prominent in draining lymph nodes than in spleens. 
In contrast to the results obtained with living or irradiated tumor allo- 
grafts, no CL were detected 2 weeks after skin graft rejection. 

b. Secondary Response. The question of memory has often been 
raised in transplantation immunity. Since immune responses to allografts 
are characterized by the accelerated rejection of a second graft of the 
same specificity, it may be assumed that this corresponds to a secobdary 
type of cellular immune response involving an increased number of 
antigen-reactive cells. Another explanation of the second-set rejection 
phenomenon is based on the persistence of effector cells in the primed 
host. The latter possibility, however, appears very unlikely in the light 
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of the recent demonstration of a typical secondary formation of CL 
( 51, 52) .  Comparative studies clearly established the parallelism between 
earlier appearance, accelerated formation, and higher peak of both CL 
and alloantibody PFC during the secondary response to allogeneic tumor 
cells (67). 

These results suggest that memory is a property of both T and B cells. 
This conclusion has been clearly established in other systems of immune 
responses, as recently reviewed by Katz and Benacerraf (2) .  In the case 
of T cells including CL, it is unclear whether memory is related to an 
increase in the number of antigen-reactive cells or involves qualitative 
changes as well. Dose-response analysis of CL obtained at peaks of 
primary and secondary responses showed no striking difference ( 6 7 ) ,  
but further refinement in methodology is needed to exclude qualitative 
changes in these cell populations. 

2. During Graft-versus- H ost Reaction 

It  is generally assumed that the GVH reaction represents an immune 
response called forth by the introduction of antigen-reactive cells into a 
host carrying different transplantation antigens and incapable of reject- 
ing the grafted cells (68, 69). The validity of this assumption has been 
confirmed by the demonstration of the formation of both CL and allo- 
antibody PFC after transfer of mouse spleen cells into lethally irradiated, 
allogeneic recipients (27, 3 1 ) .  It seems clear that these effector cells 
derive from precursor cells present in the transferred spleen cells which 
undergo proliferation and differentiation on contact with the recipient 
alloantigens. In this respect, the immune process taking place during the 
GVH reaction is similar to that occurring in allograft immunity. 

Quantitative assessment of the formation of CL after transfer of 
50 x lo6 spleen cells into heavily irradiated allogeneic recipients is 
illustrated in Fig. 2. Cytotoxic activity was first detected on day 2, then 
rose sharply and reached a peak on day 4. Formation of CL was pre- 
vented by injection of mitotic inhibitors, such as vinblastine, indicating 
that the exponential rise in cytotoxic activity was related to proliferation 
of the transferred reactive cells ( 3 2 ) .  

Subsequent studies established the usefulness of the transfer system 
to analyze the distribution, the relative number, and the physical char- 
acteristics of CL progenitors in different lymphoid organs. In addition, 
such studies provided further insight into the differentiation process 
triggered by exposure of T cells to histocompatibility antigens. Finally, 
elucidation of the mechanism of cell-mediated cytotoxicity was facili- 
tated by the availability of almost pure populations of sensitized T cells 
in certain instances. 
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FIG. 2. Kinetics of cytotoxic lymphocyte formation during graft-versus-host (in 
oiuo) or mixed leukocyte (in uitro) reactions. Strain C57BL/6 spleen cells were 
immunized against DBA/2 alloantigens either in uioo (by transfer into lethally 
irradiated DBA/2 recipients) or in uitro (by incubation with irradiated DBA/2 
spleen cells). At different times thereafter, the lymphoid cells were assayed in uitro 
for cytotoxic lymphocytes by using Tr-labeled P-815 (DBA/2) cells as target cells. 
The number of lytic units present in individual cell populations was calculated as 
discussed in the legend of Fig. 1. 

Evidence has been obtained that CL  progenitors are present in 
spleen, lymph node, blood, thoracic duct, and thymus (27, 31, 32, 53). 
Pretreatment of lymphoid cells with anti-8 serum and complement prior 
to transfer into heavily irradiated, allogeneic hosts prevents formation 
of CL (Table I).  Since CL are T cells, as cited in the foregoing, these 
results clearly demonstrate that CL progenitors belong to the T-cell 
population. Bone marrow cell preparations in mice are usually deficient 
in CL progenitors, but strain differences exist, as exemplified by the rela- 
tively high cytotoxic activity observed after transfer of C57BL/6 bone 
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TABLE I 
ROLE OF T A N D  B CELLS IN THE FORMATION OF CYTOTOXIC LYMPHOCYTE AND 

ALLOANTIBODY PLAQUE-FORMING CELLS DURING THE 

GRAFT-VERSUS-HOST REACTION" 

Transferred cells LU/106 LU/spleen PFC/106 PFC/spleen 

50 X 10' Spleen cells 3.5 35 16.1 161 
25 x 10' &Negative spleen cells <0.03 < 0 . 3  5.9 41 
25 x lo8 &Negative spleen cells f 25 2 . 4  27 8 . 1  91 

x 106 thymus cells 
25 x 108 Thymus cells 4 . 5  27 <o.  1 < 0 . 6  

(1 Strain C57BL/6 normal spleen cells, spleen cells treated with anti4 and comple- 
ment, or thymus cells were injected into lethally irradiated DBA/2 mice. On day 5, the 
lymphoid cells in the recipient spleens were assayed for the presence of cytotoxic lympho- 
cytes (CL) by using slCr-labeled P-815 (DBA/2) h m o r  cells, and of alloantibody plaque- 
forming cells (PFC) with the same target cells. Lytic units (LU) were calculated &s 

illustrated in Fig. 1. 

marrow cells into irradiated DBAI2 mice. Even in the latter case, how- 
ever, pretreatment of bone marrow cell preparations with anti-8 serum 
and complement abolished their ability to form CL on transfer ( 3 2 ) .  
Evidence for the presence of T cells in bone marrow cell preparations 
from certain mouse strains has also been reported in other studies (70- 
7 2 ) .  

Estimation of the relative number of C L  progenitors in different 
lymphoid organs has been made feasible by using the quantitative 
method described in Section 11. Measurement of the relative amount of 
effector cells in spleens of irradiated hosts inoculated with graded num- 
bers of lymphoid cells indicated that the frequency of CL progenitors 
was not very different in blood, lymph nodes, and spleen when calcu- 
lated on the basis of number of T cells present in these lymphoid cell 
preparations ( 3 2 ) .  In the thymus, CL progenitors were 10-20 times less 
frequent than in the spleen. Further studies demonstrated that these 
progenitors belonged to a minor population of thymus cells characterized 
by relative resistance to cortisone ( 5 5 ) ,  high levels of H-2 antigens, low 
levels of B antigen ( 5 7 )  and, in appropriate strains, absence of the 
thymus leukemia ( T L )  antigen ( 3 2 ) .  Such results are in agreement with 
the demonstration of a small subpopulation of thymus cells carrying all 
of the GVH reactivity of the thymus (73, 7 4 ) .  

The antigenic properties of the CL progenitors in the thymus are 
very similar if not identical to those of peripheral T lymphocytes ( 7 5 ) .  
Shortman et al. ( 5 7 ) ,  however, found a striking difference in the physical 
characteristics of CL progenitors in thymus and spleen. Density dis- 
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tribution analysis in continuous gradients of albumin showed that CL 
progenitors in the thymus were characterized by a relatively narrow 
distribution in the light-density regions, whereas the typical thymus, 
small lymphocytes were completely inactive. In contrast, the reactive 
cells in the spleen were much denser than those in the thymus, and 
their density distribution corresponded to the region of typical small 
lymphocytes. These results were interpreted as indicative of further 
differentiation or maturation of CL progenitors occurring after they 
leave the thymus until they seed into the peripheral lymphoid tissues. 

Some understanding of the events leading to the formation of CL 
during the GVH reaction has been obtained by studying the fate of 
thymus or thoracic duct cells inoculated into irradiated histoincompatible 
recipients. It is well known that T cells migrate to the lymphoid tissues 
after intravenous injection and localize predominantly in the thymus- 
dependent areas (76). When the recipient is histoincompatible with the 
T-cell donor, the reactive cells present in the transferred lymphocyte 
population undergo blast transformation and cell proliferation ( 77, 78). 
By measuring the amount of radioactivity in spleens of irradiated re- 
cipients of allogeneic T cells following a single injection of tritiated 
thymidine, Sprent and Miller (79) showed that peak incorporation 
occurred 3 days after thymus cell injection and 4-5 days after injection 
of thoracic duct lymphocytes. Subsequent studies revealed that the 
reactive cells eventually left the lymphoid organs after 4 days and en- 
tered the recirculating pool of lymphocytes from which they could be 
recovered by thoracic duct cannulation (36). The cells which first ap- 
peared in lymph were mostly rapidly dividing blast cells, followed later 
by predominantly small lymphocytes. Nearly 100% of these cells were 
derived from the original inoculated lymphocytes and had the char- 
acteristic features of T cells. When assayed in  vitro, the lymphocyte 
population showed a high specific cytotoxicity aaginst target cells bear- 
ing the alloantigens of the recipient host (36). 

It is thus clear that CL progenitors, during the GVH reaction, respond 
to the histocompatibility antigens by blast transformation and cell pro- 
liferation. Two questions are raised by these observations. First, what is 
the source of the immunogenic stimulus in the irradiated recipient host. 
Using two different approaches to answer that question, Sprent and 
Miller (79) concluded that the reticular framework of the recipient 
lymphoid tissue was not involved in the stirnuliltion and suggested that 
the effective stimulus might be provided by relatively radioresistant cc4s 
derived from the bone marrow. A second question relates to the role of 
interaction between different cell types for optimal formation of CL. 
Whereas the regulatory influence of T cells on B-cell immune response 
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is well established [as recently reviewed by Katz and Benacerraf ( 2) 3 ,  
the existence of analogous interactions in the formation of effector T cells 
is less clearly defined. Evidence has been obtained, however, for a lack 
of influence of B cells on the formation of CL during the GVH reaction. 
As already cited, both alloantibody PFC and CL were formed after 
transfer in irradiated allogeneic recipients, whereas only CL appeared 
after transfer of thymus cells. Spleen cells treated with anti-6' serum and 
coniplenient produced PFC only upon transfer, although in a reduced 
number as compared to untreated spleen cells. Addition of &negative 
spleen cells, as the source of B cells, to thymus cells, as the source of 
T cells, had no influence on the amount of CL recovered 5 days after 
inoculation (Table I ) .  It may be noted that the production of PFC, in 
this system, was relatively thymus-independent and, hence, was only 
slightly affected by the presence of T cells. 

Evidence for interaction between two types of T cells in the pro- 
duction of GVH has been reported (80, 81). The maximal degree of 
amplification observed with appropriate mixtures of T cells did not 
exceed 2.5-fold, an amount much lower than that observed in studies of 
T-B cell cooperation in humoral responses. More recent studies suggest 
the presence of two cell populations : the first one containing progenitors 
of effector cells and the second one, cells able to amplify the activity of 
the former cells (82). In addition, in the same GVH system, suggestive 
evidence was obtained that different effector functions, namely the 
abilities to produce either death or splenoniegaly, involve distinct types 
of precursor cells ( 8 2 ) .  

No synergistic effect was noticed by Shortman et nl. (57) in transfer 
experiments using mixtures of reactive and nonreactive subpopulations 
of thymus cells prepared by centrifugation to equilibrium in continuous 
albumin gradients. As discussed below, suggestive evidence for coopcra- 
tive interaction among subsets of T cells has been recently provided in 
in vitro studies. More investigations employing refined separation pro- 
cedures and quantitative assay methods are needed before any firm con- 
clusion can be drawn as to the necessity of two functionally distinct 
T-cell types for optimal in vivo formation of effector cells. 

3. In Vitro 

Furthcr understanding of thc cellular events involved in CL foima- 
tioii has lwen provided by studies of in vitro induction of such effector 
cells. Following the work of Ginsburg and his associates (83, 84) ,  who 
devclopcd a xenogeneic system using normal rat lymphocytes cultures 
on mouse fibroblast monolayers, several investigators reported successful 
induction of CL in allogeneic systems ( 1 4 ,  85-90), In the mouse, a ciiti- 
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cal observation was made by Hiiyry and Defeiidi (85) who first noticed 
the appeqrance of CL in unidirectional MLC. Subsequent quantitative 
studies established the usefulness of the MLC system in providing cell 
populations with greater cytotoxic activity than those obtained after 
in vivo immunization ( 90). 

Several systems of in uitro induction of CL have been proposed, but 
it appears that the most effective one consists of culturing normal 
lymphocytes with allogeneic lymphoid cells, the mitotic activity of 
which has been abolished by treatment with X-rays or mitomycin C .  
Elaborate culture conditions, as devised for obtaining PFC responses 
in vitm (91, 92), have been used in some studies (88, go), but simpler 
culture conditions appear equally effective in supporting CL formation, 
provided that critical ingredients are added to the culture medium (32).  

In one of the most sensitive systems, cytotoxic activity was first de- 
tected on day 2, then rose sharply and reached a peak on day 4. It thus 
appeared that the kinetics of CL formation in vitro was very similar to 
that observed in vivo during the GVH reaction, although a tenfold differ- 
ence in relative frequency of CL existed between in vitro and in viljo 
sensitized spleen cell populations ( Fig. 2) .  Such quantitative studies 
suggest that in vitro formation of CL is related to the cell proliferation 
taking place during the MLC (for references, see Ref. 93). By using 
agents that damage proliferating cells during a short-time exposure, 
several investigators, working independently, presented evidence for 
proliferation in the formation of CL (14,  94, 95). Kinetic studies re- 
vealed that no significant proliferation occurred during the first 24 hours 
of culture. Between 24 and 48 hours, however, all precursor cells ap- 
peared to be dividing ( 1 4 ) ,  Later in the response, dissociation between 
proliferation and formation of CL has been reported by Wagner (96), 
who found a 48-hour delay between the peak of cell proliferation and 
that of cytotoxic activity, suggesting that some differentiation process 
took place after cell proliferation. Essentially identical observations were 
reported by Hayry et al. (95) who also found little cell proliferation at 
the time of peak cytotoxic activity, Any interpretation of these results 
should take into account the recent suggestion that the majority of cells 
undergoing division during the MLC reaction might be different from 
those differentiating into CL ( Ma).  

Because the MLC is also marked by the appearance of blast cells, 
attempts have been made to characterize the physical properties of CL. 
Velocity sedimentation analysis of the lymphoid cells obtained at 4 to 6 
days of MLC demonstrated that CL were a relatively heterogeneous, 
rapidly sedimenting population, whereas very little activity was obtained 
in the small lymphocyte fractions (14, 95). These results strongly sug- 
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gest that CL were indeed blast cells, but the authors give no information 
as to the actual percentage of blast cells that are cytotoxic. When the 
blast cells are separated by velocity sedimentation and kept in culture 
on syngeneic fibroblast monolayers for several days, they revert in size 
to small lymphocytes ( 95). These findings therefore support the general 
pathway of CL differcntintion suggested by the studies of CL form a t' ion 
in fiiuo. In the mouse, compdling evidence for the T-cell nature of in 
vitro formed CL has been reported. First, no CL appeared in MLC 
using lymphoid cells deprived of T cells as the source of responding cells. 
The cell populations tested included bone marrow cells (14 ) ,  spleen 
cells treated with anti4 serum and complement (14, 97),  spleen cells 
from adult thymectomized, irradiated, bone marrow-reconstituted ani- 
mals, or spleen cells from congenitally athymic (nude) mice ( 98).  More 
convincing was the demonstration that nearly pure populations of T cells, 
such as thymus cells (99, 100) or spleen cells depleted of B cells by 
different procedures (14, 95, 97) were able to generate CL in MLC. 
Consistent with the results obtained in experiments in vivo (55) was the 
observation that progenitors in the thymus were concentrated in thc 
cortisone-resistant population ( 97). These results were coilfirmed by the 
demonstration that the cytotoxic activity of in uitro sensitized lymphoid 
cells was abolished by treatment with anti-0 serum and complement 
(14, 97).  

Subsequent studies revealed that adherent cells, presumably macro- 
phages, were required for the in uitm induction of CL (14, 101, 102). A 
similar requirement for adherent cells had been demonstrated previously 
in the initiation of some humoral responses and of the proliferative re- 
sponse i n  MLC, as recently revicwed by Unanue (103). In the latter 
case, the role of macrophages appeared to be nonspecific, since macro- 
phages syngeneic to either responding or stimulating cells could be used 
( 104). Identical observations were made by MacDonald in studying the 
formation of CL in uitro (14 ) .  Several mechanisms of macrophage func- 
tion during the induction phase of the immune response have been 
postulated (103). In addition to these mechanisms, the possibility can- 
not be excluded that the presence of small numbers of macrophages 
merely provides optimal culture conditions as suggested by obseivations 
of successful substitution of macrophages by macrophage culture nicdium 
(105) or mercaptoethanol (106). 

Cooperation between T and B cells has been recently described in an 
in vitro model for graft rejection (107). Several observations, however, 
are inconsistent with this concept. As mentioned before, cortisone- 
resistant thymus cells or B-cell-depleted spleen cells are perfectly able to 
generate CL in uitro. Quantitative comparison of the relative frequency 
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of effector cells formed in MLC with unseparated spleen or B-cell- 
depleted spleen cells as the source of responding cells revealed a three- 
fold enrichment on a cell-to-cell basis in the latter case (97). In another 
study, cell separation experiments in which B-cell-rich fractions were 
mixed with T-cell-rich fractions failed to demonstrate a synergistic effect 
( 5 8 ) .  These results are in agreement with the observations cited pre- 
viously in the GVH system and indicate that formation of CL occurs 
independently of the presence of B cells. 

Evidence for T-T cell interaction in the in vitro generation of CL 
has been suggested by a recent study demonstrating that limited numbers 
of either thymus or lymph node cells, although unable to generate high 
CL activity when incubated with allogeneic irradiated spleen cells, 
produced large numbers of CL when mixed together at the onset of the 
MLC ( 1 0 7 ~ ) .  In addition, the results of this study indicated that pe- 
ripheral T cells provided the major source of CL precursors, whereas 
thymus cells acted mainly as helper cells during the MLC. 

Using a different approach, Bach et al. (96a) and Alter et al. (107b) 
also suggested the participation of two subsets of lymphocytes in the 
formation of CL during the MLC. These studies were related to the 
recent demonstration of a third (or several) locus in the genetic region 
of the major histocompatibility complex (107~-107e). In contrast to the 
first two loci, which control serologically detectable antigens, the third 
one appears to be responsible for differences which lead to cell prolifer- 
ation in MLC but are not detectable serologically. For that reason, the 
terms serologically defined ( SD ), or lymphocyte-defined ( LD ), differ- 
ences are uscd to designate the products controlled by the first two loci, 
or the third one, respectively. Both in man and in the mouse, clear 
evidence has been provided for the existence of such LD differences. 
The basic finding has been the occurrence of a proliferative response of 
lymphocytes in MLC tests despite identical SD histocompatibility 
antigens on both responding and stimulating cells ( 107c). Since the three 
loci are linked with a low recombination frequency, and because of the 
rarity of recombination in a family, human siblings identical for SD 
antigens are also likely to have identical genotype at the third locus. By 
contrast, at the population level, crossing-over is frequent, and accord- 
ingly the lymphocytes of the majority of unrelated individuals with the 
same HL-A phenotype do stimulate each other in MLC tests because 
they presumably differ at the third locus (107f). The same observations 
have been made in mice using recombinants which are identical at the 
H-2K and H - 2 D  loci (107e, 107g). Similar studies have indicated that 
in certain strain combinations which are SD identical but different for 
LD, no CL are formed despite intensive proliferation ( 107b). Moreover, 
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it has been shown that neither proliferation nor CL activity is detectable 
in strain combinations which are LD identical but different for SD. How- 
ever, when responding cells are incubated with two different stimulating 
cell populations, one differing from the responding cells by LD and the 
other differing from the responding cells by SD, CL able to destroy 
target cells carrying the SD antigens are then formed. Whether or not the 
lymphocytes responding to LD differences correspond to the helper cells, 
as described by Wagner (107a), which can amplify the generation of 
CL directed against SD antigens remains to be determined. 

The source of stimulating cells appears to play a role in the optimal 
generation of CL in uitro. From the data available in identical systems, 
it appears that lymphoid cells stimulate better than nonlymphoid cells 
such as fibroblasts. In a parallel study, identical stimulation by either T- 
cell depleted spleen cells or cortisone-resistaiit thymus cells was noticed, 
whereas normal thymus cells appeared less effective (32) .  Similarly, von 
Boehnier et al. (108) found that both T and B cells could stimulate 
allogeneic MLC. Tumor cell 1inc.s could bc sulxtituted for normal 
lymphoid cells in some instances ( 3 2 ) .  Recently, Wagner (109) reported 
that inhibition of the metabolism of the stimulating cells decreased their 
ability to elicit the formation of CL. As a tentative explanation, this 
author suggested the existence of  a relationship between the turnover of 
surface proteins or transplantation antigens of living cells and their 
immunogenicity. The question remains whether the immunogenic 
stimulus is provided by direct contact of the stimulating cell with the 
responding cell or by soluble transplantation Rntigens released from the 
surface of the stimulating cells. Indeed, in uitro induction of CL by sub- 
cellular alloantigen preparations has been reported ( 110, 111 ), although 
the very low degree of cytotoxic activity achieved suggests a rather weak 
immunogenicity of the solublc material as compared to intact living cells. 
As more purified preparations of soluble transplantation antigens become 
available, further studies on their immunogenicity in uitm should clarify 
this point. It is obvious that these studies should take into account the 
necessity of the presence of both SD and LD antigens for CL formation 
in uitro. 

The cellular events leading to the formation of CL tn uitro may be 
separated into two categories according to the requirement of antigen 
or not. Lohmann-Matthes et al. (112) demonstrated that lymphoid cells, 
after 48 hours of contact with allogeneic fibroblasts, were able to 
generate CL 3 days later even after transfer onto syngeneic fibroblasts. 
These results, which corroborated the findings of Cohen and Feldman 
( 113) in the xenogeneic, rat antimouse system, suggest that the prolifer- 
ation and/ or differentiation phases could proceed even in the absence 
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of antigen once antigen-dependent triggering had occurred. However, 
the possibility of antigen transfer has not been i-uled out completely. 

A useful extension of these experimental studies has been suggested 
by similar findings in humans. The first observation was made by Sol- 
liday and Bach (87) who showed that human blood lymphocytes, when 
cultured with lymphoblast cell lines, preferentially destroyed lympho- 
blasts to which they had been sensitized. However, in this study, as in 
other similar investigations ( 114), a nonspecific component of cyto- 
toxicity could not be ruled out since target cells syngeneic to the respond- 
ing cells were not available. This difficulty was circumvented by the use 
of lymphocytes transformed into blasts by treatment with phytohemag- 
glutinin as the source of target cells ( 16) .  As compared to normal lympho- 
cytes, such blasts were found to be more susceptible to humoral and cell- 
mediated cytotoxicity, while retaining the original antigenic specificity. 
Although direct evidence of the participation of T cells in this system 
has not been obtained, the results in mice and other data in man (115) 
strongly support this view. 

4. During Induction of Tumor Immunity 

As mentioned before, very few studies have dealt with the formation 
of cytotoxic T cells in syngeneic tumor systems. One such study has been 
recently reported by  Leclerc et al. (48, 116) who followed the appear- 
ance of CL in spleen and lymph node cells from mice bearing MSV- 
induced tumors. Cytotoxicity was first detected 7 days after virus 
inoculation, when the tumor became visible. Peak activity was reached 
at 13 to 15 days, i.e., at  a time when tumor regression took place in 
adult mice. In these animals, the cytotoxic activity then declined slowly 
to become hardly detectable after 40 days. In contrast, CL disappeared 
within a few days in younger mice which were unable to reject their 
tumor. I t  may be noted that the evolution of cytotoxicity, as assessed by 
the “Cr assay method, is not in agreement with the persistence of cyto- 
toxic effector cells in mice with progressively growing sarcomas as 
demonstrated with the colony inhibition assay (117). 

C. MECHANISM OF CYTOTOXICITY 

Despite extensive studies, our understanding of the niechanism of 
T-cell cytotoxicity in molecular terms is very limited. It is clear that a 
specific contact is required between CL and the relevant target cell, and 
yet the true nature of the receptors on the effector cells and of the cor- 
responding antigenic determinants on the target cells remains to be 
established. Following contact, irreversible changes of the membrane 
permeability of target cells occur vcry rapidly, but the actual pathway 
leading to these changes is unknown. 
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1. Cliaracteristics 

With refined techniques, it has been possible to demonstrate that 
lymphocyte-mediated lysis may proceed at a rate almost as fast as that 
observed with antibody and complement. Also, with enriched sources of 
CL, the number of lyniphoid cclls required to achieve significaiit lysis 
has beeii considcrably recluccd as  compared to earlier studies. A typical 
example is illustrated in Fig. 3. It is sho\vn that (1) cytotoxicity procceds 
linearly as a function of time, and ( 2 )  the extent of lysis is dependent 
on the concentration of lyniphocytes. Thc data also indicate that onc 
lymphocyte can kill more than onc~ targct cell since the nuni1)er of cells 
lysed may bcl greater than the number of lymphocytes (7.5 x lo3 target 
cclls are killed after 4-hour incubation with 3 X lo? lymphoid cells). As 
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FIG. 3. Time kinetics of cytotoxic l~~iipliocyte-mediated cytotoxicity. Spleen 
cells from C57BL/6 mice injected 6 months earlier with 30 X loa P-815 (DBA/2) 
tumor cells were incubated in ljitro with irradiated DBA/2 spleen cells. After 4 days 
in culture, the lymphoid cells were assayed for in l;itro cytotoxicity by using 30 x 10’ 
“Cr-labeled P-815 cells and varying incnbation time periods. The numbers above 
the lines refer to the various lymphocyte-target cell ratios used in the cytotoxicity 
assay. 
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similar results have been obtained with CL formed either i n  zjivo (118, 
119) or in vitro ( 3 2 ) ,  these findings do not support the view expressed 
by Henney ( 6 3 )  that the effector cell is inactivated as a result of its 
cytotoxic activity but provide direct evidence for multiple contacts of 
CL as suggested previously by Brunner et al. ( 1 5 ) .  

The activity of CL is temperature-dependent, as shown by the com- 
plete absence of lysis at 4°C. and the reduced cytotoxicity iioticcd at 
room temperature (32, 120, 121 ) . According to Berke et al. ( 121 ), inter- 
action of CL with target cells is followed by an intermediate phase which 
is less temperature-dependent than the lytic process itself. Further 
experiments are needed to clarify this point. 

It is well established that CL must be alive and metabolically active 
in order to exert cytotoxicity. Inhibitors of ribonucleic acid ( R N A )  and 
protein synthesis ( 9 ,  122) impair cytotoxicity to a greater or lesser 
degree. Brunner et al. ( 9 )  reported that cycloheximide, a reversible in- 
hibitor of protein synthesis, reduced but did not abolish, cytotoxicity. 
Recently, evidence for coniplete inhibition of cytotoxicity by an irrever- 
sible inhibitor of protein synthesis has been reported (123) .  One inter- 
pretation of these results, anioiig others, would be to postulate the 
synthesis of an effector protein following lymphocyte-target cell inter- 
action, as is the case for some mediators of cellular immunity ( 3 ) .  It 
should be noted, however, that in most of these studies the inhibitors 
were present during the whole incubation period and, therefore, a pos- 
sible effect on the target cells could not entirely be i-uled out. Further- 
more, the relatively low degree of cytotoxicity exerted by the lymphoid 
cell populations tested required a prolonged incubation in order to reach 
significant values. The results cited in the foregoing should be confirnied 
with enriched CL populations in short-term experiments before any valid 
interpretation can be made. 

Cytotoxicity is unaffected by high dose of y radiation. This radio- 
resistance is particularly evident with CL obtained relatively early 
( around day 10) after immunization with tumor allograft (54, 124) or 
on day 5 in MLC ( 1 4 ) .  In the latter case, a quantitative assessment of 
CL activity after varying doses of y radiation showed an exponential 
dccrease in cytotoxicity with increasing dose. Between 5500 and 7000 
rads were required to reducc the relative effector cell frequency to 37% 
of the control value ( 1 4 ) .  As already mentioned, kinetic studies of the 
formation of CL in mice immunized with tumor allografts showed, in 
cei-tain instances, a biphasic curve with two peaks of activity. Denham 
et al. ( 5 4 )  reported that the activity of CL collected during the second 
peak (day 21) was very radiosensitive as assessed by a 48-hour growth 
inhibition technique. Substantial reduction of activity was observed 

. 
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after 100 rads, whereas 500 rads coinpletely abrogated the effect of the 
immune spleen cells. The latter findings have not been confilmed in two 
other studies using the "Cr assay system and short-term experiments 
(14 ,  124).  It is possible that these conflicting results reflect a funda- 
mental difference between the phenomena measured by the two tech- 
niques, the "Cr method detecting only the actual effector cells, whereas 
the 48-hour assay also measures the activity of memory cells differen- 
tiating into CL during the incubation period. 

An early stage in the lytic process requires the presence of calcium 
and, to a lesser degree, magnesium ions, a s  shown by complete inhibition 
of cytotoxicity by ethylenediaminetetraacetate ( EDTA ) ( 125). The 
inhibitory effect of EDTA was found to be reversible and was mainly 
observed when the chelating agent was added at the onset of the incu- 
bation period. When the addition of EDTA was delayed for 45 minutes, 
the rate of "Cr release was unchanged during the next 60 niinufes, sug- 
gesting that the stage inhibited by the chelating agent preceded isotope 
release by 1 hour. Although the point of action of EDTA has not been 
established, it is very unlikely that inhibition of complement components 
is involved. Evidence against the participation of complement com- 
ponents includes ( 1 ) the demonstration of cytotoxicity in serum-free 
medium (124) ,  ( 2 )  the failure of added complement to enhance cyto- 
toxicity (126) ,  ( 3 )  the absence of effect of several complement inhibitors 
such as carrageenan, cobra venom factor (126) ,  and antibody to C2, C,{, 
or C; ( 1 2 7 ) .  It is impossible, however, to rule out the participation of 
late complement components synthesized or carried by the effector cells 
or other lymphoid cells. 

Inhibition of cytotoxicity has also been observed in the presence of 
cytochalasin B ( CB). Cerottini and Brunner ( 128) showed that the drug 
completely abrogated CL activity when added at the onset of the incu- 
bation period. The inhibitory activity of CB was rapidly and completely 
rcversible. Moreover, addition of the di-ug 1 hour after the beginning of 
incubation had only a slight effect on ;'Cr release during the next hour, 
suggesting that CB, like EDTA, acted on an early stage of the lytic re- 
action. Successful dissociation of the stages inhibited b y  either EDTA or 
CB has been reported ( 129), but conflicting results have been obtained 
in another study ( 1 2 9 ~ ) .  Although CB interferes with numerous bio- 
logical functions, its site of action in the cell is unknown. No appreciable 
effect on DNA, RNA, or protein synthesis has been reported. Several 
studies have demonstrated a correlation of the effects of CB with dis- 
ruption of the contractile system of microfilaments present in virtually 
all cells ( 130).  Moreover, resumption of normal function and restoration 
of microfilament integrity closely followed removal of the drug. WesseUs 
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et al. (130)  suggested therefore that if a cell property was affected by 
CB, then this might be evidence for the presence of niicrofilanients. 
Along this line, it may be more than fortuitous that immune cell popu- 
lations enriched in CL contain T lymphocytes characterized by a striking 
accumulation of filamentous network analogous to the microfilament 
system found in other cells (131 ) . Recent reports, however, have ques- 
tioned the strict dependence of CB activity on disruption of niicro- 
filaments (132, 133). It has been established that transport of glucose 
and glucosamine, but not of leucine, into cells was inhibited by the drug 
(134-136). These findings suggest that the primary action of CB may 
be at the cell membrane, leading to blockade of certain transport sys- 
tems with resulting metabolic changes in the cell. As to the mechanism 
responsible for inhibition of lymphocyte-mediated cytotoxicity by CB, 
the possibility exists that alteration in membrane properties of CL may 
prevent their interaction with the relevant target cells, as recently sug- 
gested by Henney and Bubbers (137) .  Whatever the mechanism, the 
inhibitory activity of CB on CL cytotoxicity in immune lymphoid cell 
populations may provide an interesting tool for parallel investigation 
of the production of cytotoxic humoral antibody against the same target 
cells. As it has been shown that CB affects neither synthesis and secre- 
tion of antibody by antibody-forming cells nor complement-dependent 
antibody lysis (128, 138), measurement of “Cr release after incubation 
of two identical lymphoid cell-target cell mixtures, the first one in nor- 
mal medium without complement and the second in CB-containing 
medium with complement, allows independent detection of cytotoxicity 
mediated by CL or by antibody and complement, respectively. 

Convincing evidence has been obtained that there is a direct corre- 
lation between the intracellular level of cyclic adenosine3,S-monophos- 
phate (CAMP) and the cytotoxic activity of CL (139, 140). Significant 
inhibition of cytotoxicity was observed in the presence of cAMP or its 
dibutyryl derivative, and of substances that increase cAMP intracellular 
level either by stimulation of adenyl cyclase activity ( isoproterenol, 
histamine, and prostaglandins E, and E,) or by inhibition of phospho- 
diesterase activity ( theophylline ) . ‘Such studies established that the time 
course of the increase in cAMP content of the lymphoid cells following 
exposure to drugs closely agreed with the time course of inhibition of 
cytotoxicity. Subsequent studies showed that exposure of lymphoid cells 
alone to cholera toxin, a potent and permanent activator of adenyl 
cyclase, prior to incubation with the target cells, caused a significant re- 
duction in cytotoxicity (141 ). In contrast, cholinergic agents, such as 
acetylcholine and carbamylcholine, produced augmentation of cyto- 
toxicity at low optimal concentrations. This augmentation was abolished 
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by atropine, suggesting the presence of functional cholinergic receptors 
on lymphoid cells. Taking into account the results of other studies, Strom 
et al. (141 ) suggested that the effect of cholinergic agents on CL activity 
was mediated by elevation of intracellular cyclic guaiiosine-3’,5’-mono- 
phosphate ( cGMP ) . However, these findings deserve further investiga- 
tion since increased cytotoxicity after cholinergic stiniulation was not 
observed in two other independent studies (32,  1 4 1 ~ ) .  It is of some 
interest that another manifestation of the imniune response, namely re- 
lease of histamine from sensitized cells challenged with antigen, is also 
decreased by elevation of iiitracellular CAMP level (142) .  Whether 
lymphocyte-mediated cytotoxicity also involves a secretory process modu- 
lated by intracellular CAMP and cGMP is still speculative. Another 
interesting, but unexplained observation has been the increased cyto- 
toxic activity observed after treatment of CL with interferon prepa- 
rations ( 143).  

2. Specificity 

It is well established that the in vitro cytotoxicity of lymphocytes 
from mice immunized with allogeneic cells is specific (for references, 
see Ref. 1). All studies, with a few exceptions, have demonstrated that 
CL destroy allogeneic target cells carrying transplantation antigens 
identical to or cross-reacting with the sensitizing antigens but have no 
effect on either syngeiieic target cells or allogeneic target cells that do 
not carry cross-reacting antigens. It should be stressed, however, that this 
is a demonstration of relative rather than absolute specificity since 
measured cytotoxicity is dependent on the susceptibility of a particular 
target cell to lysis. This restriction is particularly important to keep in 
mind regarding syngeneic tumor systems, which are characterized by 
low levels of cytotoxicity. In these cases, determination of a specificity 
index, i.e., the ratio between the minimal number of immune lympho- 
cytes required for significant lysis of a given target cell and the maximal 
number of normal or irrelevant immune lymphocytes producing no lysis 
of the same target cell, may provide a more precise evaluation of speci- 
ficity. The activity of CL induced in vitro during MLC also appears 
very specific (14, 32, 97), although, with the high level of cytotoxicity 
observed in these systems, a slight effect on syngeneic target cells may 
be found at high lymphocyte-target cell ratios. 

Coiifirmation of the specificity of CL activity has been provided by 
the results of inhibition experiments in which unlabeled target cells were 
added to a mixture of CL and labeled target cells. Under appropriate 
conditions, a linear decrease of W r  release from labeled target cells 
was observed in the presence of increasing numbers of identical un- 
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labeled target cells, whereas addition of a thirty-fold excess of irrelevant 
unlabeled target cells had very little effect on CL activity. 

The demonstration of a high degree of specificity in the activity of 
immune lymphocytes does not necessarily imply the presence of specific 
effector molecules. By analogy with the process of complement-dependent 
antibody-mediated lysis, lymphocyte-mediated cytotoxicity may be 
viewed as a two-step phenomenon, including first specific recognition 
and then lysis by a nonspecific process. It is clear, however, that the 
latter step is not mediated by a diffusible nonspecific.factor, such as the 
lymphotoxin described in other systems (144, 145).  Release of non- 
specific cytotoxic substances into the medium has been ruled out in 
mixed target cell experiments whereby syngeneic target cells had been 
incubated together with immune lymphocytes and the relevant allo- 
geneic target cells. With CL formed either in uivo (29, 55, 126, 146) or 
in uitro (14, 95, 147) ,  and target cell suspensions, no cytotoxic effect on 
syngeneic target cells was noticed despite extensive lysis of the allogeneic 
target cells present in the same reaction mixtures. Nonspecific lysis, how- 
ever, has been found in studies using fibroblast monolayers as the source 
of target cells (148, 149).  These conflicting results can tentatively be 
explained by assuming that nonspecific cytotoxicity may be manifested 
only under conditions in which the geometry of cell association enables 
a single CL to establish a simultaneous contact with specific and non- 
specific target cells. Such conditions would be feasible with fibroblast 
monolayers at  high density but very unlikely with cell suspensions. 

I t  should be emphasized that the failure to demonstrate the presence 
of nonspecific cytotoxic factors in the medium does not exclude the par- 
ticipation of substances released at the site of contact and active within 
a very short range. 

3. Receptors 

Specificity of cytotoxicity strongly suggests the existence of specific 
receptors on the surfaces of CL, complementary to determinants on the 
surfaces of target cells, Support for this interpretation has been pro- 
vided by Brondz et d. (150, 151) who demonstrated that an immune 
lymphoid cell population could be depleted of CL by incubation on cell 
monolayers syngeneic to the relevant target cells. Subsequent studies 
showed that specific adsorption of CL on relevant monolayers was re- 
sponsible for this depletion since CL could be recovered by trypsiniza- 
tion of the adherent lymphoid cells (152, 153) .  It should be noted that 
no estimate of the proportion of CL could be provided by these ad- 
sorption experiments since many irrelevant cells, up to 50% in some ex- 
periments, were adsorbed on either relcvant or irrelevant monolayers. 
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Another consequence of nonspecific adsorption was the failure to obtain 
cell populations highly enriched in CL by trypsinization of the adherent 
cells. 

By using such adsorption experiments, it was clearly shown that, in 
animals immunized against two different sets of histocompatibility anti- 
gens, there were two populations of CL each of which carried only one 
type of receptors (152). These results, as well as others (154) ,  exclude 
the possibility of the existence of multipotential receptors on the surface 
of CL. However, the presence of receptors with more than one specificity 
on the same cell cannot be entirely ruled out. 

Since very little specific adsorption occurs at 4°C. (152),  it can be 
speculated that temperature-dependent surface changes taking place on 
the receptor-bearing CL are a prerequisite for their specific interaction 
with target cells. That the temperature-dependent events are unrelated to 
the metabolic activity of the adsorbing fibroblasts have been clearly 
shown in experiments using glutaraldehyde-fixed monolayers ( 155). 

Several other observations are relevant to the question of specific 
receptors on CL. Studies using enzymes to remove surface constituents 
from the lymphoid cells suggest but do not prove that proteins are in- 
volved in the recognition process. Thus pretreatment of immune lymph- 
oid cell populations with proteolytic enzymes, such as trypsin (125, 146), 
pronase (156), or papain ( 6 7 ) ,  caused a reversible inhibition of their 
cytotoxic activity. Moreover, adsorption of CL on relevant monolayers 
was prevented by pretreatment of the lymphoid cells with pronase 
(157). It  is thus tempting to postulate that the specific receptors on CL 
membrane were degraded by the treatment with proteases. If this is 
true, the reversion of the inhibitory effect pithin a few hours suggests a 
rapid reappearance of the missing moiety on the lymphocyte surface. 
Moreover, this process appears to depend, at  least partially, on protein 
synthesis. Thus, trypsin-treated lymphocytes incubated with target cells 
in the continuous presence of cycloheximide, an inhibitor of protein 
synthesis, did not recover full activity as was the case in the absence of 
the drug (125) .  

In contrast to the inhibitory activity of proteolytic enzymes, treat- 
ment of CL with neuraminidase increased their cytotoxic activity ( 157, 
158). Adsorption experiments suggested that this augnientation was 
related to an increased rate and/or number of interactions between CL 
and target cell following removal of sialic acid (157). 

The exact nature of the specific receptors on CL is still controversial. 
It is not within the scope of this review to assess the validity of observa- 
tions providing evidence for the presence of immunoglobulin receptors 
on T cells. It is clear that immunoglobulins cannot be detected on the 
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suifaces of normal T cells by direct techniques (159, I G O ) .  Similar nega- 
tive results have been obtained with pure populations of sensitized T cells 
containing a high frequency of CL (32). In the latter situation, as in 
others, any interpretation of positive findings should take into account 
the recent denionstration of receptors for antigen-antibody complcxcs 
on such cells (161). More germane to the question are the results of the 
studies using anti-immunoglobulin antisera for inhibition of T-cell ac- 
tivity. In contrast to certain observations demonstrating the inhibition of 
some T-cell functions by antisera against the light and heavy chains of 
immunoglobulins, similar studies, performed independently in several 
laboratories, have consistently failed to demonstrate any effect of such 
antisera on the cytotoxic activity of CL (31, 45, 126, 127). The negative 
results do not rule out, however, the possibility of the existence of buried 
immunoglobulin receptors with a rapid turnover rate. Using aiiothcr 
approach, Cone et al. (162, 163) have recently described the isolation 
of labeled IgM niolecules in the supernatant of tissue cultures of radio- 
labeled T cells sensitized against histocompatibility antigens. Binding 
experiments suggested a preferential reactivity of the labeled immuno- 
globulins for thymus cells carrying the immunizing histocompatibility 
antigens. Because similar attempts, using an identical technique for 
identification of immunoglobulin molecules on the surface of normal T 
cells, have given completely opposite results (164, 165), confirm a t' ion 
of the foregoing data is needed before definite conclusions can be drawn 
on this crucial point. 

In addition to the denionstration of specific receptors on the surface 
of CL, recent studies provide evidence for the existence of such re- 
ceptors on CL progenitors. ,Using the xenogeneic system studied by 
Berke et al. ( 1G6), two groups of investigators, working independently, 
showed that a normal rat lymphoid cell population could be depleted 
of CL progenitors by adsorption on mouse fibroblast monolayers ( 167, 
168). By using monolayers of different genotypes and repeated adsorp- 
tions, it was possible to eliminate completely the CL precursors directcd 
against the antigens of the adsorbing monolayers, without affecting the 
capacity of the lymphoid cells to form CL following incubation on anti- 
genically unrelated monolayers. Conversely, a relative enrichment in CL 
could be achieved by this method since the adsorbed lymphoid cells 
were found to detach from the monolayers during the sensitization 
process. 

Such studies, which have been confirmed in mouse allogeiieic sys- 
tems (149), establish the existence of specific receptors on the surface of 
CL progenitors. Further support for this concept has been provided by 
the observation that specific adherence of the precursor cells to the 
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fibroblast monolayers decrcmed in thc> presence of either particulate or 
soluble membrane antigens of the saine spccificity ( 149).  Additional 
experiments indicated that, as was the casc for CL themselves, adsorp- 
tion of CL progenitors was an energy-dependent process since it did not 
take place at 4°C. 1101' at 37°C. in the presence of metabolic inhibitors, 
such as diiiitrophciiol or sodium azide. On the other hand, specific deple- 
tion of reactive cells could be obtained even in the cold after treatment 
of the lymphoid cells with neuraminidase. As a tentative ex-plaiiation, 
Feldmaii et al. ( 149) suggested the requirement of an energy-dependent 
step for the exposure of cryptic receptors on the surface of the rcactive 
T cells. 

In this system, too, anti-imiiiuiioglobulin antisera failed to inhibit the 
specific adherence of either normal or neuraminidase-treated lymphoid 
cells (149) .  In contrast, significant inhibition was achieved in tlie pres- 
ence of antibody directed against the transplantation antigens of the 
lymphoid cells. This observation is consistent with the results reported 
by Ceppellini (169)  showing inhibition of MLC in man by addition of 
serum containing antibodies against HL-A antigens of the responding 
cells. On the contrary, the same antiserum had no inhibitory effect on 
the lymphoid cells once they had been sensitized (170) .  The latter re- 
sults are in agreement with tlie results obtained in the mouse by Bruniier 
et al. ( 9 ,  31)  (see also Tables I1 and I I I ) ,  who demonstrated that the 
activity of CL was unaffected by tlie presence of antibody against CL 
alloantigens. These findings deserve further investigation since they sug- 
gest a fundamental difference in the recognition process effective in thc 
induction phase and in the effector phase of sensitized T cells. Indeed, 
it is quite possible that the antisera which inhibit the induction phasc of 
MLC contain, in addition to anti-HL-A antibodies, antibodies dircctcd 
against LD antigens or other surface structures which are directly or 
indirectly involved in the prolifcxitive rcsponse of lymphocytes to the 
major histocompatibility complex. 

The presence of specific receptors on the surfaces of CL necessarily 
iinplies complementary dc~terminants on the surfaces of the target cells. 
Since histocompatibility antigens have been defined by serological tests, 
the question whether these antigcns are also those recognized by spe- 
cifically sensitized T cells is of considerable interest. Several approaches 
have been tried to answer this question. First, Brondz and his colleagues 
( 150, 151 ) attempted to adsorb lymphoid cells from animals immunized 
against an H-2 antigen coi i ipl~.~ on a mixture of inacrophage nionolayers 
each carrying only a selection of the iminunizing complex specificities. 
Since such a mixture of adsorbing macrophages was much less effective 
than macrophages bearing the whole set of specificities, it was con- 
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cluded that the specificity of CL was directed against the whole antigen 
complex rather than against individual specificities. Subsequent studies, 
however, indicated that such conclusion could be applied only to the 
antigenic specificities controlled by one of the two loci of the major 
histocompatibility complex. Thus, in the mouse, where the H-2 genetic 
region is separated by unrelated genes into two major loci, the H-2K 
and the H-2D loci ( 171 ), differences for the two H - 2  loci between donors 
and recipients of tumor cells led to the formation of two populations of 
CL, each reacting with only one of the two sets of antigens (154) .  These 
results are in agreement with the serological demonstration of at least 
two different H-2 alloantigen molecules on the cell surface, each repre- 
senting the product of one locus (172) .  

In another approach, the ability of alloantibody directed against the 
target cell alloantigens to inhibit the activity of CL was used. I t  has been 
repeatedly shown that the presence of relatively large amounts of anti- 
target cell antibodies throughout the incubation period resulted in a 
strong inhibition of lymphocyte-mediated cytotoxicity ( 9, 26, 31, 126, 
173). The specificity of this inhibitory effect has been supported by the 
demonstration that antibodies directed aginst one set of the antigenic 
specificities carried by the target cells were unable to prevent the lytic 
effect of lymphocytes sensitized against another set of antigens present 
on the same target cells. Thus, when ( A  x B)F ,  hybrid target cells 
were used, A anti-B antiserum inhibited the activity of A anti-B lympho- 
cytes, but had no effect on target cell lysis by B anti-A lymphocytes and 
conversely (Table 11). These results can be adequately explained by a 
mechanism of competition of antibody with the lymphocyte for the same 
antigenic determinants on the target cell surface. However, it is im- 
possible to exclude the possibility that the determinants are different 
but are present on either the same molecule or on separate, closely asso- 
ciated molecules. The definite answer to that question depends on the 
availability of purified soluble histocompatibility antigens which could 
be used in competition experiments. In this context, it should be men- 
tioned that attempts to inhibit lymphocyte-mediated cytotoxicity by 
addition of soluble, serologically active, antigenic preparations have 
been unsuccessful except in one recent study (111 ); even in the latter, 
the degree of inhibition achieved was rather low. 

Any interpretation of these results should take into account the re- 
cent demonstration of SD and LD loci in the genetic region of the 
major histocompatibility complex ( 107c-107e). All available evidence 
suggests that SD differences, and not LD differences, are the comple- 
mentary structures involved in lymphocyte-mediated cytotoxicity ( 107h, 
170). According to the present concept, the proliferative response of 
lymphocytes in MLC tests would depend only on LD differences, 



CELL-MEDIATED CYTOTOXICITY 97 

TABLE I1 

IMMUNE T CELLS 
INHIBITORY EFFECT O F  ALLO.4NTIBODY ON TARQET CELL LYSIS BY 

Percent inhibition of target cell 
lysis in presence of antiserum0 

~ ~~ 

Immune T cells8 Target cellsb H-6 anti-H-Bd H-dd anti-H-6 

H-6 anti-H-Bd H-Bd 68 0 
(H-6  X H-dd)FI 67 0 

H-Bd anti-H-b H-6 3 88 
(H-6 X H-dd)Fi 0 99 

8 Immune T cells were obtained 4 days after transfer of spleen cells from C57BL/6 
(H-2b) or 1)BA/2 (H-2d) mice into lethally irradiated H-2d or H-2b recipients. 

b Target cells included P-815 (H-2d) tumor cells, EL-4 (H-2b) tumor cells, or peri- 
toneal macrophages from (H-2” X H-2d)F1 hybrid mice. 

a An amount of 2.5 X lo6 lymphocytes and 25 X lo3 61Cr-labeled target cells was 
incubated a t  37°C. for 6 hours in the presence of alloantiserum (final dilution 1:lO). 
Percent inhibition of harget cell lysis was calculated relative to control cell mixtures 
without alloantiserum. 

whereas once the sensitization process has been achieved, cytotoxicity 
would only be related to SD differences. However, the possibility exists 
that the antigenic determinants recognized by CL are determined by 
genes closely linked, but not identical, to those determining SD antigens. 
Obviously, much more information is needed to substantiate these find- 
ings and delineate the relationship of the LD differences to the immune 
response gene(s) as well as its phenotypic expression on the cell sur- 
face. Further experimentation is also required to determine whether the 
SD antigens are indeed the structures recognized by CL or act only as 
markers to linked antigenic determinants. 

4. Cooperation with Other Cells 

From the evidence cited above, it is clear that immune T lympho- 
cytes are cytotoxic. The question whether they are also able to confer 
cytotoxic activity to normal cells is less clearly understood, at least as 
far as macrophages are concerned. Using a pure population of immune 
T cells, we have been unable to demonstrate any augmentation of cyto- 
toxicity following addition of normal T and/or B cells ( 5 5 ) .  Similarly, 
Golstein et al. (37) found that thymus cells sensitized by transfer into 
irradiated allogeneic hosts had the same cytotoxic activity after removal 
of B cells. Using a cell population highly enriched in CL by velocity 
sedimentation, MacDonald (14) found no increase in cytotoxicity in the 
presence of normal B cells. 

These results do not support the hypothesis of T-T or T-B cell co- 
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operation in cytotoxicity (174).  Further attempts to demonstrate coop- 
eration between immune T cells and macrophages for direct cytotoxicity 
have usually been unsuccessful. Other studies, however, suggest that 
immune T cells may render normal macrophages specifically cytotoxic 
by releasing cytophilic factors upon incubation with specific antigen. 
This aspect will be considered in more detail in Section V. These in- 
vestigations revealed that the use of widely accepted methods for sepa- 
ration of lymphocytes from niacrophagcs have certain pitfalls which may 
lead to erroneous conclusions. When immune spleen cells were filtered 
through glass bead columns, it was found that the unretained population 
was virtually free of macrophages and, yet, had an increased cyto- 
toxicity, on a cell-to-cell basis, as compared to the unseparated lymphoid 
cells (52). However, only 60% of the total activity was recovered in the 
column-filtered cell population, suggesting the retention of some adher- 
ent effector cells on the column beads. Elution of the adhcrent cell 
population confirmed the validity of that assuniption and showed, in 
addition, that the adherent effector cells were T cells (175).  This ob- 
servation is very pertinent to the controversy concerning the nature of 
the effector cells found in the peritoneal cavities of mice inoculated by 
this route with allogeneic cells. It is a common finding that such a popu- 
lation, collected at  about 10 days, is characterized by a very high cyto- 
toxic activity, several-fold higher than that of spleen cells (52, 146, 176, 
177). Separation of the immune peritoneal cells into adherent and non- 
adherent cells indicated that cytotoxic activity was present in both popu- 
lations, although at  a lower degree in the adherent cells (52) .  Treatment 
with anti4 serum and complement abolished the cytotoxicity of the 
adherent cells, whereas treatment with antimacrophage serum and 
complement had no effect (52). Essentially identical results have been 
reported by other investigators (146, 177). In addition, the relative fre- 
quency of effector cells in the peritoneal cell population increased about 
twofold after the phagocytic cells had been removed magnetically follow- 
ing injection of carbonyl iron (32). These results, taken together, indi- 
cate that ( 1) some CL behave as adherent cells, and ( 2 )  the high cyto- 
toxic activity exerted by immune peritoneal cells taken during primary 
immunization may be related to an accumulation of CL at the site of 
allograft rejection rather than to a participation of macro2hages in the 
lytic process. Although these observations have been made primarily in 
allogeneic systems, the data available at the present time suggest a 
similar behavior of CL in syngeneic tumor systems. At this point, we 
wish to make it perfectly clear that the observations just cited are not 
interpreted by us to rule out the existence of macrophages with a spe- 
cific or nonspecific cytotoxic potential, as will be discussed in Section V. 
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IV. Antibody-Dependent Cytotoxicity Mediated by Normal Lymphoid Cells 

Following the original observation of Miiller (178) ,  it has been 
repeatedly shown that target cells coated with appropriate antibody 
may be specifically lysed in vitro in thc presence of lympliocytes from 
normal individuals. This subject has been extensively reviewed by Perl- 
maim and Holm ( 1 ) . Cytotoxicity is independent of added complemcnt 
and, therefore, is sonietinics referred as lymphocytc-dcpendeiit antibody 
(LDA) activity. In this review, we prefer to use the operational term, 
antibody-dependent ( AD ) 1ymPliocyte-mediated cytotoxicity. 

Most studies have used heterogeneous combinations of target cells, 
antibody, and lymphoid cells from diffcrent species, such as chicken red 
blood cells ( R B C ) ,  rabbit antibody, and human lymphocytes (179) ,  
sheep fibroblast moiiolayers, rabbit antibody, and human lymphocytes 
(180) ,  or Chang liver cells ( a  huimau cell line), rabbit antibody, and 
rat lymphocytes ( 181 ) . Reccmtly, evidence has been provided for a 
similar phenomenon in allogeneic systems. Rubenik et al. ( 182) demon- 
strated that normal blood lymphocytes from an inbred strain of ducks 
were able to destroy erythrocytes or embryonic fibroblasts from another 
inbred strain in the prcsence of alloantibodies against the target cells. 
In our own laboratory, lysis of D B A / B  tumor cells coated with alloanti- 
bodies and incubated with normal niouse spleen cells has been observed 
under certain conditions (32). A similar effect has been reported by 
several investigators using human blood lymphocytes or blasts coated 
with anti-HL-A antibodies in the presence of noinial human blood 
lymphocytes (170, 183, 184). In syngeneic tumor situations, there have 
been two reports of AD cell-mediated cytotoxicity in the MSV systems 
(185, 186), but both studies have used the microplate assay for the 
assessment of cytotoxicity, and thc>se results have not been confirmed by 
Leclerc et ol. (11G) who employed the ;'Cr assay method. 

As will be discussed in the following, the lymphoid effector cell 
involved in the AD cytotoxicity is characterized by surface receptors 
directed against the Fc portion of IgG. It is clear that Fc receptors arc 
by 110 means an exclusive property of certain lymphoid cells since they 
are also prcsent on nonlymphoid cells, such as polymorphonuclcar 
( PMN ) ccdls, monocytes, aiicl macrophages ( 187-189). In addition, 
several studies have demonstrated that these nonlyniphoid cells may be 
responsible for specific or nonspecific destruction of target cells in vitro 
( I ) .  Thus, Lundgreii et nl.  (190)  rcportecl that contamination of a 
lymphocyte population with more than 1% PMN cells and monocytes 
could give rise to a nonspecific detachment of skin fibroblast monolaycrs. 
Also, phagocytosis and/or lysis of antibody-coated RBC by macrophages 
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or PMN cells are well documented. It has been clearly shown that the 
presence of 5% contaminating monocytes and PMN cells in a lympho- 
cyte preparation had a profound effect on the initial rate of lysis of 
antibody-coated chicken RBC or, to a lesser degree, of Chang cells (179). 
Identical results have been reported recently by Gelfand et al. (191) 
who showed that the addition of as few as 0.5% phagocytic cells to a 
purified lymphocyte population produced a significant change in the lytic 
rate of antibody-coated chicken RBC. As emphasized by all these obser- 
vations, any study of AD lymphocyte-mediated cytotoxicity should only 
be performed with highly purified populations of lymphocytes. Unfor- 
tunately, such precautions have not always been taken in recent investi- 
gations. It is therefore not too surprising that the present literature on 
this subject is somewhat confusing. Also great caution should be exer- 
cised in extrapolating the results from one system to another. 

A. NATURE OF EFFECTOR CELLS 

The first evidence of the role of lymphocytes in lysis of antibody- 
coated chicken RBC has been provided by Perlmann and Perlmann 
(179) who used human blood lymphocytes prepared by gelatin sedi- 
mentation and filtration on nylon fiber columns. In subsequent studies, 
further purification was achieved by centrifugation on Ficoll-Hypaque 
medium, followed by overnight incubation in tissue culture flasks (192). 
During that period, the remaining monocytes became adherent, whereas 
the few PMN cells left over after the first separation procedure died. 

In the rat, AD effector cell activity has been shown to be greatest 
in peritoneal exudate cells, second in spleen cells, moderate in blood 
lymphocytes, relatively low in lymph node cells, and undetectable in 
thymus or thoracic duct cells (193, 194). A participation of macrophages 
has been excluded in this system since removal of phagocytic or ad- 
herent cells from the peritoneal cell population had no effect on cyto- 
toxicity. From the distribution of the effector cells in the lymphoid or- 
gans, it seems unlikely that they were T cells. More direct evidence was 
provided by Harding et al. (44) who showed that spleens from T-cell- 
depleted rats retained normal numbers of cytotoxic cells. In the mouse, 
treatment of spleen cells with anti4 serum and complement had no 
effect on their ability to lyse antibody-coated sheep RBC (195) or 
alloantibody-coated tumor cells (32).  By using human blood lympho- 
cytes, Wigzell et al. (115) found that a population of presumably pure 
T cells had no activity on antibody-coated chicken RBC. In contrast to 
these results, Gelfand et al. (191) reported that rabbit thymus cells, 
even after removal of adherent cells, caused a relatively low but sig- 
nificant cytotoxicity. In the absence of antigenic markers for T cells in 
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the rabbit, it is impossible to exclude the possibility that contaminating 
non-T cells in the rabbit thymus are responsible for this lytic activity. 

The results cited above strongly suggest that the effector cell is a 
non-T cell. In addition, participation of cells producing antitarget cell 
antibody in A D  cytotoxicity appears unlikely, since only low activity 
against Chang cells was demonstrated in lymphocytes from rat lymph 
nodes producing large amounts of anti-Chang cell antibodies (196). 
Moreover, effector cell activity returned before antibody-forming ca- 
pacity in the lymphoid organs of irradiated rats (197). 

It is thus tempting to speculate that B cells are the effector cells in 
the A D  cytotoxicity. Several findings, however, do not support this inter- 
pretation. As already mentioned, no activity was detected in rat thoracic 
duct cells, which are known to contain precursors of antibody-producing 
cells, i.e., B cells (198, 199). Opposite results, however, have been re- 
ported recently by Fakhri and Hobbs (200). Other evidence against the 
participation of conventional B cells in A D  cytotoxicity has been pro- 
vided by Wisloff and Froland (201 ) who demonstrated that lymphocyte 
populations from patients with severe hypogammaglobulinemia, although 
devoid of Ig-carrying cells, had a normal effector activity after removal 
of monocytes and PMN cells. Identical results have been obtained by 
two other groups of investigators (194). In addition, removal of Ig- 
carrying lymphocytes, monocytes, and PMN cells by filtration of normal 
human blood lymphoid cells on nylon-wool columns had no effect on 
cytotoxicity ( 201 ) . These results are in apparent disagreement with two 
other observations supporting the concept that B cells.are the effector 
cells. First, it has been shown that treatment of lymphoid cells with 
anti-Ig antiserum and complement abrogated their cytotoxic potential 
(127, 195). Second, Perlmann et al. (192) found that effector cells were 
retained on a column of Ig-anti-Ig coated beads (115). These conflicting 
results could be reconciled, however, if one assumes that certain human 
lymphocytes may carry either surface immunoglobulin or Fc receptors, 
but not necessarily both. As will be shown, inhibition of cytotoxicity by 
anti-Ig serum appears to reflect a blocking of Fc receptors rather than a 
direct effect on surface immunoglobulin. Also, in the fractionation pro- 
cedure using Ig-anti-Ig coated beads, cell retention may be due to 
column binding of cells with surface immunoglobulin and/or Fc re- 
ceptors. In a recent study, Wigzell et al. (202) found that effector cells, 
in contrast to Ig-bearing cells, were not retained on a column of beads 
coated with Ig-F( ab’)* anti-Ig. Taken together, the results cited above 
suggest that effector cell activity is a property of lymphocytes with Fc 
receptors but not of those with surface immunoglobulin. The possibility 
that effector cells also carry receptors for the third component of com- 
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plement (187, 203) appears likely in view of recent findings of Perlmann 
et aZ. (192). Extensive use of fractionation procedures based on the 
various surface properties of lymphocytes should provide further insight 
into the existence of lymphocyte populations with different membrane 
characteristics. 

Another suggestion has been made by Allison (204) who found that 
the effector cells in mouse peritoneal exudate cells could be separated 
from T and B cells by velocity sedimentation. These cells were adherent 
but nonphagocytic, and, although they appeared like medium lynipho- 
cytes or small macrophages after conventional staining, they could be 
distinguished from both cell types by certain distinctive histochemical 
and ultrastructural features. Another property of these cells is the pres- 
ence of Fc receptors on their surface, as demonstrated by rosette for- 
mation with antibody-coated red cells. These rosettes, however, are not 
engulfed by these cells, in contrast to the rapid phagocytosis which 
follows attachment of opsonized red cells to macrophages. In a recent 
study, Greenberg et aZ. (205) also suggested that the effector cells in 
mouse spleen were non-T, non-Ig-bearing cells, and indeed belonged to 
the monocytic series. Whether these cells are identical with the lymphoid 
effector cells present in hunian blood which form typical uropods upon 
attachment to antibody-coated target cells (206, 207) remains to be 
established. From the data available, this seems unlikely because the 
two categories of cells appear to have different adhcreiice properties 
and Fc receptors with different affinity for the various IgG subclasses 
(see following). 

B. NATURE OF ANTIBODY 

It  is well established that the structural requirements on inimuno- 
globulin molecules necessary for cell-mediated cytotoxicity are differelit 
from those involved in complement-dependent lysis. These differences 
are probably related to different structures on the complementary mole- 
cules with which antibody interacts during the lytic process, namely with 
the Fc receptor on the lymphocyte surface, on the one hand, and the 
first complement component, on the other. The observations that have 
led to this conclusion are briefly summarized. 

1. It has been a coninion finding that the amounts of antibody re- 
quired for cell-mediated cytotoxicity are far below those needed for 
complenient-dependent lysis. Thus, antisei.uni dilutions as high as 1 : 10’ 
were sufficient for inducing significant lysis of target cells in the preseiicc 
of normal lymphoid cells (208-210). Indeed, lysis of target cells coated 
with as few as 100 antibody molecules has been reported (192). 

2. Lymphocyte-mediated cytotoxicity is induced by IgG antibody 
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but not by IgM antibody (179, 211), wlicrcas both classes fix comple- 
ment (212).  

3. Inhibition studies using aggregated IgG mycloma proteins of 
different subclasses suggest that the receptors on the effector cells do 
not distinguish between IgG subclasses, with thc possiblc exception of 
IgG, (192, 194). This finding contrasts with the demonstration of little 
or absent C1 fixation by IgG, or IgG,, respcctively (212).  More inipor- 
tant, the effector cell receptors liavc a diffcrent specificity than that of 
macrophages; the latter react with IgG, and IgG I subclasses only (213, 
214). Since contamination of lymphoid cells by PMN cells has not al- 
ways been ruled out, it is worth noting that the lattcr cells also appear 
to react with all four IgG subclasses (215).  It should be stressed that 
these results have been obtained in inhibition experiments, and they 
should be confirmed by direct studies of the activity of antibody of a 
given subclass. Such a study in guinea pigs demonstrated that IgGz 
antibodies could sensitize chicken RBC to the lytic action of normal, 
guinca pig lymphoid cells, whereas IgC, antibodies, despite similar 
hemagglutinating activity, had no effect in this system ( 4 5 ) .  

4. Although the Fc portion of IgG antibody is required for both 
interaction with lymphocyte receptors and fixation of the first complc- 
ment component (210, 212, 216), it appears that distinct structures on 
the IgC moleculc are involved in each phenomenon as suggested by the 
results of studies using plasmin-digested rabbit antibody (194). 

The interaction between the effcctor cell receptor and the comple- 
mentary structme on IgG is probably rather weak. This is suggested by 
the finding that AD lyniphocyte-mediated lysis is inhibited much more 
cfficiently by soluble antigen-antibody coniplexes or aggregated IgG 
than by monomer IgG (217) .  As for other interaction systems involving 
the Fc portion of IgG (218) ,  it is likcly that this difference reflects the 
much higher avidity of lymphocyte receptors for complementary sites of 
antibody niolccules that are helcl together by antigen or by physico- 
chemical aggregation rather than in free solution. It can be inferred 
that the antibody responsible for lymphocyte-mediated cytotoxicity is 
not cytophilic for lyniphocytcs. Thus, pretreatment of lymphocytes with 
antiserum has bcen found to be 10,000-fold less efficient for inducing 
cytotovicity than pretreatment of the target cells (179, 208). It is, there- 
fore, very unlikely that certain lymphocytes from immune donors may 
adsorb enough antibody in vim to evcrt cytotoxicity in vitro. The possi- 
bility is not excluded, however, that such an effect could be induced by 
some lymphocytes carrying antigen-antibody complexes formed in vivo. 
Thus, Perlniann et al. (209) found that normal lymphocytes pretreated 
with antibody-coated chicken RBC or soluble antigen-antibody com- 
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plexes had acquired a specific cytotoxic potential as shown by their lytic 
effect on chicken RBC in the absence of added antibody. It is obvious 
that this effect is likely to depend critically upon the relative proportions 
of antigen and antibody. When adsorbed on lymphocytes, only antigen- 
antibody complexes in antibody excess can make the cells reactive with 
the relevant target cells in the absence of added antibody, whereas 
lymphocytes carrying immune complexes in excess of specific or unre- 
lated antigens, or aggregated IgG, will be prevented from reacting with 
target cells, even when the latter are coated with antibody. A diagram- 
matic representation of these opposite effects of antigen-antibody com- 
plexes has appeared in a recent paper from Allison (204). Inhibition of 
AD lymphocyte-mediated cytotoxicity by unrelated antigen-antibody 
complexes will be discussed in more detail in Section IV,C,l. 

C. MECHANISM OF CYTOTOXICITY 

It is well established that contact between effector cells and antibody- 
coated target cells is a prerequisite for subsequent lysis (1). Contact is 
followed by an energy-dependent activation of the lymphoid cells, as 
reflected by uropod formation and increased mobility of lymphocytes 
incubated with antibody-coated target cells (206, 207). Although phago- 
cytosis is not involved when the effector cells are purified lymphocytes, 
the exact mechanism of lysis has not been elucidated. 

1 .  Characteristics 

In  general, cytotoxicity is detectable within 1 hour and then proceeds 
linearly as a function of time (183,192). The initial rate of lysis, however, 
may be influenced by the degree of contamination of lymphocytes with 
nonlymphoid cells, such as monocytes, macrophages, and PMN cells 
(179). It is worth noting that the cytotoxic activity of nonlymphoid cells 
has a very rapid onset but ceases after a few hours, whereas lymphocytes 
exert continuing cytotoxicity during several days in culture, although at  
a slower rate than nonlymphoid cells ( 191 ) , 

Under optimal conditions, complete lysis of antibody-coated chicken 
RBC may be achieved within 10 to 20 hours (192). In other systems, 
however, the cytotoxic reaction did not reach completion until the 
fourth day of incubation (210). The extent of lysis appears to depend 
on the concentration of lymphocytes. In two instances, analysis of dose- 
response cwves has demonstrated that cytotoxicity varied with the 
logarithm of the number of normal lymphoid cells incubated with anti- 
body-coated target cells (183, 194). As mentioned earlier, the same dose- 
response relationship has been found in cytotoxic reactions involving 
immune T lymphocytes. Thus, estimation of the relative frequency of 
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effector cells in different cell populations is also feasible in the system 
of AD lymphocyte-mediated cytotoxicity by direct comparison of their 
dose-response curve. 

These studies also indicated that significant lysis of antibody-coated 
chicken RBC or lymphocytes could be detected at lymphocyte-to-target 
cell ratios of 1:l. At  this ratio, 5-7 lymphocytes were required to lyse 
one target cell (192) .  Whether one effector cell can kill more than one 
target cell has not yet been proven in this system. 

All available evidence indicates that the effector cells must be alive 
in order to be cytotoxic. Antimycin A, which inhibits cell respiration, 
inhibits cytotoxicity ( 1  ). Protein synthesis, however, may not be required, 
as shown by the failure of puroniycin ( 193) or cycloheximide (183)  to 
affect AD cell-mediated cytotoxicity. Further investigation using ir- 
reversible inhibitors of protein synthesis is needed to clearly establish 
this point. Conflicting results have been reported concerning the effect 
of CH. Perlmann et al. (192)  showed a profound inhibitory effect of the 
drug on lysis of antibody-coated chicken RBC by normal human blood 
lymphocytes. These results have been confirmed in our own laboratory 
by using the same system (219)  and another system of alloantibody- 
coated tumor cells and normal mouse spleen cells (128) .  In contrast, 
Henney et al. (123)  found no effect of CB on lysis of sheep RBC by 
mouse spleen cells. Whether or not this negativc result reflects the 
participation of CB-insensitive nonlymphoid cells remains unclear a t  the 
present time. In  this context, it is worth noting that CB appears to 
increase rather than to inhibit the release of enzymes from PMN cells 
confronted with antigen-antibody complexes ( 220, 221 ). 

Inhibition by anti-Ig antiserum is a characteristic feature of AD cell- 
mediated cytotoxicity (45,  127, 195, 222, 223).  In general, the anti-Ig 
antiserum has been added to the mixture of antibody-coated target cells 
and lymphocytes. Pretreatment of lymphocytes with antiserum, followed 
by washing, also resulted in complete inhibition of cytotoxicity (127, 
195).  These results thus suggest that the inhibition is related to an effect 
of the anti-Ig antiserum on the lymphoid cells rather than on the anti- 
body itself. Direct evidence for this hypothesis was provided by experi- 
ments in which anti-Ig antiserum and antitarget cell antibody were of 
the same species. Thus, human blood lymphocytes incubated with rabbit 
antihuman immunoglobulin serum exerted no cytotoxicity on chicken 
RBC coated with rabbit antibody (192) .  This finding raised the question 
whether surface immunoglobulin on lymphocytes had any functional 
significance in the lytic reaction. If this were the case, one would expect 
a preparation of F( ah’) antibody against ininiunoglobulin to be as 
effective as the native IgG antibody, because pepsin antibody fragments 
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are known to bind to antigen with the same avidity as the undigested 
molecules. By using this approach, Perlmann et d. (192)  fdund no 
inhibition of cytotoxicity by rabbit F(  ab' ) antibody against human 
Fab, whereas the undigested antibody was very effective. It is thus likely 
that inhibition by anti-Ig antiserum reflects the formation of Ig-anti-Ig 
complexes that bind to the Fc receptors on the effector cells, thus prevent- 
ing any interaction with the antibody-coated target cells. To explain this 
inhibitory effect, it is not necessary to postulate that Ig-carrying cells 
and effector cells are identical. Indeed, the possibility exists that Ig- 
carrying cells coated with anti-Ig antibody cause a blocking of the 
effector cell receptors either by behaving as antibody-coated target cells 
or by releasing Ig-anti-Ig complexes into the medium. 

These results illustrate the great caution which should be exercised 
in trying to identify the nature of effector cells by inhibition studies using 
anti-Ig antiserum. The same consideration seems to apply to the use of 
antisera against other surface constituents of lymphocytes. Thus, Mac- 
Donald (220)  demonstrated that mouse spleen cells incubated with 
antibody directed against their H-2 antigens exerted no cytotoxicity on 
chicken RBC coated with rabbit antibody. Moreover, he found that ad- 
dition of anti4 serum without complement to the cell mixtures completely 
inhibited lysis. Since the effector cells in this system are 8-negative cells, 
it is clear that the inhibitory effect of anti4 serum is not due to the 
specific binding of antibody to the effector cells. The reverse situation 
exists also since it is known that addition of anti4 serum does not inhibit 
the cytotoxicity of immune T cells, whereas pretreatment of spleen cells 
with anti4 serum and complement abrogates T-cell activity (Table 111). 

Direct evidence for the inhibitory effect of unrelated immune com- 
plexes on AD cell-mediated lysis has been reported by MacLennan 
(227) .  By using antibody-coated Chang cells and rat spleen cells, this 
investigator found that the degree of inhibition produced by complexes 
of human serum albumin (HSA) and rabbit anti-HSA serum was 
critically related to their physical configuration, the most effective com- 
plexes being small and soluble. Because complexes of this type are known 
to circulate in the blood without being removed by the reticuloendo- 
thelial system, it is crucial to analyze their inhibitory activity further, 
especially in vivo. 

2. Specificity 

It has been repeatedly shown that the specificity of AD cell-mediated 
lysis is identical to that of the antibody responsible for its induction ( 1  ) . 
Furthermore, the possible participation of diffusible cytotoxic factors in 
the reaction has been excluded by the results of mixed target cell ex- 

W 
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TABLE I11 

A N D  ON ANTIRODY-~)I ' .~~~NDI. :NT CI,;LI~RII.:DI.\TI~:D CYTOTOSICITY~ 
EPFlsCT OF ADDKD A18L0.\NTISI~:HUhl ON T-CI:I,I,?~I~.:I)I.\TI:D IA-sls 

Percent inhibition of lysis of 

Serum (final dilutioii i i i  reactioii P-X 1 5 ( 1113 A/Z ) Ai I t ibodg-coat etl 
mixture) 11111101' C.C~llS~ chicken I l B O  

Normal C57BL/6 (1 : 10) 0 0 
1)BA/2 anti-C57BL/6 (1: 10) 0 96 
l)BA/2 anti-C57BL/6 (1: 100) 0 03 
C57BL/6 anti-DBAI2 (1 : 10) 90 20 
C57BL/6 anti-DBAI2 (1: 100) 44 4 
AKlt anti-8 C3H (1:lO) 0 09 
AKIt anti-0 C3H (1 : 100) 0 54 

Spleeii cells from C57BL/6 mice injected 11 days earlier with 30 X 106 P-815 
(IIBA/Z) tumor cells were used a.3 the soiirce of immiine T cells and of normal non-T 
effector cells mediating antibody-dependent lysis. 

AII amount of 3 X lo6 lymphocytes was heitbated with 30 x 103 '0-labeled 
P-815 (DBA/2) tumor cells a t  37°C. for 5 hours. 

cAn amomit of 3 X lo6 lymphocytes was incubated with 100 X lo3 6"Cr-labeled 
chicken red blood cells (HBC) and rabbit serum antichicken RBC (final dilution 1 : 5000) 
at 37°C. for 20 hours. 

periments. When mixtures of antibody-coated target cells and non-cross- 
reacting antibody-free target cells were incubated together with normal 
lymphocytes, no significant lysis of the bystander target cells was ob- 
served (179, 210).  

Very few attempts have been made to compare the antigenic speci- 
ficity of antisera as determined by lymphocyte- or complement-mediated 
lysis. In one of these studies, Hersey et al. (184)  investigated the speci- 
ficity of anti-HL-A antisera by using normal blood lymphocytes or 
phytohemagglutinin-transformed blasts as target cells. The results 
obtained with the two assay methods showed a good correlation, al- 
though the antiserum lytic titers were much higher in the lymphocyte 
than in the complement assay method. Moreover, additional antigenic 
specificities were revealed by AD cell-mediated lysis. Further studies 
are needed to establish the usefulness of this assay method for tissue 
typing. 

D. CYTOTOXICITY OF LYMPHOID CELLS FROM IMMUNE DONORS 

The foregoing studies have mainly dealt with the mechanism of AD 
cell-mediated cytotoxicity using antibody-coated target cells and normal 
lymphoid cells. In view of the demonstration of in ljitro lysis of untreated 
target cells by lymphoid cells from immune donors, it is pertinent to ask 
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whether such a mechanism may be responsible for this effect. In other 
words, Is it possible to demonstrate this phenomenon with immune 
lymphoid cell populations without added antibody? From the data on 
the nature of effector cells and of antibody involved, it is clear that such 
immune lymphoid cell populations should contain non-T lymphoid cells 
with Fc receptors and antitarget cell IgG antibody-producing cells. 
Alternatively, according to the results presented, the presence of 
lymphoid cells carrying antigen-antibody complexes in antibody excess 
should be sufficient to induce lysis of target cells carrying the same 
antigen. In order to investigate this, the studies performed so far have 
concentrated on the demonstration of the prominent role of non-T 
lymphocytes in the cytotoxic activity of immune lymphoid cells. Evidence 
for such a participation in spleens of mice immunized with sheep or 
chicken RBC has been suggested by several studies, although the effector 
cell activity has been attributed either to B lymphocytes (127, 195), to 
macrophages (224), or to PMN cells ( 1 4 ) .  Removal of B lymphocytes 
on Ig-anti-Ig columns has been used by Lamon et al. (49) to study the 
nature of effector cells in immune spleen and lymph node cells from mice 
bearing MSV-induced tumors. The same approach has been used by 
Perlmann et al. (50 )  in a study of the activity of blood lymphocytes from 
bladder carcinoma-bearing patients. In both instances, the participation 
of B or T cells in in vitro cytotoxicity, as assessed by the microplate assay, 
was variable in lymphoid cells taken at different times after tumor 
induction in the animal or from different patients. 

Another observation suggests that antibody-producing cells are 
required for the manifestation of AD cell-mediated lysis by immune 
lymphoid cells. Thus, MacLennan and Harding (193) showed that 
addition of puromycin to cultures of spleen cells from rats immune to 
Chang cells inhibited their cytotoxicity on uncoated Chang cells but had 
no effect on antibody-coated Chang cells. Because puromycin, an 
inhibitor of protein synthesis, has been shown to inhibit antibody 
production (225) but not effector cell activity (193), these findings are 
consistent with but do not prove the hypothesis that the mechanism of 
in vitro cytotoxicity by immune lymphoid cells may involve ( a )  the 
production of antibody by antibody-forming cells, ( b )  the binding of 
antibody to target cells, and ( c )  the destruction of antibody-coated 
target cells by normal non-T lymphocytes carrying Fc receptors. 

In summary, two different mechanisms have been demonstrated to 
account for in vitro lymphocyte-mediated cytotoxicity. 

1. Immune T lymphocytes, carrying membrane-bound receptors 
directed against surface antigens, specifically interact with the related 
antigenic target cells and destroy them in the absence of added comple- 
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nient. The lytic process is dependent on protein synthesis, but does not 
involve the release of diffusible nonspecific cytotoxic factors. Cytotoxicity 
may be inhibited by addition of antibodies directed against the relevant 
target cell antigens, but is unaffected by anti-Ig antiserum, by antibodies 
against effector cell transplantation antigens, nor by unrelated antigen- 
antibody complexes. 

2. Normal lymphocytes, carrying membrane-bound receptors directed 
against the Fc portion of IgG, specifically interact with immunoglobulin 
antibody-coated target cells and destroy them in the absence of added 
complement. The lytic process does not involve diffusible nonspecific 
factors. Cytotoxicity is unaffected by addition of antitarget celI IgG anti- 
body but may be inhibited by anti-Ig antiserum, by antibodies against 
lymphocyte transplantation antigens, or by unrelated soluble antigen- 
antibody complexes. 

V. Cytotoxicity Mediated by Macrophages 

In recent years, the role of macrophages in cell-mediated immunity 
has been investigated in great detail. The basis for such interest has been 
the demonstration of a cooperation between immune T cells and macro- 
phages in the effector phase of some immune reactions. Thus, it is clearly 
established that acquired resistance to intracellular parasites involves a 
two-step mechanism whereby immune T cells, when confronted with 
specific antigen, elaborate various factors that activate macrophages. As 
a consequence of this activation, macrophages acquire an increased non- 
specific microbicidal activity (4 ,  226-229). The concept of macrophages 
being the effector cells of cell-mediated immunity has been extended 
to a variety of immune reactions, including allograft rejection and tumor 
immunity. This subject has been extensively reviewed by Nelson (230, 
231) and by Pearsall and Weiser (232). Following the observations of 
Bennett (176) and Granger and Weiser (233, 234), several investigators 
have demonstrated that macrophages may exert specific or nonspecific 
cytotoxicity in uitro. The conclusions of some of these studies, however, 
could be seriously questioned since no attempt was made to rule out 
the participation of lymphocytes in the lytic process. As already 
mentioned ( Section III,C,4), certain cytotoxic T cells have adherence 
properties similar to those of macrophages and are particularly abundant 
in the peritoneal cell populations which have been used as the source of 
macrophages. 

Recently, better evidence for the role of macrophages in in vitro 
cytotoxicity has been provided by the finding that normal macrophages 
could be made specificially cytotoxic by contact with immune lymphoid 
cells or cell-free supernatants from cultures of immune lymphoid cells 
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incubated with antigen (235, 236). Suggestive evidence has been ob- 
tained that the cell-free supernatant contains a specific factor elaborated 
by immune T cells which is cytophilic for niacrophages. In addition to the 
specific activity of macrophages just mentioned, several studies have 
shown that macrophages froin iinmune and/ or chronically infected 
animals exerted a nonspecific cytotoxic effect in vitro. In this section, both 
aspects of macrophage-mediated cytoxicity will be briefly discussed. For 
the sake of simplicity, we adhere to the terminology proposed by Evans 
and Alexander (237) to refer to the two functional categories of effector 
cells. Armed macrophages are specifically cytotoxic to the inimuiiizing 
target cell, whereas activated macrophages do not discriniiiiate among 
different target cells. The two properties are not mutually exclusive, and 
armed macrophages, following specific interaction with target cells, 
become activated and kill in a nonspecific way. 

A. SPECIFIC CYTOTOXICITY OF ARMED MACROPHAGES 

In 1970, Evans and Alexander (235) reported that peritoneal cells 
from mice immunized by repeated injections of X-irradiated syngeneic 
lymphoma cells were able to inhibit the growth of the same tumor cells 
in vitro. Spleen cells from these immune animals had no detectable in- 
hibitory activity in vitro, although they were capable of arresting tumor 
growth when injected together with the lymphoma cells into normal mice. 
In order to ivle out the participation of lymphocytes so far as possible, 
the peritoneal exudate cells were seeded into tissue culture dishes and 
the nonadherent cells removed by repeated intensive washings until the 
cell monolayers contained less than 3% lymphocytes. Subsequent studies 
(237-239) indicated that ( a )  the growth-inhibitory effect was immuno- 
logically specific since the niacrophages from mice immunized against 
allogeneic lymphomas had no effect on syngeneic tumor cells and vice 
versa, ( b )  growth inhibition was reversible during the first 24 hours in 
the syngeneic system, whereas most of the lymphoma cells were dead 
after 24 hours in the allogeneic system, ( c )  the effector cells, after ex- 
posure for 12 to 24 hours to the tumor cells were unable to inhibit the 
growth of a second inoculum of lymphoma cells but retained full activity 
when incubated for 48 hours without lymphoma cells, and ( d )  direct 
contact between macrophages and tumor cells was necessary, as shown 
by normal growth of lymphoma cells when separated from the effector 
cells by a Millipore filter. 

The specificity of growth inhibition strongly suggested the involve- 
ment of specific recognition structures on the surfaces of armed macro- 
phages. However, the nature of these structures has not been clearly 
established. One likely possibility is the presence of cytophilic antibodies 
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on thc macrophage membrane. As mentioned earlier, macrophages have 
surface receptors for the Fc portion of IgG niolc~cules (187, 189).  As is 
the case for other cells with Fc receptors, the energy of binding of IgG 
antibody to macrophages is very much increased when antibody is 
coniplexed to antigen (218) .  In the mouse, macrophages apparently 
possess surface reccptors also for IgM molecules (240)  and an @,-globulin 
having the characteristics of a cytophilic antibody (241 ). Further details 
on cytophilic antibodies can he foiincl in two reccnt reviews ( 103, 230) .  
Several attempts have been made to attribute the specificity of niacro- 
phage-mediated cytotoxicity to cytophilic antibodies carried on niacro- 
phages. Thus, Granger and \Vciser (234)  showed the presence of cyto- 
philic antibody on the surfaces of aiined macrophages. The antibody 
could be eluted by heating at S6"C. for 30 minutes. Trypsin treatment 
of immune macrophages abrogated their ability to destroy the relevant 
target cells. However, trypsin-treated niacrophages regained activity after 
exposure to immune serum or hcxt eluate from iinmune macrophages 
(242) .  Recently, Evans and Alexander (239)  have also studied the effect 
of trypsiii on growth inhibition by armed macrophages. In their hands 
such a treatment had no effect, except at relatively high concentrations 
of the enzyme (10 nig./ml.). When affected, macrophages did not regain 
activity in culture. A more disturbing finding was reported by Lohmann- 
Matthes et al. (243)  who tested the cytotoxicity of armed macrophage 
monolayers on "Cr-labeled target cells at different time intervals after 
trypsin treatment. No cytotoxic activity was detectable during the first 
6 hours after treatment, but the monolayers regained full activity after 
48 hours, although all contaminating lymphocytes had been released from 
the monolayers by tiypsin treatment. Indeed, another striking feature 
of this system was the stability of niacrophage cytotoxicity which could 
be deinonstratcd over a period of 15 days in culture, despite repeated 
addition of target cells. This finding is in contrast to the observation, 
already mentioned, of Evans and Alexander that macrophage activity 
disappeared 24 hours after incubation with target cells. 

These rather confusing results do not allow any conclusion as to the 
nature of the recognition structures on armed niacrophages. Similarly, 
the demonstration of large amounts of immunoglobulin on the surfaces 
of cytotoxic macrophages provides no conclusive evidence for involvc- 
ment of cytophilic antibodies since growth inhibition was found to be 
unaffected by anti-Ig serum (239) .  

Further studics indicated that nonnal niacrophages could be rendered 
specifically cytotoxic after incubation with either lymphoid cells from 
repeatedly immunized mice or cell-frce supcmatants from cultures 
consisting of in uiuo or in zjitro sensitized T cells and specific targct cells. 
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Because the mechanism of arming appears to be different in the two 
situations, they will be considered separately. 

As already mentioned, spleen and lymph node cells from hyperim- 
mune mice had no growth-inhibitory activity in the syngeneic tumor 
system studied by Evans and Alexander (235). When monolayers of 
normal macrophages were incubated with these immune lymphoid cells 
for 24 hours and then extensively washed, they became able to inhibit 
the growth of specific target cells. Direct contact between hyperimmune 
lymphoid cells and normal macrophages appeared necessary for arming, 
since neither supernatants from cultures of hyperimmune spleen cells, nor 
hyperimmune spleen cells separated from macrophages by a Millipore 
membrane were able to produce this effect (238, 239). 

In contrast to the arming activity of hyperimmune lymphoid cells, 
spleen cells obtained after a single immunization had no effect on normal 
macrophages. When these cells, however, were incubated with specific 
target cells for 24 hours, the cell-free supernatants of such cultures were 
able to render normal macrophages specifically cytotoxic to target cells 
(236, 238, 239). The factor responsible for this effect has been called 
specific macrophage-arming factor ( SMAF ) . Recent studies (244) sug- 
gest that this factor possesses a cytophilic moiety for macrophages as 
well as a specific recognition site for target cells. On fractionation, SMAF 
appears to consist of two major components, one of a molecular weight 
greater than 300,000, the other between 50,000 and 60,000. 

This factor appears to be produced by immune T cells, since no 
factor was detected when iinmune spleen cells treated with anti4 serum 
and complement were incubated with specific target cells (244). 
Conversely, cortisone-resistant thymus cells, when sensitized in vitro 
in MLC, liberated SMAF incubation with the relevant target cells 
(245). 

Several questions are raised by these findings. The first concerns the 
nature of the cytophilic factor produced by T cells. In view of its 
specificity for antigen, it is tempting to speculate that SMAF cor- 
responds to specific T-cell receptors which are shed during the incubation 
of immune T cells with antigen, as also suggested by the studies of 
Feldmann (246) on the mechanism of the helper function of T cells in 
the humoral response. 

The relationship of SMAF to the specific T-cell receptor described 
by Cone et al. (162) or the specific migration inhibition factor reported 
by Amos and Lachmann (247)  is not yet known. Another question 
raised by these findings conccrns thc relationship between the immune 
T cells producing SMAF and the cytotoxic T cells since, in some studies, 
the immune lymphoid populations used for the production of cytophilic 
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factor also contained large numbers of CL. In other experiments, how- 
ever, SMAF-like material could be obtained from cell populations not 
directly cytotoxic toward specific target cells (236, 248).  Whether or 
not these findings reflect quantitative rather than qualitative functional 
differences remains to be determined. 

B. NONSPECIFIC CYTOTOXICITY OF ACTIVATED A~ACROPHACES 

When studying the specific growth-inhibitory effect of armed macro- 
phages, Evans and Alexander (237)  found that during contact with 
specific target cells the effector cells acquircd the capacity to inhibit the 
growth of susceptible target cells in a nonspecific way. Such nonspecific 
activity was detectable after 4 hours of incubation of macrophages with 
specific target cells. An identical pattern of behavior was shown by 
normal macrophages which had been armed in uitm by incubation with 
immune spleen cells. Moreover, macrophages from mice immunized with 
bacille Calniette-Gukrin ( BCG ) vaccine became nonspecifically cyto- 
toxic following in uitro incubation with specific antigen, the purified 
protein derivative (PPD) . These results suggested that a two-step 
mechanism was involved in the activity of macrophages from immune 
animals, including first an interaction of armed macrophages with 
specific antigen leading to their activation into nonspecific effector cells. 

This concept shows some analogy with the mechanism put foiward 
to account for the increased nonspecific bactericidal activity of macro- 
phages from immune animals ( 4 ) .  There is, however, an important 
difference between the two model systems. In the experiments cited in 
the foregoing activation of macrophages in oitro has been achieved by 
direct exposure of macrophages to the specific antigen, whereas the 
studies 011 cellular resistance to microorganisms have clearly shown that 
activation of macrophages in oitro involved the participation of mediators 
released by iminune lymphoid cells following interaction with antigen 
( 3 ,  227).  Along the same line, it should be noted that normal macro- 
phages exposed to the supernatants of cultures consisting of immune 
lymphoid cells and specific antigen did not exert nonspecific cytotoxicity 
when directly challenged with unrelated target cells (236) .  Whether 
different mechanisms of activation or different factors are involved is 
unknown. 

Other studies indicated that normal macrophages became non- 
specifically cytotoxic after exposure in uitro to various agents such as 
endotoxin, double-stranded RNA isolated from fungal viruses or poly I * 
poly C ( 2 4 9 ) .  As in the case of armed macrophages, growth inhibition 
of target cells was reversible diiring the first 24 hours of incubation with 
treated macrophages. Similarly, the growth-inhibitory activity of such 
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macrophages was lost after exposure to a first population of target cells. 
Phagocytosis was not involved in the process of growth inhibition. 
Macrophages activated in viuo either by chronic infection with Protozoa, 
infection with intracellular bacteria or Metazoa, or injection with 
complete Freunds adjuvant were also cytotoxic to tumor cells (250-252). 

These results thus suggest that macrophages activated in one way 
or another are deleterious to cells in culture. Whether these activated 
macrophages can discriminate between normal and abnormal cells is 
less clearly defined. Recently, Hibbs et al. (250, 252) have suggested that 
the in uitro cytotoxicity of activated macrophages, although nonspecific 
in an immunological sense, was, nevertheless, discriminatory insofar as 
only target cells with abnormal growth characteristics were selectively 
destroyed. Thus, macrophages from mice chronically infected with 
intracellular Protozoa or from mice injected with complete Freunds 
adjuvant destroyed in uitro various primary or established cultures of 
tumor cells but had no effect on mouse embryonic fibroblast strains. 
Moreover, when the same fibroblasts became transformed, as happened 
spontaneously within 3 months of culture, they not only acquired ab- 
normal growth characteristics but also became susceptible to the cyto- 
toxic effect of activated macrophages (253). Further experiments are 
needed to verify the validity of this interesting concept. 

VI. Relevance of Cell-Mediated Cytotoxicity to Allograft 
Rejection and Tumor Immunity 

From the various models just presented, it is clear that cell-mediated 
cytotoxicity in uitro is by no means the expression of a single mechanism. 
Different cell categories (T  cells, B cells, monocytes, macrophages, PMN 
cells) may be involved, and their relative contribution may vary accord- 
ing to various factors such as the type of target cell, the presence of 
antibody, the source of effector cells, or the cytotoxic assay system. In 
view of this complexity, it appears difficult to appreciate the significance 
of in vitro activities of heterogeneous cell populations in terms of actual 
correlates of in viuo phenomena. Indeed, the possibility exists that some 
mechanisms found in vitro have no corresponding reality in vivo. How- 
ever, with the recent development of knowledge on the physicochemical 
and antigenic characteristics of the cells involved in :he immune 
response, it becomes possible to design experiments in which the various 
mechanisms demonstrated in uitro may be put under test in uiuo. One 
approch is the analysis of the activity of well-defined cell populations 
following transfer into animals which are normally or artificially depleted 
of a given cell type. 

In analogy with the criteria used to ascertain the role of antibody in 
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some pathological reactions ( 2 s 4 ) ,  seveml conditions should be ful- 
filled in order to establish a direct relationship between in vitro and in 
vivo effector cells: ( a ) rcproduction in immiuiologically inert recipients 
of the in vitro reactions; (1 ) )  dosc dependence of the in uiuo activity of 
transferred cells; ( c )  absence of effect in vivo after specific rcmoval of 
the effector cells active in uitro; and ( r l )  identification of effector cells 
at the site of the reaction. It is obvious that some of these requirements 
are still difficult to achieve, but they may become feasible in the near 
future in view of the current improvement in cell separation techniques. 

In this section, we will review recent experiments undertaken to de- 
termine the relative contribution of the mechanisms found in vitro to the 
phenomenon of allograft rejection and tuinor immunity. We will describe 
the available evidence that (1) imniunc T cells, enriched in CL, play a 
major role in the rejection of normal or timior allografts, at least in the 
inouse, ( 2 )  macrophages arc not always an absolute requisite for allo- 
graft rejection, although they inay amplify thc activity of immune T 
cells in certain instances, and ( 3 ) cooperation between immunc T cells 
and macrophages inay be niore evident in syngencic tumor systems. 

A. ALLOGRAFT RE J E ~ I O N  

As mentioned earlier, quantitative studics of lymphocyte-mediated 
cytotoxicity in lymphoid cells from animals that had received normal 
or tumor allografts showed an excellent degree of correlation between 
the time course of CL formation and graft rejection (15, 51, 6'466). 
However, in the instances where the humoral response was tested in 
parallel, it was found that a corrclation also existed with development 
of alloantibody-foriiiing cells ( 28, 60) and circulating alloantibodies, 
particularly of the IgM class (23, 59) .  These findings made it difficult 
to draw any firm conclusion as to the actual effector cells involved in 
studies of adoptive transfer of transplantation immunity with immune 
lymphoid cells (255-258). 

With the development of appropriate methods for obtaining defined 
cell populations containing either immune T cells or B cells and alloanti- 
body-forming cells, it has been possible to demonstrate the predominant 
role of the former cells in allograft rejection. The first evidence for in 
uiuo activity of immune T cells was provided by Sprent and Miller 
(53, 259) who showed accelerated skin graft rejection in neonatally 
thymectomized CBA mice following intravenous injection of a pure 
population of CBA T cells immunized against the graft alloantigens. 
This population was obtained by injection of CBA thymus cells into 
irradiated recipients bearing the graft alloantigens. As discussed earlier 
( Section III,B,2), some of the transferred thymus cells became semitized 
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against the recipient alloantigens and could be recovered by thoracic duct 
cannulation in an almost pure form. The same population of immune 
T cells was also able to inhibit tumor growth when mixed together with 
tumor cells carrying the relevant alloantigens before intraperitoneal 
injection into appropriate recipicnts (51, 259). Since the lymphoid cell 
population contained a large proportion of CL, as assessed in vitro by 
the “Cr assay method, it was tempting to attribute graft rejection to the 
direct activity of the latter cells. The results, however, did not exclude 
the possibility, although unlikely, that the immune T cells functioned 
as helper cells for the production of alloantibody which caused rejection 
in the presence of complement or non-T effector cells. Alternatively, the 
effector phase could be mediated by macrophages armed or activated by 
factors released by the immune T cells. In order to approach this question, 
we studied the tumor growth-inhibitory activity of different immune 
lymphoid cell populations injected into heavily irradiated syngeneic 
recipients (260, 26’1 ) . When these recipients were reconstituted with 
normal spleen cells, intraperitoneal inoculation of allogeneic tumor cells 
resulted in rapid tumor growth followed by death within 10 to 20 days. 
In contrast, complete protection against tumor growth was achieved by 
intravenous or intraperitoneal injection of spleen cells from syngeneic 
mice immunized against the same allogeneic tumors. When the immune 
spleen cells were treated with anti-8 serum and complement prior to 
inoculation into the irradiated recipients, no protection occurred, 
indicating that B lymphocytes, including IgM or IgG alloantibody-form- 
ing cells, were ineffective in that system. Moreover, a pure population 
of T cells, immunized by transfer into relevant allogeneic irradiated 
recipients, was perfectly able to prevent tumor growth in the irradiated 
hosts. The same experiments were repeated in lethally irradiated mice 
inoculated subcutaneously with allogeneic tumor cells, protected against 
radiation death with bone marrow cells, and injected with inimune T 
cells. At no time was any tumor detectable, whereas control mice injected 
with normal thymus cells died of disseminated tumor within 2 weeks. 
These findings clearly indicated that pure populations of immune T cells 
could effectively protect heavily irradiated mice against subcutaneous 
growth of allogeneic tumor cells. 

Although these results have ruled out the possible role of AD cell- 
mediated lysis in this system, the question remains whether immune T 
cells acted alone as effector cells or in conjunction with macrophages. 
Several points are worth considering in this respect. 

1. The immune T cells responsible for tumor growth inhibition in 
uiuo carry specific receptors for the relevant alloantigens. Thus, Berke 
and Levey (153) showed that preincubation of immune spleen cells on 
fibroblasts carrying the immunizing alloantigens removed not only the 
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lymphocytes effective in vitro, as mentioned earlier in Section 111,C,3, 
but also those inhibiting tumor growth in vim. Furthermore, recovery 
of the fibroblast-adsorbed lymphocytes provided a cell population 
specifically efficient in vivo and in vitro. 

2.  The immune T cells accumulate preferentially at the specific graft 
site as recently suggested by Lance and Cooper (262), who used deoxy- 
~r idine-~~-*I- labeled spleen and lymph node cells from mice bearing skin 
allografts. In similar unpublished experiments, we found that the number 
of “Cr-labeled immune T cells injected into heavily irradiated hosts 5 
days after subcutaneous inoculation of allogeneic and syngeneic tumor 
cells was four- to eightfold greater at the site of the allograft carrying 
the immunizing alloantigens than at the site of syngeneic or unrelated 
allogeneic graft. These results, which are in conflict with previous reports 
indicating no preferential accumulation of effector cells in the specific 
graft site (263-266), can be explained by the relative enrichment in 
effector cells achieved by means of immunization by transfer into ir- 
radiated allogeneic recipients, the unreactive T cells being diluted by 
the rapidly multiplying antigen-reactive lymphocytes. 

3. The specificity of allograft rejection speaks against the partici- 
pation of nonspecific factors or effector cells. In the expei-iments cited 
above (261),  injection of immune T cells had no effect on the in U ~ U O  

growth of bystander tumor cells in the presence of total destruction of 
the related tumor cells. These results confirm the exquisite specificity in 
the effector phase of rejection of normal or tumor allografts (for refer- 
ences, see Refs. 12 and 267). 

4. The necessity of an amplifying mechanism by macrophages may 
vary according lo the systcm s t i d i d .  On the one hand, in studies demoa- 
strating prevention of subcutaneous growth of tumor celIs in heavily 
irradiated recipients after intravenous injection of immune T cells (261 ), 
it appears unlikely that a large number of monocytes could accumulate 
at the graft site since these cells are known to deiive from rapidly divid- 
ing radiosensitive precursors (268). On the other hand, Rouse and 
Wagner (269) found that iinniune T cells caused no rapid rejection of 
skin graft in irradiated recipients when injected at the time of irradiation, 
whereas the same cell population was effective in thymectomized, 
lethally irradiated hosts grafted 4 weeks after bone marrow reconsti- 
tution. These results are very reminiscent of observations made in 
adoptive transfer studies of delayed skin reactions or immunity to 
Listeria organisms-two phenomena involving the participation of both 
immune T cells and monocytes ( 4 ,  270, 271). Clearly, further recon- 
stitution experiments using pui-ified populations of potential effector 
cells are needed to assess their relative roles. 

Recent studies indicate that T cells immunized in uitro are also able 
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to prevent tumor growth or to induce skin graft rejection in immuno- 
logically inert mice. Thus, Cohen et al. (272)  showed that spleen cells 
incubated with allogeneic fibroblasts for 5 days inhibited tumor growth 
when mixed with the related allogeneic sarcoma cells before intramus- 
cular injection into 550 R-treated recipients. Curiously, the same spleen 
cells showed no detectable cytotoxicity in vitro. Direct evidence for the 
role of immune T cells was provided by Rouse et al. (269, 273) who 
used cortisone-resistant thymus cells immunized in vitro in MLC. These 
cell populations, which are highly cytotoxic in uitro, caused skin graft 
rejection or tumor growth inhibition when injected into T-cell-deprived 
animals. Quantitative estimation of the in vivo activities of immune T 
cells immunized either in vivo or in vitro suggested, however, lower 
effectiveness of in vitro immunized T cells, despite similar or even higher 
in vitro cytotoxic activity as compared to in uivo immunized T cells. One 
possible explanation for this difference may be the lower ability of in 
uitro immunized T cells to recirculate and, hence, to accumulate in the 
graft site (269) .  

Several studies have shown that peritoneal cells from immune ani- 
mals were able to confer in vivo resistance against the related allogeneic 
tumor cells (for references, see Ref. 231 ). These results have been inter- 
preted as evidence for the predominant role of macrophages in tumor 
allograft rejection. In some instances, however, no attempt has been 
made to rule out the participation of immune lymphocytes which are 
known to accumulate at the site of a specific or nonspecific inflammatory 
reaction (52, 146, 274). When highly purified macrophages were used 
in adoptive transfer studies, it was found that these cells had a sup- 
pressive effect only on tumor cells injected at the same site, whereas the 
lymphoid cells from the same immune animals were able to inhibit the 
growth of tumor cells inoculated at a different site (275) ,  It thus appears 
that armed macrophages do not extensively recirculate. Further work 
is needed to define the role of monocytes that sometimes, but not always, 
comprise a high proportion of the cells infiltrating the graft during re- 
jection (276-278). Such studies should also establish whether or not the 
immune T cells that release macrophage-specific factors are identical 
to the effector cells exerting direct cytotoxicity. Also the participation of 
antibody-dependent lysis by non-T lymphoid cells remains to be clari- 
fied, particularly in view of the demonstration of graft survival rather 
than rejection in animals passively administered with IgG alloantibody 
(for references, see Ref. 279) or actively producing cytotoxic alloanti- 
body (280, 281 ). 

When considering the in uivo effect of defined cell populations fol- 
lowing transfer into immunologically manipulated recipients, one should 
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not forget that the conclusions drawn from such studies are not ncces- 
sarily consistent with the results obtained by microscopic examination of 
the graft during rejection in intact animals. This possibility has been 
best illustrated by Gershon and his colleagues (282, 283) who investi- 
gated the role of macrophages in  the rejection of allogeneic lymphoma 
cells in the hamster. In this model system, animals injected subcutane- 
ously with these lymphoma cells developed a state of concomitant im- 
munity, i.e., they became resistant to challenge with a second dose of lo5 
times the number of tumor cells required to produce tumors in normal 
hamsters. Morphological evidence strongly suggested that macrophages 
of such animals played the major role in the rejection of second grafts 
since they were the only cells that consistently invaded the graft. Despite 
this striking morphological evidence, attempts to demonstrate a crucial 
role of macrophages, by means of transfer experiments, were unsuccess- 
ful. To the contrary, such studies clearly indicated that immune lympho- 
cytes played a major role in the rejection process. Thus, the ability of 
immune lymph node cells to prevent subcutaneous growth of the tumor 
cells, either when mixed with them or after intravenous injection into 
thymectoniized and irradiated recipients was affected very little by re- 
duction of the number of available macrophages or by local introduction 
of large numbers of macrophages from nonspecifically induced peritoneal 
exudates (283) .  

B. TUMOR IMMUNITY 

The considerations just mentioned certainly apply, even to a greater 
extent, to the mechanism of immunity in syngcneic tumor systems. As 
already mentioned, veiy few studies have dealt with the characteiizatioii 
of the effector cells responsible for in vitro cytotoxicity of lymphoid cells 
from normal or immune tumor-bearing animals. Moreover, when the 
activity and the origin of effector cells have been extensively investi- 
gated, as in the MSV system in mice, conflicting results have been ob- 
tained according to the assay method used for assessing in uitro cyto- 
toxicity. Using a colony inhibition technique, Hellstrom and Hellstrom 
(117) regularly found cytotoxic lymphoid cells in animals with pro- 
gressive tiiniors, whereas Lcderc et al. (116) reported a very sharp clc- 
cline in CL, as measured by the W r  assay method, as tumor growth 
proceeded. A somewhat similar observation was made by Lamon et al. 
(284)  using the microplate assay. Moreover, different results as to the 
nature of the effector cells have been reported, since only T cells were 
involved in the "Cr assay, whereas T and non-T cells contributed to the 
effects measured by the microplate assay (48, 49 ) .  Studies of the effect 
of sera from tumor-bearing mice on the in vitro activity of lymphoid cells 
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have also provided confusing results, varying from no detectable effect 
(116) to complete inhibition of lymphocyte activity (117, 285). In one 
study, pretreatment of target cells with a large amount of antiserum 
often resulted in an increased cytotoxicity by lymphocytes, whereas 
lower concentrations of the same antiserum often produced inhibition 
(185). To the contrary, Pollack et al. (186) reported that AD lysis by 
normal lymphoid cells could be demonstrated at dilutions of antiserum 
much higher than that necessary for inhibition of immune lymphocytes. 

In view of these conflicting observations, all made in the same sys- 
tem, it is difficult to evaluate the numerous reports on in vitro cyto- 
toxicity of lymphoid cells from tumor-bearing animals or patients in 
terms of the actual effector cells in viuo (286295) .  The same difficulty 
of interpretation applies to the demonstration of various blocking or 
unblocking factors in sera of the same donors (296-299). Clearly, com- 
parative studies of the nature of lymphoid effector cells detected in 
different phases of tumor growth by the various assay methods as well 
as precise immunochemical characterization of serum factors are urgently 
needed before any conclusion as to the significance of in vitro findings 
for surveillance of tumor growth can be made. 

Only few attempts have been made to identify the nature of lymph- 
oid cells responsible for transfer of adoptive tumor immunity. In his 
study of the development of tumors in adult-thymectomized, anti- 
lymphocyte serum-treated mice infected with polyoma virus, Allison 
(300) found that tumor formation could be prevented by transfer of 
syngeneic lymphoid cells from specifically immunized donors. Pretreat- 
ment of the lymphoid cells with anti-8 serum and complement, however, 
abolished their ability to prevent tumor development. Rouse et al. ( 301 ) 
found that spleen cells from mice immunized against a syngeneic plasma 
cell tumor, after treatment with anti-8 serum and complement, were no 
longer able to inhibit tumor growth in sublethally irradiated mice, 
whereas treatment of the same spleen cells with rabbit antiserum against 
mouse immunoglobulin light chains in the presence of complement, which 
specifically killed B cells, had no effect. Similar results have been found 
with lymphoid cells from mice immunized with syngeneic cells trans- 
formed by the papovavirus SV40 (302). The latter studies, however, 
suggested that inhibition of tumor growth by admixed immune lymphoid 
cells was dependent on the presence of radiosensitive effector cells, pre- 
sumably monocytes, provided by the recipient mice (303) .  Th' is con- 
clusion was based on the observation that (1) tumor growth inhibition 
by immune lymphoid cells was less efficient in irradiated than in normal 
hosts or in normal recipients treated with silica particles, and that ( 2 )  
bone marrow cells, once they had differentiated for several days in 
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irradiated hosts, provided the effector cells necessary for tumor growth 
inhibition. 

The possible participation of macrophages in syngeneic tumor re- 
jection has been suggested by several observations. This aspect has been 
reviewed recently by Allison (300) .  The role of macrophages activated 
by immune T-cell products has been recently strengthened by the dem- 
onstration of increased resistance to autochthonous and transplanted 
tumors in animals chronically infected with intracellular Protozoa or 
bacteria (304-306) or infected with Metazoa (307). As mentioned 
earlier, macrophages from such animals were nonspecifically cytotoxic 
in uitro. Although it is tempting to attribute the increased antitumor 
resistance to the activated macrophages, the question remains whether 
these cells are mainly involved in actual destruction of tumor cells or, 
alternatively, in stimulation of the specific immune response. The same 
dilemma applies to the various examples of tumor regression after non- 
specific stimulation with local or systemic adjuvants (for references, see 
Ref. 3 ) .  Whatever the mechanism, it is clear that the effect of adjuvants 
involves complex interactions with many variables such as tumor type, 
species and age of animals used, and timing of adjuvant administration. 
I t  is, therefore, not surprising that conflicting results have been obtained 
in studies on the effect of adjuvants on tumor resistance (308). 

VII. Summary 

The term cell-mediated cytotoxicity applies to lytic reactions that 
require the participation of lymphoid or nonlymphoid cells, but not of 
added complement. It has been clearly established that several pathways 
including different cell types are involved in cytotoxic reactions in uitro. 
With membrane-associated antigens, such as transplantation and tumor- 
associated antigens, the cytotoxic effect of effector cells on adequate 
target cells is most often highly specific and requires intimate contact 
rather than release of diffusible toxic factors. Specific cell-mediated cyto- 
toxicity in uitro can be divided into three categories according to the 
nature of the effector cells. 

1. Cytotoxic T cells (CL)  are derived from antigen-reactive pre- 
cursors which have proliferated and differentiated during the immune 
response to transplantation antigens, either in uiuo or in uitro. These 
effector cells are equipped with specific receptors, the nature of which 
is still controversial. Under optimal conditions, target cell lysis reaches 
completion within less than 1 hour. One effector cell can kill several 
target cells. The lytic process is temperature- and energy-dependent, is 
reversibly inhibited by EDTA or CB, and is modulated by the intra- 
cellular level of CAMP. Operationally, any antibody directed against 
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target cell antigens identical or closely relatcd to thosc complementary 
to the effector cell receptors inhibits cell-mediatcd cytotoxicity, whereas 
anti-Ig serum has no effect. 

Cytotoxic lymphocyte progenitors belong to the category of small 
lymphocytes. Early after antigenic stimulation, the effector cells are 
large and correspond to blast cells, whereas they appear as small 
lymphocytes later in the immune response. Memory exists, but it is 1111- 

clear whether it implies quantitative and/ or qualitative changes. 
2. Antibody-dependent cell-mediated cytotoxicity is due to effector 

cells with suiface receptors for the Fc portion of IgG molecules which 
interact with IgG antibody bound to target cells. The exact nature of 
these effector cells remains to be established, but T cells are not involved. 
They are present in unimmunized individuals and may represent a 
subpopulation of B cells. Nonlymphoid cells, such as monocytes, macro- 
phages, or PMN cells may also be involved. 

Under optimal conditions, target cell lysis reaches completion within 
10 to 20 hours. Operationally, the lytic process is inhibited by anti-Ig 
serum, antibody against surface antigens of the effector cells or unre- 
lated lymphoid cells, aggregated IgG, or soluble antigen-antibody 
complexes. 

3. Armed macrophages can also be responsible for specific cell- 
mediated cytotoxicity. Their surfaces appear to be equipped with either 
cytophilic antibodies or cytophilic factors produced by immune T cells 
following contact with specific antigen. When armed macrophages are 
incubated with the specific target cells, they become activated and also 
exert a cytotoxic effect on irrelevant target cells. Macrophages activated 
by a variety of procedures may also be nonspecifically cytotoxic. 

The relevance of in vitro findings to the effector mechanisms oper- 
ating in allograft rejection and tumor immunity is not yet clearly defined. 
Adoptive transfer studies suggest that immune T cells play an important 
role in allograft rejection, but the question remains open as to what 
extent their direct activity is amplified by the release of factors acting on 
macrophages or other cells. In syngeneic tumor systems, the information 
available is neither extensive nor conclusive. The experimental results 
are still confusing and poorly quantitated. Another source of conflict is 
the finding that the different assay methods for measuring in vitro cyto- 
toxicity do not necessarily detect the same mechanisms of cell destruc- 
tion. It is thus difficult to evaluate the significance of in vitro variations 
in effector cell activities in ternis of in vivo surveillance of tumor growth. 
Similarly, the synergistic or antagonistic effect of antibody, antigen, or 
antigen-antibody complexes remains to be clarified. The development of 
cell separation techniques, based on physicochemical and immunological 
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characteristics of lymphoid cells, as well as the isolation of transplanta- 
tion or tumor-associated ailtigelis and the corresponding aiitibodics, 
should be helpful for a better understanding of the delicate interplay 
among these various components of the imiiimie response. 

ACKNOWLEDGMENTS 

The investigations carried out in thc authors’ lalmratorics were snpported by 
research grants from the Swiss National Foundation for Scientific Research. They 
were done in collaboration with miiny colleagues to whom we are deeply indebted. 
We wish to thank those investigators who provided us with unpublished observa- 
tions. The excellent secretarial assistance of Miss Josiane Duc in the preparation 
of the nianiiscript is greatly appreciated. 

REFERENCES 

1. Perlmann, P., and Holm, G. ( 1969). Adoan. Itnmimol. 11, 117. 
2. Katz, D. H., and Benacerraf, B. (1972). Acloan. lrnmimol. 15, 1. 
3. Bloom, B. R. ( 1971 ). Adoan. Itnmrrno/. 1.3, 101. 
4. Mackaness, G. B. (1971). In “Progress in Immunology” (B.  Amos, ed.), p. 413. 

5. Bloom, B. R., and Glade, P. R., eds. (1971). “In Vitro Methods in Cell- 

6. Perlmann, P. (1972). Transplant. Proc. 4, 295. 
7. I n  Vitro Methods in Cell-Mediated Iinmnnity: A Progress Report. (1973). Cell. 

8. Holm, G.,  and Perlmann, P. (1967). Irnnmnology 12, 525. 
9. Brunner, K. T., Mauel, J., Cerottini, J.-C., and Chapuis, B. (1968). Inmil- 

nologly 14, 181. 

Academic Press, New York. 

Mediated Immunity.” Academic Press, New York. 

Immiinol. 6, 331. 

10. MacLennan, I. C. M., and Loewi, G. (1968). C h i .  E x p  Imnirinol. 3, 385. 
11. Bloom, B. R., Jimenez, L., and Marcus, P. I. (1970). 1. Exp. Aled. 132, 16. 
12. Bloom, B. R., Maillard, J., Gaffnay, J., Kana, S., Shevach, E., and Green, I. 

(1972). Transplant. Proc. 4, 329. 
13. Cerottini, J.-C., and Bninner, K. T. ( 1971). I n  ‘‘In Vitro Methods in Cell- 

Mediated Immunity” (B. R. Bloom and P. R. Glade, eds.), p. 369. Academic 
Press, New York. 

14. MacDonald, H. R. (1972). Ph.D. Thesis, University of Toronto. 
15. Brunner, K. T., Mauel, J., Rudolf, H., and Chapuis, B. (1970). Inimzinology 

16. Lightbody, J., Bemoco, D., Miggiano, V. C., and Ceppellini, R. (1971). G. 

17. Ortiz-Landazuri, M., and Herbemian, R. B. (1972). Nature (London) New 

18. Takasugi, M., and Klein, E. (1970). Transplantation 9, 219. 
19. Holm, G. ,  Perlmann, P., and Werner, B. (1964). Nature (London) 203, 841. 
20. Jagarlanioody, S. M., Aust, J. C., Tew, R. H., and McKhann, C. F. (1971). 

21. Cohen, A.  M., Burdick, J. F., and Ketchani, A. S. (1971). J. Immitnol. 107, 

18, 501. 

Batteriol., Viral., Immunol. Ann. Osp. Maria Vittoria Torino 64, 243. 

Biol. 238, 18. 

Proc. Nut. Acad. Sci. U. S .  68, 1346. 

895. 



124 JEAN-CHARLES CEROTTINI AND K. THEODORE BRUNNER 

22. Klein, G., and Perlmann, P. (1963). Nature (London) 199, 451. 
23. Brunner, K. T., Mauel, J., Cerottini, J.-C., Rudolf, H., and Chapuis, B. (1968). 

24. Govaerts, A. (1960). 1. Immund. 85, 516. 
25. Moller, E. (1965). J. Exp. Med. 122, 11. 
26. Brunner, K. T., Mauel, J,, and Schindler, R. (1967). Nature (London) 213, 

27. Cerottini, J.-C., Nordin, A. A., and Brunner, K. T. (1970). Nature (London) 

28. Nordin, A. A., Cerottini, J.-C., and Brunner, K. T. (1971). Eur. 1. lmmunol. 

29. Cerottini, J.-C., Nordin, A. A,, and Brunner, K. T. (1970). Nature (London) 

30. Cerottini, J.-C., Nordin, A. A., and Brunner, K. T. (1971). J. Exp. Med. 134, 

31. Cerottini, J.-C., Nordin, A. A., and Brunner, K. T. (1972). PTOC. Int. Sump. 

32. Cerottini, J.-C., and Brunner, K. T. (1972). Unpublished results. 
33. Bloingren, H., Tnkasugi, M., and Friberg, S. (1970). Cell. Immunol. 1, 619. 
34. Miller, J. F. A. P., Brunner, K. T., Sprent, J., Russel, P. J., and Mitchell, G. F. 

35. Lonai, P., Clark, W. R., and Feldinan, M. (1971). Nature (London) 229, 566. 
36. Sprent, J., and Miller, J. F. A. P. (1972). Cell. Immunol. 3, 385. 
37. Golstein, P., Wigzell, H., Blomgren, H., and Svedmyr, E. A. J. (1972). J. Exp .  

38. Golstein, P., Wigzell, H., Blomgren, H., and Svedmyr, E. A. J. (1972). Eur. 1. 

39. Bron, C., and Sauser, D. (1973). J. Immunol. 110, 384. 
40. Jondall, M., Holm, G., and Wigzell, H. (1972). J. Exp. Med. 136, 207. 
41. Beverley, P. C. L., and Siinpson, E. (1972). Nature (London),  New Biol. 237, 

42. Lonai, P., and Feldman, M. (1970). Tranqdantation 10, 372. 
43. MacLennan, I. C. M., and Harding, B. (1970). Nature (London) 227, 1246. 
44. Harding, B., Pudifin, D. J., Gotch, F., and MacLennan, I. C. M. (1971). 

45. Chapuis, B., and Brunner, K. T. (1971). Int. Arch. AlZe~gll Appl. lmmunol. 

46. Vasudevan, D. M. ( 1972). Unpublished results, 
47. Wagner, H., and Rollinghoff, M. (1973). Nature (London),  New Biol. 241, 

48. Leclerc, J. C., Gomard, E., Plata, F., and Levy, J. P. (1973). Int. J. Cancer 

49. Lamon, E. W., Wigzell, H., Klein, E., Anderson, B., nnd Skiirzak, H. M. 

50. Perlmann, P., O’Toole, C., and Unsgaard, B. ( 1972). Nut. Cancer Inst., Monogr. 

Proc. Int. Symp. Immrrnopathol., Sth, 1967 p. 342. 

1246. 

227, 72. 

1, 55. 

228, 1308. 

553. 

Immunopathol., 6th, 1971 p. 97. 

( 1971 ).  Transphnt. PTOC. 3,915. 

Med. 135, 890. 

Immunol. 2, 498. 

17. 

Nature (London),  New Biol. 232, 80. 

40, 322. 

53. 

11, 426. 

(1973). 1. Exp. Med. 137, 1472. 

35, 223. 
51. Canty, T. G., Wunderlich, J. R., and Fletcher, F. (1971). J. Immunol. 106, 

200. 
52. Brunner, K. T., and Cerottini, J.-C. ( 1971). In “Progress in Immunology” (B. 

Amos, ed.), p. 385. Academic Press, New York. 



CELL-MEDIATED CYTOTOXICITY 125 

53. Sprent, J., and hiiller, J. F. A. P. (1971). Natrire (London), New Biol. 234, 
195. 

54. Denham, S., Grant, C. K., IIall, J. C., ant1 Aleunnder, P. (1970). Transplan- 
tation 9, 366. 

55. Brunner, K. T., Nordin, A. A., and Cerottini, J.-C. ( 1971). In “Cellrilar Inter- 
actions in the Immune Response” ( S .  Colien, G. Cudkowicz, and R. T. hlc- 
Cluskey, eds. ), p. 220. Karger, Basel. 

56. Pelet, J., Bninncr, K. T., Nordin, A. A., and Cerottini, J.-C. (1971). Etir. J. 
I m m r i n d  1, 238. 

57. Shortninn, K., Brunner, K. T., and Cerottini, J.-C. (1972). J. Ex),. Merl. 135, 
1375. 

58. MacDonald, IT. R., Phillips, R. A., and Miller, R. G. ( 1973). J. Immrrnol. 111, 
575. 

59. Briinner, K. T., Mauel, J., Rudolf, €I . ,  and Chapuis, B. ( 1969). In “Cellular 
Recognition” ( R .  T. Smith and 11. A. Cood, eds.), p. 243. Appleton, New York. 

60. 

61. 

62. 

63. 
64. 
65. 
66. 
67. 
68. 
69. 
70. 
71. 
72. 
73. 
74. 
75. 

76. 

77. 

78. 
79. 
80. 
81. 

82. 
83. 
84. 

85. 

Brunner, K. T., and Cerottini, J.-C. ( 1971 ).  In “Immunological Tolerance to 
Tissue Antigens” ( N .  W. Nisbet and hi. W. Elves, eds.), p. 31. Orthopaedic 
Hospital, Oswestry, England. 
Cerottini, J.-C. ( 1972). In “Inimunologic Intervention” ( J .  W. Uhr and M. 
Landy, eds.), p. 169. Academic Press, New York. 
Al-Askari, S., David, J., Lawrence, 11. S., and Thomas, L. (1965). Nalrirc 
(London) 205, 916. 
Henney, C. S. (1971). J. Immrrnol. 107, 1558. 
Canty, T. G., and Wunderlicli, J. R. (1971). Transplantation 11, 111. 
Degiovanni, G. (1972). C. R .  S O C .  Biol. 166, 722. 
Peter, H.-H., and Feldnian, J: D. (1972). J. Ex?,. Med. 135, 1301. 
Thomas, K. ( 1973). P1i.D. Thesis, University of Lansanne. 
Simonsen, M. ( 1962). Progr. Allergy 6, 349. 
Billingham, R. E. (1968). Haruey Lect. 62, 21. 
hlurry, R. C., and Murry, A. (1964). Aiiat. Rec. 150, 95. 
Burleson, R., and Levey, R. 11. (1972). Cell. Imintmol. 4, 305. 
Moorhead, J. W., and Claman, H. N. (1972). Cell. Immunol. 5, 74. 
Blomgren, H., and Andersson, B. (1969). Erp.  Cell Res. 57, 185. 
Leckband, E., and Boyse, E. A. (1971). Science 172, 1258. 
Raff, M. C., and Cantor, H. (1971). I n  “Progress in Immunology” (B.  Amos, 
ed.), p. 83. Academic Press, New York. 
Parrott, D. M .  V., de Sousa, M. A. B., and East, J. (19G6). J. Exp .  Med. 123, 
191. 
Ford, W. L., Gowans, J. L., and hlcCullagh, P. J. (1966). Thymus: Ex?,. Clin. 
Stzirl.,  Ciba Fottnd. Symp., 1965 p. 58. 
Blomgren, H. ( 1971 ).  Clin. Ex] ) .  Immrinol. 8, 279. 
Sprent, J., and Miller, J. F. A. P. (1972). Cell. Immunol. 3, 361. 
Cantor, H., and Asofsky, R. (1970). J. E x p .  Mecl. 131, 235. 
Asofsky, R., Cantor, H., and Tigelaar, R. E. ( 1971). In “Progress in Ininiu- 
nology” ( B .  Amos, ed.), p. 369. Academe Press, New York. 
Tigelaar, R. E., and Asofsky, R. (1972). J .  E x p .  Med. 135, 1059. 
Ginsburg, H. (1968). lmmtinology 14, 621. 
perke, G., As,  W., Ginsburg, H., and Feldnian, M. (1969). Immunology 16, 
643. 
H” ayiy, . P., and Defendi, V. (1970). Science 168, 133. 



126 JEAN-CHARLES CEROTTINI AND K. THEODORE BRUNNER 

86. Hodes, R. J., and Svedmyr, E. A. J. (1970). Transplantation 9, 470. 
87. Solliday, S., and Bach, F. H. (1970). Science 170, 1406. 
88. Wunderlich, J. R., and Canty, T. G. (1970). Nature (London) 228, 6.3. 
89. Ax, W., Koren, H. S., and Fischer, H. (1971). Exp. Cell Res. 64, 439. 
90. Wagner, H., and Feldniann, M. ( 1972). Cell. Immitnol. 3, 405. 
91. Mishell, R. I,, and Dutton, 11. W. (1967). J. E x p .  Med. 126, 423. 
92. Marbrook, J. (1967). Lancet 2, 1279. 
93. Wilson, D. B., and Billingham, R. E. ( 1967). Adoan. Immrrnol. 7, 189. 
94. Bach, M. L., Alter, B. J., Lightbody, J. J., and Bach, F. H. (1972). Transplant. 

95. Hayry, P., Anderson, L. C., Nordling, S., and Virolainen, M. ( 1972). Trans- 

96. Wagner, H. (1972). J. Imrnzmol. 109, 630. 
96a. Bach, F. H., Segall, M., Zier, K. S., Sondel, P. M., Alter, B. J., and Bach, M. L. 

97. Wagner, H., Harris, A. W., and Feldmann, M. (1972). Cell. Immunol. 4, 39. 
98. Feldmann, M., Wagner, H., Basten, A., and Holnies, M. (1972). Azrst. J .  E x p .  

99. Wagner, H. (1971). EUT. 1. Immunol. 1, 498. 

Proc. 4, 169. 

plant. Rev. 12, 91. 

(1973). Science 180,403. 

Med. 50, 651. 

100. Lohmann-Matthes, M.-L., and Fischer, H. (1972). Eur. J. Immunol. 2, 290. 
101. Lonai, P., and Feldnian, M. (1971). Immunology 21, 861. 
102. Wagner, H., Feldmnnn, M., Boyle, W., and Schrader, J. W. (1972). J. Ex] ) .  

103. Unanue, E. (1972). Adoan. Immunol. 15, 95. 
104. Rhode, H. N., and Gordon, J. (1970). 1. Immunol. 104, 1453. 
105. Bach, F. H., Alter, B. J., Sollidny, S., Zoschke, D. C., and Janis, hl. (1970). 

106. Chen, C., and Hirsch, J. G. (1972). J .  Exp. Med. 136, 604. 
107. Dyminski, J. W., and Argyris, B. F. (1972). Transplantation 13, 234. 
107a. Wagner, H. (1973). J. Exp .  Med. (in press). 
107b. Alter, B. J., Schendel, D. J., Bach, M. L., Bach, F. H., Klein, J., and Stimpfl- 

107c. Amos, D. B., and Bach, F. H. (1968). 1. Exp .  Med. 128, 623. 
107d. Yunis, E. J., and Amos, D. B. (1971). Proc. Nut. Acad. Sci. U. S. 68, 3031. 
107e. Bach, F. H., Widmer, M. B., Segall, M., Bach, M. L., nnd Klein, J. ( 1972). 

107f. van Rood, J. J., and Eijsvoogel, V. P. ( 1970). Lancet 1, 698. 
107g. Bach, F. H., Widmer, M. B., Bach, M. L., and Klein, J. (1972). J. E x p .  bled. 

108. von Boehmer, ]-I., Shortman, K., and Adams, P. (1972). J. Exp. Mecl. 136, 

109. Wagner, H. ( 1973). Eur. J. Immzrnol. 3, 84. 
110. Manson, L. A,, and Simmons, T. (1969). Transplant. Proc. 1, 498. 
111. Wagner, H., and Boyle, W. (1972). Nature (London), New Biol. 240, 92. 
112. Lohmann-Mattlies, M.-L., Koren, H. S., and Fischer, H. (1972). Int. Arch. 

Allergy Appl. Immiinol. 42, 110. 
113. Cohen, I. R., and Feldman, M. (1971). In “Morphological and Fundamental 

Aspects of Immunity” ( K .  Lindahl-Kiessling, G. Alm, and M. G. Hanna, Jr., 
eds.), p. 371. Plenum, New York. 

Med. 136, 331. 

CeEl. Immunol. 1, 219. 

ing, J. H. (1973). J. Exp .  Med. 137, 1303. 

Science 176, 1024. 

136, 1430. 

1648. 



CELL-MEDIATED CYTOTOXICITY 127 

114. Hardy, D. A., Ling, K. R., W'allin, J. hl . ,  and Aviet, T. (1970). Natrirc 

115. Wigzell, H., Golstein, P., Svedniyr, E. A. J., and Jondahl, M. (1972). Trans- 

116. Leclerc, J. C., Gomard, E., and Levy, J .  1'. (1972). Int. J. Cancer LO, 589. 
117. IIellstrhi, I., and IIellstr6m, K. E. (1969). Int .  I. Caitcer 4, 587. 
118. Wunderlicli, J. R. ( 1972). Personnl coi~~mit~iication. 
119. Berke, G., Sullivan, K. A., and Amos, B. (1972). Science 177, 433. 
120. Wilson, D. B. (1965). J. Ex)?. Alecl. 122, 143. 
121. Berke, G., Sullivan, K. A,, and Amos, B. (1972). J. Exp. Med. 136, 1594. 
122. Wilson, D. B. (1965). J. E x p  Mcd. 122, 167. 
123. Henney, C. S., Israel, A., and Bloom, B. R. (1973). J. Itt iniirml.  (in press). 
124. Brunner, K. T. ( 1970). Unpublishcd results. 
125. Mauel, J., Rudolf, I€ . ,  Chaptiis, B., and Brunner, K. T. (1970). Inmunology 

126. Canty, T. G., and Wunderlich, J. 11. (1970). 1. Nut .  Cunccr Inst. 45, 761. 
127. Henney, C. S., Clayburgh, J., Cole, G. A., and Prendergast, R. A. (1972). 

128. Cerottini, J.-C., and Brnnner, K. T. (1972). Natirre (London), N e w  Bid .  237, 

129. Henney, C. S., and Bulhers, J. E. (1973). I .  Inimrrnol. 110, 63. 
129a. Cerottini, J.-C., MacDonald, H. R., Engers, H. D., Thomas, K., and Brirnner, 

K. T. ( 1973 ) . Aduun. Biosci. 9 ( in press ) . 
130. Wessells, N. K., Spooner, B. S., Ash, J. F., Bradley, M. O., Luduena, M. A., 

Taylor, E. L., Wrenim, J. T., and Yaniada, K. M. (1971). Science 171, 135. 
131. Matter, A., Lisowska-Bernstein, B., Ryser, J. E., Lamelin, J.-P., and Vassalli, P. 

(1972). J. Exp. Rlcd. 136, 1108. 
132. Blnemink, J. G. (1971). 2. Zellforscli. Aiikrosk. Anat. 121, 102. 
133. Goldman, R. D. (1972). J. Cell B i d .  52, 246. 

(London) 227, 723. 

l~lunt. Proc. 4, 311. 

18, 517. 

Inrmunol. Coninirtn. 1, 93. 

272. 

134. Kletzien, 11. F., Perdue, J. F., and Springer, A. (1972). J. B i d .  Cliein. 247, 
2964. 

135. Estensen, R. D., and Plagemann, P. G. W. (1972). Proc. Nat. Acad. Sci. U .  S. 

136. Colin, R. H., Banerjee, S. D., Shelton, E. R., and Bernfield, M. R. (1972). 

137. Henney, C. S., and Bitlhers, J. E. ( 1973). 1. Initttrrnol. 111, 85. 
138. Parkhouse, R. M. E., and Allison, A. C. (1972). Nature (London), N e w  B i d .  

139. Henney, C. S., and Lichtenstein, L. M. (1971). J. Inmunol. 107, 610. 
140. Henney, C. S., Bourne, H. R.,  and Lichtenstein, L. M. (1972). 1. Immttnol. 

141. Strom, T. B., Deisseroth, A., Morganroth, J., Carpenter, C. B., and Merril, J. P. 

141a. Henney, C. S. ( 1973). Personal communication. 
142. Bourne, H. R., Lichten\tein, L. hl., and Melmon, K. L. (1972). J. Ztiimrrnol. 

108, 695. 
143. Lindahl, P., Leary, P., and Gresser, I. (1972). Proc. N a t .  Acad. Sci. U. S. 69, 

721. 
141. Ruddle, N. I%., and Waksman, B. H. (1968). J. Ex) ) .  Med. 128, 1237. 
145. Granger, G. A., and Kolb, W. P. ( 1968). J. Ininiirnol. 101, 111. 

69, 1430. 

Proc. No t .  Acad. Sci. U .  S .  69, 2865. 

235, 220. 

108, 1526. 

( 1972). Proc. Nut.  Acad. Sci. U. S .  69, 2995. 



128 JEANCHARLES CERO’ITINI AND K. THEODORE BRUNNER 

146. Berke, G. ,  Sullivan, K. A., and Auiios, B. (1972). J. E x p .  Med. 135, 1334. 
147. Lightbody, J. J., and Bach, F. H. (1972). Transplant. Proc. 4, 307. 
148. Cohen, I. R., and Feldnian, M. (1970). Cell. Immunol. 1, 521. 
149. Feldnian, M., Cohen, I. R., and Wekerle, H. (1972). Transplant. Reo. 12, 57. 
150. Brondz, B. D. (1968). Folia B i d .  (Prague) 14, 115. 
151. Brondz, B. D., and Golberg, N. E. (1970). Folia Biol. (Prague) 16, 20. 
152. Golstein, P., Svedmyr, E. A. J., and Wigzell, H. (1971). J .  E x p .  Med. 134, 

153. Berke, G., and Levey, R. H. (1972). J. E x p .  Med. 135, 972. 
154. Brondz, B. D., and Snegirova, A. E. (1971). lmmunology 20, 457. 
155. Golstein, P., Svedmyr, E. A. J., and Blonigren, H. (1972). Eur. J. Imrnunol. 2, 

380. 
156. Brondz, B. D., Snegiriiva, A. E., Rasulin, Y. A., and Shaniborant, 0. G. (1971). 

In “Progress in Immunology” (B. Amos, ed.), p. 447. Academic Press, New 
York. 

1385. 

157. Brondz, B. D. (1972). Transplant. Reo. 10, 112. 
158. Weiss, L., and Cudney, T. L. (1971). In t .  J. Cancer 7, 187. 
159. Raff, M. C. (1970). Immunology 19, 637. 
160. Rabellino, E., Colon, S., Grey, H. M., and Unanue, E. R. (1971). J. Exp .  Med. 

161. Yoshida, T. O., and Andersson, B. (1972). Scand. J. Immunol. 1, 401. 
162. Cone, R. E., Sprent, J., and Marchalonis, J. J. (1972). Proc. Nut. Acad. Sci. 

163. Marchalonis, J. J., Cone, R. E., and Atwell, J. L. (1972). J. Exp .  Med. 135, 

164. Vitetta, E., Bianco, C., Nussenzweig, V., and Uhr, J. W. (1972). 1. E x p .  Med. 

165. Grey, H. M., Kubo, R. T., and Cerottini, J.-C. (1972). J. Exp. Med. 136, 1323. 
166. Berke, G., Yagil, G., Ginsburg, H., and Feldman, M. (1969). Immunology 17, 

167. Lonai, P., Wekerle, H., and Feldman, M. (1972). Nature (London),  New 

168. Clark, W., and Kimnra, A. (1972). Nature (London), New Biol. 235, 236. 
169. Ceppellini, R. ( 1971). In “Progress in Immunology” (B. Amos, ed.), p. 973. 

Academic Press, New York. 
170. Trinchieri, G.,  Bernoco, D., Curtoni, S. E., Miggiano, V. C., and Ceppellini, R. 

( 1973). “Histocompatibility Testing.” Munksgaard, Copenhagen ( in press ). 
171. Klein, J., and Schreffler, D. (1971). Transplant. Reo. 6, 3. 
172. Cullen, S. E., Schwartz, B. D., and Nathenson, S .  G. (1972). J. lmmunol. 108, 

173. Moiler, E. (1965). J. E x p .  Med. 122, 11. 
174. Lonai, P., and Feldman, M. (1971). TranspZantation 11, 446. 
175. Shortnian, K., Cerattini, J.-C., and Brunner, K. T. ( 1971). Unpublished results. 
176. Bennett, B. (1965). J. Immunol. 95, 656. 
177. Andersson, L. C. (1973). Scand. J. Immirnol. 2, 75. 
178. Moller, E. (1965). Science 147, 873. 
179. Perlmann, P., and Perlniann, H. (1970). Cell. Irnmunol. 1, 300. 
180. Lundgren, G.,  Collste, L., and Miiller, G .  (1968). Nature (London) 220, 289. 
181. MacLennan, I. C. M., and Loewi, G. (1968). Nature (London) 219, 1069. 
182. Bubenik, J., Perlmann, P., and Hasek, M. ( 1970). TransiJlantation 10. 290. 

133, 156. 

U. S. 69, 2556. 

956. 

136, 81. 

723. 

Biol. 235, 235. 

596. 



CJ3LL-MEDLATED CYTOTOXICITY 129 

183. Wunderlich, J. R., Rosenberg, E. B., and Connolly, J. M. (1971). In “Progress 

184. Hersey, P., Cullen, P., and MacLennan, I. C. hl. (1973). Transplantation 

185. Skurzak, H. M., Klein, E., Yoshida, T. O., and Lamon, E. W. (1972). J. E r p .  

186. Pollack, S., Heppner, G. ,  Brawn, R. J., and Nelson, K. (1972). Int. J. Cancer 

187. Lay, W. H., and Nnssenzweig, \J. (1968). J. E x ] ) .  Med. 128, 991. 
188. Henson, P. M. (1969). Irttmunology 16, 107. 
189. Huber, H., and Fudenberg, 11. 11. (1968). I n t .  Arch. Allergy A p d .  Imniuttol. 

190. Lundgren, G., Zukoski, C. F., and Moller, G. (1968). Clin. Exp. Immunol. 3, 

191. Gelfand, E. W., Resch, K., and Prester, M. (1972). Eur. J. Immunol. 2, 419. 
192. Perlmann, P., Perlmann, H., and Wigzel, H. (1972). Transplant. Reu. 13, 

193. MacLennan, I. C. M., and IIarding, B. (1970). Immunology 18, 405. 
194. hlaclennan, I. C. M. (1972). Tratisldatit. Reu. 13, 67. 
195. Van Boxel, J.  A., Stolio, J. D., Paul, \V. E., and Green, I. (1972). Science 175, 

196. Harding, B., and MacLennan, I. C. M. (1972). Immunology 23, 35. 
197. Pudifin, D. J., Harding, B., and MacLennan, I. C. M. (1971). Immunology 

21, 853. 
198. Gowans, J. L., and McGregor, D. 1). (1963). Proc. I n t .  S ~ ~ I J .  Immunopathol., 

31~1, 1963 p. 89. 
199. Ellis, S. T., Gowans, J. L., and Hownrd, J. G. (1969). Antibiot. Chemother. 

(Washington, D. C . )  15, 40. 
200. Fnkhri, O., and Hobbs, J. R. (1972). Nature (London), New B i d .  235, 177. 
201. Wisloff, F., and Froland, S. S. (1973). Scontl. J. Immunol. 2, 151. 
202. Wigzell, H., Golstein, P., Lamon, E., OToole, C., Perlmann, P., Rubin, B., 

203. Bianco, C., Patrick, R., and Niissenzweig, V. (1970). J. Exp. Mcd. 132, 702. 
204. Allison, A. C. ( 1972). Ann. Inst. Pastcur, Paris 127, 585. 
205. Greenberg, A. H., IIrtdson, L., Shen, L., and Roitt, I. M. (1973). Nature 

206. Biberfeld, P., and Perlmann, P. ( 1970). Ext i .  Cell Res. 62, 433. 
207. Biberfeld, P., Biherfeld, C., Perlinann, P., and Ilolin, G. ( 1973). Cell. Immunol. 

208. MacLennan, I. C. M., Loewi, G. ,  and IIoivard, A. (1969). Immunology 17, 

209. Perlmann, P., Perlmann, H., nncl Biberfeld, P. (1972). J. Inmunol. 108, 558. 
210. Moller, G., and Svehag, S. E. ( 1972). Cell. Immrcnol. 4, 1. 
211. MacLennan, I. C. M., Loewi, G.,  and Harding, B. (1970). Immunology 18, 397. 
212. Miiller-Eberhard, H. J. (1968). Adoan. Imnirtnol. 8, 1. 
213. Hulier, It., Douglas, S. D., Nusbaclier, J., Kochwn, S., and Rosenfield, R. E. 

214. Hay, F. C., Torriginni, C., and Roitt, I. M. (1972). Eur. J. Inimunol. 2, 257. 
215. Henson, 1’. X I . ,  Johnson, H. B., and Spiegelberg, H. L. ( 1972). J. Immunol. 

in Imninnology” ( B. Amos, ed.), p. 473. Academic Press, New York. 

16, 9. 

Med. 135, 997. 

9, 316. 

34, 18. 

817. 

91. 

194. 

Schivrmacher, V., and Svedniyr, E. (1973). Atloan. Biosci. 9 (in press). 

(London) ,  New Biol. 242, 111. 

7, GO. 

887. 

(1971). Nature (London), N e w  Bid .  229, 419. 

109, 1182. 



130 JEAN-CHARLES CEROXTINI AND K. THEODORE BRUNNER 

216. Larsson, A,, and Perlmann, P. ( 1972). hit. Arch. Allergy A11111. I?~i i~iuno~.  43, 

217. MacLennan, I. C. M. (1972). Clin. Ex11. Immccnol. 10, 275. 
218. Philipps-Quagliata, J. M., Levine, B. B., Quagliata, F., and Uhr, J. W. (1971). 

219. MacDonald, H. R. (1973). Unpublished results. 
220. Henson, P. M., and Oades, Z. G. (1973). J. In~?nu?zol. 110, 290. 
221. Hawkins, D. (1973). J. Irtiniunol. 110, 294. 
222. Holm, G., Perlmann, P., and Perlmann, H. ( 1971). Iri “Huinan Anti-I-luman 

Gamniaglobulins” ( R. Grubb and G. Samuelsson, eds. ), p. 207. Pergainon, 
Oxford. 

223. Perlmann, P., and Perlmann, H. (1971). In “Cell Interactions and Receptor 
Antibodies in Immune Responses” ( A .  Cross, 0. Miikell, and T. U. Kosunen, 
eds.), p. 435. Academic Press, New York. 

224. Dennert, G., and Lennox, E.  (1972). Nature (London),  New Biol. 238, 114. 
225. Strander, H. (1966). Immunology 10, 45. 
226. Mackaness, G. (1969). J. Exp .  Med. 129, 973. 
227. Simon, H. B., and Sheagren, J. N. (1971). J. Exp. h4ed. 133, 1377. 
228. Lane, F. C., and Unanue, E. R. (1972). J. E x p  Med. 135, 1104. 
229. Blanden, R. V., and Langman, R. E. (1972). Scand. J. Immunol. 1, 379. 
230. Nelson, D. S., ed. ( 1969). “Macrophages and Immunity.” North-Holland Publ., 

231. Nelson, D. S. (1972). Crit. Rev. Microbiol. Vol. 1, p. 353. 
232. Pearsall, N. S., and Weiser, R. S., eds. (1970). “The Macrophage.” Lea & 

233. Granger, G. A., and Weiser, R. S. (1964). Science 145, 1427. 
234. Granger, G. A., and Weiser, R. S. (1966). Science 151, 97. 
235. Evans, R., and Alexander, P. (1970). Nature (London) 228, 620. 
236. Evans, R., and Alexander, P. (1971). Transplantation 12, 227. 
237. Evans, R., and Alexander, P. (1972). Nature (London) 236, 168. 
238. Evans, R., and Alexander, P. (1972). Immunology 23, 615. 
239. Evans, R., and Alexander, P. (1972). Immuiiolugy 23, 627. 
240. Hoy, W. E., and Nelson, D. S. (1969). Aust. J. Exp. Biol. Med. Sci. 47, 525. 
241. Nelson, D. S. (1970). Aust. J. Exp .  Bwl. Med. Sci. 48, 329. 
242. Weiser, R. S., Heise, E., McIvor, K., Han, S.-H., and Granger, G. A. (1969). 

In “Cellular Recognition” (R.  T. Smith and R. A. Good, eds.), p. 215. Apple- 
ton, New York. 

243. Lohmann-Matthes, M.-L., Shipper, H., and Fischer, H. (1972). E w .  J. Im- 
munol. 2, 45. 

244. Evans, R., Grant, C. K., Cox, H., Steele, K., and Alexander, P. (1972). J. E x p .  
Med. 136, 1318. 

245. Lohmann-Matthes, M.-L., Ziegler, F. G., and Fisher, H. (1973). Eur. J. Im- 
munol. 3, 56. 

246. Feldmann, M. (1972). J .  Exp. Med. 136, 737. 
247. Amos, H. E., and Lachmann, P. J. (1970). Immunology 18, 269. 
248. Grant, C. K., Currie, G. A., and Alexander, P. (1972). J. Exp. Med. 135, 150. 
249. Alexander, P., and Evans, R. ( 1971). Nature (London), New Biol. 232, 76. 
250. Hibbs, J. B., Jr.. Lambert, L. H., Jr., and Remington, J. S. (1972). Nature 

80. 

J .  Exp. Med. 133, 589. 

Amsterdam. 

Febiger, Philadelphia, Pennsylvania. 

(London),  New Biol. 235, 48. 



CELL-MEDIATED CYTOTOXICITY 131 

251. Keller, R., and Jones, V. E. (1971). Lancet 2, 847. 
252. Hibbs, J. B., Jr., Lambert, L. II . ,  Jr., and Remington, J. S. (1972). Proc. SOC. 

253. Hibbs, J. B., Jr., Lanibert, L. H., Jr., and Remington, J. S. (1972). Science 177, 

254. Unanne, E. R., and Dison, F. J. (1967). Adoan.  Znln~tmo~. 6, 1. 
255. Billingham, R. E., Brent, L., and hleda\\ar, P. B. ( 1954). Proc. Ro!/. SOC., 

256. hiitchison, N. A. (1955). J .  E x p .  Alcd. 102, 157. 
257. Klein, E., and Sjiigren, I€. 0. (1960). Cancer Res. 20, 452. 
258. Winn, H. J. (1961). J. Zniniiitiol. 86, 228. 
259. Sprent, J., and hliller, J. F. A. P. ( 1972). Cell. Znmtmol. 3, 213. 
260. Cerottini, J.-C., Freedman, L. R., and Brunner, K. T. ( 1972). Transjdant. 

261. Freedman, L. R., Cerottini, J.-C., and Brunner, K. T. (1972). J. Znimtrriol. 109, 

262. Lance, E. M., and Cooper, S. (1972). Cell. lmnzunol. 5, 66. 
263. Najarian, J. S., and Feldnian, J. 1). (1962). J. Erp. Med. 115, 1083. 
264. Najarinn, J. S., and Feldman, J. 1). (1963). J. E x ] ) .  &led. 117, 449. 
265. Prendergast, R. A. ( 1964). J. Ex) ) .  Afed. 119, 377. 
266. Hall, J. G. (1967). J. E x ~ J .  M e d .  125, 737. 
267. Klein, E., and Klein, G. (1972). Cell. Zmmnnol. 5, 201. 
268. Volknian, A., and Gowans, J .  L. (1965). Brit. J. EX),. Med. 46, 50. 
269. Rouse, B. T., and Wagner, H. (1972). J. Zmnunol. 109, 1282. 
270. Volknian, A,, and Collins, F. M. (1971). Cell. Immunol. 2, 552. 
271. Unanue, E. R., and Feldman, J. D. (1972). Cell. Zmmunol. 2, 275. 
272. Colien, I. R., Globerson, A,, and Feldnian, M. (1971). J. Erp. Afed. 133, 821. 
270. Rouse, B. T., Wagner, II., and Harris, A. \V. ( 1972). J. Zn~n~trno/. 108, 1353. 
274. McGregor, D. D., Koster, F. T., and Mackaness, G .  B. (1971). J. Erp. Med. 

275. Tsoi, h1.-S., and IVeiser, R. S. (1968). J. Nut. Canccr Znst. 40, 23. 
276. Corer, P. A. (1956). Adoan. Cancer Res. 4, 149. 
277. Waksman, B. H. (1963). Lab. Znocst. 12, 46. 
278. Giroud, J. P., Spector, W. G., and Willoiiglil~y, D. A. ( 1970). I t t in t t inobg! /  

279. Feldnian, J. D. ( 1972). Adoan. In in i t rno l .  15, 167. 
280. Goldberg, E., Boyse, E. A,, Scheid, M., and Bennett, 1). (1972). Nature 

281. John, M., Carswell, E., Boyse, E. A., ;rnd Alexander, C.. (1972). Natttrc 

282. Gershon, 13. K., Carter, R. L., and Lane, N. J. ( 1967). Amer. J .  Pathol. 51, 1111. 
283. Nomoto, K., Gershon, R. K., and Waksnian, B. H. (1970). J. Nut.  Cuncer 

284. Lamon, E. W., Skurzak, H. M., and Klein, E. (1972). Znt. J. Cancer 10, 581. 
285. Hellstroni, I., and Hellstroni, K. E. (1970). Znt. J. Cancer 5, 195. 
286. Hellstriini, K. E., and Hellstr6m, I. (1969). Adoan. Cancer Res. 12, 167. 
287. Bubenik, J., Perlniann, P., Hehnstein, K., and Moberger, G. (1970). ln t .  J. 

288. Vasudevan, D. M., Balakrishnan, K., and Talwar, G. P. (1970). I n t .  J. Cancer 

E r p .  Biol. Metl. 139, 1049. 

998. 

Ser. B 143, 58. 

Proc. 4, 299. 

1371. 

133, 389. 

19, 857. 

(London) ,  New Biol. 238, 55. 

(London),  New Biol. 238, 57. 

11,st. 44, 739. 

Cancer 5, 310. 

6, 506. 



132 JEAN-CHARLES CERO'XTINI AND I(. THE0M)R.E BRUNNER 

289. Hellstrom, I., Hellstriim, K. E., Sjogren, H. O., and Warner, C. A. ( 1971). 

290. Baldwin, R. W., and Embleton, M. J. (1971). In t .  J. Cancer 7, 17. 
291. Oren, M. E., Herberman, R. B., and Canty, T. G. (1971). J. Nut. Cancer Inst. 

292. Fossati, G., Colnaghi, M., Della Porta, G., Cascinelli, N., and Veronesi, U. 

293. devries, J,, Riinike, P., and Bernheini, J. L. (1972). Int. J. Cancer 9, 567. 
294. Rosenberg, E. B., Herberman, R.  B., Levine, P. H., Halterman, R. H., McCoy, 

295. Hellstrom, I., and Hellstrom, K. E. (1973). Fed. Proc., Fed. Amer. SOC. Exp.  

296. Hellstrom, K. E., and Hellstroni, I. (1971). Annu. Reu. Microbiol. 24, 373. 
297. Sjogren, H. O., Hellstrom, I., Bansal, S. C., and Hellstrom, K. E. (1971). 

298. Sjogren, H. O., Hellstrom, I., Bansal, S .  C., and Hellstriim, K. E. (1972). Int. J. 

299. Baldwin, R. W., Embleton, M. J., and Robins, R. A. (1973). Int. J. Cancer 

300. Allison, A. C. (1972). Ann. Inst. Pasteur, Paris 122, 619. 
301. Rouse, B. T., Rollinghoff, M., and Warner, N. L. (1972). Nature (London),  

302. Zarling, J. M., and Tevethia, S .  S. (1973). 1. Nut. Cancer Inst. 50, 137. 
303. Zarling, J. M., and Tevethia, S .  S. (1973). J. Nut. Cancer Inst. 50, 149. 
304. Weatherly, N. F. (1970). J. Parmitol. 56, 748. 
305. Lunde, M. N., and Geldeniian, A. H. (1971). J. Nut. Cancer Inst. 47, 485. 
306. Hibbs, J. B., Jr., Lanibert, L. H., Jr., and Reniington, J. S. (1971). J. Infect. 

307. Keller, R., Ogilvie, B. M., and Simpson, E. ( 1971). Lancet 1, 678. 
308. Hibbs, J. B., Jr., Lambert, L. H., Jr., and Remington, J. S. (1972). Proc. SOC. 

Int. J. Cancer 7, 1. 

46, 621. 

( 1971). Int. J. Cancer 8, 344. 

J, L., and Wunderlich, J. R. (1972). Int. J. Cancer 9, 648. 

Biol. 32, 156. 

Proc. Nut. Acad. Sci. U .  S .  68, 1372. 

Cancer 9, 274. 

11, 1. 

New Biol. 238, 116. 

Dis. 124, 587. 

Exp.  Bwl. Med. 139, 1053, 



Antigenic Competition : A Review of Nonspecific 
Antigen-Induced Suppression 

HUGH F. PROSS' AND DAVID ElDlNGER 

Department of  Microbiology and Immunology, Queen's University, Kingston, Ontar io,  Canada  

I. Introduction . . . . . . . . . . . . .  
11. Nature of the Antigen-Reactive Unit . . . . . . . .  

111. Mechanism of Antigenic Competition . . . . . . . .  
IV. Antigenic Competition for a Limiting Cell Type-Role o f  the 

Macrophage . . . . . . . . . . . . .  
V. The Lymphocyte as the Target of Antigenic Competition . . . .  

VI. Antigenic Competition for Essential Nutrients . . . . . .  
VII. Thymus-Bone Marrow Cell Interference . . . . . . .  

VIII. Involvement of Helper Molecules in Antigenic Competition . . .  
IX. Role of an Inhibitory Factor . . . . . . . . . .  
X. Nature of the Inhibitory Factor . . . . . . . . .  

XI. Antigenic Competition and Hetcrologous Enhancement . . . .  
XII. Antigenic Competition in Humans . . . . . . . .  

XIII. Antigenic Competition in Viral Oncogenesis and Infection . . .  
XIV. Iinmunosuppression in Chronic Infectious and Tumor-Bearing States 

in Humans . . . . . . . . . . . . .  
XV. Hypothesis . . . . . . . . . . . . .  

XVI. Conclusion . . . . . . . . . . . . .  
Note Added in Proof . . . . . . . . . . .  
References . . . . . . . . . . . . . .  

133 
135 
138 

139 
140 
144 
145 
145 
146 
148 
150 
153 
155 

158 
159 
160 
160 
161 

I. Introduction 

In 1902, the German immunologist Michaelis (156) first described 
a phenomenon in which the immune response to one antigen was sup- 
pressed by the response to a second, unrelated antigen. This phenomenon, 
known as competition of antigens, was the subject of a great deal of re- 
search in the first half of this century, principally oriented toward 
determining the practical importance of the observation with respect to 
polyvalent vaccines and immunization schedules. The early literature has 
been reviewed previously by Adler (6, 7) and will not be discussed 
further in this paper. The present review article will deal with progress 
which has been made in the last decade, especially with respect to the 
mechanism of antigenic competition. An attempt will be made to cor- 
relate the large amount of recent and diverse information in this field 
with current concepts of cellular immunology. 
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In 1955, Jerne (130) postulated the natural selection theoiy of anti- 
body formation-later modified by Burnet (41 )-and now generally 
accepted as a useful model of antibody formation. In Burnet’s clonal 
selection theory, it is postulated that many different antibody-forming 
cell precursors are present in the adult animal, each with receptor mole- 
cules on the surface capable of specifically reacting with potential 
antigens, i.e., the specificity of the clone is genetically determined before 
contact with antigen. Although many immunological phenomena could 
be explained by this theory, the observation of antigenic competition 
between unrelated antigens represented a serious challenge to its 
validity and, for this reason, antigenic competition became the subject 
of renewed interest. 

Until recently, experiments on antigenic competition were largely 
descriptive in nature and established a number of parameters concern- 
ing antigenic competition which are now generally, but not universally, 
accepted. 

a. Antigenic competition can be demonstrated when (1) the first 
antigen is thymus-dependent ( most publications ) or independent (68, 
72, 143), particulate or soluble protein, polypeptide, or glycopeptide 
(7,  14, 27, 37, 69, 108, 173, 190, 197, 211), and in some circumstances, 
polysaccharide (68, 72, 141, 143); ( 2 )  the response to the first antigen 
is a primary or secondary response as well as following hyperimmuni- 
zation (7, 14, 27, 37, 69, 72, 107, 108, 173, 190, 197, 211); ( 3 )  the animal 
is tolerant (68, 146, 211 ), in the process of tolerance induction (143,145, 
148), or genetically unresponsive to the first antigen (2,  27, 28; cf., how- 
ever, 212, 238, 250) ; (4) the antigens are injected simultaneously (6, 7, 
27, 37, 211) or up to several weeks apart (6); and ( 5 )  the antigens are 
injected into the same or separate sites (5, 72, 76, 237; cf., however, 36). 

b. Antigenic competition is best evoked when (1) the antigens are 
injected into the same site (5, 72) ;  ( 2 )  a time interval of 1 to 7 days 
separates the injection of the two antigens (6, 13, 36, 69, 108, 173, 190, 
197); ( 3 )  the dosage of the first antigen is high relative to the second 
(7, 35, 62, 72, 140); and ( 4 )  the first antigen is thymus-dependent (68, 
72, 172, 229). 

c. Antigenic competition can cause suppression of both immuno- 
globulin ( Ig)  M and IgG antibody formation (most publications), 
delayed hypersensitivity ( 27, 67, 148, 212), graft-versus-host reactions 
(144, 147, 158), graft rejection (69, 105, 138), and experimental auto- 
immune lesions (73, 152). 

d. Suppression caused by antigenic competition is not merely a lag 
in the onset of antibody formation but represents a quantitative decrease 
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in the immune response and the establishment of immunological memory 
( 69, 72, 108, 250 ) . 

e. Localization of antigens in tlie responding lymphoid organ is the 
same in responses suppressed by antigenic competition as it is in the 
normal immune response (107, 203). 

f. The sequential administration of two unrelated antigens may lead 
to enhancement of the immune response to the second antigen, or to 
antigenic competition, depending upon the experinicntal protocol used 
( 7 ,  9, 153, 195, 196, 206, 207, 244, 248,255). 

Although these observations are extremely informative with respect 
to the characteristics of antigenic conipetition, for the most part they are 
of limited assistance in evaluating the mechanism of the phenomenon. 
To do this, it is first necessary to understand the cellular events surround- 
ing the normal immune response-a subject that is far from being coni- 
pletely delineated. 

I I .  Nature of the Antigen-Reactive Unit 

The antigen-reactive unit ( ARU) can be defined as tlie minimum 
complex of cells and factors necessary to produce a detectable immune 
response in reaction to antigenic stimulation. In recent years, at least 
three cell types (67) have been implicated in the events leading to anti- 
body formation to thynius-dependent antigens: the macrophage, acces- 
sory or A cell (81, 176, 178, 219, 220, 221 ), the thymus-derived or T cell 
(51, 52, 162, 204, 239), and the bone-marrow derived, bursal-equivalent, 
or B cell (51,52,  162,204,239). In thc mouse, the synthesis and release of 
antibody has been shown to be a function of the B lymphocyte (128,161, 
181 ). With certain antigens, the proliferation of these lymphocytes ap- 
parently requires their interaction with thymus-derived lymphocytes 
(51, 52, 162, 239) ,  each cell type recognizing and reacting with different 
determinants on the antigen (201 ). This function of the T cell is radio- 
resistant (74, 122, 136) and can be transferred by culture supernatants 
(61, 97) .  Indirect evidence suggests that both T (26, 98-100) and B 
( I ,  3, 26, 98, 224, 225, 252, 253) lymphocytes bear specific Ig receptors 
that recognize either the cariier determinants (T  cells) or the haptenic 
determinants ( B  cells) (160, 170, 199), and the antibody that is pro- 
duced is similar in avidity ( 1 8 ) ,  specificity (251 ), and class (247)  to the 
B cell receptors. 

At least three models have been suggested to explain the mechanism 
of thymus-bone marrow cell interaction and the way in which this inter- 
action triggers cellular proliferation, differentiation, and antibody 
formation. One of these models, suggested by Mitchison (171) ,  pos- 
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tulates that the T cell acts as an antigen-concentrating device to present 
the determinants to the B cell, and to allow the stimulation of B-cell 
precursors with receptors of relatively low avidity. This type of model 
is supported by the observation that polymeric antigens, such as pneumo- 
coccal polysaccharide, polyvinylpyrrolidone ( PVP ) , or polymerized 
flagellin (POL), which consist of repeating identical subunits presum- 
ably in high local concentration, do not require T-cell helper activity 
(19, 21, 58). On the other hand, as pointed out by Dutton et al. ( 6 4 ) ,  
the need for T-B cell cooperation in vitro (113, 122, 245),  where antigen 
concentration can be extremely high at the cellular level, would appear 
to mitigate against an antigen-concentrating mechanism as being the 
only function of T cells. 

A second model, that of Bretscher and Cohn ( 3 3 ) ,  attempts to explain 
both tolerance induction and T-B cell cooperation. These authors 
postulate that the initial step in antibody induction and paralysis is the 
interaction between antigen and receptor antibody, which is recognized 
by an “interaction-sensing unit.” The antigen-sensitive cells for both 
carrier and ligand have a similar system of receptor molecules and inter- 
action-sensing units, and the induction of antibody synthesis on the part 
of the B cell requires the recognition of two determinants (carrier and 
hapten) so that the two types of cells are involved in associative inter- 
action. Receptor stimulation in the absence of associative interaction 
leads to tolerance induction and is similar in mechanism for both the T 
and the B cell and for high and low zone tolerance (168) .  

The third model of T-B cell interaction, postulated by Dutton et al. 
( 6 4 ) ,  is somewhat less complex than that of Bretscher and Cohn, al- 
though similar in some respects. These authors also postulate that the 
induction of the B cell requires two signals-one from its own receptor 
molecules and one from a T cell that has also been stimulated by an 
antigen determinant. The model differs from that of Bretscher and Cohn 
in that the authors suggest that the T cell reacts to stimulation by the 
elaboration of a diffusible chemical mediator capable of activating the 
B cell, Thus, nonlinked recognition is possible in this model, i.e., the car- 
rier and haptenic determinants need not necessarily be confined to the 
same molecule, although linked recognition is obviously more efficient 
because the cells are held in close proximity. This hypothesis has 
recently received support from experiments apparently showing co- 
operation between cells separated by nucleopore membrane (79, 80). 

These models are further complicated by recent observations sug- 
gesting that subpopulations of both T (T, and T,) (22, 42, 43, 116,200) 
and B cells (B, and B,) (89, 116, 193) can be identified on a functional 
basis. At present it is debatable whether these cell types represent dif- 
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ferent stages in the process of differentiation or whether they are 
distinctly separatc subpopulations. 

The role of the macrophage in thc immune response is also a mat- 
ter of considerable debate at the present time. It has been demonstrated 
by Mosier (176) and confirmed by other investigators (65, 114, 134, 178, 
191, 235) that a cellular component of normal spleen cells that adheres 
to plastic or glass is necessary for an immune response to sheep red blood 
cells (SRBC). This function is radioresistant (65, 178), can be replaced 
by supernatant fluid from 24-hour cultures of peritoneal exudate cells 
( 1 2 3 ) ,  and is inhibited by rabbit, antimouse macrophage serum (221 ) . 
That this cell is important in uiuo has been postulated by Gorczynski 
et al. (96) who obliterated the ability of irradiated mice to support the 
response of normal splecn cells to SRBC by inoculation with 10"' horse 
red blood cells (HRBC) 24 hours prior to irradiation. The distinction 
between this experiment, antigenic competition, and reticuloendothelial 
blockade is not clear. 

There are a number of mechanisms by which thc macrophage may 
facilitate the immune rcsponse: ( a )  the processing of antigen to supply 
specific lymphocytes with informational iibonucleic acid ( RNA ) ( 8, 53, 
81, 8 2 )  or a highly ininiunogenic antigen-RNA complex (23,  86, 88),  ( 1 3 )  

the localization and concentration of antigen for more effective inter- 
action with T and B cells (178, 192, 214, 221) ,  and ( c )  the prevention 
of antigen overloading at the lymphocyte level ( 2 1 4 ) .  The data support- 
ing these contentions are beyond the scope of this review and, at the 
prcscnt time, the only unequivocal statement which can be made is that 
spleen cells depleted of adhercwt cells do not produce an immune 
response to certain antigens in vitro. 

Throughout this discussion of  cellular cooperation, reference has been 
made to thymus-dependent antigens. By using mice that had been 
neonatally thyniectomized, Miller (159)  was the first to show that a 
number of antigens evoked normal immune responses in spite of the 
abseiicc of thymus-derived lymphocytes (reviewed in 163) .  Because of 
the possibility that T cells had already been seeded to the peripheral 
organs prior to thymectomy (111 ), it was necessary to remove the T cells 
by anti4 serum (198, 202) or to pcrform experiments on adult thymecto- 
niized, lethally irradiated, bone-marrow reconstituted mice to establish 
which antigens were truly T-independent. These antigens, notably PVP 
( 19), pneumococcnl polysaccharide ( 5 8 ) ,  and POL (21 ) are character- 
ized by a repetitive polymeric molecular structure. This structure sup- 
posedly results in similar antigenic determinants being presented to 
the B cell in a concentration sufficient to stimulate the cell to proliferation 
and antibody formation. The property of thymus independence has 
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proven a useful tool in assessing the importance of the T cell in various 
immunological phenomena. 

Ill. Mechanisms of Antigenic Competition 

The complexity of these ccllular interactions and cooperative func- 
tions has made the study of antigenic competition extremely difficult, 
although it has served to expand the number of possible mechanisms 
available for study. Some of these mechanisms can be cnunierated as 
follows: 

1. The antigens compete with each other for a cell type occurring 
in limiting frequency (7 ,  13, 14, 17, 35, 36, 55, 62, 69, 107-109, 140, 141, 
143, 146, 150, 190, 196, 212, 256). 

2. The response to the first antigen causes the depletion of nutrients 
necessary for the response to the second. 

3. The response to the first antigen leads to partial tolerance to the 
second antigen. 

4. The antibody produced in response to the first antigen suppresses 
the response to cross-reacting determinants on the second antigen by 
specific feedback inhibition. 

5. The increased number of cells arising in response to the first 
antigen interferes physically with the response to the second, either by 
crowding out the cells at the follicular level ( 9 3 )  or by blocking thymus- 
bone marrow cell interactions ( 135). 

6. The presence of thymus cell-derived helper molecules attached 
to the surface of the macrophage and acting to present antigen to specific 
B cells interferes with the action of other helper molecules (78,238,240). 
This interference may be due to competition for the macrophage attach- 
ment sites (78, 238, 240) or to steric hinderance imposed by the specific 
interacting B cells, preventing the interaction of other B cells with their 
respective helper molecules and antigens (240). 

7. Antigenic competition occurs between antigens bearing cross- 
reactive determinants (63, 211 ). This may result in B-cell competition 
for the same carrier-specific T cell, to the disadvantage of B cells with 
low affinity receptors or occurring in low frequency (63 ) .  

8. The immune response to the first antigen results in the elaboration 
of inhibitory cells or humoral factors which suppress the reJponse to the 
second antigen (76, 77, 90, 91,172,173,197, 227, 229, 248). 

9. Other mechanisms have been postulated which are even less well 
understood. It has been suggested that macrophages, triggered by initial 
antigen and thereby activated, catabolize the second antigen more 
vigorously and render it less immunogenic (129). In other systems, 
particularly involving states of anergy in clinical infectious states, in 
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addition to circulating inhibitory factors (47, 104), the initial inimuno- 
genic challenge may deplete the host of effector cells for the delayed 
response ( 194 ) . 

With most of these mechanisms, the expected experimental obser- 
vation is an apparent decrease in the freqwncy of antigen-reactive units 
specific for the second antigen. This is also true of mechanism 8, provided 
that the inhibitor acts to some extent by precursor inactivation and not 
merely by inhibition of cell proliferation and differentiation. On the basis 
of limiting dilution studies in vivo (14)  and in vitro (I%), it has been 
demonstrated that such a decrease in antigen-reactive units specific for 
the second antigen does occur. The failure to demonstrate this on the 
part of some investigators ( 1 7 3 )  lies in thc fact that only one cell dose 
was used in these experiments, and this does not constitutc a limiting 
dilution assay (133, 218). On the other hand, an interesting experi- 
mental observation by Sjoberg and Britton (229), using in vitro tech- 
niques, argues against a decrease in the frequency of antigen-sensitive 
units specific for unrelated antigens. In these experiments, spleen cells 
taken from mice hyperinimune against HRBC were nornial in their 
response to SRBC and demonstrated suppression of the anti-SRBC re- 
sponse only if HRBC were also present in the culture. Thus, the obser- 
vation that there is a decrease in the frequency of antigen-reactive units 
specific for the second antigen depends upon the experimental protocol 
used. 

IV. Antigenic Competition for a limiting Cell Type-Role of the 

Macrophage 

The possibility that antigenic competition is the result of true com- 
petition for a cominon cell type has been discounted by some authors 
(173) on the grounds that a time interval is generally required follow- 
ing injection of the first antigen (see Section I ) .  This reasoning is not 
necessarily correct, however, as competition may take place for early 
pluripotential precursor cells and hence require several days before the 
effects of this preemption are observed. Alternatively, processed antigen 
may be more effective as a competitor than the native antigen, because 
a time interval is required to generate a sufficient quantity of this 
material to interferc with the immune response to other antigens. 

Of the three cell types believed to be involved in the immune 
response, the macrophage may well be considered the most likely target 
cell of antigenic competition on theoretical grounds. However, the 
results of a number of experiments are contrary to this conclusion. By 
using rabbit Ig and rabbit serum as the antigens, Adler (5) demonstrated 
that the rcsponse of the rabbits to the globulin was reduced when these 
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antigens were injected into different sites. This has been repeated in 
rabbits using tinitrobenzene sulfonic acid ( TNBS ) or p-arsanilic acid 
conjugated to keyhole limpet hemocyanin (KLH) ( 7 6 )  and in mice 
using goose and rat red blood cells ( 7 2 )  as well as SRBC and HRBC 
(186) .  On the other hand, using dinitrophenylated bovine y-globulin 
( DNP-BGG) and usanilic acid-azo-BGG, Brody and Siskind (35, 36)  
could not show suppression of the immune response of rabbits to either 
antigen when the antigens were injected into different footpads. All of 
the experiments cited, except the ones performed in mice (72, 186), 
made use of complete Freunds adjuvant to render preparations more 
immunogenic. Because the cells responding to a footpad injection of 
particulate antigens are localized to the draining lymph nodes (70, 112), 
it is unlikely that reticuloendothelial (RE) blockade can account for the 
suppression observed, and it is equally unlikely that antigenic com- 
petition involves fixed phagocytic cells. 

In another type of experiment, Liacopoulos et al. (143)  examined the 
competitive effects of high- and low-dose tolerance to bovine serum 
albumin (BSA) on the immune response to ovalbumin. These authors 
found greater suppression of the antiovalbumin response during low-dose 
tolerance induction to BSA than was observed during high-dose toler- 
ance induction. This observation was also taken as evidence against 
the involvement of the macrophage in antigenic competition since a much 
larger dose of antigen was used to bring about high-dose tolerance. 
Other indirect evidence against RE blockade as the mechanism of com- 
petition is the fact that RE blockade requires large doses of antigen, and 
the effects of the blockade are comparatively shoi-t-lived (208) .  It has 
also been documented using isotope-labeled antigens ( 107) and fluores- 
cent labeling techniques (203)  that antigen localization is the same 
whether or not the response to the antigen is normal or suppressed by 
antigenic competition. Although these results argue against antigenic 
competition involving the phagocytic function of macrophages, it is still 
possible that these cells are the source of inhibitory factors postulated 
to cause antigenic competition (228) .  

V. The Lymphocyte as the Target of Antigenic Competition 

To postulate that antigenic competition acts at the level of the anti- 
body-forming cell precursor or the antigen-reactive cell implies either 
a lack of specificity of these cells or an undetectable cross-reactivity be- 
tween the antigens n t  the level of either the carrier or the haptenic 
determinant. Such cross-reactivity would render acceptable theories in- 
volving partial tolerance, inhibition by specific antibody, or competition 
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for cells believed to have specific receptors, as well as reconciling anti- 
genic Competition with the clonal selection theory. However, the initial 
assumption of cross-reactivity between competing antigens has been 
rendcred untenable by the experiments of Ben-Efraim and Liacopoulos 
( 2 7 )  using thc chemically defined antigens 252, poly (Tyr, Glu, Lys) 
and DNP-poly ( Lys ) , or 28, poly-~~-Ala-poly ( Tyr, Glu ) --poly-Lys. 
These experiments demonstrated that antigenic competition could occur 
between antigens that were structurally unrelated and for which no 
possibility of cross-reactivity could exist at the B-cell level. Furthermore, 
it has been shown by Brody and Siskind ( 3 5 )  and ourselves ( 7 2 )  that 
the affinity of antibody produced under conditions of antigenic a m -  
petition is similar to that of control sera and is not increased or de- 
creased, as would be predicted from a model based upon specific feed- 
back inhibition (226)  or partial tolerancc ( 241 ). 

In contrast, Hare1 et al. (109) demonstrated a decrease in the affinity 
of antibody suppressed by competition and observed (110) a similarity 
between the characteristics of this antibody and that produced after the 
injection of a large dose of specific antigen. The antigens used, DNP- 
BSA and RGG, do not cross-react, and the authors interpreted their data 
as indicating that antigenic competition affected the antibody-forming 
cell. The majority of investigators in the field of antigenic competition 
have ruled out serological cross-reactivity between the antigens that they 
have used, and such cross-reactivity as a necessaiy facet of antigenic 
competition is unlikely. 

Also against antigenic competition being due to cross-reacting hap- 
tenic deterniinants are the euperiments of Brody et al. ( 3 7 ) ,  Gershon 
and Kondo (91) ,  and Taussig and Lachman (238) .  In each of these 
studies, antibody specific for the suppressing antigen was administered 
in a system designed to show antigenic competition. In every case the 
effect of the antibody was to reduce the suppressive effects of antigenic 
competition-the reverse of what would have been observed if compe- 
tition was due to feedback inhibition by antibody specific for the sup- 
pressing antigen. 

An alternative explanation is that the carrier-specific lymphocytes 
recognize cross-reacting deterniinants on the carrier molecules not de- 
tected at the level of antibody formation (75, 124) .  This has been in- 
vestigated by Brody and Siskind (35) and by Fauci and Johnson ( 7 6 )  
using haptens conjugated to the same or different cai-rier niolecules. In 
their experiments, antigenic competition was observed in either case, in 
contrast to the results of Schecter (211 ) in which antigenic competition 
occurred only if the haptens were conjugated to the same carrier. It is 
difficult to account for this discrepancy. All of the experiments were 
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done using rabbits, and, in each case, competing antigens were injected 
simultaneously in complete Freund’s adjuvant. The only obvious differ- 
ence was the antigens used. Competition could be shown between DNP- 
egg albumin and arsanilat+azo rabbit y-globulin ( 3 5 )  and between 
arsanilate-KLH and TNBS-BGG ( 7 6 )  but not between poly-DL-phenyl- 
alanyl rabbit serum albumin and poly-DL-alanyl ribonuclease ( RNase) 
or between poly-DL-phenylalanyl RNase and poly-DL-alanyl human serum 
albumin (211 ). It is possible that the use of a different dose combination 
in the latter case (211) would have allowed the demonstration of anti- 
genic competition, since it is well established that the phenomenon is 
strongly dependent on the dosage of the antigens used (see Section I ) .  

Lymphocytes that are experimentally observed as being B antibody- 
forming cells or T antigen-sensitive cells are believed to be derived 
from the same pluripotential stem cells (83, 95, 175). These cells migrate 
to the bone marrow and the thymus from the fetal liver and yolk sac 
(84, 175, 187). After birth, certain B cells pass through the thymus and 
become altered (234)  in such a way as to become T cells (83, 9 5 ) .  By 
adoptively transferring graded numbers of B cells in the presence of an 
excess of thymocytes, Miller and Cudkowicz (157) found that the pre- 
cursor units of the antichicken red blood cells (CRBC) and anti-SRBC 
responses acted independently of each other, and the anti-CRBC re- 
sponder unit was unaffected by priming with SRBC. A similar result was 
obtained in vitro by Osoba (185)  using CRBC and SRBC, and by Dutton 
and Mishell ( 6 6 )  using burro red blood cells and SRBC. 

The specificity of the T cell has been documented at the level of 
T-B interaction (51, 167, 217, 239) and in tolerance induction (49, 239). 
In both cases, the altered cellular reactivity induced by the antigen was 
found to be specific for that antigen. Furthermore, by using a technique 
of “antigen suicide” with highly radioactively labeled antigen ( 4 ) ,  
Basten et al. (26) showed that T and B cells could be specifically killed 
without affecting the response to unrelated antigens. 

In contrast, recent experiments, both in vivo and in uitro, have sug- 
gested that cross-reactivity at the T-cell level may not reflect that ob- 
served at the B-cell level (75, 124). Falkoff and Kettman ( 7 5 )  observed 
that priming with SRBC gave substantial enhancement of the response 
to trinitrophenol (TNP) evoked by a subsequent injection of TNP- 
burro red blood cells, even though the burro cells and SRBC show little 
cross-reactivity at the plaque-forming cell ( PFC ) level. Parallel results 
were obtained by Hoffmann and Kappler (124) who restimulated the 
primed cells in vitru. It should be kept in mind that these data do not 
indicate a lack of specificity on the part of T cells but rather that T-cell 
specificity may not reflect that demonstrated by B cells. It is also possi- 
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ble that the results are due to specifically induced mediators with non- 
specific effects (64) .  

The results of experiments using certain drugs have also been used 
as evidence in favor of a cellular mechanism of antigenic competition. 
Dukor and Dietrich (62) have repoi-ted the effects of cyclophosphamide 
and cortisone on antigenic Competition between SRBC and HRBC, given 
2 days apart, in mice. If 100 mg./kg. of cyclophosphamide was admin- 
istered 1 day after the first antigen (SRBC), the effects of antigenic 
competition were abolished and a normal antibody response was obtained 
to HRBC. In contrast, if 100 or 500 mg./kg. of cortisone was given 1 day 
after SRBC, the suppression of the response to HRBC was more marked. 
The authors suggested that the effect of cyclophosphamide was to inter- 
fere with proliferation in response to the first antigen, and, from a num- 
ber of possibilities listed, it was postulated that antigenic competition 
involves the preemption of multipotential B precursors by antigenically 
stimulated T cells. The interpretation of the potentiation of competition 
by cortisone is less clear, however, and it was postulated that the drug 
acts at the same site as antigenic competition either on the B cell or at 
the level of antigen clearance. 

The effect of actinomycin D on antigenic competition has also been 
studied by a number of authors (16, 68, 256) .  Wust and Hanna (256) 
obseived that if 12 pg.  of actinomycin D was administered to mice 7 
hours before the first antigen (SRBC), antigenic competition of the 
response to the second antigen (rat red blood cells) was abolished. It 
was speculated by the authors that one side effect of actinomycin D was 
to interfere with niultipotential cells becoming committed to the first 
antigen and, hence, leaving an adequate residual of immunocompetent 
cells capable of responding to the second antigen. This interpretation 
was subsequently challenged by Anibrose ( 16) whose experimental 
results led him to postulate that actinomycin D prevents the synthesis 
of an inhibitory factor responsible for antigenic competition (see Sec- 
tion IX). 

Because almost every mechanism postulated to account for antigenic 
competition is dependent upon cellular proliferation in response to the 
first antigen, expeiknents invoking cytotoxic drugs are difficult to inter- 
pret and still leave a large number of possibilities open to consideration. 

In conclusion, it appears that the immediate precursors of the T and 
the B cell are restricted in their specificity for antigens at this stage and 
are unlikely to be preempted by antigens that do not bear the appro- 
priate determinants. If such a preemption does occur, it must be at a 
very early stage in the differentiation of the precursor, because, at some 
point, the precursor cell must be pluripotent. This theory is supported 
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by the work of Perkins and Makinodan (190), using the adoptive trans- 
fer system. On the basis of these experiments, the authors concluded 
that there exists two sequential compartments of precursor cells, the 
first made up of niultipotent cells capable of differentiating along several 
paths, depending upon the stimulus, whereas the cells of the second 
conipartment are differentiated to the extent of being insensitive to 
erythropoietin or unrelated antigens. This concept has recently been 
applied to antigenic competition by Liacopoulos et al. (142). By using 
mice immunized to both SRBC and pigeon red blood cells, these authors 
found a significant proportion (up  to 10%) of spleen cells that formed 
double rosettes. These rosettes appeared on day 3, peaked on day 5, and 
began to disappear on day 10. If SRBC were injected 1-3 days before 
the pigeon red blood cells, then the number of double rosettes was fewer 
and their appearance of briefer duration than with simultaneous antigen 
injection. After showing that the antigens do not cross-react, these ob- 
servations were taken to mean that the early antibody-forming precursor 
cell (AFPC) is unrestricted with respect to specificity until differen- 
tiation in the presence of antigen leads to the more commonly observed 
restricted specificity of the antibody-forming cell (185, 188, 216). Theo- 
retically, the pluripotential cell could be diverted toward a certain 
specificity at the expense of the potential response to another unrelated 
antigen injected at a later date. 

If this theory is the true explanation for antigenic conipetition, it is 
necessaiy to postulate the same effect at the level of the T cell, since it 
is well established that cell-mediated immunity can also be influenced by 
immune responses to unrelated antigens. Against the theory of AFPC 
preemption are the experiments of Miiller and Sjoberg (see Section 
IX) (173) in which transferred normal or antigenically stimulated 
spleen cells could be inhibited by immunization of the host with an 
unrelated antigen prior to irradiation. Also opposing the concept that 
antigenic competition depends on AFPC multipotentiality are the experi- 
ments of Monier and Salussola (174) and of Gershon and Kondo (90) 
who demonstrated that there was no antigenic competition in the ab- 
sence of T cells. Because there is a small response on the part of B cells 
in the absence of T cells, this response should also have been affected 
by antigenic competition if the B-cell precursor were indeed responsible 
for this phenomenon. 

VI. Antigenic Competition for Essential Nutrients 

Since the ARU can be defined as the minimum complex of cells and 
factors that interact to produce a detectable immune response, a defect 
in the ARU may actually only reflect a depletion of nutrients or factors 
necessary for the optimum response of the cells reacting to the second 
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antigen. It is unlikely, however, that antigen-induced supprcssion ( AIS ) 
is caused by a nutritional deficiency because the use of in vitro systems 
still allows the demonstration of suppression (,55, 196, 227, 229), and the 
medium from “suppressed” cultures is still capable of supporting normal 
immune responses upon transfer to other cultures (195, 227, 229). 

VII. Thymus-Bone Marrow Cell Interference 

The fifth theory of antigenic competition which should be reviewed 
in the light of current data is the interaction interference hypothesis of 
Kerbel and Eidinger ( 135). According to their theory, the proliferation 
and nonspecific inflainniatory cell invasion occurring in the spleen follow- 
ing antigenic stimulus results in interference with the T and B cell inter- 
actions that are necessary for the immune response to a second antigen. 
Thus, any data demonstrating a decrease in the frequency of ARU spe- 
cific for the second antigen (14, I%), indirectly supports this theory by 
confirniing the fact that marked cellular proliferation occurred in re- 
sponse to the first antigen. Other support in favor of the theory lies in 
the fact that in almost all the examples of antigenic conipetition studied 
in vivo, including models involving tolerance to the first antigen, sup- 
pression correlated well with the size of the splecn at the time that the 
second antigen was injected (135). One exception is the use of endo- 
toxin as the first antigen, which results in marked cellular proliferation 
without competition. Since endotoxin is a potent adjuvant ( 189), it is 
difficult to evaluate this observation. 

Against the theory is the observation that antigenic competition in 
vitro did not always occur 4 5  days following KLH immunization (196), 
although there was a grcater number of nucleated cells per spleen and, 
presumably, a greater dilution of the ARU’s specific for the second 
antigen by cell proliferation in response to the first. The crucial experi- 
nients to test this theory involve the ability of different antigens to sup- 
press responses that do not involve T-B interaction, e.g., the response 
to PVP (19) .  Experiments performed by Moller (referred to in 172) 
and Sjiiberg and Britton (229) indicate that suppression of the response 
to Escherichia coli can be casily accomplished, In this laboratory we 
have found that suppression by antigenic competition of the response 
to T-independent antigens is only irregularly produced ( e.g., PVP ) 
(68, 7 2 ) .  Thus, the validity of this hypothesis awaits experimental con- 
firmation and a greater knowledge of the noimal immune response. 

VIII. Involvement of Helper Molecules in Antigenic Competition 

It has recently been postulated that antigenic competition involves 
helper molecules that mediate T-B cell interaction (63, 78, 238, 240). 
In this model, competition occurs between specific thymus-cell derived 
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helper molecules for binding sites on the macrophage (78, 238, 240), or 
it is due to steric hindrance between cells attempting to gain access to 
these molecules and the antigen that is bound to them either on the 
macrophage (240)  or on the thymus cell ( 6 3 ) .  The theory is indirectly 
supported by data showing abrogation of antigenic competition by the 
induction of tolerance to the first antigen (212,238, 250). A theoiy based 
on steric hindrance is compatible with data showing that competition 
can be demonstrated when the haptens are on the same carrier (211 ), 
but both aspects of this theory are difficult to reconcile with the fact 
that thymus-independent antigens can be shown to cause antigenic 
competition (68, 72, 143). Also data against this theory are to be found 
in the large number of papers describing antigenic competition in spite 
of tolerance to the first antigen (68,146,211 ), or unresponsiveness to the 
first antigen ( 2 ,  27, 28 ) .  In addition, in the case of macrophage media- 
tion of antigenic competition (78, 238, 240), the experiments described 
previously (Section IV)  would appear to show that the macrophage is 
unlikely to be involved in this phenomenon (5, 72, 76, 107, 143, 203). 
This mechanism of antigenic competition could still be supported if it 
is first shown that tolerance is associated with the production of helper 
molecules specific for the tolerogen and that helper molecules are pro- 
duced in sufficient amounts to affect the lymph node cells draining the 
contralateral footpad. 

IX. Role of an Inhibitory Factor 

The existence of a functional deficit at the level of the ARU or in- 
hibition of the proliferative capacity of the reacting cells has been sup- 
ported vigorously in a number of recent publications citing evidence for 
an active inhibitory factor or cell as the cause of antigenic competition 
(16, 77, 90, 91, 172, 173, 197, 227, 229, 243, 248). This concept was first 
advanced by Radovich and Talmage (197) who demonstrated the sup- 
pression by HRBC of the response to SRBC of 10 X loo normal spleen 
cells transferred to irradiated syngeneic mice. Because the degree of 
suppression was increased when 50 X loo spleen cells were transferred, 
the experiments were taken as evidence that a humoral inhibitory factor 
was elaborated by the cells in response to the first antigen, although 
the authors have subsequently stated that a cellular interpretation is 
possible (236) .  The experiments of Moller and Sjoberg (173) ,  confirmed 
by Waterston (248)  and by Gershon and Kondo (W), have also lent 
convincing support to some form of inhibitory factor as mediating anti- 
genic competition. In these experiments, using lethally irradiated mice, 
the response of transformed noimal spleen cells to one antigen could be 
significantly suppressed by pretreating the recipient mice with another 
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unrelated antigen prior to irradiation. Furthermore, as discussed pre- 
v i o ~ ~ l y ,  it has been demonstrated that the injection of competing anti- 
gens nced not be into the same site (5, 72, 76, 186, 237), also implying 
the presence of a circulating inhibitory factor. 

Assuming that such a factor does exist, its nature and origin have 
defied experimental analysis. Mollcr (172)  and Sj6berg and Brittoii (229)  
believe that it is the product of stimulated T cells and cite experiments 
showing that the T-independent antigen, E. coli, is poor at suppressing 
the immune response to HRRC. Gershon and Kondo (90) have also 
obtained evidence that the thymus cell is fundamental to antigenic com- 
petition. Although thymectoniized, irradiated, and spleen cell reconsti- 
tuted mice do not normally show antigenic competition, they do so if 
thymocytes are provided, and the resultant suppression is increased if a 
greater number of thymocytes is inoculated. Similarly, neonatally thy- 
mectomized mice fail to dcmonstrate antigenic competition between 
HRBC and SRBC (174) .  

Other evidence for the inhibitory effects of T cells has recently been 
advanced by Haskill and Axelrad ( 115). Following low-dose immuniza- 
tion with SRBC, a spleen cell fraction could be isolated by velocity 
sedimentation which was strongly inhibitoiy of the response of the other 
fractions to SRBC. This fraction was sensitive to treatment with ant i4  
antiserum, and presumably contained inhibitory T cells. Inhibition by 
unstimulated thymus cells has also been shown in this laboratory (71 ) 
using both irradiated recipients and in vitro techniques. In these experi- 
ments it was found that only 0.5-1.0 X loo cortisone-resistant thymus 
cells could inhibit the response of 12 x lo6 normal spleen cells in &TO, 

that the inhibition was present on each day of culture from day 3 to 
day 5, and that the degree of suppression obtained was reduced by 
irradiation of the thymus cells (194) .  

The importance of T-cell inhibition has also recently been stressed 
by Okuniura and Tada (183) .  It had previously been shown by these 
authors that the production of homocytotropic antibodies in the rat 
against dinitrophenylated extract of Ascaris mum was greatly enhanced 
and sustained if the animals were irradiated with 400 R at the time of 
immunization (233) .  In their most recent experiments ( 183), these 
authors report that thymocytes and spleen cells from rats hyperimmu- 
nized with the hapten-carrier conjugate, or with just the carrier, in- 
hibited anti-DNP antibody production within 2 days of inoculation into 
the irradiated and immunized rats. 

Thus T cells appear to demonstrate both inhibitory aiid helper func- 
tions, although it has not been established whether one or two subpopu- 
lations of T cells are involved ( 1 5 ) .  At the present time, it is also not 
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known whether the inhibitory effects are mediated via soluble factors or 
by cell-to-cell contact. For the reasons outlined in the foregoing, a num- 
ber of investigators favor the interpretation that the T cells elaborate an 
inhibitory factor and that this factor is responsible for antigenic 
competition. 

X. Nature of the Inhibitory Factor 

A number of possibilities exist as to the nature of the postulated 
inhibitory factor. In 1963, Mowbray (179)  reported that an a,-globulin 
fraction from either human, ox, or rabbit serum could inhibit antibody 
formation against a number of different antigens. This fraction could 
also suppress allograft rejection (137) ,  phytohemagglutinin (PHA) re- 
sponsiveness, and the in vitro proliferative response of sensitized cells 
to antigen ( 5 4 ) .  An apparently different factor has been described by 
Thomson and Fishel (242) who extracted an inhibitory substance from 
normal mouse tissues such as lung, spleen, and thymus. Because normal 
mouse serum produced no inhibition, the authors concluded that the 
factor was different from the a-globulin of Mowbray. 

By using a system somewhat more similar to antigenic competition, 
Ambrose (16)  found that an antibody-inhibitory material (AIM) was 
produced in cultures of lymph node fragments from immunized rabbits. 
This material inhibited the iminune response in culture to other un- 
related antigens and was apparently not specific antibody. Recently, the 
possibility of a mouse serum inhibitory factor has been revived by Veit 
and Michael (246)  and by Bullock and Miiller (40).  Veit and Michael 
(246)  have described an inhibitory effect of normal mouse serum which 
could be detected by incubating the spleen cells for 4 hours at 37°C. in 
18% mouse serum. This effect was increased with immunization and was 
not diminished by absorption of the serum with the test antigen. The 
degree of suppression could be reduced by the addition of thymus cells, 
and thus these cells are apparently the site of action of the factor. The 
factor described by Bullock and MSller (40)  inhibited the spontaneous 
production of anti-4-hydroxy-3,5-dinitrophenylacetyl PFC in mouse 
spleen cell cultures when 10% normal mouse serum was added to thc 
cultures. 

The target of these factors may well be cellular proliferation in gen- 
eral. The proliferation of normal spleen cells, without antigen, in SRBC- 
primed, lethally irradiated hosts was only 50% of that observed in mice 
that had not received n prior injection of SRBC (172) .  In a similar 
model, Hanna ( 106) observed an inhibition of the colony-forming ability 
of normal mouse bone inarrow and embryonic liver cells up to 3 weeks 
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after the last of three weekly injections of SRBC given prior to 
irradiation. 

Furtheirnore, the effects of antigenic competition on delayed hyper- 
sensitivity (27, 67, 148, 212) and the graft-versus-host reaction (144, 
147, 158) suggest that the target of the postulated inhibitory factor is 
a t  least the T cell, and this is supported by reconstitution experiments of 
antigenic competition in vitro (195) .  The observation of Veit and 
Michael ( 246) that thymus cells partially overcome the suppressive 
effects of their serum inhibitory factor also suggests that this cell may be 
the target of antigenic competition. 

Recent evidence also suggests that the site of action of antigenic 
competition is at a level preceding antibody production. Using lethally 
irradiated mice, Mitchell and Humphrey (165) studied the response to 
DNP-ovalbumin of spleen and lymph node cells transferred from DNP- 
squid hemocyanin-piinied and ovalbumin-primed mice. This response 
was inhibited if the mice were also injected with DNP-lysine conju- 
gated to piieuniococcal polysaccharide Type I11 ( DNP-lysine-SIII ) , and 
the suppressing antigen could lie given up to 3 days after transfer of 
the cells. In a further study, Mitchell et al. (166) performed isoelectiic 
focusing on the anti-DNP antibody produced by mice in which the re- 
sponse had been only partially suppressed by DNP-lysine-SIII. The 
strong intensity of the individual bands of antibody was taken as indi- 
cating that the progeny of D cells that escape suppression produce un- 
altered amounts of antibody. Whether or not antigenic competition 
directly affects the B cell has not been established. Thus far, suppression 
by antigenic competition of the response to T-independent antigens has 
been difficult to achieve, although not impossible ( 7 2 ) ,  and it has also 
been reported by h4iiller (172),  and b y  Sjiiberg and Britton (229) .  

In experiments performed in this laboratory (196) ,  a single pre- 
immunization with KLH resulted i n  suppression of the in vitro immune 
responsc to HRBC. In this model, true competition between the antigens 
did not occur, although limiting diliition assays indicated a decrease in 
the frequency of ARU specific for HRBC. On mixing normal and KLH- 
primed spleen cells in vi tm,  a synergistic cffect \vas observed, in contrast 
to suppression of the normal cells By the primed cells. This effect could 
not be duplicated by adding B cells to the suppressed cultures (195) .  

These limiting dilution and cell mixing experiments are not incom- 
pati1)le with the concept of an inhibitory factor mediating antigenic 
competition h i t  do provide strong cvidcnce that the effect of such a 
factor, if it exists at ull, is to ciiiise an apparent cellular defect. Thcscl 
experiments also indicate that this factor is not produced in effective 
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amounts in uitro. In  contrast, by using spleen cells that had been sub- 
jected to a graft-versus-host reaction, Sjoberg (227) observed that the 
in vitro response to SRBC was markedly suppressed in comparison to 
the normal spleen cell controls. Furthermore, by mixing the suppressed 
spleen cells with normal spleen cells, the response of the mixture was 
less than expected. Similar results have also been reported by Sjoberg 
and Britton (229) ,  using cultures of spleen cells from mice hyperim- 
munized with HRBC, although neither Sjoberg (227) nor Sjoberg and 
Britton (229) could transfer the suppression using culture fluid from 
suppressed cultures. The difference between these results and our own 
may simply reflect the fact that the graft-versus-host response and hyper- 
immunization with HRBC are more potent stimuli than primary immuni- 
zation with dissociated KLH. 

The failure to transfer antigenic competition with medium or serum 
has made isolation of the putative inhibitory factor impossible. Other 
inhibitory substances, such as the AIM of Ambrose (16),  Mowbray’s 
a-globulin factor (179) ,  and the inhibitor of Veit and Michael (246) 
may be implicated as the cause of antigenic competition, but the evidence 
to support this concept is only indirect. Braun and Ishizuka ( 3 2 )  main- 
tain that the inhibitory substances responsible for AIS are actually non- 
specific stimulators, such as the homopolymeric nucleotide duplex, poly- 
adenylate-uridylate[poly ( Au ) ] or cyclic adenosine 5’-monophosphate 
(AMP),  which, in excessive amounts, can be shown to inhibit immune 
responses in vivo and in uitro. Further studies on this system (151 ) have 
shown that the suppressive effects of antigenic competition can be over- 
come by administering poly(AU) or poly(AU) plus theophylline at the 
time of immunization with the second antigen. 

Although interesting from a theoretical point of view, these many 
demonstrations that a substance or cell can suppress an immune response 
or overcome antigenic competition are only indirect evidence as to the 
mechanism of the phenomenon. 

XI. Antigenic Competition and Heterologous Enhancement 

A number of recent reports have described enhancement of immune 
responses under conditions which might otherwise be expected to dem- 
onstrate antigenic competition ( 7 ,  9, 34, 153, 195, 196, 206, 207, 244, 248, 
255). This phenomenon has been termed antigenic promotion by Wu 
and Cinader (255) and specific heterologous enhancement by Rubin and 
Coons (206) .  In the latter studies, mice were primed with tetanus toxoid 
(TT) ,  ovalbumin ( O A ) ,  or burro erythrocytes and, 30-60 days later, the 
spleen cells were cultured with SRBC, with or without the priming anti- 
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gen or another nnrelated antigen. In those cultures containing the primed 
spleen cells, the presence of the specific priming antigen resulted in an 
increased immune response to SRBC. These authors (207) have recently 
demonstrated enhancement of the response of normal spleen cells to 
SRBC by graded doses of syngencic thymocytes primed against tetanus 
toxoid. This enhancement only occurred if the priming antigen were also 
present in the culture, and was not observed using normal syngeneic 
thymus cells. The effect of the addition of 1 ng. of TT on day 2 on cul- 
tures of 10 x loG primed thymocytes and 20 x loG normal spleen cells 
was a 56% enhancement of the response to SRBC. However, the effect 
of the primed thymocytes on spleen cells cultured with TT and SRBC 
was only about 12% enhancement of the response to SRBC as compared 
to cultures without added thymocytes. The magnitude of this enhance- 
ment depends on the way in which the data is examined, and the thymic 
dependency of the enhancement, although an attractive possibility, re- 
mains to be unequivocally proven. 

Other experiments involving heterologous enhancement have been 
done by Hartmann (113)  and Vann and Kcttman (245) using “edu- 
c a t e d  T cells and B cells. I t  was found by both groups that B cells 
mixed with educated T cells would respond to a heterologous antigen 
in culture, provided that the antigen used for education was also present 
in the culture. These data would also imply that the T cell is responsible 
for specific heterologous enhancement. 

Other information which may be pertinent to this discussion of 
heterologous enhancement comes from the experiments of Katz et al. 
(131 ) demonstrating the allogeneic effect. In these studies, immuno- 
competent lymphoid cells from allogeneic donor guinea pigs stimulate 
the synthesis of anti-DNP and anti-OA antibodies by recipients previ- 
ously primed with DNP-OA. The reaction does not occur if F, hybrid 
cells are injected into primed parental hosts. The authors postulate that 
the stimulus caused by the attack of the allogeneic cells on the host 
splecn cells renders the B cells among them morc sensitive to antigenic 
stimulation, i.e., the helper effect of T cells can be bypassed by a non- 
specific mechanism. 

In another system, using rabbits as the experimental animal, Wu and 
Cinader (255)  have observed that the antihapten response to hapten- 
human serum albumin conjugates was enhanced when the animals were 
previously injected with one of a number of unrelated macromolecules 
including KLH. This enhancing effect was not observed if the rabbits 
were made tolerant to the first antigen or following a secondary response 
to this antigen. 

In the experimental model used by us to study antigenic competition 
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in vitro (196), preimmunization of mice with KLH in viuo regularly 
resulted in suppression of the in vitro response of spleen cells from these 
animals to HRBC. If microgram amounts of KLH were added to these 
cultures, marked enhancement of the response to HRBC was observed 
(195). Other antigens such as TT or chicken y-globulin had no effect on 
these cells when added to the cultures, and the addition of KLH had 
no effect on the in vitro response of normal spleen cells to HRBC. The 
observations are analogous to those of Rubin and Coons (206) ,  except 
that heterologous enhancement was observed in a population of cells 
which demonstrated antigenic competition if the priming antigen was 
not added in vitro. In this system, it was also more difficult to obtain 
heterologous enhancement following a secondary immunization with 
KLH, but this could be partly overcome by increasing the dose of KLH 
used in witro. 

In some respects the ability to elicit enhancement parallels the pro- 
liferative capacity of T cells described by Davies (58) .  In these experi- 
ments, it was observed that the proliferative response of T cells to SRBC 
was greatest after primary and secondary stimulation, and less after sub- 
sequent immunization, depending on the route, timing, and dosage of 
antigen. Whether or not specific heterologous enhancement is mediated 
by proliferating T cells awaits further experimental confirmation. 

In some respects, the paradox of antigenic competition in vitro, de- 
scribed by Waterston (248), may be partly explained by these results. 
In this type of experiment, there is an enhancement of the response to 
SRBC in cultures of spleen cells from mice primed with pig red blood 
cells (248) or HRBC (I%), antigens that suppress the response to SRBC 
in viuo. It is possible that determinants shared by the two antigens (197) 
may be sufficient to restimulate the cells primed to the first antigen, with 
the concomitant enhancement of the response to the determinants that 
are not shared, i.e., the cross-reacting determinants are acting in the same 
way that KLH does in our system and represent restimulation in vitro 
with the priming antigen. 

The importance of studying more than one parameter of immune 
responsiveness in studies of antigenic competition and enhancement has 
recently been emphasized by Merchant and Liacopoulos ( 153). Follow- 
ing repeated immunization with hemocyanin, the hemolysin response of 
mice to SRBC was markedly reduced whereas there was an increased 
number of anti-SRBC PFC in the spleen. This observation was attributed 
to the recruitment by hernocyanin of cells reactive to antigens only 
peripherally related to SRBC, with a resultant immune response of very 
low avidity antibody. These low efficiency antibodies would react poorly 
in a hemolysin titration, whereas the PFC could be still detected. 
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It has been suggested by a number of investigators (64, 92, 206) 
that the enhancement phenomenon may result from the release, by the 
primed cells, of a nonspecific stimulatory factor, similar to those de- 
scribed in cell-mediated immunity ( 139). Alternatively, the effect may 
be due to an increase in the number of helper cells (169), such as 
carrier-specific T cells (170)  or macrophages coated with cytophilic 
antibody ( 3 1 ) ,  with receptors of broad specificity since many of the 
antigen pairs used do not cross-react detectably. From our work, de- 
scribed in the foregoing (195), the evidence is against the latter hypothe- 
sis for the following reasons. First, antigenic enhancement and antigen- 
induced suppression can be demonstrated in the same KLH-primed 
spleen cells, depending on the presence or absence of KLH in uitro. It is 
difficult to reconcile the observation of suppression of the response to 
HRBC with the hypothesis that there is an increase in the number of 
cells capable of helping this response unless, under certain conditions, 
an excess of helper T cells mediates nonspecific inhibition. Second, if the 
helper cells that have arisen as a result of priming with KLH are also 
capable of reacting to the HRBC, the receptors on these cells should be 
blocked by the addition of more molecules of KLH in vitro. In a system 
such as ours, it would be predicted that competition between the added 
KLH and the HRBC for helper cell receptors would result in a decreased 
response to the HRBC. In actual fact, the opposite result is obtained, 
suggesting that some alternative explanation is required. 

Although there is no direct evidence to support the hypothesis, the 
possibility that a chemical mediator is released by the primed cells upon 
restimulation is an attractive one at the present time. To some extent, 
the data support the model proposed by Ekpaha-Mensah and Kennedy 
( 7 4 ) ,  Dutton et al. ( 6 4 ) ,  and Feldmann and Basten (79, 80) for the 
mechanism of thymus-bone marrow cell interaction. As described in 
Section 11 (model 3) ,  there is not an absolute requirement for linked 
recognition between the T and B cells, although linked recognition is 
possible and would be more efficient because the cells are closer together. 

We have to the present dealt with mechanisms underlying antigenic 
competition when assayed under selected circumstances in the experi- 
mental animal, It would seem relevant to pose the question as to whether 
the phenomenon is manifested also in the human and, finally, to con- 
sider whether antigenic competition can exert effects that may be detri- 
mental to the host. 

XII. Antigenic Competition in Humans 

A remarkable paucity of data exists as to the role of antigenic com- 
petition in humans. In 1954, Chen and colleagues undertook a study of 



154 HUGH F. PROSS AND DAVID ElDINGER 

the immune response to diphtheria-pertussis-tetanus ( DPT ) combined 
vaccine in Taiwanese children (48) .  Children were given a combined 
DPT vaccine in a standard regime. The immune responses were evaluated 
in children who had no preformed antibodies to any of the antigens as 
compared to those who had evidence of prior exposure to diphtheria 
toxin. The results of the study indicated that children between the ages 
of 9 months and 2 years with latent diphtheria immunity exhibited 
deficient responses to the tetanus and pertussis components of the vac- 
cine, in comparison to the group who had no preformed antibodies to 
diphtheria. These studies demonstrated further that diphtheria antitoxin 
levels of 0.01 unit per milliliter represented the level of latent immunity 
beyond which significant interference of immune responsiveness occurred. 
This observation has not received the attention it has deserved at a 
clinical level, perhaps because the level of latent immunity to diphtheria 
in the general North American population is significantly lower than that 
which might be expected to occur in Southeast Asia. 

With the recent advent of numerous additional combination vaccines, 
it would appear to be essential to reevaluate immune responsiveness in 
individuals immunized with such mixtures. In  a recent study carried out 
in Nigeria as reported by Foster ( 8 5 ) ,  Ruben and colleagues have 
investigated the immune response following combined immunization with 
DPT given in association with smallpox, measles, and yellow fever im- 
munization. Responses to diphtheria, pertussis, tetanus, yellow fever, 
and smallpox antigens were designated as satisfactory; however, measles 
immunity was significantly reduced in the groups receiving only small- 
pox, measles, and yellow fever antigens. It is possible that in the absense 
of the adjuvant effect of the pertussis component of the vaccine, the 
response to measles vaccine can be suppressed by smallpox and yellow 
fever antigens. 

These results suggest that some caution is needed in evaluating im- 
mune responses to multiple vaccine. It is probably insufficient to simply 
record the immune response to multiple vaccines in selected groups 
within limited geographic areas, because it is clear that the immune 
response to vaccines is in no small measure related to the immunological 
memory of the population. 

These limited observations indicate clearly that the phenomenon of 
antigenic competition to vaccine antigens is manifested in the human. 
That these observations are not exclusively observed in the human is 
evident from the work of Barr and Llewellyn-Jones (24, 25). These 
investigators studied the immine responses to combined vaccines in the 
guinea pig and found that this animal species also exhibits antigenic 
competition when immunized with a multiple vaccine following prior 
exposure to one of the antigens of the mixture. 
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XIII. Antigenic Competition in Viral Oncogenesis and Infection 

Nowhere is the multiplicity of mechanisms underlying antigenic 
competition more clearly evident than under circumstances of immuno- 
suppression associated with viral oncogenesis and viral, bacterial, or 
parasitic infections. Many invcstigators have evaluated the characteristics 
and mechanisms underlying immuiiodepression associated with viral 
oncogenesis. Immunodepression is particularly evident in association with 
Friend (44, 50, 120, 182, 209, 249), Rauscher (50, 117, 222), Maloncy 
(50, 56, 5 7 ) ,  lymphocytic chorionieningitis (164),  Gross ( 6 0 ) ,  and 
other oncogenic as well as nononcogenic viruses (126, 155, 184, 243). 
Immunodepression also has been observed during the course of infection 
with Plasmodium (101-103, 210) and Toxoplasmu gondii (232),  and 
finally, in animals bearing tumors of variable etiology (10, 29, 30, 159). 

Antigenic competition has been considered as a possible mechanism 
underlying immunodepression under the above circumstances ( 44, 243), 
although it appears to be held in little favor (59, 243). The main reasons 
for rejection of antigenic competition as a possible mechanism are three- 
fold: first that an immune response to many of the viral agents has not 
been demonstrated to any significant extent (59 )  ; second that immune 
responses to viral antigens in the absence of viral replication is often 
not associated with immunosuppression ( 249) ; and third that the timing 
is not generally conceded to be optimal for antigenic competition in the 
classic sense in that maximuni immunosuppression is frequently obtained 
at  long intervals after induction of the viral infection (117, 209) although 
much shorter time intervals for suppression have been noted (182). The 
problems in interpretation may be in part related to the unequal latent 
periods for oncogenesis with the various viral agents. However, certain 
observations which have been made during the course of investigation 
of oncogenic events lead us to believe that antigenic competition is, 
indeed, important as an underlying mechanism for immunosuppression. 

It has been denionstratcd frequently that the spleen of the mouse is 
the most important organ for primary immune responses to particulate 
antigens (205, 254). Numerous groups of investigators have also com- 
mented on the splenomegaly at  times to extreme magnitude, which 
occurs as a consequence of viral oncogenesis and infection with murine 
Plasmodium (102, 120, 243). Several groups have commented on the 
relationship of magnitude of splenomegaly with degree of immunosup- 
pression ( 102, 120). The splenomegaly and immunodepression associated 
with viral oncogenesis is reminiscent of experiments by Hunter and col- 
leagues who observed the suppression of the graft-versus-host reactivity 
and antibody foimation in mice challenged with PHA (127).  In their 
experiments, the degree of suppression of graft-vcrsus-host response 
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could also be correlated with the degree of splenomegaly. Based on the 
observation that PHA is antigenic, these workers concluded that the 
immunosuppression was due to antigenic competition. 

These results are similar to those of other investigators, who have 
also attempted to define further the nature of the cellular deficit. Biano 
and colleagues demonstrated that spleens of 4-week-old AKR mice bear- 
ing the Ridgeway osteogenic sarcoma were defective in generating 
primary responses to sheep erythrocytes in vitro ( 2 9 ) .  The defect was 
diminished by the addition of nonadherent lymphocyte populations. They 
concluded that the defect was analogous to that in neonatally thymecto- 
mized animals in which nonadherent lymphoid populations of spleen 
cells also reconstituted the deficit of responsiveness in uitro. Adler and 
colleagues showed that animals bearing methylcholanthrene tumors 
exhibited a defect in PHA responsiveness, also pointing to a deficit in 
the T-cell population (10). Finally, in similar reconstitution experiments 
in lethally irradiated mice, Ceglowski and Friedman demonstrated that 
the defect was also present in the B-cell population ( 4 5 ) .  

Several groups of investigators have studied the converse of the 
above experiments, namely, the effect of nonspecific immunization on 
the induction of oncogenesis (20, 154, 213). Metcalf (154)  demonstrated 
that the C3H mice developed an increased incidence of reticular tumors 
following repeated immunization with bovine serum albumin. Schwartz 
and colleagues (20, 213) have also demonstrated the development of 
reticulum cell sarcomas in mice chronically affected with graft-versus- 
host reactivity. It would appear that nonspecific immunization in most 
instances can enhance the development of oncogenic alteration suggest- 
ing perhaps an influence on the potentiality for immune surveillance. This 
would appear, however, not to be invariably the case, since Siege1 and 
Morton (223) have shown that mice stimulated with horse erythrocytes 
over a prolonged period exhibited a retarded development of murine 
viral leukemogenesis with Rauscher leukemia virus. Perhaps this is due 
to an adjuvant effect on the RE system produced by prolonged im- 
munization. The complexity of this problem is further emphasized by the 
work of Jennings and Oates (129) who implied that antigenic com- 
petition could in fact, be due to the enhanced RE cell activity following 
administration of the initial antigen. The greater number of more active 
macrophages following initial immunization or administration of mate- 
rials, such as PHA and endotoxins, might provide large numbers of cells 
that nonspecifically take up the second antigen which is thereby quickly 
metabolized. In these instances, enhanced phagocytosis would appear 
to be a prerequisite for antigenic competition. Further work is indicated 
to evaluate macrophage function during various manifestations of 
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administration of antigens or during infections with viral agents, par- 
ticularly when these agents are oncogenic. 

It may be tentatively concluded that most of the studies of immuno- 
suppression under the circumstances defined in the foregoing have in 
common the development of splenomegaly. In the work by Kerbel and 
Eidinger (135) ,  a model system was proposed in which one of the 
mechanisms underlying antigenic competition was considered to be due 
to the development of splenomegaly arising as a consequence of im- 
munization with an initial antigen. The increased number of cells in the 
spleen was postulated to interfere with the essential cell cooperative 
events needed for an immune response to a second unrelated antigen. 
(See section VII.) Mosier has drawn attention to the requirement for 
specific cell clusters in immune responses to thymus-dependent antigens 
in vitro (177).  It is not too far-fetched to believe that similar cooperative 
events requiring similar cell clusters are needed for immune responsive- 
ness in uiuo. Indeed, the early work of Kennedy and colleagues (133)  
employing the focus assay and the investigations of Celada and Wigzell 
(46) have drawn attention to the focal nature of immune responsiveness 
in the spleen. The number of these foci is apparently proportional to the 
number of specific antigen-reactive T cells, whereas the size of an 
individual focus is dependent on the number of specific B cells with 
which they interact (167) .  It is not unreasonable to suppose that any- 
thing that interferes physically with cell migration or with cell-cell 
interaction may result in a decrease in the size of these foci and, hence, 
a decrease in the amount of antibody formed per focus. 

Thus, it may be concluded that, under selected circumstances, spleno- 
megaly, whether produced by virus, antigen, or mitogen, may cause an 
interference with cell cooperative events. It is essential to stress that the 
term “antigenic competition” restricts the phenomenon to circumstances 
in which splenomegaly occurs as a result of immune responsiveness. In 
a broader sense, however, RE cell proliferation, the inflammatory 
response, or any other material or agent that crowds out those cells 
essential for immunological reactivity, may result in the development 
of manifestations best referred to as nonspecific agent- or antigen-induced 
suppression. Thus, true antigenic competition, if indeed it exists, would 
be a subtype of a much broader group of entities which should be 
properly referred to as nonspecific agent- or antigen-induced suppression. 
Whether or not one believes that splenomegaly is an important factor in 
creating the immunodepression may depend on the outcome of the 
experiments to demonstrate whether close cell contact is needed for cell 
cooperation or whether cell cooperation can, in fact, take place at  a 
distance (64, 79, 80). 
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XIV. Immunosuppression in Chronic Infectious and Tumor-Bearing 
States in Humans 

We have to the present reviewed evidence upon which two different 
mechanisms underlying induced suppression are based, namely, evidence 
for an inhibitory factor and evidence for interference of cell cooper a t '  ion 
essential for immune reactivity. We may now consider whether these 
or other mechanisms are operative under certain selective circumstances 
in humans. 

It has been demonstrated frequently that patients with Hodgkin's 
disease (11, 12, 38, 47, 119, 125, 132, 180)) leprosy (39, 215)) Boeck's 
sarcoid (47,  87, 121), and others (104, 230, 231) are anergic when 
measured in terms of skin reactivity to certain immunogens which other- 
wise elicit delayed hypersensitivity. The anergy is expressed not only 
during induction but also during the effector phase of the response. 
These manifestations of immunosuppression can occur in the presence 
of normal or above normal humoral antibody formation. With regard 
to the underlying mechanisms, some evidence exists for a humoral 
inhibitory factor underlying the deficient response (47, 104) .  It is also 
cvident that the cells themselves are immunologically unreactive (11, 39, 
119, 125, 132, 180, 215). However, it should be emphasized that the cel- 
lular unresponsiveness could be mediated by cellular inactivation via 
an inhibitory factor. 

A third mechanism, one which has been given very little attention, 
may be the exhaustive utilization of mononuclear cells as effector cells 
in the immune response to the inciting agent. For example, Sheagren 
and colleagues have shown that patients with leprosy have deficient 
expression of delayed hypersensitivity, both of the cutaneous type as 
well as when measured by in vitro tests of blastogenesis (215) .  The 
susceptibility to murine Plasmodium and to murine leukemogenesis is 
enhanced in the presence of a previous exposure to an infectious agent 
( 102). A possible interpretation of these and other similar situations 
may be the defect in numbers or function of mononuclear cells occurring 
as a consequence of the intense response to the infectious agent, thereby 
creating a deficiency in delayed response to an unrelated immunogen. 

Evidence that a deficiency in a population in effector cells in cutaneous 
responses of delayed hypersensitivity could occur was sought employing 
the following animal experimental model (194). Mice were lethally ir- 
radiated and reconstituted with a syngeneic mixture of thymus and bone 
marrow cells sufficient to reconstitute animals for delayed responsiveness 
to methylated human serum albumin. Nine days after reconstitution and 
sensitization, the animals wcre challenged either with a single dose of 
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mnethylated human serum albumin or with two separate doses. The degree 
of response in the doubly challenged group was significantly less than in 
the singly challenged group. This deficiency could be overcome in part 
by greatly increasing the numbers of bone marrow cells in the reconsti- 
tution population, a result interpreted on the basis of the greater numbers 
of niononuclear cells emanating from bonc marrow precursors ( 149) act- 
ing as effector cells for the delayed response (67) .  Because the effector 
stage of delayed hypersensitivity depends on the recruitment of non- 
specific cells (67, 149), inhibition of skin reactivity may thus occur in 
response to both the initial suppressing antigen and to unrelated 
antigens by thc same mechanism. 

XV. Hypothesis 

Many data presented in this review are compatible with the follow- 
ing somewhat speculative model of antigenic competition and hetero- 
logous enhancement. Variations of this model have been suggested by 
a number of other authors. 

Antigenic competition and heterologous enhancement represent non- 
specific manifestations of normal immunoregulatory phenomena. In 
response to stimulation by a thynius-dependent antigen, the triggering 
of T cells results in the elaboration of a diffusable mediator capable of 
stiniulating B cells as part of the normal immune response. At a later 
stage in the development of these T cells, or, alternatively, with the 
later development of another population of T cells, a substance is pro- 
duced that is capable of inhibiting precursor cell differentiation and 
proliferation, designed to prevent unlimited progression of the immune 
response. Under most experimental conditions the effect of this regulation 
is not observed because of concomitant antibody formation and specific 
feedback inhibition, This T-cell regulation is nonspecific, however, and 
can effect the antigen-reactive cells specific for other antigens ( antigenic 
competition). 

In parallcl with these evcnts, the proccss of priming to the first 
antigen leads to a greater number of T cells capable of specifically react- 
ing to this antigen. Restimulatioii with the priming antigen then results 
in the release of sufficient amounts of the diffusable stimulator to aug- 
ment a normal secondary response to the priming antigen and, inciden- 
tally, to enhance a concurrent immune response to unrelated antigens 
whose antigen-reactive cells are in close proximity ( heterologous en- 
hancement). 

Whatever the basic niechaiiism of these phenomena may bc, we feel 
that the term antigenic competition is misleadiiig and possibly implies 
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an incorrect mechanism. We have recently (135)  adopted the term non- 
specific antigen-induced suppression ( AIS ) as a more accurate phrase 
and this has met with some acceptance in the literature (151). It can 
also be said that “antigenic promotion” (255)  is a more suitable term 
than “specific heterologous enhancement” because of possible confusion 
with the enhancing factors observed in tumor immunology (118). 

XVI. Conclusion 

The number of conflicting reports that now exist on AIS suggests 
that no single hypothesis can be applied to this phenomenon. It is proba- 
ble that the suppression observed is the end result of a heterogeneous 
group of phenomena varying with the antigens used, the experimental 
animal, and the time sequence of immunization. It is also possible that, 
at any particular time, more than one of these mechanisms is operative 
in the experimental animal. 

N m  ADDED IN PROOF 

Subsequent to the submission of this review article for publication, 
a number of papers have appeared referring to antigen-induced sup- 
pression. It has been pointed out by Taussig et al. (2384 that many of 
the inconsistencies of “antigenic competition” can be resolved by sub- 
dividing the phenomenon into intra- and intermolecular competition, 
depending upon whether the competing antigenic determinants are on 
the same or different carrier molecules. This concept has been discussed 
in detail by Taussig (237a) in a subsequent article. 

In a recent paper by J. W. Schrader and M. Feldmann (211a), the 
in vitro anti-DNP response of noiiiial mouse spleen cells to DNP-fowl 
gamma globulin (DNP-FyG) was compared with that of spleen cells 
from mice injected 2 days before with donkey red cells. This work con- 
firmed a number of observations made by ourselves using a similar 
model (196) and extended them as follows: ( a )  although the response 
to DNP-FyG was suppressed in “competed” spleen cells, there was a 
normal response to DNP coupled to the thymus-independent carrier 
Salmonella flagella; ( 11) tiypsinizatioii of the “competed” spleen cells 
before culture restored the anti-DNP response to DNP-FyG to normal 
values; and ( c )  the addition of normal or anti4 treated peritoneal 
exudate cells to the suppressed spleen cells restored the response. These 
data were taken as evidence that “antigenic competition represents 
competition for sites on the macrophage surface by antigen-T-cell-im- 
munoglobulin complexes, a macrophage-bound matrix of such complexes 
being necessary for B-cell activation.” 

Using a somewhat similar system, Sjoberg (229)  observed that spleen 
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cells from mice undergoing a GVH reaction are deficient in their re- 
sponses to sheep RBC and Escherichia coli lipopolysaccharide in vitro. 
In this system the “GVH spleen cells” suppressed the in vitro response 
to SRBC of normal syngeneic spleen cells if mixed with them. This effect 
was not affected by anti4 treatment of the “GVH spleen cells,” but was 
abolished if the cells were subjected to carbonyl iron and magnetism 
treatment. The author postulates that activated T cells in turn activate 
macrophages to produce some type of inhibitory factor. 

Finally, Katz et al. ( 1 3 1 ~ )  have studied the effect of simultaneous 
supplementary immunization with unrelated carriers on secondary anti- 
DNP responses in the guinea pig. Although the details of this work are 
beyond the scope of this note-in-proof, the authors conclude that T 
lymphocytes can exert either a positive or negative effect on antibody 
production, antigen-induced suppression being an example of such a 
negative effect. 

These recent articles again point out the heterogeneity of antigen- 
induced suppression and emphasize the possibility that more than one 
mechanism is responsible for this phenomenon. 
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I. Introduction 

When antigens bind to antibodies they frequently initiate one or 
more physiologically significant reactions. For example, when the anti- 
bodies are situated on the surface of an antibody-forming precursor cell, 
antigen may induce such cells to differentiate into antibody-secreting 
cells. Alternatively, the result of such interactions may be to make such 
cells refractive to a subsequent antigenic challenge. When antigens com- 
bine with antibodies on the surface of tissue mast cells or circulating 
basophiles the reaction may trigger degranulation with release of hista- 
mine, slow-reacting substance of anaphylaxis, and eosinophile-chemo- 
tactic factor. Antigens reacting with humoral antibodies can promote 
the binding of Clq, which is the initial event in the activation of the 
complement melange. 

How do antigens trigger these events? One possibility is that the 
structure of the antibody changes by virtue of the noncovalent inter- 
actions between the antigenic determinants and the amino acid side 
chains in the antibody-combining sites. The transformed antibody could 
then more avidly bind complement or plasma membrane components. I 
shall refer to this proposal as the allosteric model of antigen action. 

A second possibility is that the distribution of the antigenic deter- 
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ininants in space is a critical factor. If a bi- or inultivalent antibody 
became stretched when binding to two or more appropriately spaced anti- 
genic determinants, the strain might reveal or cover, activate or deac- 
tivate critical sites on the antibody molecule. I shall refer to this as the 
distortive model of antigen action. 

A third possibility is that antigens act by aggregating antibodies. I 
shall refer to this suggestion as the associative model of antigen action. 
Such aggregation can have two effects. It can cause preexisting sites on 
individual molecules to be approximated; that is, to the “eye” of some 
third component, a unifunctional substrate has been converted into a 
multifunctional one. Alternatively, new sites may result ( or preexisting 
sites may disappear) as a consequence of the polymerization of the 
antibody. . 

One purpose of this review is to evaluate critically the available 
experimental data to see if they are adequate to permit us to choose 
which model (or combination of models) is most correct. There are 
several sources of such data: determinations of the shape and flexibility 
of antibodies; measurements of antigen-binding rates and equilibrium 
constants; comparisons of the structure of complexed with uncomplexed 
antibodies; observations on the functional properties of such complexes. 

After reviewing these findings it is clear that no final conclusions can 
be arrived at as yet. Although the associative model adequately accounts 
for many of the data, the alternative ways by which aggregation pro- 
duces an effect remain difficult to choose between. Moreover, it is un- 
clear whether such a relatively simple model is sufficient to explain a 
variety of complex phenomena related to the immune response. 

A second purpose of this review is to document what we know about 
antibodies as proteins in regard to their potentialities and limitations as 
biological transducers. Any general theory of immune regulation must 
take these properties into account. The writing of this review was in 
part prompted by the rather different approach of some “cis-immunolo- 
gists” (Jerne, 1967) who, in trying to answer the difficult questions raised 
by certain complex biological phenomena, have (to my mind) rather 
facilely attributed the events to all sorts of specific discriminatory con- 
tortions of antibodies. I hope this review will be helpful in setting some 
constraints on such Rube Goldberg (1968) inventions. 

II. Antibodies as Proteins 

A. INTRAMOLECULAR SPECIALIZATION 

It is now well recognized that antibodies interact with antigens by 
way of combining sites located in the Fab regions. Interactions with all 
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other biological components such a9 coinplemcnt and the plasma nieni- 
branes of cells occur by way of the Fc regions. Considerable experi- 
mental effort has bceii expcnded in order to localize the sites of these 
interactions more precisely. 

With regard to the antigen-combining sites, these efforts have been 
highly successful. The sites (1 per Fab fragment) result from the folding 
of the amino-terminal variable regions of the light and heavy chains, and 
site-labeling studies have shown that the hypervariable segments con- 
tribute contact amino acid sidc chains. The rough outlines of such a site 
has been directly visualized by X-ray diffraction studies (Poljak et al., 
1972), and it appears to be of a size consistent with the predictions 
made from antigen-binding studies ( Kabat, 1968; Schechter, 1971). 

The sites at which immunoglobulins ( Ig ) interact with nonantigenic 
components (Complement, cell membranes) are not nearly as well de- 
fined, but this area of investigation is progressing rapidly. 

There is increasingly good evidence that C l q  interacts with the re- 
gion known as Cr,2 [second homology region of the constant region of y 
heavy chains-residues 234-341 using the numbering for the Eu IgG 
protein (Edelman et al., 1969)l. Coniiell and Porter (1971) were able 
to cleave selectively rabbit IgG at positions 326 and 327 yielding an 
Fabc fragment consisting of an F( ab’)n fragment with a more-or-less 
complete CI12 region, i.e., a fragment that can be represented as 
( v,,,c,;v,,,c,l,c,,2) ,. It retained 60% of the complement-binding activity. 
Ellerson et al. (1972) isolated a more-or-less intact dinieric cH2 region 
from a human G, myeloma protciii which contained the 222(2 x 111) 
NH,-terminal amino acids of a plasmin-produced Fc region. This frag- 
ment (which contains the hinge region) was +50% as active in binding 
complement as intact Fc fragments. These results lend support to the 
earlier study of Kehoe and Fougereau (1969) who demonstrated com- 
plement-binding activity in a 7000-mol. wt. cyanogen bromide fragment 
derived from the CI12 region. On a molar basis the activity of this frag- 
ment was, however, only 3% of that shown by Fc fragments. 

Reiss and Plescia (1963) and Schur and Becker (1963) showed that 
some residual complement-binding activity was retained by F( ab’) 
fragments. It now appears that the latter activity is not related to C l q  
binding but to the binding of C3 (Sandberg et al., 1971; Reid, 1971). 
Activation of the latter provides an alternate pathway toward activation 
of the subsequent complement components. 

Neither the C,2 region from IgG (Ellerson et al., 1972) or an appar- 
ently similar fragment from IgE (Ishizaka et al., 1970) possess cyto- 
tropic activity. Recent data on isolated c H 3  regions suggest that these 
regions may mediate this function (Minta and Painter, 1972) despite 
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earlier failures to detect activity in such fragments (Irimajiri et al., 1968; 
Prahl, 1967; Utsumi, 1969; Fromniel and Hong, 1970). When rabbit 
lymphocytes are studied with anti-immunoglobulin antisera ( Pernis 
et al., 1971), immunoglobulins can be detected with antisera directed to 
the A,,,,, allotype specificities-7-chain markers that correlate with a 
methionine-threonine interchange at position 219 ( Prahl et al., 1969). 
Antisera to more distal ( COOH-terminal ) regions are ineffective. Sinii- 
larly, only the C-terminal half of the Fc of IgG appears to be bound on 
human B-lymphocytes ( Froland and Natvig, 1972). 

Despite the fragmentary nature of these data, it is clear that any 
hypothesis concerning how antigens induce important biological changes 
via their interaction with antibody must explain how reactions in the 
Fab regions are “recognized in the Fc regions. A model that assigns 
simply an associative function to the antigen has no difficulties in this 
respect: as long as the Fc regions are covalently attached to the Fab 
regions, the former will perforce aggregate when the latter interact with 
multifunctional antigens. On the other hand, if antigens act as allosteiic 
modifiers, there must be sufficiently intimate contact between the Fab 
regions and the Fc regions for the signal to be transmitted. Such an 
interface has been called a domain of bonding (Monod et al., 1965). It, 
therefore, becomes pertinent to review what is known about the extent 
of interaction between the Fab and Fc regions. 

Evidence about such interactions can be obtained from studies on 
the overall shape of immunoglobulin molecules, from studies on the 
flexibility of the molecules, and from comparisons between the structural 
and functional properties of isolated Fab and Fc regions and the prop- 
erties of these regions as they exist in the intact molecule. 

B. SHAPE OF IMMUNOGLOBULINS 

Data on the shape of immunoglobulins have been reviewed relatively 
recently in these volumes ( Dorrington and Tanford, 1970; Green, 1969), 
and I shall therefore limit my own discussion of this point. Electron- 
microscopic data on both isolated and complexed IgG have clearly 
shown the overall validity of the Y-shaped model first clearly formu- 
lated by Noelken et al. (1965). Similar Y-shaped structures combine to 
form the polymeric IgA and IgM (reviewed in Feinstein et al., 1971). 
What remains uncertain are the precise dimensions of the Fab and Fc 
arms, the angle between the arms, and the degree and ease with which 
the arms of the Y can move relative to each other. In addition, the rela- 
tive mobilities of the Y-shaped subunits within the IgA and IgM 
polymers remain unclear from these studies. Certainly great variability 
in the disposition of the Fab and Fc regions has been visualized but to 
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what extent these reflect strains on the molecule imposed during prepa- 
ration of the specimens is uncertain. 

Pictures of unconiplexed rabbit IgG showed an average center-to- 
center distance between the Fab and Fc fragments of 60 to 65A. and an 
average inter-Fab angle of 60” (Green, 1969). The corresponding values 
for IgM (from a variety of species) and IgA (mouse) have been es- 
timated as between 55 to 70 A. and 30” to 110”, respectively (Feinstein 
et al., 1971). Electron-microscopic pictures of rabbit IgG show a rather 
compact hinge region. Since an analysis of the hydrodynamic behavior 
of such IgG suggests a somewhat larger Fc to Fab center-to-center dis- 
tance (Charlwood and Utsumi, 1969), this may mean that the hinge 
region has collapsed somewhat in the electron-microscopic preparations. 

The X-ray diffraction data of Davies et al. (1971) are consistent with 
at least four different Y- or T-shaped models for the human IgG myeloma 
protein which they studied. Provisionally, they felt that their model IV, 
a T-shaped structure, to be most probable. Recently, some preliminary 
data on this same protein suggest that it may have an aberrant hinge 
region (Lopes nad Steiner, 1973) so that it seems unwise to generalize 
from these initial X-ray results. 

Pilz et al. (1970) examined the fully sequenced human IgG myeloma 
protein Eu, its tryptic Fab and Fc fragments, and its peptic F(ab‘)2 
fragment by small-angle X-ray scattering. The scattering of the Fab 
fragment was equivalent to that expected for an elliptic cylinder with 
axes of 22 and 56 A. and a length of 98 A. The corresponding figures for 
the Fc fragments were 21, 63, and 99A., respectively. The authors com- 
puted the scattering curves that would be generated by various com- 
binations of two such Fab regions and one Fc region. The model whose 
computed curve was most similar to the experimental scattering curve 
was one in which the inter-Fab angle was 180” and in which the Fc was 
composed of two contiguous ellipsoids. All of the ellipsoids overlap in 
the hinge region in this model. Since the Fab and Fc dimensions are 
“equivalent” dimensions and do not necessarily correspond to a physical 
reality, the niodel must be considered simply as consistent with the data. 
The authors in their summary quite properly refrain from giving a spe- 
cific model and simply conclude that their data show that “the Fab and 
Fc regions of the 7G immunoglobulin molecule are relatively compact 
but that the whole molecule has an extended structure in solution.” 

Cathou and O’Konski ( 1970) examined heterogeneous rabbit anti- 
dinitrophenyl ( anti-DNP) antibodies by the method of transient electric 
birefringence. The birefringence is due to the asymmetry of the immuno- 
globulin molecules which become oriented in an electric field if their 
chargc distribution is asymmetric. If the molecule binds a highly charged 
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ligand, there should be a measurable change in the permanent dipole. 
The magnitude of the latter depends on the net charge of the bound 
ligand and its distance from the center of rotation of the molecule. With 
both binding sites occupied, one expects a restoration of the initial charge 
asymmetry if the sites are at both ends of an elongated rod. With a 
Y-shaped molecule the magnitude of the dipole contribution would de- 
pend on the angle between the two Fab fragments and the distance be- 
tween the combining sites and the center of rotation. The authors used 
an antibody preparation with a mean association constant of lo8 M-‘ 
so that, at an antibody concentration of 4 X M ,  “all” of any added 
hapten would be bound. The hapten they used was dinitrophenyl- 
glutamyl-aspartate which has three fully ionized carboxylate groups in 
the pH 8.2 Tris buffer they employed. With 1 or 2 moles of hapten per 
mole antibody, no significant alteration in the dipole moment was ob- 
served. Each of the rather lengthy list of assumptions necessary to inter- 
pret their results is defensible, but their model ( a  Y-shaped structure 
with an Fab region 60A. in length and an inter-Fab angle of 130” to 
150”) can only be considered reasonable, not definitive. It is worth 
noting that one of their required assumptions is that the bound hapten 
does not affect the overall shape of the molecule. 

C. FLEXIBILITY OF IMMUNOGLOBULINS 

The flexibility of immunoglobulins potentially can be measured di- 
rectly by the method of depolarization of fluorescence. This method has 
been rather widely used for a number of years, but many of the early 
results now appear to be uninterpretable because they involved unwar- 
ranted assumptions and inadequate methods ( Brochon and Wahl, 1972). 
It appears now that nanosecond pulse techniques provide the most re- 
liable data but even so the interpretation of these data is by no means 
straightfoiward. 

Yguerabide et al. (1970) measured the rotational motions of rabbit 
IgG antibodies which had been induced by S-dimethylaminonaph- 
thalene-l-sulfonyl ( dansyl ) conjugates of hemocyanin and whose com- 
bining sites were saturated with dansyl lysine. The plot of the anisotropic 
decay with time was linear for the Fab fragments, yielding a single 
rotational correlation time of 33 nsec. This value is consistent with what 
would be expected for a 50,000-mol. wt. fragment in the shape of a 
rigid prolate ellipsoid with an axial ratio of about 2 (Pilz et al., 1970) 
and with a reasonable amount of hydration (0.32 ml./gm.). The decay 
curve for the F(ab’), fragments was complex, and the experimental 
curve could not be duplicated by any computed curve for a rigid ellip- 
soid of appropriate size and hydration. Because their data suggested 
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that the Fab fragments were rigid, they reasonccl that the complex curve 
for the F(ab'), was due to a combination of motions: the independent 
niotion of the Fab's and a global motion of the F( ab')s. Similar reason- 
ing was used to explain the complex decay curve of the intact IgG. By 
assuming that the latter curve was contributed to by the independent 
motions of the Fab and the global motion of the IgG, a value of 168 
nsec. for the rotational correlation time of the latter was calculated. 
Their data could not distinguish between rotations about the axis joining 
the Fab regions to the Fc region and rotations perpendicular to these 
axes. If both rotations are possible the angular range of motion in the 
nanosecond range would be 33"; if only o m  kind of motion is per- 
mitted, the angular range would be greater. 

Brochon and Wahl (1972) were unable to confirm the model of 
Yguerabide et al. The French workers studied the decay of fluorescence 
anisotropy of dansylated rabbit IgG and its Fab, Fc, and F( ab')* frag- 
ments. After subtracting out that part of the decay likely to be due to 
local motion of the dye molecule, a longer decay process remained which 
they felt was due to the global motion of the molecule. With suitable 
adjustments, their data are not very different from those of Yguerabide 
et al., and it appears that at this time an unambiguous interpretation of 
the observations is impossible. Both groups must make some assumptions 
in order to interpret the complex decay curves. I do not feel competent 
to choose between these formulations, and it seems wiser to let those 
who are experts in what has become a highly complex field iron out their 
differences. Some comments seem appropriate, however. ( I  ) The use of 
fluorescent ligands for these analyses (Yguerabide et al., 1970), although 
having the advantage that the fluorescent probes have little or no 
independent motions themselves, assumes that no changes occur in the 
antibody structure in the presence of ligand. Much of the data reviewed 
here are consistent with this assumption, but it would be useful if the 
conclusions could be verified using fluorescent conjugates. Russian 
workers have, in fact, claimed that changes may occur. Tunierman et al. 
( 1972) measured the polarization of fluorescence of rat (antidansylated 
bovine IgG) antibodies in the presence of dansyl lysine and compared 
it to IgG conjugated with dansyl chloride. The latter preparation gave 
almost identical relaxation times for the intact n~olecule and the isolated 
Fab regions. On the other hand, whereas the liganded Fab values were 
the same as the conjugated Fab results, the liganded IgG was calculated 
to have a significantly longer relaxation time than the conjugated IgG. 
Tho authors suggest this could either be due to interaction of the bound 
ligands with each other or due to an induced decrease in the flexibility 
of the IgG in the presence of ligands in the combining sites. In view of 
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the questions raised by Brochon and Wahl about the validity of steady- 
state depolarization measurements, the correctness of Tumerman et aZ.'s 
interpretation is uncertain. (2)  Although both the studies of Yguerabide 
et al. and Brochon and Wahl show some limitation of intramolecular 
motion in the IgG, it should be stressed that this refers only to the 
nanosecond time scale. It is fair to say that, if such rapid mobility exists, 
then it is likely that the interactions between the moving parts are very 
weak. However, even if these molecules are rigid over this time scale, ro- 
tations with longer time constants are not precluded. Presumably such 
distortions would require proportionately larger energy inputs. 

An interesting study by Werner et al. (1972) also suggests incomplete 
freedom of motion of the Fab regions. These workers prepared hybrid 
rabbit IgG antibodies in which one active site bound an energy donor, 
dansyl lysine, and the other an energy acceptor, fluorescein. The fluo- 
rescence lifetime of the bound dansyl groups will decrease if there is 
energy transfer between them and the bound fluoresceins. The extent of 
transfer is determined by the distance and orientation between the 
transition dipole moments of the pair, by their spectral properties, and 
by the refractive index of the medium through which the transfer occurs, 
The spectral properties (including the overlap integral of the donor- 
acceptor pair and the quantum yield of the donor) can be measured and 
a reasonable value for the refractive index determined. By assuming a 
random orientation of the dipole transition moments with respect to 
each other, the distance between them at which 50% of the excitation 
energy of the donor will be transferred can then be estimated. Using the 
known uncertainties of the lifetime measurements, it could then be 
calculated that some energy transfer should have been observed if the 
distance between the chromophores would have been less than 82 A. for 
an appreciable period of time. Other considerations might increase this 
value somewhat. That no decrease was observed suggests that the chro- 
mophores spent little of the time closer to each other than these distances. 
Taking the length of an Fab region as 70 A., the minimum angle between 
the Fab regions was calculated to be at least 80" to 95". For these results 
to be indicative of the properties of the native immunoglobulin, one must 
assume first of all that the preparation of the hybrids (which involved 
two exposures to acid pH values) did not produce irreversible structural 
changes. Their hapten-binding data were consistent with some loss of 
sites, and other structural changes at these p H  values can be anticipated 
although most of these are probably reversible (Doi and Jirgensons, 
1970). A second assumption is that thcre was sufficient segmental flex- 
ibility or differences in combining site orientation or both so that the 
transition dipole moments of the donor-acceptor pair were more-or-less 
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randomly disposed. As indicated above, the extent of such flexibility is 
uncertain so that some ambiguity with regard to this point remains. 
Finally these studies assume that the donor and acceptor haptens did 
not alter the structure of the hybrid antibody. 

Green and co-workers (Valentine and Green, 1967; Hyslop et al., 
1970) and Schumaker and associates (Green et al., 1972) have studied 
the complexes formed between bifunctional dinitrophenyl ligands and 
rabbit IgG antibodies. Provided that the functional groups were ade- 
quately far apart so that intramolecular bridging was possible, only mono- 
meric complexes should have been observed since such internal circular 
complexes would be by far the most stable ( Crothers and Metzger, 1972). 
Because there is some ambiguity as to whether any of the ligands were 
sufficiently long, we shall leave this point aside. The second most stable 
complex would be a dimer-two bifunctional ligands bridging two anti- 
body molecules to form a bimolecular circular complex. The concen- 
tration of different types of complexes can be estimated as follows (Schu- 
maker et al., 1973). The concentration of each type of complex (H,A,) 
is determined by the mass law relation 

( H , U  = k ( r n , ~ ) ( H ) ~ ( A ) “  

where H refers to the bivalent hapten, A to bivalent antibody, and m 
and n to the number of each in the complex. The equilibrium constant 
for each such complex, k( m,n), may be written as equivalent to 

k(m,n) = X(rn,n) exp[ - ( b  6F + [(m,n))/RT] 

where S(  m,n) is a statistical factor equal to the number of distinct ways 
such structures may be formed, b is the number of antibody sites 
occupied in each type of complex, <( m,n) is the thermodynamic equiv- 
alent, in calories, of all “strains” in the H,A, complex and 8F is the 
average free energy of binding for the univalent hapten-combining site 
interaction. If t (  m,n) for the fully saturated circular monomer (H,  A,) 
is set sufficiently high so that it will not form (experimentally up to 80% 
of antibody molecules are found as dimer and higher polymers at 1 : l  
hapten antibody ratios), the relative ratios of various polymers can be 
calculated. The results show that only by inserting relatively large 
“strains” for dimer formation can the experimentally observed concen- 
trations of higher polymers be predicted by the computations. By similar 
reasoning, it would be expected that the avidity of the divalent ligand 
would be measurably greater for antibodies participating in such circular 
complexes. The expectation is not borne out by the experimental data. 
Fluorescence quenching analyses of the binding parameters failed to 
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1971). These observations suggest that there is an energy barrier to form- 
ing such complexes, i.e., the Fab arms are incompletely free to move with 
respect to each other. That with time the higher polymers gradually 
transform into dimers (Hyslop et al., 1970) is consistent with this inter- 
pretation of the data. 

Other observations that are pertinent here include the functional 
pentavalence of IgM molecules ( and monovalence of their subunits, 
IgMs) with large antigens even though these molecules are known to 
have the expected number of combining sites when the isolated Fab 
regions are examined separately (Metzger, 1970a). A recent study by 
Arend et al. (1972) suggest that even with IgG, in great antigen excess 
(where no cooperative interactions play a role) the effective valence may 
be 1 rather than 2 as had been previously thought, Although these find- 
ings also suggest limited flexibility of the immunoglobuliil molecules, 
they suggest that the Fab regions are most relaxed when they are close 
together. This is in direct contradiction to the model suggested by 
Werner et al. (1972), Cathou and OKonski (1970), and Pilz et al. (1970) 
and with the studies on the divalent ligands referred to in the foregoing. 

Many of these studies leave the role of F o F a b  interactions unde- 
fined since they could in whole or in part reflect Fab-Fab interactions 
primarily. It would probably be worthwhile to compare the F( ab'), and 
whole immunoglobulins in several of these systems to see if there are 
important differences. It would also be useful to select the antibodies 
to be examined more carefully. I t  has been observed that, among anti- 
bodies of comparable binding affinity and valence, there are some which 
tend to form intramolecular circular complexes with multifunctional 
ligands readily and hence do not precipitate, whereas others prefer- 
entially form intermolecular aggregates ( Klinman and Karush, 1967; 
Warner and Schumaker, 1970a). These variations probably reflect differ- 
ences in the flexibility of the molecules. Such distinct classes would be 
more usefully explored separately. 

D. STRUCTURE OF ISOLATED IMMUNOGLOBULIN FRAGMENTS 

An alternative method for assessing the degree to which the Fab 
and Fc regions interact is to compare the properties of these regions as 
they exist within the intact molecule with their properties when they are 
separated. The early studies, especially those on papain cleavage of 
rabbit IgG, demonstrated that limited proteolysis produced Fab and Fc 
fragments whose individual properties were largely intact. Subsequent 
work on both IgG and IgM showed that the cleavage of single peptide 
bonds in each of the heavy chains was adequate to dissociate the Fab 
and Fc regions (Hill et al., 1967; Putnam et al., 1971). The fragments 
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thereby produced show no tcndency to remain associated with each 
other. 

Optical studies have consistently shown that the optical rotations of 
the separate fragments completely account for the rotatory spectrum of 
the intact immunoglobulin ( Steiner and Lowey, 1966; Doriington and 
Tanford, 1968), This may bc contrastcd with the interaction between 
the heavy and light chains. The chains rcmain strongly assofiated even 
in the absence of covalent bonds, and when forcibly wrenched apart, 
changes in the tertiary structure [as assessed by optical (Dorrington 
et al., 1967) or immunochemical techniques ( Rivat et ul., 1969) ] become 
obvious. 

Sequence studies and proteolytic digestion experiments have indi- 
cated that the individual chains are composed of homology regions: two 
in the light chain, and four to five in the heavy chains (Edelnian and 
Gall, 1969). Furthermore, strong noncovalcnt interactions appear to be 
primarily perpendicular to the axis of pseudosymmetry which exists be- 
tween the heavy and light chains in the Fab regions (Singer and Thoi-pe, 
1968) and between the axis of symmetiy which exists between the heavy 
chains in the Fc region (Davies et al., 1971). Proteolytic fragments that 
contain the Vr, + Vr, homology regions ( Inbar et al., 1972), the C,, + C,,1 
regions (Gall and DEustachio, 1972) and the dimer of CI,3 (Turner 
and Bennich, 1968; Utsumi, 1969) have been isolated. Only the CI,2 
regions show relatively little tendency to associate (Ellerson et al., 
1972), but these are usually covalently bound by one or more disulfide 
bonds in the hinge region imnicdiately NH,-terminal to these regions. 
These results are consistent with the “domain hypothesis” of inimuno- 
globulin structure ( Edelnian and Gall, 1969). Recent X-ray diffraction 
data of Poljak et al. (1972) convincingly support such a model. A sche- 
matic representation of Poljak et aZ.’s view of an IgG molecule is shown 
in Fig. 1. 

E. FUNCTIONAL PROPERTIES OF ISOLATED 

Since significant interactions parallel to the axes of symmetry (i.e., 
between domains) appear to be absent, it is difficult to see how reactions 
in the combining site can be sensed more distally. Most of the functional 
data on intact imniunoglobulins and on the isolated Fab and Fc regions 
reflect this isolation of the domains. 

Most binding studies have failed to detect differences in the antigen- 
binding properties of the isolated Fab regions compared to the intact 
molecule. If the allosteric model of antigen action were correct this 
result would not be anticipated. That is, if upon binding antigen, non- 

IMhNJNOGLOBULIN ‘FRAGMENTS 
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FIG. 1. Schematic representation of typical IgG molecule. This model is an 
extrapolation froni X-ray diffraction data on isolated Fab fragments, and from a 
variety of other data which suggest that the niolecule is composed of six relatively 
independent globnlar moieties. As is evident, strong interactions between poly- 
peptide segments are thought to be chiefly perpendicular to the long axes of the 
molecule. (From Poljak ct ol., 1972, by kind permission of the authors and 
publishers. ) 

covalent bonds in the Fc region were made or broken this should be 
reflected in the free energy of binding of the antigen. When the Fab 
regions are isolated such Fc changes would not contributc as would be 
evidenced by a different binding constant. 

In  this respect it would bc interesting to know if in the study by 
Tumerman et al. (1972) referred to in the foregoing, differences in the 
binding of the dansyl groups by the Fab fragments and intact molecules 
could be detected. If their hypothesis of a ligand-induced change in 
IgG flexibility is correct, onc would surely expect to see such differences. 

Studies on heterogeneous antibody populations ( Karush, 1959; 
Nisonoff et al., 1960; Velick et al., 1963) can be criticized as being in- 
adequate bccause changes in the average binding constants might be 
difficult to detect in the presence of binding-constant heterogeneity. 
Studies on homogeneous inimunoglobulin preparations have so far been 
limited to investigations of myeloma proteins which were more or less 
fortuitously found to bind certain ligands (Eisen et al., 1968; Ashman 
and Metzger, 1969; Pecht et al., 1972). These may be inadequate for the 
following reason: antigen-antibody combining site complementarity may 
be a necessary but not sufficient requirement for allosteric changes to 
occur. With conventional antibodies there is a biological relationship 
between the antigen and antibody-the former leading to the production 
of the latter. In this situation, one can expect to see the hypothetical 
changes in antibody structure in the presence of ligand. This does not 
necessarily hold true in the case of a myeloma protein and a ligand that 
it may bind. Only in a few such cases can one intuit that the appropriate 
antigen is being examined (Metzger, 1969; Potter, 1972). In most of the 
studies on myeloma proteins, it is unlikely that the ligands represent the 
“true” antigens. The increasing availability of homogeneous induced 
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antibodies (Krause, 1970) now permits one to avoid these ambiguities, 
and it would be useful to obtain some very precise binding data on such 
systems. 

The rapid kinetics of antibody-antigen reactions havc been cited as 
evidence against significant conformational sequelae to the binding re- 
action ( Day et al., 1963). Most protein conformational changes have 
rate constants i n  the range of 10‘-104 hl second-’ (Hainmcs, 1968). 
Since the “on” reaction of ligands with antibodies is so fast, no con- 
formational change is likely to be required for (or  result from) the 
binding of ligand. These studies have largely involved hapten-binding 
experiments, and the kinetics closely approximated those expected for 
diffusion controlled reactions ( Froese and Sehon, 1965; Froese, 1968). 
The study of Pecht et al. (1972) is particularly significant in this respect. 
They followed the quenching of tryptophan fluorescence in a nitro- 
phenyl-binding mouse myeloma protein by a DNP-lysine ligand. Since 
in this case the sites are homogeneous, any secondary conformational 
changes which might have had different time constants were potentially 
observable. None were observed: the Fab fragments and intact molecules 
had the same single-valued forward rate constant which was close to 
that predicted for a diffusion-controlled reaction. Levison et al. (1971) 
also failed to observe differences in the rate constant for fluorescein 
binding to either intact IgG or Fa11 fragments from rabbit antifluorescein 
antibodies. 

The kinetics of binding also have been examined with antigens (e.g., 
proteins ) which are multifunctional with respect to a heterogeneous 
population of antibodies. Dandlikcr and Levison ( 1968) studied the 
kinetics of reaction between fluorescein-labeled ovalbumin (45,000 mol. 
wt. ) and rabbit antiovalbumin antibodies by the technique of depolari- 
zation of fluorescence. The initial rate followed a simple bimolecular 
rate law suggesting that the primary binding reaction rather than sec- 
ondary effects was being studied. The forward rate constant was 2 X 
10; Ad-’ second-’. Sachs et al. ( 1972) studied the rate of antibody-induced 
enzyme inactivation using rabbit antibodies to staphylococcal nuclease 
( mol. wt. 18,000). Their specifically absorbed antibody preparation 
probably reacted with only one site on the nuclease. The maximum rate 
constant for the antigen-antibody reaction was estimated to be 8 X 
10: Ad-’ second-’. Noble et al. (1972) studied the binding of Fab frag- 
ments from rabbit antibodies directed to discrete determinants on cyto- 
chrome c (mol. wt. 11,500) and hemoglobin S (mol. wt. 68,000). The 
forward rate constants were 4.5 x 10‘ and 5.8 x loG M-’ second-l, re- 
spectively. In view of the similarity of the rate constants and the sub- 
stantial differences in molecular weight for the interacting species, it is 
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unlikely that all these reactions are diffusion-controlled rcactions. How- 
ever, no rigorous calculation of the theoretical ( diffiision-controlled ) rate 
constant has been presented for any of these systems. The absolute values 
of these constants cannot, therefore, be used to come to any conclusions 
regarding the presence or absence of conformational changes in the 
antibodies during the binding reaction. The rate of reaction may be 
slowed not only by potential conformational changes but also by electro- 
static repulsions or local transport of solvent effects, and these kinetic 
studies have not yet been very helpful in resolving the question of how 
antigens affect the structure of antibodies. 

A few studies have given anomalous results. Kelly et al. (1971) 
measured the rate and equilibrium constants for the reaction between 
rabbit antidinitrophenyl antibodies and either DNP-lysine or l-hydroxy- 
4( 2,4-dinitrophenylazo) -2,5-naphtholdisulfonate ( DNP-dye) . Binding 
was assessed either by fluorescence quenching or spectral changes using 
temperature jump and stop-flow techniques. Intact IgG or peptic Fab’ 
fragments were used. Small but apparently reproducible increases in the 
association constant were observed when Fab’ fragments and intact 
molecules were compared. The forward rate constants showed larger 
differences; the value for the Fab’ was twice that observed with the 
whole molecules for both the DNP-lysine and the DNP-dye. This differ- 
ence is much greater than would have been expected simply on the 
basis of the difference in the diffusion constants for the Fab’ and intact 
molecules. The authors consider various explanations. They feel that a 
conformational change is unlikely since only one relaxation effect was 
observed in the temperature-jump method. They raise the possibility 
that the two sites in the intact antibody may be so close that ligand 
binding at one site might interfere with binding at the second site. They 
cite as evidence the results of Warner and Schumaker (1970a,b) which 
suggested that the two sites might be bridged by short bifunctional 
ligands such as di-DNP-cystine and n,c-DNP-lysine. Such a model is 
certainly in conflict with the conclusions of Werner et al. (1972) (Sec- 
tion 11,C). Kelly et al. raise the alternative possibility that cleavage of 
the molecule into Fab’ fragments resulted in some slight conformational 
change. In view of this possibility, it is unfortunate that the F(ab’)z 
fragments were not studied simultaneously. 

The results of Kelly et al. suggested the possibility of negative co- 
operativeness. Positive cooperativeness has also been observed. Zimmer- 
ing et al. (1967) studied the binding of steroids to steroid-specific sheep 
IgG antibodies using equilibrium dialysis. In some instances they ob- 
served what could be interpreted as cooperative binding effects. The 
data appeared to indicate that this was only tiwe of a small percentage 
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of the antibody population and, surprisingly, only of the most weakly 
binding sites. Similar effects might be seen if the ligand tended to dimer- 
ize and, although this was excluded for aqucous solutions of the ligands, 
it is not impossible that the bound ligand might undergo such a dimeri- 
zation. Alternatively, it might be possible that with a heterogeneous anti- 
body population these relatively large ligands are bound by more than 
one molecule of antibody at a time, in  which case cooperativeness might 
be observed for other reasons ( see in the following), Unfortunately no 
studies on Fab fragments were performed so that further speculation as 
to the nature of these effects is fruitless. 

Cooperative binding phenomena were observed by Matsukura et al. 
(1971) and confirmed for the same system by Matsuyama et al. (1971). 
The system involves a radioimniunoassay of guinea pig antibodies di- 
rected toward adrenocorticotropic hormone ( ACTH ) . Ordinarily the 
ratio of bound to free labeled ligand falls as increasing unlabeled ligand 
is added. In  this instance the ratio first rose several-fold before a decline 
was observed. In these studies the properties of Fab fragments were not 
examined. Weintraub et al. (1973) detected a similar phenomenon in 
studying guinea pig antibodies to human chorionic gonadotropin. Their 
data were consistent with 10% of the antibodies expressing cooperative- 
ness. The Fab fragments did not show these anomalous effects. 

Both ACTH and the gonadotropin can be expected to be multifunc- 
tional with respect to a heterogeneous population of antibodies. The 
addition of sinall amounts of antigen may cause immune complexes to 
form to which the labeled ligand may bind cooperatively and, therefore, 
more avidly than to uncomplexed antibodies. Such a phenomenon would 
yield binding data indistinguishable from those observed. Further cxpei-i- 
ments will be required before the mech nism of these effects is resolved. 
It may be noted that, even if such bin f ing could be shown to represent 
a true homotropic allosteric phenomenon, there is no reason from these 
results to invoke changes in the Fc regions. 

On the other hand, Marrack and Richards (1971) describe some 
cooperative effects which they believe cannot be explained simply by 
cooperative binding. They studied the rate of aggregation of rabbit anti- 
bodies to lysozyme and bovine serum albumin by light scattering. By 
measuring the intensity of light scattered at 90" and the ratio of the 
inteiisitics of light scattered at 45" and 135", they hoped to assess the 
size and structure of aggregates prior to gross flocculation. They ob- 
served that under conditions where the rate of aggregation was slow 
(with low antibody concentrations, with F( ab') fragments, or with 
acetylated albumin) the time curve for aggregation was sigmoidal. For 
the first few minutes there was a slow rise in the scattering intensity 
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then a more rapid phase and then a slower phase again. Significantly, 
their calculations showed that at the end of the first slower phase the 
antigen and antibodies had already formed aggregates with possibly as 
many as lo3 molecules per aggregate. Because the number of particles 
per unit volume was drastically reduced and the number of vacant com- 
bining sites and free antigenic determinants markedly diminished, they 
reasoned that the increase in the rate of aggregation was not due to the 
formation of additional antigen-antibody bonds. Instead they suggested 
that “a change in the structure of antibody molecules or antigen mole- 
cules or both increases the number of collisions that result in combina- 
tion.” Clearly, there are too few data to explain this phenomenon. I am 
uncertain to what extent similar curves might be generated by any sub- 
stance that would aggregate proteins, e.g., cross-linking reagents or pre- 
cipitants such as ammonium sulfate. Ascribing the phenomenon to 
antigen-induced changes via an allosteric or distortive mechanism seems 
to me premature. It is notable that the F( ab’)2 fragments showed these 
effects, thus suggesting that they were not necessarily related to changes 
that might have occurred in the Fc regions. 

I have already cited some of the data indicating that the binding sites 
in the Fc region remain intact when this region is cleaved from the rest 
of the molecule (see Section I1,A). Further data will be cited in subse- 
quent sections. However, none of these data is sufficiently precise to 
rule out even moderate differences between the sites as they exist on the 
separate fragments and on the intact molecule. 

Ill. Structure of Antigen-Antibody Complexes 

The most straightforward way of studying the effect of antigens on 
antibodies is to study the structure of the complexes themselves. Here 
we face a serious dilemma. Complexes with monofunctional ligands are 
studied relatively easily but such complexes rarely if ever exhibit im- 
portant biological activities (Section V ) .  On the other hand, whereas 
multifunctional antigens do induce the biological changes in which we 
are interested, their complexes with antibodies are difficult to study 
rigorously. These considerations limit the interpretability of this direct 
approach to the problem. 

A. COMPLEXES WITH MONOFUNCTIONAL LIGANDS 

1. Ph ysicochemical Studies 

Monofunctional ligand-antibody complexes have been examined by 
a variety of techniques. Both heterogeneous antibodies and homogeneous 
immunoglobulins have been examined by techniques that measure the 
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optical anisotropy of the molecules. Ishizaka and Campbell (1959), 
studying rabbit antibenzene arsonate antibodies, Steiner and Lowey 
( 1966) and Cathou et al. (1968), studying rabbit anti-DNP antibodies, 
and Ashman et al. (1971), studying a human nitrophenyl-binding Wal- 
denstrom macroglobulin, failed to detect changes in the presence of 
ligand. Holowka et al. (1972) studied three homogeneous antibody 
preparations from a single rabbit which had been immunized with S3 
polysaccharide. In the presence of a hexasaccharide hapten, changes in 
the circular dichroism spectrum between 260 and 310 nm. which were 
unique to each antibody were observed. Since the changes were dis- 
tinctive for each antibody the authors consider it likely that the ligand- 
induced changes were limited to the antibody-combining site. Hopefully 
more direct evidence will be sought to establish this point. 

Warner and Schumaker (1970b) and Warner et al. (1970) studied 
rabbit IgG antibodies by a differential sedimentation velocity technique 
(Schumaker and Adams, 1968). In these studies the reference solution, 
nonspecific rabbit IgG, is added to one ultracentrifuge cell containing a 
1" positive wedge window, whereas the experimental sample, antibody 
with or without ligand, is in a second cell in the same rotor containing a 
1" negative wedge window. Control runs and suitable corrections per- 
mitted the authors to detect changes in sedimentation coefficients which 
were greater than 0.0168. Changes were not observed with anti-DNP 
antibody with either DNP-glycine or DNP-lysine at hapten concen- 
trations that were adequate to saturate the combining sites (Warner 
and Schumaker, 1970b). With antilactoside antibodies ( Karush, 1957), 
changes were observed with both lactose and p- (p-dimethylamino- 
benzeneazo) phenyl p-lactoside (Lac dye) (Warner et al., 1970). Although 
sufficiently high concentrations of lactose and Lac dye were present to 
assure site saturation, a larger change was observed with the more tightly 
bound Lac dye ( 8S020,w + 0.1&) than with lactose ( 8S020,w + 0.05,). 
The increase in sedimentation coefficient can be interpreted as due to a 
decrease in the frictional coefficient, implying that the ligand-saturated 
antibody molecule becomes more compact. The authors conclude that 
their data are not consistent with haptens inducing a "click-open" dis- 
tortion in the IgG molecule (Feinstein and Rowe, 1965). Unfortunately 
no similar experiments have been reported on the isolated Fab frag- 
ments, so that is uncertain whether the observed changes reflect changes 
in the Fab regions alone or in the F( ab')z region or in addition in the 
Fc regions. The greater diffusion constant of the Fab fragments makes it 
much more difficult to achieve comparable precision in the sedimentation 
measurements for the smaller fragments. 

Ohta et al. (1970) measured the volume changes occurring when 
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solutions of antigens and antibody are mixed. ,Such changes result from 
a change in the amount of bound water around polar groups (by elec- 
trostriction ) and around hydrophobic groups (by clathrate formation). 
Substantial changes were observed when rabbit anti-DNP IgG antibodies 
were mixed with DNP-lysine. In  comparing preparations having differ- 
ent mean association constants, it was found that the more avid anti- 
bodies showed larger changes. For example, a preparation with an 
average KO of 3.1 X loG M-I showed a maximum volume change of 
3.65 x lo-' M-l ,  whereas antibodies with a KO of c.1 x lo9 released 
8 X 1C1 M-l .  Solutions of Fab fragments showed volume changes almost 
exactly half as large, leading the authors to conclude that all of the 
changes were occurring in the Fab regions. They reasoned that in view 
of the negative findings by circular dichroism (already mentioned), it 
was unlikely that there were conformational alterations large enough to 
account for these substantial volume changes. Because charge neutrali- 
zation would also lead to only small changes, they concluded that hydro- 
phobic interactions between the ligand and combining site residues were 
largely responsible for the release of bound water. These workers also 
studied the interaction of these antibodies with multifunctional antigens, 
and the results are discussed in Section III,B,l. 

Decreases in the susceptibility of rabbit antibenzene arsonate and 
trimethylanilinium antibodies to chymotryptic digestion in the presence 
of the appropriate ligands were documented by Grossberg et al. (1965). 
As discussed elsewhere ( Metzger, 1970b), their data are not adequate 
to allow one to determine if these effects were limited to the Fab frag- 
ments or not. Our own studies (Ashman and Metzger, 1971) utilizing 
the Waldenstrom macroglobulin referred to previously, showed quite 
dramatic inhibition of proteolysis in the presence of hapten. The effects 
were clearly limited to the Fab fragments and could have resulted either 
from an overall stabilization of the fragments or from shielding of critical 
residues by the bound ligands or both. As part of that study the rate of 
cleavage of the inter-heavy-chain disulfide bond in F( ab') fragments 
was compared in the presence and absence of ligand. No change was 
observed. 

The same nitrophenyl-binding IgM was studied by the technique of 
hydrogen exchange (Ashman et al., 1971). Native protein was incubated 
with tritiated HzO, and the rates of exchange out of the tritium were 
assessed in the presence and absence of ligand. Although there were 
relatively large variations in the data, the results were consistent with 
an inhibition of exchange out in the presence of ligand. Again, changes 
observed with the isolated Fab fragments fully accounted for the results 
on the whole molecule. 
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2. Other Studies 

Changes in the antigenic determinants of antibodies in the presence 
of monofunctional ligands have been observed. In the best-documented 
cases, these involve an inhibition of binding by antibodies that are 
directed to idiotypic determinants in the ligand-binding antibody ( Brient 
and Nisonoff, 1970). These idiotypic determinants must be in the variable 
regions so that these changes are clearly limited to the Fab fragments. 
The inhibition is probably due to direct blocking by the bound ligand. 

Many of thc changes induced by ligands can be explained by a 
stabilization of the Fab regions. Direct evidence for such stabilization is 
provided by studies in which the presence of hapten ( a )  inhibited chain 
dissociation ( Metzger and Singer, 1963), ( b )  promoted chain reas- 
sociation (Metzger and Maiinik, 1964), and ( c )  inhibited the denatur- 
ing effects of guanidine-HC1 as measured by circular dichroisni ( Cathou 
and Weiiier, 1970). Since heavy- aiid light-chain variable regions both 
contribute to the combining sites, the formation of additional noiicovaleiit 
links between the chains via interaction with the ligand makes such 
stabilization a thermodynamic necessity. 

B. COMPLEXES WITH MULTIFUNCTIONAL LICANDS 

1. P h  ysicochemical Studies 

Robert and Grabar (1957) measured free sulfhydryl groups in am- 
monium sulfate fractions of equine antihuman serum albumin aiid in 
anti-Salmonella polysaccharide antisera by amperometric titrations. Frce 
SH groups were not observed with the native preparations but five to ten 
titratable groups per 10' gm. protein became available upon denaturation 
with urea or guanidine. Small numbers of SH groups (0.05-0.1 inole/ 
105 gm. protein) were reproducibly detected when antigen-antibody 
complexes were examined. The authors stated that these findings may 
represent conforn~ational changes in the antibody when reacting with 
antigen, but considerably more data are required before these tenuous 
findings can be meaningfully interpreted in the context of our current 
knowledge of immunoglobulin structure. 

Ishizaka and Campbell (1959) prepared soluble bovine serum 
albumin-rabbit antibovine serum albumin complexes by dissolving equiv- 
alence precipitates with excess antigen. Free boundary electrophoresis 
analyses at both acid and neutral pH values permitted them to determine 
the overall antigen-to-antibody ratio as well as the antigen-to-antibody 
ratios in the different complexes. The optical rotation of the solutions was 
measured at the sodium D line and compared to the rotation calculated 
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for mixtures containing equivalent amounts of antigen and nonantibody 
IgG. At progressively higher antibody-to-antigen ratios, progressively 
greater differences were observed between the calculated and experi- 
mental values. The enhanced levorotation correlated with the amounts 
of those complexes showing relatively high antibody-to-antigen ratios. 
No excess levorotation could be attributed to those complexes thought 
to represent antibody saturated with 2 moles of antigen.' These workers 
obtained similar results with complexes formed from antibenzene 
arsonate and a trisubstituted resorcinol azophenylarsonate dye. This 
finding suggested that with the albumin complexes also, the calculated 
changes were in the antibody and not simply in the antigen. Similar 
studies were performed by Henney and Stanworth (1966) using rabbit 
antibovine serum albumin-albumin and antiferritin-ferritin complexes. 
Although the influence of the different types of complexes was not as- 
sessed, it is clear from their data that larger changes were seen with 
solutions containing higher antibody-to-antigen ratios. The latter prob- 
ably explains their calculation that the ferritin-antiferritin complexes 
showed greater changes since complexes having equivalent weight ratios 
of antigen-to-antibody were compared. Ferritin has a molecular weight 
of 750,000, i.e., 11 times that of serum albumin. Therefore when com- 
plexes of equivalent weight ratios of antigen to antibody are compared, 
the ferritin-antiferritin complexes would have a motur antibody-to- 
antigen ratio 11 times as high as the corresponding albumin-antialbumin 
complexes. Their data recalculated on this basis appear to show that, if 
anything, ferritin complexes show a smaller effect. 

The results of Ishizaka and Campbell and Henney and Stanworth 
have recently been challenged. Ross and Marrack (1972) examined rab- 
bit IgG antibovine serum and its peptic F( ab'), fragments in the pres- 
ence of antigen with the more sophisticated instrumentation now avail- 
able. They were unable to confirm any differences in the specific rotation 
of the complexes at the D line. Changes were observed a t  wavelengths 
below 300 nm., but, because of large differences between successive 
estimates of the optical rotation on the same solution a t  these wave- 
lengths, the magnitude of the changes is difficult to assess. The changes 
were greater than the specific optical rotation of the antibody at these 
wavelengths, and the antibody constituted only one-half of the protein 
in solution, so they concluded that the changes are mainly due to alter- 
ations in the antigen. Although measurements were made at wavelengths 
down to 190 nm., their inability to obtain control data for these wave- 

' The study of Arend et al. ( 1972) (Section II,B) suggests these may have been 
1 : 1 complexes. 
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lengths made it impossible for Ross and Marrack to determine if changes 
in this spectral region had occurred in the presence of antigen. Overall, 
their rotatory spectra showed no dramatic differences from what would 
have been anticipated from other data on uncomplexed immunoglobulins. 

Ross and Marrack also examined the F( ab‘)z fragments of equine 
antidiphtheria toxin-toxin complexes. The largest differences between 
the calculated rotations for the individual components and the observed 
rotations of the complexes were in the 210-400 nm. range and occurred 
in the mixture with the highest antitoxin-to-toxin ratio. There is no way 
of determining the relative contributions of the antitoxin and toxin to the 
changes observed. 

In all these instances the optical rotatory changes appear to cor- 
relate with the degree of antibody aggregation rather than with anti- 
body site saturation. Even if some of these changes could be assigned to 
changes in the antibody, whether the differences are due to changes in 
the environment of amino acid side chains in the regions of contact 
between adjacent antibody molecules or due to changes in antibody con- 
formation secondary to such contacts cannot be determined from these 
results. The data provide no direct evidence that the antigen acts as an 
allosteric effector. 

I have already referred to the dilatometry studies of Ohta et al. 
( 1970) ( Section 111,AJ). Those studies included experiments with anti- 
DNP antihdy-dinitrophenylated bovine IgG complexes. Interestingly, 
the maximal volume changes seen with the protein conjugate were 
quantitatively identical to the changes seen with the monofunctional 
DNP-lysine. Since the latter changes could be fully accounted for by 
changes in the Fab regions, it might at first be assumed that the changes 
with the protein conjugate-antibody complexes had a similar explanation. 
As the authors point out, however, the situation is not so simple. As in- 
creasing amounts of the conjugate were added to the antibody solutions- 
to a point beyond equivalence-the volume changes decreased even 
though the degree of antibody site saturation presumably remained 
constant. It appears that there may be a number of competing changes 
going on in this system so that these data cannot be usefully interpreted. 

A careful study on an unusual antibody-antigen system has been 
performed by Liberti et al. (1972a,b). They studied the hydrogen ex- 
change properties of sheep antibodies reacting with calcium-dependent 
antigenic determinants on poly ( G1u””Ala~~Tyr”’ ) . Two effects were 
observed. With isolated Fab fragments, interaction with antigen resulted 
in a trapping of 23 to 24 hydrogens per molecule of Fab. Their analysis 
suggested that all or most of these were blocked from exchange by thc 
direct presence of ljgand (shielding) rather than indirectly due to some 
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conformational change produced by the antigen. Additional changes 
were observed with the F(ab‘), fragments. As complexes with higher 
antibody-to-antigen molar ratios were approached, certain hydrogens 
seemed to be preferentially released. The changes in the F( ab’)z fully 
accounted for the changes observed with intact antibody. It thus ap- 
pears that either hydrogens normally “buried” via Fab region contact or 
hydrogens directly involved in the hinge region became accessible to 
solvent when the antibody reacted with antigen, This is a provocative 
study, and it will be most interesting to see if the site(s) of these alter- 
ations can be localized. If one can extrapolate from these findings on 
sheep IgG to other antibodies where the sites of complement ( C l q )  
fixation and cytotropic activity have been better localized (see Section 
11), it would appear that those regions were not participating in the 
changes observed by Liberti and co-workers. 

2. Electron Microscopic Studies 

The electron microscopic studies of Valentine and Green (1967) on 
rabbit anti-DNP IgG antibodies complexed to bifunctional DNP ligands 
have already been mentioned ( Section II,B ). Several additional points 
should be noted: (I  ) although specifically sought for, no changes were 
observed in the Fc  regions of such complexes, and (2)  complexes that 
had been treated with pepsin and were therefore missing the Fc regions 
appeared otherwise similar to the untreated complexes. If the Fc regions 
had an important influence on the mobility of the Fab regions through 
a “domain of bonding,” a redistribution of complexes might have been 
expected. 

In  these studies as in the earlier studies of Feinstein and Rowe (1965), 
the latter using ferritin-antiferritin complexes, the average angle between 
the Fab regions on the complexed antibodies was somewhat larger than 
that observed in uncomplexed antibodies. It has not been excluded that 
this is an artifact of preparation. In all these studies individual molecules 
show greatly variable inter-Fab angles. 

TWO types of structure have been seen with antigen-complexed IgM 
(reviewed in Feinstein et al., 1971). In studies on IgM complexed to 
Salmonella flagella the familiar starfish shape of IgM has been observed 
cross-linking the strands. This structure is comparable to the structures 
seen with uncomplexed IgM. In addition, “staple” forms have been seen 
with “a prominent bar parallel to the long axis of the flagellum attached 
by less prominent rods” (Feinstein et al., 1971). Others have seen similar 
“multilegged table” forms ( Humphrey and Dourmashkin, 1965; Svehag 
and Bloth, 1967). For entropic reasons, these staplelike complexes should 
be extraordinarily more stable than other configurations ( Crothers and 
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Metzger, 1972) and, at low IgM-to-antigen ratios, should be the form 
seen exclusively. That just the opposite is true as the IgM-to-antigen 
ratios are varied (Feinstein and Mum, 1966; Svehag and Bloth, 1967) 
strongly suggests that the staple form is energctically unfavorable be- 
cause of intramolecular strains. I shall return to this point again (Section 
V,A,2) * 

3. Antigenic Determinants 

found that some human sera contained anti- 
bodies reacting with antigen-complexed but not free homologous anti- 
bodies. Similar antibodies were later discovered by Milgroni (1962) in 
rabbit sera. In both cascs it was postulated that these antibodies were 
directed against dcteiniinants that resulted from a change in antibody 
structure during the course of an occult in viuo serological reaction. The 
rabbit “anti-antibodies” were examined further by Fudenberg et al. 
( 1964). They could be absorbed by complexes of any rabbit antibody- 
antigen system but not when the antigen was a simple mono- or bi- 
functional hapten. Imiiiunoglobulin G aggregated with ethanol or bis- 
diazotized benzidine was also an effective absorbent. Significantly the 
antibodies were found to be directed against determinants in the Fab 
fragments and not in the Fc fragments. 

In experiments of Heiiney and co-workers (1965; Henney and Stan- 
worth, 1966) such anticomplex antibodies were detected after two ini- 
niunizatioiis with soluble bovine serum albuniin-aiitialbuniiii complexes. 
The appropriately absorbed antisera reacted with diineric rabbit IgG, 
but on Ouchterlony analysis the reaction with the complexcs gave a 
slight spur over the line formcd by the naturally occurring 9-10 S 
material. Preliminary data were said to have indicated that the new 
determinants were on the Fd regions, but no supporting evidence was 
provided. Henney and Ishizaka ( 1968) prepared similar antibodies in 
guinea pigs with aggregated human or rabbit IgG. Absorbed sera re- 
acted only with the Fc regions of aggregated IgG of the homologous 
species. The complexes were active regardless of the method used to 
aggregate the IgG ( NaOH, sodium dodecyl sulfate, heat, bisdiazotizcd 
benzidine, antigen). Also aggregates of each of the subclasses of human 
IgG contained the equivalent detcmiinants. These workers observed that 
the antibodies would react with complexed human IgG when the latter 
served as the antibody (in A substance-human anti-A substance com- 
plexes) but not when it served as antigen (in human TgGrabbit anti- 
human IgG complexes). With regard to this result they commented, “The 
finding that the characteristic antigenic determinants are revealed only 
in the antibody molecule when 7G is used as both aiitigcii and antibody 

Milgroni et al. (1956) 
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suggests that polymerization alone is not sufficient to induce the antigenic 
determinants and that certain structural alteration requirements must 
be met.” Other explanations come to mind. When human anti-A substance 
antibodies combine with antigen, there is ample opportunity for the Fc 
regions to approach each other and they will tend to be exposed on the 
surface of such aggregates. In contrast, when human IgG is complexed 
by the rabbit antibody the Fc’s of the former are surrounded by mole- 
cules of the latter and there will be less opportunity for F c F c  aggre- 
gation and exposure to the surface. Both types of complexes contain 
multiple molecules of human IgG but only the one would be expected 
to contain exposed aggregated human IgG. 

Although often quoted as evidence for antigen-induced conformational 
changes, these data permit no such direct interpretation. The reaction 
with the aggregate-specific antibodies could have resulted (Fig. 2) ( a )  
from determinant completion, i.e., by the formation of new determinants 
arising by the approximation of two molecules containing preexisting 
partial determinants, ( 2., ) from determinant polymerization and thereby 
amplifying the avidity of antibodies having a low affinity for monomeric 
IgG, and ( c )  from determinant transformation-the formation of new 
determinants due to the aggregation. It would be interesting to know if 
the Fab fragments of the specific anticomplex antibodies would react 
with the complexes; if they did it would tend to rule out the second 
alternative. 

I t  is unlikely that the determinants studied by Henney and Ishizaka 
were related to the sites of complement fixation or cytotropic activity 

Site 
Completion 

V 
Site Site 

Pol ymerization Transformation 

v v  
1 1 

.Active Site b Incomplete Site 0 Inactive Site 

FIG. 2. Effect of iminunoglobulin aggregation on Fc sites. Three alternative 
mechanisms by which the Fc sites become activated are illustrated. The site polym- 
erization mechanism is the minimal model because it involves no changes in the 
structure of the relevant sites. 
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for two reasons: (1) the new determinants showed complete species 
specificity whereas this is not true for the functional sites referred to; 
and (2)  all human subclasses of IgG were shown to have the equivalent 
determinants and this also is not true for the functional sites. 

IV. Functional Properties of Antigen-Antibody Complexes 

A. COMPLEMENT FIXATION 

1 .  lmmurwglobulin G 

Uncomplexed monomeric human IgG may bind the first component 
of complement although the reaction is weak ( Augener et al., 1971), and 
in general it has not been possible to detect such binding with monomeric 
rabbit IgG (Ishizaka et al., 1965; Hyslop et al., 1970). Active binding is 
observed with aggregated IgG. The method used to aggregate the IgG 
appears irrelevant; heating, or cross-linking with bisdiazotized benzidine 
or with antigen all seem more-or-less equivalently effective. The isolated 
monomeric Fc fragments bind complement more or less as well as intact 
monomeric IgG (Augener et al., 1971), and there is a corresponding 
increase in activity with aggregation. 

Several studies have shown that two adjacent IgG molecules are 
required for activation (Borsos and Rapp, 1965a,b; Humphrey and 
Dourmashkin, 1965; Cohen, 1968), thereby confirming the more in- 
directly arrived at conclusions of Weigle and Maurer (1957). Cohen 
( 1968) used IgG whose coniplement-binding activity was destroyed but 
whose antigen-binding activity remained intact ( Cohen and Becker, 
1968) in a particularly elegant study. The complement binding of mix- 
tures of native and altered IgG declined much more sharply than would 
have been anticipated from the amount of native IgG in the mixtures. An 
analysis of the data indicated that they were consistent with a require- 
ment for two adjacent intact IgG. This result graphically demonstrates 
that antigen alone is insufficient (if, indeed, required at  all) to activate 
the IgG optimally for complement binding and that aggregation is a 
requirement. Although there seems to be general agreement on this 
latter point the mechanism by which aggregation causes optimal comple- 
ment binding remains uncertain. I have already discussed some alter- 
native ways by which “new” antigenic determinants can arise via ag- 
gregation (see Fig. 2 and Section IV,B,3). Exactly similar proposals can 
be suggested for how coniplement-fixing sites arise. For example, Henney 
and Ishizaka (1968) analyzed the earlier work of Ishizaka et d. (1!363) 
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in much the same way as they did the data on the antigenic determinants. 
The earlier work involved the use of rabbit IgG, which binds guinea pig 
complement, and chicken IgG which does not. It was observed that 
rabbit antichicken IgGchicken IgG complexes bound complement but 
that chicken antirabbit IgGrabbi t  IgG complexes did not. Again it was 
reasoned that some specific denaturation was required to reveal the 
chemical groupings necessary for complement binding and that this 
could only occur when the IgG was acting as antibody and not as 
antigen. As discussed in the foregoing, the two types of complexes are 
not necessarily equivalent and the requirement for two adjacent ( and 
exposed) IgG may simply not be fulfilled when the rabbit IgG is com- 
plexed by the chicken antibody. 

Whole complement and C1 fixation by rabbit anti-DNP antibodies in 
the presence of bis-DNP octamethylenediamine was studied by Hyslop 
et al. (1970). They found that only those Sepharose 4B fractions contain- 
ing predominantly tetrameric and higher polymers were active. Signifi- 
cantly a plot of the amount of C1 fixed by varying concentrations of an 
active fraction was linear, and fractions containing predominantly dimers 
were inactive over a ten-fold range of concentrations. As the authors 
point out, both these observations make it unlikely that C1 fixation is 
occurring simply to random aggregates. Instead these studies suggest 
that the ability to bind C1 is determined either solely by the number and 
relative positions of the Fc regions or by a structural change in the Fc 
region which occurs only in the higher polymers. The only strudtural 
difference between inactive and active complexes that they observed was 
in the angle between the Fab arms of each IgG. In the inactive com- 
plexes, this angle was less than 60", whereas in the active polymers, it 
was between 90" and 180". It seems to me possible that the cyclic stmc- 
tures demonstrated in the beautiful electron micrographs might not be 
active in the planar state and that it is the greater ability of the higher 
polymers to form structures very similar to the IgM staple form (de- 
scribed in the foregoing) which accounts for their enhanced activity. 

Thompson and Hoffmann (1971) performed a detailed analysis of 
complement ( C1) binding by IgG antierythrocyte antibodies of rabbits 
and other species (Thompson and Hoffmann, 1972). Their basic ob- 
servation is that once a small amount of complement is bound, further 
complement binding is enhanced. When the data are plotted in an TIC 
versus T plot ( Scatchard, 1949), the data points appear to fall on an up- 
ward-pointing convex curve. By what appears to me a somewhat sub- 
jective procedure the data points from samples at high complement in- 
puts are analyzed as representing a linear component in order to estimate 
( a )  the total C1-fixing sites (by  extrapolation) and ( b )  the dissociation 
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constant (from the s l o p  of the line) . These values can then be inserted 
into the equation for homotropic cooperative reactions : 

This equation (Monod et al., 1W5) describes the behavior of a system 
which in the absence of a ligand is in a taut (poorly binding) state but 
which is shifted into a relaxed (high binding) state upon binding thc 
first molecule of ligand. The dissociation constant of the binding sites 
in the taut state is denoted as K , ,  and in the relaxed state as K,. In the 
preceding equation, I' is the average proportion of binding sites occupied 
by the ligand in equilibrium with a free ligand concentration ( c ) ;  a equals 
c /KI1;  L equals the ratio of the taut-to-relaxed forms in the absence of 
ligand; N equals the number of binding sites per system; and C is the 
ratio K R /  K,. In the Tlioinpson-Hoffinanii analysis, a cluster of IgG is 
considered the system, and C1 is considered the ligand. By using their 
values of F and (Y, a series of Scatchard plots can be computed for dif- 
ferent values of N ,  L, and C with the foregoing equation. The values of 
N ,  L, and C that yield the best fit for the experimental data are accepted. 
In this way they estimate that the critical cluster size contains twenty 
binding sites for complement, that L is approximately 3-4, and that C 
is approximately 0.002. In brief, they hypothesize that, when IgG becomes 
aggregated, subsequent conformational changes occur in concert for each 
such cluster. When C1 beconies bound, the cluster is shifted into an activc 
state thereby increasing the clusters' avidity for additional molecules of 
complement. In the later studies ( Thompson and Hoffinann, 1972) they 
show that their complicated experimental procedure is not itself 
responsible for the observed cooperativeness. They also show that a 
variety of other explanations based on ( 1 ) heterogeneity of antibody 
sites for C1, ( 2 )  heterogeneity of C1-binding sites, and ( 3 )  binding of 
unbound C1 to bound C1 are inadequate to explain the results without 
additional ad hoc assumptions. Leaving the question of the ambiguity 
of the actual data aside (which would tend mainly to influence the 
accuracy of their estimates of N ,  L, and C ) ,  I feel that an important 
alternative explanation has not been adequately considered. That is, if 
Clq is multivalent with respect to binding sites for IgG (Muller-Eber- 
hard and Calcott, 1966; Shelton et al., 1972; Svehag et al., 1972; Yonemasu 
and Stroud, 1972) and IgG has more than one binding site for C l q  [the 
activity of monomeric CH2 fragments (Ellerson et al., 1972) supports 
this possibility], then the first molecule of bound complement would 
stabilize an IgG aggregate in a configuration favoring the binding of ad- 
ditional Clq. This explanation is similar to Thompson and Hoffmann's 
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but has the critical differences that ( a )  niultivalence of IgG for coniplc- 
ment and vice versa is required and ( b )  no change in the binding sites on 
IgG for C l q  is postulated. 

Their binding data suggests that L, the ratio of taut-to-relaxed forms, 
is surprisingly small. If this value also applied to uncomplexed antibody, 
one would expect to see appreciable C1 binding by uncomplexed IgG. 
Also the requirement for a cluster of IgG is unexplained. Hoffniann 
(1972) postulates that the low L is only for antigen-bound forms and 
that, in the absence of antigen, L is considerably larger; that is, the 
antigen is considered to be a heterotropic allosteric effector. Space does 
not permit a more complete account of Hoffmann’s proposal which is a 
well worked out idea fitting many of the data and making several testable 
predictions. There is so far no independent evidence to support the 
hypothesis. 

Henney and Ishizaka (1968) interpret the fact that complement 
fixation and the production of new antigenic determinants can arise 
regardless of the method used to aggregate the Fc regions as evidence 
that a structural change occurs in the Fc. Augener et al. (1971) reached 
the opposite conclusion from the same data! Although I am more 
sympathetic to the latter logic, it is clear that more facts are needed. 

2. lmmunoglobulin M 

Monomeric IgM uncomplexed to antigen binds complement weakly 
(Augener et al., 1971; MacKenzie et al., 1971); nonspecific aggregates 
or soluble IgM-antigen complexes bind C1 somewhat more avidly 
(Augener et al., 1971; Ishizaka et al., 1968); and IgM complexed to 
particulate antigens binds C1 most tightly (Ishizaka et al., 1968). Dose- 
response curves indicate that single molecules of particulate-bound IgM 
are capable of binding complement ( Borsos and Rapp, 1965a,b; Ishizaka 
et al., 1968). These observations provide some of the more convincing 
evidence that the IgM immunoglobulin must undergo some conforma- 
tional change in order that the sites which will bind complement are 
activated. However, it must be remembered that IgM is itself an ag- 
gregate of IgMs subunits. It seems possible that just as the IgG circular 
complexes of Hyslop et al. (1970) (already described) must have a 
specific topological arrangement of the Fc regions for full activity, so 
the activity of the IgM may also be related to  its conformation. That is, 
it may be that when the IgM forms a staple conformation upon binding 
to a particulate antigen the binding sites for C lq  are then brought into 
an appropriate spatial relationship. With such a mechanism, no change 
in the tertiary striicture of the sites on the IgMs would be necessary. If 
there is more than one Clq-binding site per IgMs, then once one mole- 
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cule of C l q  was bound it would stabilize the energetically unfavorable 
staple conformation of the IgM making the binding of an additional 
molecule of Clq more favorable. Thus, the apparent cooperativity of C1 
binding observed by Thompson and Hoffmann for both IgG and IgM 
could be explained without evoking an allosteiic mechanism. 

There is one study which is difficult to reconcile with the hypothesis 
that no changes of the complement-binding sites on IgM are required. 
Plaut et al. (1972) studied the fixation of human and guinea pig comple- 
ment by human IgM and its Fc fragments. They observed that the 
isolated ( F c ~ ) ~  fragment was considerably (7-19 times) more active 
than the parent IgM on a molar basis. These fragments were produced 
by briefly digesting the IgM with trypsin at 65°C. It is uncertain what 
the activity of their IgM would have been had trypsin been omitted, but 
it was remarkable ( and unexplained ) that the unfractionated digest was 
considerably less active than the isolated (Fcp) 5 .  The structure of these 
fragments is undoubtedly altered from what exists in the native state 
since electron micrographs of material prepared by the foregoing 
procedure show rather unusual spiral rod forms quite unlike what one 
would anticipate from the circular structure of the Fc in the intact 
molecules ( E. Shelton and H. Metzger, unpublished observations, 1970). 
One of the most interesting observations of Plaut et al. is that reduction 
and alkylation of the pentameric Fc (which leads to the formation of 
Fcp, mol. wt. 67,000' ) did not diminish the specific complement-binding 
activity, These results suggest that a conformational change in the region 
of the complement-fixing sites may be important and that the high-tem- 
perature tryptic proteolysis has fortuitously induced a similar distortion. 

B. ANTIGEN-ANTIBODY COMPLEXES ON CELL SURFACES 

I. Nonreaginic Cytotropic Antibodies 

Systemic or localized anaphylactic reactions can be triggered by 
antigen when the appropriate tissues are sensitized with IgG antibodies. 
It has been known for almost SO years (Landsteiner, 1924) that, with 
rare exceptions, haptens will not only fail to elicit such reactions but will 
actually inhibit them. With avid antibodies, bifunctional ligands are 
adequate (Parker et d., 1962; Hurlimann and Ovary, 1965; Levine, 
1965b; Mancino et al., 1969). If bifunctional ligands with two different 
determinants are used the animal must be sensitized with the antibodies 
directed against both functional groups ( Levine, 1965a). Similarly in 
reversed anaphylaxis (in which it is the antigen, e.g., human IgG, which 

'Not mol. wt. 34,300 as stated in Plarit et al. (1972). 
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becomes bound to the tissues), a reaction is elicited only by bivalent 
antibodies or antibody fragments (Ovary and Taranta, 1963). These 
results suggest that aggregation or cross-linking of the cell-bound im- 
munoglobulin is a critical step. Indeed, if the capacity of a seiies of 
homologous bifunctional ligands to elicit passive cutaneous anaphylaxis 
(PCA) reactions (Levine and Redmond, 1968) and their ability to 
polymerize IgG (Green et al., 1972) are compared (Fig. 3) ,  there is 
quite a good correlation. It is apparent exceptions that “prove” (i.e., test) 
a rule, and this is certainly a valid criterion in the present case. Several 
studies have shown that some apparently monofunctional ligands are 
capable of eliciting a PCA response (Amkraut et al., 1963; Frick et al., 
1968; Green et al., 1970; Rosenberg et al., 1971). For example, Frick 
et al. (1968) studied PCA reactions in guinea pigs using anti-DNP anti- 
bodies. Whereas a-butanoyl, a-hexanoyl, and a-hexahydrobenzoyl 
analogs were inactive, the a-benzoyl, a-carbobenzoxy, a-octanoyl, and a- 
decanoyl derivatives worked. In earlier studies it had been shown that 
different sensitizing sera gave distinctive reactions ( Amkraut et al., 
1963). A variety of control experiments have made some of the most 
obvious explanations [aggregation of the ligands and binding of the 
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FIG. 3. Effect of distance between deterniinants on a divalent ligand and ( 1  ) 
immunoglobulin aggregation (Green et al., 1972) and ( 2 )  passive cutaneous ana- 
phylaxis (PCA) response (Levine and Redniond, 1968). In the latter case averages 
of all the data are given in arbitrary units. 



EFFECT OF ANTIGEN BINDING ON ANTIBODY PROPERTIES 199 

ligands to serum proteins (Amkraut et a!., 19f33; Frick et al., 1968)] 
unlikely, but the explanation offered by de Weck et a2. (1973) is a 
serious possibility. These workers showed that agarose beads coated with 
monofunctional ligands are capable of eliciting PCA reactions even 
though the unbound ligands inhibit rather than elicit reactions. The 
bead-bound ligands are rather inefficient, but this is also true of those 
monofunctional ligands that give PCA reactions. Orders of magnitude 
higher concentrations of these ligands are required to give reactions 
comparable to those produced by the multifunctional analogs. De Weck 
et al. point out that most of the univalent eliciting haptens possess hydro- 
phobic side chains which would bc likely to stick to cell membranes. 
They suggest that “cell membranes might provide the matrix on which 
apparently monovalent reagents will bind and form a multivalent binding 
antigen.” 

Another instance which at first sight appears to contradict the as- 
sociative model for antigen action in these cases is the effectiveness of 
nonprecipitating antibodies in sensitizing tissues. Such antibodies fail 
to cross-link antigens and appear to form cyclic complexes with multi- 
functional antigens ( Klinman and Karush, 1967). From a functional 
point of view, they behave like univalent antibodies (although with 
small monofunctional ligands they appear to have two perfectly normal 
combining sides), Such antibodies can sensitize tissues (Kabat and 
Benacerraf, 1949; Kuhns and Pappenheimer, 1952; Ovary and Biozzi, 
1954; Margni and Binaghi, 1972) often as efficiently as precipitating 
antibodies. I think that the explanation here may be rather simple. Such 
populations are typically heterogeneous so that when the tissue mast 
cells are sensitized, antibodies directed against a variety of determinants 
on the antigen would be expected to bind to any individual cell. There- 
fore, even though lattice formation would not be possible, that is, no 
molecule of antibody can link two molecules of antigen, molecules of 
antigen can bridge two or more molecules of antibody. 

2. Reaginic Antibodies 

Although some IgG antibodies may exhibit reaginlike properties 
( Parish, 1973), the significant immunoglobulin involved in these re- 
actions is IgE. Monomeric IgE binds firmly to the surface of peripheral 
basophiles or tissue mast cells but does not by itself cause histamine 
release. When cross-linked by antigen, anti-IgE or anti-light-chain anti- 
bodies, or any other means, histamine release can occur (Ishizaka and 
Ishizaka, 1971). Isolated Fc fragments of IgE also bind to the cells and 
can also trigger cell degranulation when cross-linked by antibodies or 
chemically. Univalent Fab fragments of anti-IgE antibodies are incapable 
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of stimulating these cells. These observations suggest that bridging of 
two or more IgE molecules is essential for these reactions (Ishizaka and 
Ishizaka, 1971). At high levels of anti-IgE, histamine release is inhibited. 
A ready explanation for this finding is that 1 : 1 complexes of anti-IgE and 
IgE are formed so that bridging does not take place. Recent experiments 
in our laboratory suggest that this explanation may be too facile. Sul- 
livan et al. (1971) and Becker et al. (1973) observed that the surface 
IgE became aggregated into large surface patches and caps when re- 
acted with anti-IgE, similar to the redistribution of surface immuno- 
globulin on lymphocytes in the presence of anti-Ig’s (Taylor et aZ., 
1971; Loor et al., 1972). The Fab fragments fail to produce such a re- 
distribution of surface IgE regardless of the dose used (Becker et al., 
1973), suggesting that patching and capping requires bridging of the 
surface IgE. Surprisingly, such patching and capping were almost 
exclusively observed at high levels of anti-IgE when histamine release 
is inhibited (Sullivan et al., 1971; Becker et al., 1973). These results 
suggest that, although IgE bridging is required to trigger degranulation, 
some forms of aggregation can be inhibitory. The molecular mechanisms 
involved can only be guessed at this time, but it is fascinating that these 
results in many ways paralleled the results obtained with B lymphocytes 
exposed to antigens of varying determinant densities ( Feldman, 1972). 
Excess antigen added to sensitized cells can also cause inhibition of 
degranulation, but, under these circumstances, no redistribution of 
surface IgE was observed. Only a small proportion of the surface IgE 
is likely to be capable of binding the specific antigen in this situation 
and here excess antigen may lead to a failure of bridging due to the 
formation of 1 : 1 antigen-IgE complexes. 

3. Antibodies of Lymphocytes 

a. B Cells. Antisera to immunoglobulins can stimulate the incor- 
poration of thymidine by lymphocytes (Sell and Gell, 1965). Since with 
few exceptions anti-Ig fail to detect immunoglobulins on T cells, the 
reaction in question can be attributed to B cells. When rabbit lympho- 
cytes and antirabbit immunoglobulin antisera are employed, the stimu- 
lation can be observed with antisera specific for b-locus markers (on the 
constant region of the light chain), a-locus marker (probably on the 
variable region of the heavy chain), and class-specific markers (on the 
constant region of the heavy chains) (Sell, 1967; Sell and Gell, 1965). 
It would be remarkable, indeed, if antibodies directed to these differ- 
ent regions on the receptor molecules could all bring about the same 
conformational change at some distant site in the Fc region. It seems 
more likely that the common feature is the capacity of all the antisera 
to crosslink the surface immunoglobulin. There is still some controversy 
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regarding the capacity of Fab fragments from certain anti-Ig antisera 
to mediate these effects (Sell et al., 1970; Fanger et al., 1970). There 
seems no doubt, however, that bivalent antibodies are considerably 
more active. Although these experiments show that the cells are stimu- 
lated (transformed), it is unclear to what such reactions are analogous 
in a normal immune response. Much more needs to be learned about 
the functional aspects of these reactions. 

When antigens are used in such studies the situation becomes much 
more complicated. It is known that B-cell stimulation can involve multi- 
cell interactions (T  cells, macrophages), and it is uncertain at this time 
to what extent these other cells play a role in antigen-induced lympho- 
cyte stimulation. In a system that apparently is measuring only B-cell- 
antigen interactions, it was noted that cell stimulation required multi- 
functional antigens. Notably this was true for cell stimulation which 
ultimately led to either tolerance or immunity. Monofunctional antigens 
produced neither effect ( Feldman, 1972). If an associative action of 
antigen is required to signal these cells (each of which is coated with 
homogeneous receptors), it is clear why globular proteins, which lack 
repeating determinants, would be ineffective and would require help. 
Such help could be provided by a multivalent antibody or the surface 
of a second cell either of which would convert the antigen to a multi- 
functional one. This can be contrasted to the situation on the surface of 
mast cells and basophiles where the heterogeneity of the adsorbed anti- 
body assures that even antigens without repeating determinants are 
multifunctional. 

b. T Cells. Antigens interact with T cells, but it remains to be more 
fully documented that this interaction is mediated by surface immuno- 
globulin. It is known that seemingly monofunctional ligands can 
stimulate such cells. For example, cells from animals stimulated by 
various monodinitrophenyl oligolysine analogs will respond to these lat- 
ter compounds (Schlossman, 1972). I t  seems possible that the same 
mechanism as proposed by de Weck et al. (1973), by which mono- 
functional ligands can stimulate cytotropic antibody-induced histamine 
release, might be relevant here. Indeed, Waldron et al. (1973) have 
recently obtained data that suggest that the antigens must first interact 
with macrophages. It may be, therefore, that the monofunctional ligands 
are presented to the appropriate lymphocyte in the form of cell-bound 
multifunctional antigens. 

V. Summary and Conclusions 

In this review I have described the currently available data on the 
structure of intact immunoglobulins and their degradation products, on 
the characteristics of antigen-antibody complexes, and on the require- 
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inents for antigen-induced antibody function in complement fixation and 
stimulation of immunoglobulin-bearing cells. 

The structural data indicate that in~i~iui~oglobuliiis are organized into 
domains consisting of strongly interacting homology regions. The do- 
mains appear to interact relatively little. Similarly the evidence is good 
that the Fab and Fc regions behave quite independently of each other. 
What lack of flexibility exists in thc molecule is more likely secondary 
to steric inhibition of movement rather than strong interactions at “do- 
mains of bonding.” Thus, from structural considerations alone, it seems 
unlikely that antigens reacting with the combining site a t  the NH,- 
terminal end of the molecule could induce changes in the more distal 
regions. Studies of antibodies complexed to monofunctional ligands have 
failed so far to provide evidence for such distal changes. All the evidence 
suggests that those changes that do take place are due mainly to stabili- 
zation of chain structure and shielding. Small configurational changes 
have yet to be convincingly documented. The circular dichroism changes 
observed by Holowka et al. (1972) could reflect such alterations, but it 
will have to be seen whether these changes occur outside the Fv region. 
Those studies purporting to show negative (Kelly et al., 1971) or posi- 
tive (Zimmering et al., 1967) cooperative binding phenomena require 
further data before we can interpret them. 

The studies of antibodies complexed with multifunctional ligands 
have evinced changes in antigenic determinants, complement-binding 
sites, and, most significantly, stimulation of a variety of cells. It is un- 
likely that these result from a distortive action of antigen. The most 
likely area on the immunoglobulin molecule where antigens would pro- 
duce changes is in the region of the inter-Fab angle, but we know of no 
important binding sites in those regions. 

Thus the weight of the evidence speaks against both the allosteric 
and distortive models for antigen action. We are left with the associative 
model. I know of no data that are inconsistent with this model (although 
the promotion of complement binding by antigen binding in IgM re- 
quires that in this case the association be an intramolecular one), and 
there is much evidence in favor of it. What remains obscure is the 
mechanism by which the approximation of the Fc regions leads to the 
changes in which we are interested. On the face of it, the valence polym- 
erization model (see Fig. 2 )  seems simplest. It makes two predictions, 
one of which may be experimentally testable in the near future. The 
first prediction is that the critical sensor for antigen-antibody interaction 
will itself be polyvalent. In the case of complement activation this ap- 
pears to be true, although the multivalency of C l q  requires further 
substantiation. In the case of cell-bound sensors, either the receptors for 
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the immunoglobulin or molecules interacting with these reccptors would 
have to be polymeric. I t  may be quite some time before such molecules 
are available for detailed study. The site polymerization model also pre- 
dicts that a monovalent subunit of such a sensor will not bind any more 
strongly to aggregated immunoglobulin than to the uncomplexed mono- 
meric antibody. Work on C lq  is proceeding apace and this experiment 
may be feasible before too long. Both the site completion and site trans- 
formation models make the opposite prediction with regard to such an 
experiment. That is, if a monovalent subunit of C l q  became available, it 
should show an increased affinity for aggregated versus monomeric anti- 
body if the latter models are correct. 

Our understanding of the immune response has exhibited a circadian 
rhythm-there are intervals of light and darkness. Complex interactions 
of a variety of cells and humoral factors appear to be involved, and the 
effect of antigen on antibody appears to play a key role. The complexi- 
ties of even a relatively simple system such as the function of the IgE 
receptors on basophiles ( Section V,B,2 ) teaches us that much remains 
to be learned. 

My own conclusion from the data presented in this review is that 
postulating a variety of specific conformational contoi-tions on the part 
of immunoglol~ulins is not one of the more promising paths out of the 
woods. 
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I. Introduction 

I t  is more or less accepted today that most tumors in experimental 
animals, as well as in man, have antigens that at  times are tumor-specific 
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and in other cases, are better characterized as tumor-associated because 
they are also present in small amounts in certain normal tissues (Old and 
Boyse, 1964; Sjogren, 1965; Hellstrom and Moller, 1965; G. Klein, 1966, 
1969, 1971; Southam, 1967; Alexander, 1968; Smith, 1968, 1972; Haughton 
and Nash, 1969; Fisher, 1971; Cinader, 1972; Oettgen and Hellstrom, 
1973). It is also accepted by most investigators that immune cells play 
a major role in the host's immunological defense against neoplasms 
(Klein et aZ., 1960; K. E. Hellstrom and Hellstrijm, 1969; Smith, 1968; 
McKhann and Jagarlamoody, 1971; Oettgen and Hellstrom, 1973). 

Lymphocytes from both animals and human patients cured of tumors 
can often destroy cultivated cells from the respective neoplasms. The 
same is also true in many cases when the lymphocyte donors have a 
growing tumor mass. The latter observation raises the question why the 
immune lymphocytes are not able to eradicate all growing neoplastic 
cells in uiuo. An answer to this question might lead to the development 
of better tumor therapy. 

There are probably many mechanisms by which antigenic tumors 
can escape from immunological destruction by host lymphocytes. Serum 
factors ( antigen-antibody complexes, antigens, antibodies) capable of 
blocking the cytotoxic effect of sensitized cells in uitro appear to provide 
one of the more important of these escape mechanisms. 

In this article, we will discuss papers dealing with the in vitro 
destruction of animal and human tumor cells by immune lymphocytes, 
the detection of blocking serum factors capable of abrogating the cyto- 
toxic lymphocyte effect, and the possible in uiuo roles of these parameters. 
We have not attempted to give a complete coverage of the literature but 
will concentrate on work performed during the last few years. For more 
background in this area, we recommend several relatively recent reviews 
such as by K. E. Hellstrom and Hellstrom (1969, 1970, 1972), Klein 
(1971), McKhann and Jagarlamoody (1971), Fisher (1971), Cinader 
( 1972), Feldman (1972), and Oettgen and Hellstrom (1973). 

We want to make clear from the onset of this article that host re- 
activity to a growing tumor is a much more complex event than can be 
properly understood by just studying whether or not cultivated tumor 
cells can be killed by the tumor-bearing individual's blood lymphocytes 
(or lymph node cells) and whether or not tumor-bearer serum can inter- 
fere with the lymphocyte eff ect-the two aspects of the immune response 
that are discussed here. For example, rejection of an antigenic neoplasm 
is mediated not only by specifically cytotoxic lymphocytes (and macro- 
phages), the activities of which can be demonstrated in uitro with 
techniques commonly employed today but also by originally noncom- 
mitted lymphocytes that are recruited into the reaction and by various 
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inflammatory cells including macrophages. One has to expect, therefore, 
that there is a multitude of escape mechanisms by which the process 
that leads to rejection can “go wrong,” making it possible for an antigenic 
tumor to persist. 

One should also keep in mind when reading this article that hunioral 
antibodies may play an important role in counteracting tumor growth 
in uivo by destroying neoplastic cells in the presence of complement 
(Lewis et al., 1969; Hellstrom et al., l W c ,  1969b; Wood and Morton, 
1970) in addition to influencing tumor growth by the mechanisms we 
will discuss here. The relative roles of such cytotoxic antibodies and 
specifically sensitized cells in tumor immunity are not well known. 

II. Evidence for Role of Immune lymphocytes in Rejection of 

Antigenic Tumor Cells 

We will first recapitulate some of the evidence which has led to the 
conclusion that the rejection of antigenic tumors is to a large extent 
mediated by cells (lymphocytes and macrophages). For further discus- 
sion of this topic, see Gownns and McGregor (1965), Wilson and Billing- 
ham (1967), Perlmann and Holm (1969), K. E. Hellstrom and Hell- 
stroni (1969), Smith (1968, 1972), Smith and Landy (1971), Burnet 
( 1971), McKhann and Jagarlamoody ( 1971), and Oettgen and Hellstrom 
( 1973), 

Mitchison showed in 1955 that immunity to tumor allografts contain- 
ing foreign H-2 antigens could be adoptively transferred with lymphoid 
cells but not with serum. Winn (1959) developed a neutralization test 
with which he found that the outgrowth of tumor cells in syngeneic hosts 
was inhibited if the cells were inoculated together with lymphocytes 
from allogeneic donors previously immunized against the alloantigens of 
the tumors. Serum did not appreciably inhibit the tumor takes, except 
when leukemias were used as targets. Analogous results were obtained 
by Klein and Sjogren (1960). 

Klein et al. ( 1960) demonstrated that tumor-specific immunity, as 
allograft immunity, is mediated by cells, and work by others has sup- 
ported this notion (Old and Boyse, 1964). Tumor immunity can be adop- 
tively transferred by lymph node and spleen cells and admixed lymphoid 
cells from mice immunized to specific antigens of syngeneic tumors can 
inhibit the outgrowth of the respective neoplasms in neutralization tests. 

Immunological resistance to tumors is similar to allograft immunity, 
because it involves reactions of the delayed hypersensitivity type. This 
can be exemplified by the experiments of Bloom et al. (1969), which 
showed that soluble antigens prepared from chemically induced tumors 
of inbred guinea pigs could elicit delayed hypersensitivity reactions when 



212 KARL ERIK HELLSTROM AND INGEGERD HELLSTROM 

inoculated intradermally into syngeneic animals previously immunized 
against the same tumors. The immunized guinea pigs were found to be 
resistant to challenge with other tumors lacking the relevant antigen. 
Similar studies have demonstrated delayed hypersensitivity reactions 
against chemically induced mouse sarcomas ( Halliday and Webb, 1969). 
Both in guinea pigs and in mice, the tests for delayed hypersensitivity 
often become negative when there are massive growths of tumor. 

Another line of evidence pointing to the importance of cell-mediated 
immune reactions against neoplasms comes from work showing that 
procedures depressing such reactions can precipitate tumor development, 
both in animals and in man. Mice and rats, neonatally thymectomized 
or given immunosuppressive drugs or antilymphocytic serum, develop 
more primary tumors after infection with certain oncogenic viruses than 
do control animals, and they are more susceptible to certain-but not to 
all (Wagner and Haughton, 1971)-forms of chemical carcinogenesis 
(Ting and Law, 1967; Vandeputte, 1969; Allison, 1970; McKhann and 
Jagarlamoody, 1971 ) . Human patients who have been immunosuppressed 
so as to be able to accept foreign organ grafts have a much increased 
risk of developing malignancies, particularly of the lymphoid system 
( Penn et al., 1971; Good, 1972). Likewise, patients with immunological 
deficiencies involving cell-mediated immune reactions get more tumors 
than do normal subjects (Good, 1972). This kind of evidence is in agree- 
ment with the postulate by Thomas (1959) and by Burnet (1965, 1971) 
that cell-mediated immune mechanisms can provide a surveillance against 
neoplasia but does not at all prove it (Editorial, 1972). 

Further support for the concept that host reactivity to tumors plays 
a role in guarding against neoplasia in vivo might be derived from work 
showing that agents, such as Bacillus Calmette-GuBrin (BCG), capable 
of nonspecifically increasing cell-mediated reactivity, when properly 
given, can also prolong the latent period before antigenic primary 
tumors appear and prevent such appearance altogether, at least in some 
systems (Old et al., 1961; Weiss et al., 1961; Ankerst and Jonsson, 1972), 
as well as having an immunotherapeutic effect in vivo (Zbar et al., 1970, 
1972; Math&, 1971; Bartlett and Zbar, 1972). 

Ill. Techniques for Studying Lymphocyte-Mediated Cytotoxicity 
and Blocking Serum Activity in Vitro 

In  vitro assays have been established to measure various functions of 
sensitized lymphoid cells. The effects of lymphoid cells on target cells 
(destruction or damage) and the responses of lymphoid cells (stimu- 
lation of deoxyribonucleic acid (DNA) synthesis and release of soluble 
mediators such as lymphotoxin and macrophage migration inhibitory 
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factor) have been studied. These assays have been helpful also when 
one looks for blocking serum factors. We will briefly present some of the 
assays in order to make the studies to be discussed more understandable. 

The present tests of tumor cell destruction by immune lymphocytes 
have developed from cruder techniques introduced in the early 196Os, 
according to which the effects of immune lymphocytes (or macrophages) 
on neoplastic cells were demonstrated as microscopically detectable cyto- 
pathic changes in growing tumor cell monolayers (Granger and Weiser, 
1964) or as decreased numbers of tumor cells still alive according to 
supravital staining ( Rosenau and Moon, 1961; Takeda, 1969). 

The colony inhibition (CI)  assay was introduced to provide a more 
quantitative as well as a more sensitive test for cellular immunity 
(Hellstrom, 1967; Hellstrom and Hellstrom, 1971). Cells to be used as 
targets (normal or neoplastic) are first explanted and maintained in uitm 
for at least a few days prior to the tests. Trypsinized suspensions of 
cultivated target cells are then prepared, seeded into 50-mm. petri dishes, 
and allowed to attach to their surfaces. The following day, the culture 
medium is removed and the diluted serum to be checked for blocking 
activity added (the same dilution of control serum is added to other 
petri dishes). The target cells are incubated with the serum for 45 
minutes; the serum is then removed; the dishes are washed and lympho- 
cytes added. Blood lymphocytes, lymph node cells, or spleen cells from 
specifically immune (and control) donors are used in doses of 1 to 5 X 
lo6 lymphocytes per petri dish. The dishes are incubated for 3 to 7 more 
days, after which the lymphocytes are removed by washing and the 
target cells stained. By plating in agar, one can study target cells not 
able to attach to plastic as well (Heppner and Kopp, 1971; Hewetson 
et al., 1972). The tests are scored by counting the number of colonies 
growing out from the plated cells in experimental groups as compared 
to controls. The ability of a serum to abrogate the inhibitory effect of 
immune lymphocytes on colony formation is measured. 

A “microcytotoxicity” assay was developed from the original CI test 
(Takasugi and Klein, 1970; Hellstrom and Hellstrom, 1971). The princi- 
ple of this assay is to seed tumor cells into the wells of Microtest plates 
instead of adding them onto petri dishes and to count the number of 
cells remaining attached to the bottom of the wells following exposure 
to immune lymphocytes (rather than counting the number of colonies). 
The ability of a serum to block lymphocyte-mediated destruction of the 
target cells is, as in CI assays, generally measured by exposing the 
target cells to the serum before the lymphocytes are added. The preferred 
size of the plates in which the tests are performed has varied among 
different investigators; some use a plate in which the bottom surface of 
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the wells is 2 mm. (Takasugi and Klein, 1970), whereas others prefer 
wells with 7-mm. bottom surface (Hellstrom and Hellstrom, 1971). The 
size of the wells does not appear to have any appreciable effect on the 
findings obtained, but the advocates of large wells emphasize greater ease 
in keeping the tumor cells at a suitable pH when ratios between lynipho- 
cytes and target cells are large. 

The microcytotoxicity assay has to a great extent replaced the original 
CI test, since it is technically simpler, takes less time, and works with 
smaller amounts of target cells, lymphocytes, and sera. The results of the 
CI and microcytotoxicity assays have been in good agreement when the 
two techniques have been compared (Hellstrom et al., 1971a). 

Rather than count visually the number of target cells surviving ex- 
posure to lymphocytes, one can label them with an isotope, such as “Cr 
(Brunner et al., 1968), tritium-labeled proline (Bean et al., 1973), or 
lSII-labeled deoxyuridine ( Cohen et al., 1971, 1972), which is released 
upon cell damage or one can assay for target cell utilization of some 
compound, such as tritium-labeled thymidine (Jagarlamoody et al., 1971). 
One advantage of labeling is that one can perform competitive experi- 
ments by adding nonlabeled cells (of the same or different specific 
antigenicity), which makes it possible to work also with cells that do 
not grow well in uitro (de Landazuri and Herberman, 1972~) .  If a ”Cr 
label is used, the time span of the test is commonly a few hours, because 
longer incubation periods allow release of “Cr from viable cells. As will 
be discussed later, this short incubation period may influence the findings 
when compared to those obtained with the standard (30-40 hr )  micro- 
cytotoxicity assay. 

Two other techniques, although they do not measure lymphocyte- 
mediated cytotoxicity, will be taken up here as well, since results ob- 
tained with these techniques have corroborated data obtained in assays 
of tumor cell destruction (and are referred to below). These are the 
lymphocyte transformation technique and the macrophage migration in- 
hibition test. 

The former technique is based on the transformation of lymphocytes 
into lymphoblasts when stimulated with antigen; the increased DNA 
synthesis by the stimulated lymphocytes is generally measured (Bach 
and Voynow, 1966; Adler et al., 1970). This technique has been used 
extensively in typing human donors for tissue grafting. It has been 
employed to some extent in studies on tumor immunity (Stjernsward et 
al., 1970; Forbes et al., 1973). Blocking activity can be also assessed 
(Oppenheim, 1972; Vanky et al., 1971) as decreased stimulation of DNA 
synthesis in the presence of the blocking serum. 

The macrophage migration inhibition test ( David, 1971; Bloom, 1971 ) 
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has also been used to study cell-mediated tumor immunity and its block- 
ing by serum. The migration assays are performed, as a rule, by enclos- 
ing peritoneal cclls from sensitized animals (or  blood cells from immune 
human patients) in capillaries that are placed in culture medium to 
which the specific antigen (or control material) is added. The extent 
to which the migration of the macrophages out of the capillaries is in- 
hibited upon their contact with antigen is detennined. This inhibition 
is probably due to the production of macrophage migration inhibitory 
factor (MIF) by sensitized lymphocytes. When the assay is used to 
search for blocking serum factors, the material to be tested for blocking 
is added to the medium in which the capillaries are placed (Benistein 
and Wright, 1971; Halliday, 1971, 1972). 

Another assay, the leukocyte-adherence inhibition test, has been 
recently described (Halliday and Miller, 1972). This test is based on the 
finding that leukocytes from iinmune donors adhere less to a glass surface 
in the presence of the specific antigen. It has been reported that tumor- 
specific immunity, as well as  its blockade with serum, can be detected 
this way, but it remains to be seen whether this assay provides a sensitive 
and reproducilde way of measuring cell-mediated immunity to tumor 
antigens. 

For a further (and much more detailed) description of various tech- 
niques by which to study cellular immunity, see Bloom and Glade (1971) 
and, for a discussion of the usefulness (and limitations) of the in vitro 
tests of tumor immunity commonly employed, see Oettgen et al. (1972). 

IV. In Vitro Demonstration of Cell-Mediated Immunity to Tumors 

The development of in vitro assays b y  ~ h i c h  various aspects of cell- 
mediated immune reactions to tumors can be analyzed has made possible 
some understanding of the role of such reactions to tumors in animals 
and in man. Before discussing findings obtained in this area, we want 
to point out, however (as will be discussed in section V ) ,  that our 
knowledge of the cell types involved in the reactions studied is very 
limited and that killer cell populations referred to as “lymphocytes” oftcn 
contain other cells as well, including macrophages. 

A. ANIMAL TUMORS 

One of the first reports of lymphocyte-mediated immunity to tumors 
was published by Yoshida and Southam (1963), who presented sug- 
gestive, but not definite evidence that spleen cells from mice sensitized 
to a chemically induced sarcoma had a cytotoxic effect on cultivated 
cells from the same sarcoma. Similar findings were obtained by Takeda 
( 1969). Rosenau and Morton ( 1966) showed more conclusively that 
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mice sensitized to transplanted methylcholanthrene-induced sarcomas 
had lymphocytes capable of destroying cultivated cells from the respec- 
tive tumors. Analogous findings could be obtained with the CI assay 
which permitted better quantitation of the effects obtained ( Hellstrom 
and Hellstrom, 1967; Hellstrom et al., 1968a). With that assay it was pos- 
sible to show specific destruction of cultivated tumor cells by lympho- 
cytes also in the autochthonous situation, when lymphocytes and tumor 
were both taken from the host in which the tumor had originated. This 
finding was important because it indicated that the host possessed the 
immunological ability to react against its own neoplasm (without further 
immunization), although this ability might not suffice for producing 
tumor rejection. 

Subsequent studies from many laboratories have demonstrated cell- 
mediated cytotoxic reactions against a large variety of tumors in various 
experimental animals. The list of tumors investigated includes Moloney 
virus-induced sarcomas ( I .  Hellstrom and Hellstrom, 1969; Lamon et al., 
1972a; Leclerc et al., 1972) ; spontaneous mouse mammary carcinomas 
(Heppner and Pierce, 1969; Heppner and Kopp, 1971); Shope virus- 
induced rabbit papillomas and carcinomas (Hellstrom et al., 1969a); 
polyoma virus-induced tumors in mice and rats (Sjogren and Borum, 
1971; Datta and Vandeputte, 1971) ; adenovirus 12-induced sarcomas in 
mice ( Hellstrom and Sjogren, 1967; Ankerst, 1971 ) ; Schmidt-Ruppin- 
Rous virus-induced sarcomas in mice ( Sjogren and Jonsson, 1970) ; Rous 
virus-induced sarcomas in chicken (Jonsson, 1969) and in Japanese 
quails (Hayami et al., 1972); SV 40 virus-induced sarcomas in hamsters 
(Dierlam et al., 1971); Gross virus-induced lymphomas in rats (Wright 
et al., 1973); chemically induced sarcomas in mice and rats (Hellstrom 
et al., 1970c; Kikuchi et al., 1972); chemically induced hepatomas in rats 
( Baldwin and Embleton, 1971; Baldwin et al., 1971); chemically induced 
sarcomas in guinea pigs (Cohen et al., 1972) ; sarcomas induced by im- 
plantation of plastic discs in mice (Hellstrom et al., 1968a). 

Cell-mediated tumor immunity can commonly be detected at least as 
early as 5 to 7 days after transplantation of syngeneic tumor grafts (Hell- 
strom et al., 1 9 7 0 ~ ) .  This finding parallels the demonstration of so-called 
concomitant tumor immunity to a second tumor transplant as early as 
4 days after animals have received a first tumor graft, the concomitant 
immunity being detected as rejection of the second graft (Zarling and 
Tevethia, 1973a). 

It is significant that two independent in vitro assays of tumor im- 
munity have, to the extent they have been utilized, given results in good 
agreement with those obtained with the microcytotoxicity test. Inhibition 
of macrophage migration has been detected following exposure of peri- 
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toneal cells from immune animals to antigens from the respective tumors 
(Bloom et al., 1969; Halliday and Webb, 1969; Tompkins et al., 1970; 
Churchill et al., 1972; Meltzer et al., 1972; Vaage et al., 1972; Blasecki 
and Tevethia, 1973; Smith et al., 1973), and studies performed with the 
lymphocyte transformation technique have demonstrated specific stimu- 
lation of DNA synthesis in lymphocytes from immune animals upon 
contact with tumor antigens of the respective types (Forbes et al., 1973). 
The latter findings are particularly interesting. It was observed that 
regional lymph node cells from mice grafted with a syngeneic methyl- 
cholanthrene-induced sarcoma, underwent transformation following ex- 
posure to antigen preparations from the same sarcoma, but not when 
exposed to antigens from other sarcomas, during the first 5 1 4  days 
following tumor grafting. Subsequently, reactivity developed to antigens 
from other methylcholanthrene-induced sarcomas, suggesting that some 
degree of cross-reactivity between them may have existed ( although 
other explanations of these findings may be possible). 

As a rule, data obtained from in dtro studies on cell-mediated cyto- 
toxicity have correlated with the in vivo situation, in that tumors cross- 
reacting in vivo have done so when studied in vitro, whereas, to the 
extent this has been studied, tumors not cross-reacting in vivo have not 
cross-reacted in vitro, either. There is one possible exception to this rule, 
however, at least if tumor antigenicity is determined by standard trans- 
plantation tests (Prehn and Main, 1957; Sjogren, 1965) in which the 
ability of an immunized animal to reject a syngeneic tumor transplant is 
measured. Brawn ( 1970), Dierlam et al. (1971), and Baldwin et al. 
( 1972a) have shown that lymphocytes from repeatedly pregnant ani- 
mals, as well as from animals immunized against fetal tissues, are cyto- 
toxic to cultivated neoplastic cells from various sources (including 
chemically induced sarcomas) but not to cultivated cells of normal ori- 
gin. Before one argues, however, that the immunity so detected is in- 
effective in uivo, it is important to point out that a decrease in the fre- 
quency of primary SV 40-induced tumors has been detected in hamsters 
immunized against the antigens of normal fetal cells (Coggin et al., 1971; 
Dierlam et al., 1971). For further discussions as to the existence of em- 
bryonic antigens in neoplastic cells and of their role as targets for an 
immunological defense, see Dierlam et al. (1971) and Alexander (1972). 

Studies on tumors of the urinary bladder of rats and mice should 
also be commented on in this context. As will be discussed in Section 
IV,C, human tumors of the same histological type, e.g., bladder carci- 
nomas, cross-react antigenically so that lymphocytes from one patient 
with a given tumor are cytotoxic not only to autochthonous tumor cells 
but also to allogeneic tumor cells of the same type. In an attempt to find 
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an animal model for a human tumor type which has such common anti- 
gens, a study was made of urinary bladder carcinomas of rats and mice 
and of bladder papillomas of rats (Taranger et al., 1972). I t  was found 
that lymph node cells and blood lymphocytes from rats that carried 
either growing papillomas or carcinomas of  the bladder or from which 
such a tumor had been removed could destroy cultivated cells from 
the same tumor; cells from other bladder tumors, papillomas, and 
carcinomas were also found to cross-react. Cross-reactions were found 
among the bladder tumors, independently of whether they were induced 
by methylcholanthrene or had arisen following the insertion of a silastic 
foreign body into the bladder (Taranger et al., 1973). Other types of 
neoplasms were not destroyed by lymphocytes reacting against bladder 
tumor cells. Sera from rats with growing bladder tumors could block the 
lymphocyte effect, further indicating that it was specific. Preliminaiy 
experiments have shown delays in the appearances of primary papillomas 
of the rat bladder following immunization of the animals with bladder 
papilloma tissue before a tumor-inducing methylcholanthrene pellet was 
inserted into the bladder (Taranger et al., 1972). These experiments 
might thus indicate that an immunity to antigens common to bladder 
tumors was effective in viuo. One needs to study this system further, how- 
ever, to find out whether the common antigens detected in uitro can be 
demonstrated by standard transplantation tests in viuo together with 
individually unique antigens, which these tumors are likely also to have 
as the chemically induced neoplasms they are. 

A provocative observation was recently made. It was found (Prehn, 
1972; Medina and Heppner, 1973) that, in some systems, small ratios 
between lymphocytes and tumor cells could stimulate tumor growth, as 
detected with neutralization tests in uiuo as well as by assays performed 
with the microcytotoxicity technique. This stimulation shows the same 
specificity as does the immunological destruction of tumor cells. The 
concept of immunostimulation of neoplastic growth may be an important 
one, both for understanding mechanisms facilitating tumor development 
in vivo, and, from the practical point of view, when trying to establish 
procedures for immunotherapy ( Prehn and Lapp&, 1971). 

B. LYMPHOCYTE-MEDIATED CYTOTOXICITY IN RELATION 

In  most experimental systems investigated, lymphocytes have been 
found to be cytotoxic to cultivated cells from the respective tumors even 
when derived from animals with growing neoplasms (Allison, 1964; 
Rosenau and Morton, 1966; Hellstrom et al., 1968a; Sjogren and Bonim, 
1971; Datta and Vandeputte, 1971). This in vitro finding seems to parallel 

TO TUMOR LOAD 
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the in vivo phenomenon of concomitant tumor immunity, defined as the 
ability of a tumor-bearing animal to reject a second graft of the same 
tumor (Gershon et al., 1967). 

In some cases, the degree of cytotoxicity has been found to be ap- 
proximately cqual to that seen in animals with tumors that have been 
removed, whereas in other systems it is less in the tumor bearers, par- 
ticularly if the tumor load is large. In order to get meaningful information 
on this point, titrations of the inininium lymphocyte dose capable of 
producing significant killing are useful. The fact that reactivity is com- 
nionly found in aniinals with tumors, even if at low levels, does not 
support the idea that complete immunological noiiresponsiveiiess against 
the growing tumor exists. This theory was popular a few years ago, but 
its scientific support is vanishing following a variety of observations 
with respect to both cell-mediated and humoral immune reactions against 
growing neoplasms ( Smith and Landy, 1971). 

There are exceptions, however, in which no in vitro cytotoxicity has 
been detected with lymphocytes from animals bearing tumors. One of 
the first of these exceptions came when it was shown that regional lymph 
node cells from rabbits with Shope virus-induced carcinomas lacked 
cytotoxic effects on cultivated Shope papilloma and carcinoma cells, 
whereas lymph node cells from rabbits with persistent papillomas (or 
with papillomas that had regressed) were cytotoxic (Hellstrom et al., 
1969a). An earlier observation of possibly the same phenomenon had 
been described by Mikulska et a]. (1966), who showed that spleen cells 
from rats with tumors could not inhibit the outgrowth of cells from the 
same tumor in neutralization tests, but an inhibitory capacity developed 
about 2 weeks after tumor removal. Because the studies of Mikulska 
et al. wcre perfoimed in vivo with the neutralization technique, it could 
not be excluded, however, that cytotoxic lymphocytes had been actually 
present in the tumor-bearing animals’ spleens but were somehow pre- 
vented from destroying the neoplastic cells. 

Data analogous to those obtained with Shope carcinomas have been 
reported by Barski and Youn (1969). They found that peritoneal lym- 
phocytes from mice bearing sarcomas did not affect the respective neo- 
plastic cells in CI tests, but CI activity was detected both very early after 
tumor transplantation, when the growing tumor mass was quite small, 
and about 2 weeks after tumor removal. Similar results were obtained 
by Le Franpis et nl. (1971) and by Belchradek et al. (1972). Likewise, 
cell-mediated immunity to mouse mammary carcinomas is lower in 
tumor-bearing animals than in animals with tumors that have been re- 
moved ( Heppner, 1972). 

Studies by H a p m i  et al. (1972) are interesting in this respect. They 
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have shown that spleen cells from Japanese quails, which had carried 
Rous virus-induced sarcomas that had spontaneously regressed (re- 
gressors ), were cytotoxic to cultivated Rous sarcoma cells, whereas spleen 
cells from tumor-bearing quails (progressors ) were not. When the latter 
type of spleen cells was mixed with spleen cells from the regressors, the 
cytotoxic effect of the regressor cells was abolished. The suppressor effect 
of spleen cells from tumor-bearing quails may have resulted either from 
some cellular interaction, for which living progressor cells were needed, 
or from the passive release of blocking factors into the culture medium. 
Sera from progressor quails, but much less regularly from regressors, 
were found to have blocking activity (Hayami et al., 1973). 

Results similar to those of Hayami et al. were obtained by Halliday 
(1971, 1972), who used the macrophage migration inhibition assay to 
study sarcomas induced in mice with either the Moloney sarcoma v i r ~  
or with methylcholanthrene. Peritoneal cells were tested from mice with 
growing tumors that had been removed and from mice with growing 
tumors (progressors ) , Cells from the former group were specifically in- 
hibited when brought in contact with antigen preparations from the 
respective sarcomas, and progressor sera from mice with the same sar- 
comas could block that effect. No evidence of reactivity was obtained, 
however, when progressor cells were studied from mice with the respec- 
tive tumors, and the data thus agreed with those of Barski and Youn 
(1969) and of Hayami et al. (1972). Furthermore, in accord with 
Hayami’s findings, it was possible to detect a suppressor effect of peri- 
toneal cells from progressors; when these were mixed with otherwise 
reactive peritoneal cells from tumor-free mice, migration inhibition was 
suppressed, i.e., the macrophages migrated out of the capillaries as in the 
controls. This effect was specific for the given tumor studied. 

In the system studied by Halliday, it appeared likely that a soluble 
factor was responsible for the suppression observed, since culture medium 
from peritoneal cells harvested from tumor-bearing mice, but not from 
immune, tumor-free or from untreated control mice, could also suppress 
the migration inhibition seen with cells from immune mice. It was shown, 
furthermore, that the addition of sera from mice with Moloney sarcomas 
that had regressed, could bestow a specific reactivity upon nonreactive 
peritoneal cell populations from progressor mice. The latter observation 
might suggest that some sensitized lymphocytes were present also in the 
tumor-bearing animals but were prevented from reacting there by block- 
ing factors released from other cells within the same population and 
that the action of the blocking factors was abolished by an “unblocking” 
effect (Section VIII) of the regressor sera. 

Lymphocytes from tumor-bearing animals are often unreactive when 
tested with a “Cr assay, which allows only 3 to 6 hours incubation of the 
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lymphocytes and target cells ( de Landazuri and Herberman, 1972a,b), 
and the same is sometimes true even when lymphocytes are tested from 
specifically immunized, tumor-free donors. Reactivity detected with the 
“Cr assay typically shows a sharp peak 5-30 days after primary inocula- 
tion with tumor cells, whereas reactivity measured with the microcyto- 
toxicity test is consistently of a greater duration. There are several possi- 
ble explanations for the apparent discrepancy. The two assays may differ 
in their sensitivities or they could measure different functions of the same 
cells. Furthermore, the two assays could reflect the functions of different 
cell populations. One may speculate that the “Cr assay picks up the “top 
of the iceberg,” consisting of those cells that are capable of immediately 
destroying their targets. However, during the longer time span of the 
niicrocytotoxicity test, recruitment of noncommitted cells into becoming 
cytotoxic as well as expression of a cytotoxic potential of cells that have 
less reactivity, or are suppressed from reacting, may occur. 

I t  is important to remember that the reactivity monitored by assaying 
for cytotoxic cells by the standard “Cr test does not appear to be the 
only one important in vivo: lymph node and spleen cells from rats in 
which Gross lymphomas have regressed, and which have strong trans- 
plantation immunity to Gross lymphoma cells, do not react in “Cr tests, 
whereas these cells do react in standard (24-48 hours) microcytotoxicity 
assays (Wright et al., 1973a). 

The findings obtained with the W r  test and with the standard micro- 
cytotoxicity assay may be reconciled by the demonstration that lym- 
phocytes from immune animals, which do not express any cytotoxic ac- 
tivity when tested with the “Cr test, commonly become cytotoxic when 
incubated for 12 to 24 hours in culture medium prior to the test (de  
Landazuri and Herberman, 1972a; Wright et al., 1973a). This finding 
indicates that some originally nonreactive lymphocytes do, indeed, have 
the potential to kill but that this potential is, somehow, blocked when 
the cells are taken directly from the animals. The nature of the blocking 
mechanism is unclear. So far, no one has succeeded in demonstrating any 
significant blocking in the 51Cr assay by adding sera taken from rats at 
time points when the lymphocytes do not react in vitro, but this issue 
may need more investigation. Findings similar to those of de Landazuri 
and Herberman (1972a) were described by Canty et al. (1971), who 
studied immunity to normal alloantigens. These investigators, however, 
commonly had to incubate the lymphoid cells with their respective 
targets to turn on a cytotoxic response. 

I t  is also interesting in this context that studies performed with the 
lymphocyte transformation technique have demonstrated that mice 
carrying niethylcholanthrene-induced syngeneic sarcomas have lymph 
node and spleen cells reactive to the antigens of their growing tumors 
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(Forbes et a,?., 1973). When the tumor is large, reactivity in the regional 
node is depressed, as tested in vitro, but improves following washing and 
incubation of the lymphoid cells before they are exposed to the antigen. 

The fact that specifically cytotoxic lymphocytes can be detected in 
most tumor-bearing animals must not lead to any simplistic conclusion 
about tumor bearers having normal cell-mediated reactivities against 
their neoplastic cells and to the idea that only the extent to which a cyto- 
toxic lymphocyte effect is blocked by serum factors is important. Quanti- 
tative differences in the amounts of specifically reactive cells and in the 
amounts (and reactivity) of various inflammatory cells needed for tumor 
rejection, etc., may exist. This view is compatible with data from titra- 
tions of the amount of lymphocytes needed to produce significant target 
cell killing (Hellstrom and Hellstrom, 1973), as well as with findings 
from tests performed with relatively small lymphocyte doses (Lamon 
et al., 1972a; Leclerc et al., 1972). It may be well to remember that spe- 
cifically cytotoxic lymphocytes have been detected in some mice and 
rats neonatally made tolerant to allografts, in spite of the fact that such 
animals are known to be defective in some thymus-dependent immuno- 
logical responses against tolerated antigens (Section XI1,C). One may 
conclude from those findings that the presence of an immunological 
reactivity in some cell populations or to some antigens by no means 
excludes a concomitant immunological unresponsiveness in other ccll 
populations or to other antigens. 

C. CELL-MEDIATED IMMUNITY TO HUMAN TUMORS 

Many human tumors are infiltrated with lymphoid cells, and the de- 
gree of such infiltration sometimes shows a favorable correlation with 
tumor prognosis (Black et al., 1955). Likewise, sinus histiocytosis in 
lymph nodes draining mammary carcinomas has been reported to be 
associated with a favorable clinical course (Black and Speer, 1958; 
Black, 1969). Because of findings of this type, some pathologists postu- 
lated, long ago, the existence of immunological defense mechanisms 
against neoplasms (MacCarty, 1922). The fact that tumor cells often 
localize in lymph nodes without evidence of being destroyed there, led 
other pathologists, however, to discard the possibility of an immune 
response to tumor antigens; rather than doing this, one should, however, 
be aware that tumor cells destroyed by the host are less likely to be 
detected in the nodes, whereas cells escaping destruction may be seen. 

In  order to study cell-mediated immunity to human tumor hntigens 
more quantitatively and sensitively than can be done by just employing 
histological techniques, several in vivo and in vitro assays have been 
utilized. These assays have to a large extent been used previously in ani- 
mal systems. 
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One of the first investigations of cellular reactivity to hunian cancer 
was made by Southam (1967). He inoculated patients with thcir own 
neoplastic cells with or without added autochthonous lymphocytes and 
found that a large dose of tumor cells was generally needed for a tumor 
transplant to develop into a palpable nodule. This was inteipreted to 
suggest that many patients have a certain level of immunological re- 
activity against their cancers. However, the approach used by Southam 
was not easy to control, and the findings obtained could thus be open 
to alternative inteipretations. 

Another way to search for human tumor immunity is to try inducing 
delayed skin reactions to intradermally inoculated antigen prepared 
from autologous tumors. Such reactions have been reported for a number 
of human cancers, including malignant melanoma, Burkitt’s lymphoma, 
acute leukemia, sarcomas, and carcinomas of the breast, colon, lung, 
stomach, and ovary (e.g., see Hughes and Lytton, 1964; Stewart and 
Orizaga, 1971; Fass et al., 1970a,b). Recent work with this technique has 
shown that patients with carcinomas of the colon generally give a positive 
skin test to extracts of fetal human intestine but not to similar extracts 
from adult colon (Hollinshead et al., 1972). The antigens involved in 
these reactions appear to be distinct from the carcinoembryonic antigen 
of Gold and Freedman (1965), which does not induce delayed hyper- 
sensitivity when purified (Hollinshead et al., 1972) nor does it stimulate 
lymphocyte transformation (Lejtenyi et al., 1971). 

A general assessment of the validity of the skin tests so far reported 
is difficult because one must havc adequate controls to exclude reactivity 
that is nonspecific and is caused, for example, by some contaminant of 
the tumor (such as a bacterial product or a passenger virus) or by just 
the amount of foreign protein injected. Furthermore, skin tests arc diffi- 
cult to quantitate. “Criss-cross” experiments, in which patients with two 
different types of tumors are tested with extracts from each of the two 
t~iinors, seem to be much needed when trying to elucidate the specificity 
of the findings obtained. Information is also needed as to what extent 
delayed hypersensitivity to tumor antigens correlates with the clinical 
course of the disease. Some evidence for such correlations has been pub- 
lished from work with Burkitt’s lymphoma (Fass et al., 1970a) and with 
malignant melanoma (Fass et al., 1970b), although the evidence for a 
correlation in melanomas became less clear on further studies ( Bluming 
et al., 1972). Unfortunately, the number of patients was quite small in all 
three studies. It would also be important to know whether tumor prepa- 
rations inducing delayed hypersensitivity in vivo would stimulate lym- 
phocytes from tumor patients to react in vitro (or would block their 
reactivity), for this may help bridge the gap between in  vivo and in uitro 
observations on human tumor immunity. 
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Still another way to follow human tumor immunity has been sug- 
gested by Black and Leis (1971). These authors have reported that 
sections of breast cancer tissue, placed on cover slips which are then 
applied as skin windows, show heavy accumulations of inflammatory cells 
when the patients have a small tumor load. No such accumulation is 
seen when benigii breast tissue is put on the cover slips, and neither is 
it found when cover slips with breast carcinoma sections are placed on 
patients with large tumor loads. So far, patients have been studied only 
for reactivity against their autochthonous neoplasms. This approach is 
potentially interesting and merits further study; it also relates to the 
existence of cross-reactivity among histologically similar tumors. 

The development of in vitro assays has offered new possibilities for 
investigating the extent to which lymphoid cells from cancer patients 
can recognize tumor cells as foreign and destroy them under appro- 
priate conditions. 

Chu et al. reported (1967) that lymphocytes from patients with 
nasopharyngeal carcinomas were more cytotoxic to autochthonous tumor 
cells than to normal skin fibroblasts from the same patients. The effects 
observed were fairly small, however, and it could not be excluded that 
they resulted from a greater sensitivity of tumor than normal cells to a 
nonspecific cytotoxic effect of certain lymphocyte preparations. 

Neuroblastoma was the first human neoplasm with which a good indi- 
cation for cell-mediated tumor immunity was obtained by using in vitro 
techniques (Hellstrijm et al., 1968b, 1970a; Jagarlamoody et at., 1971; 
Kumar et al., 1972). This tumor is particularly interesting, since there is 
some suggestive evidence for tumor immunity operating in zjivo. Spon- 
taneous regressions of neuroblastomas have been reported ( Everson and 
Cole, 1966) and so-called neuroblastomas in situ have been detected 
much more frequently than clinically overt neuroblastomas in young 
children ( Beckwith and Perrin, 1963). Furthermore, neuroblastoma cells 
grow well in culture and maintain a characteristic morphology. With 
cultivated neuroblastoma cells as targets, it was shown that peripheral 
blood lymphocytes from children who either had actively growing neuro- 
blastomas or who were in remission (or cured) decreased the plating 
efficiency of both autochthonous and allogeneic neuroblastoma cells. Nor- 
mal skin fibroblasts from the donors of the tumor cells or other types of 
neoplastic cells were not affected, Lymphocytes from healthy subjects or 
from patients with tumors other than neuroblastoinas did not influence 
the plating efficiency of neuroblastoma cells, except occasionally when 
the same lymphocyte suspensions were toxic both to the tumor cells and 
the normal cells from the same patients. Lymphocytes from some healthy 
relatives of patients with neuroblastomas, particularly from the mothers 
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of many patients, were inhibitory to neuroblastoma cells, indicating that 
either a genetic factor or a transmissible agent may have been involved 
(Hellstrom et al., 196813, 1970a). 

A large number of other human tumors has since been studied. One 
of the most striking observations made during these studies was that 
histologically similar tumors cross-reacted, so that lymphocytes from one 
patient having, e.g., a colonic carcinoma could destroy colonic carcinoma 
cells froni not only the same but also from other patients but did not 
affect neoplastic cells of other types (e.g., breast carcinomas). The 
following are some of the tumor groups within which cross-reactions 
have been detected: carcinomas of the colon (Hellstrom et al., 1968c, 
19702>, 1971a; Nairn et al., 1971; Baldwin et al., 1973a,b), breast (An- 
dersen et al., 1970; Hellstroni et al., 1971a; Fossati et al., 1972; Segall 
et al., 1972), kidney (Stjernsward et al., 1970; Hellstrom et al., 1971a; 
Bubenik et al., 1971; Currie and Basham, 1972), ovary (Hellstrom et al., 
1971a; DiSaia et al., 1971), and urinary bladder (Bubenik et al., 1970, 
1973; O’Toole et al., 1972a,b; Bean et al., 1973), Wilms’ tumor ( Hellstrorn 
et al., 1968~; Diehl et al., 1971; Kumar et al., 1972), endometrium (Hell- 
stroni et al., 1971a), cervix uteri (Hellstroni et al., 1971a), malignant 
nielanoma (Hellstriim et al., 1968c, 1971a; Fossati et al., 1971; de Vries 
et al., 1972; Segall et al., 1972; Heppner et al., 1973), gliomas (Levy 
et al., 1972a; Levy, 1973; Kumar et al., 1973; Wahlstrom et al., 1973), and 
sarcomas (Hellstrom et al., 1971a; Vanky et al., 1971, 1973; Sinkovics 
et al., 1972a,b; Cohen et al., 1973). The degree of cross-reactivity varies 
among different tumor groups, however, and it is not absolute for some 
of them (Segall et al., 1972; also see below). 

Lymphomas and leukemias have been studied less, and it is still un- 
clear to what extent specific lyniphocyte-mediated cytotoxicity can be 
detected against them. Several authors have, however, presented evi- 
dence that a patient’s lymphocytes, taken dui-ing remission, can recognize 
the same patient’s blast cells in lymphocyte transformation assays ( e.g., 
see Fridnian and Kourilsky, 1969; Gutterman et al., 1973). Findings by 
Leventhal et al. (1972) indicate that blood lymphocytes from leukemic 
patients, but also from a large number of healthy controls, are capable 
of destroying “Cr-labeled leukemic cells but do not destroy normal 
lymphoid cells from the same patients. Lymphocytes from leukemia 
patients who have identical twins are cytotoxic to the respective patient’s 
leukemic cells but not to the twin’s normal cells (McCoy et al., 1973). 

Colub et al. (1972a,b) have used a modified CI assay (Hewetson 
et al., 1972) to search for cell-mediated ininiunity to Burkitt lymphoma 
cells. Lymph nocle cells taken from patients with a Burkitt tumor had, in 
the few cxperiments conducted, a CI effect on ceIl lines of Burkitt origin, 
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whereas peripheral blood lymphocytes from the patients had no such 
effect. Blood lymphocytes were, however, found to undergo transforma- 
tion to lymphoblasts when brought in contact with Burkitt tumor lines, 
and such “educated lymphocytes could then inhibit colony formation 
by Burkitt cells, The CI effect appeared to be specific for cells of Burkitt 
lymphoma origin, but more studics are needed before this is proven and 
before information on cell-mediated immunity to Burkitt tumors can be 
related to the extensive data on humoral immunity to these neoplasms 
(G. Klein, 1971). 

One problem when studying lymphocyte-mediated immunity to human 
tumors concerns the nature of the target tumor cells (see discussion in 
Oettgen et al., 1972). The fact that the cells studied have grown out 
from a tumor explant does, of course, not necessarily mean that they are 
tumor cells, since various types of normal stroma cells may grow as well 
in vitro as do the neoplastic ones. This problem emphasizes the need to 
work with relatively fresh explants (which are generally less overgrown 
by stroma cells), as well as with cell lines that have been well character- 
ized with respect to various signs of neoplastic behavior (Bubenik et al., 
1973). 

Another important problem when studying cell-mediated immunity 
to human tumors is to decide which controls are most adequate (see 
Oettgen et al., 1Q72), particularly since (varying among different labora- 
tories) lymphocytes from 5 to 15% of normal healthy subjects have been 
found to be cytotoxic to normal and neoplastic cells alike. The meaning 
of this nonspecific toxicity is unclear. It might be fairly trivial due to 
sensitization to some component in the culture medium or to a lympho- 
cyte-mediated immunity to target cell alloantigens, but it may also have 
a wider biological significance, e.g., indicating the presence of activated 
macrophages. The presence of this nonspecific cytotoxicity points toward 
the importance of performing experiments in a criss-cross pattern with 
the same lymphocyte suspensions being tested against two different 
tumors at  the same time as well as against normal cells (since tumor 
cells may be more sensitive than normal cells to the toxic effect). It is 
obvious that without controlling for this nonspecific toxicity, the results 
obtained, positive or negative, will be very difficult to evaluate. Pro- 
cedures recently worked out for the selective absorption of specifically 
reactive lymphocytes ( Brondz, 1968; Brondz and Snegirova, 1971; Lonai 
et al., 1972; Clark and Kimura, 1972) may be helpful when trying to 
analyze the specificity of the cytotoxic effects as may also procedures by 
which lymphocyte-mediated cytotoxicity on isotope-labeled cells can be 
competitively inhibited by adding nonlabeled target cells of the same 
antigenic specificity (de Landazuri and Herberman, 1 9 7 2 ~ ) .  
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To what extent apparently healthy subjects possess lyn~phocytes spe- 
cifically reactive against a particular type of tumor has not been ade- 
quately studied. Existing data indicate that this is a relatively rare event. 
However, a weak, specific reactivity in many “normal” controls cannot 
be excluded and neither can a strong reactivity in a small number of 
normal donors : most tests simply show that the experimental group’s 
lymphocytes (from autochthonous and/or allogcneic patients with the 
same type of tumor) are more reactive than are those from the controls 
(from healthy subjects as well as from patients with other types of 
tumor). Of interest in this respect is the recent demonstration that lym- 
phocytes from many healthy black (North American Negro) donors are 
specifically reactive on melanoma target cells and that sera from some 
blacks are “unblocking” (see Section VIII) in the melanoma system 
( Hellstrom et al., 1973a). Whether these findings are due to sensitization 
to a normal skin antigen that is more prevalent in blacks or whether the 
antigen reacted against is tumor-specific and many blacks have incipient 
melanoma, is not known (the former alternative appears to be the more 
likely one). 

In contrast to most other investigators of human tumor immunity, 
Currie et al. ( 1971 ) were initially unable to find any cross-reactions when 
studying cell-mediated immunity to melanomas. Their findings gave 
evidence only for reactions against individually unique antigens of 
melanoma cells, and these reactions were seen only in a few patients, all 
of whom had a very small tumor load. Similar evidence for unique anti- 
gens in melanomas and lack of evidence for any common antigens have 
been presented by Lewis et nl. (1969), who searched for humoral anti- 
bodies with the membrane immunofluorescent assay and with comple- 
ment-dependent cytotoxicity tests. Lewis’ findings, however, were in 
contrast to membrane immunofluorescent studies by Morton et al. 
( 1968), who showed cross-reactivity. 

According to a more recent report, Currie and Basham (1972) can 
now detect cell-mediated reactivity against a variety of human neoplasms, 
and they also find cross-reactions among histologically similar tumors, 
including melanomas ( although the degree of cross-reactivity among 
melanomas is somewhat less than that demonstrated, e.g., by Hellstrom 
et al., 1971a). The earlier failure of Currie et al. to detect any reactivity 
in patients with growing tumors and the lack of cross-reactivity in their 
previous tests have been attributed by them to the fact that they washed 
the lymphocytes less extensively in their early work than did, e.g., Hell- 
strom et al. ( 1971). The poorly washed lymphocytes may, therefore, have 
been blocked by serum factors bound to them. 

The work of Lewis et al. (1969) as well as the early studies by Currie 
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et al. (1971) indicate that melanomas have individually unique tumor 
antigens, and findings by several other groups of investigators (as well as 
the later study by Currie and Basham) indicate that such tumors possess 
cross-reacting antigens. Thus, there is evidence for both common and 
individually unique tumor antigens in melanomas, Evidence for the 
presence of more than one antigen in melanomas has been also obtained 
by Fossati et al. (1971), who found that some patients’ lymphocytes 
were more cytotoxic to certain melanoma lines than to others, whereas 
a reversed pattern of reactivity was obtained with lymphocytes from 
other melanoma patients. Similar findings have been described by 
de Vries et al. (1972) and by Hellstrom and Hellstrom (1973). Likewise, 
D. L. Morton (personal communication), who recently tested sera for 
cytotoxic antibodies to melanoma cells, found evidence for both common 
and individually specific melanoma antigens. One may speculate that a 
similar reactivity pattern may be detected with other human tumors as 
well, as these are investigated more extensively, and that the same tumor 
cell may contain one, two, three, or more sets of different tumor-specific 
( and/or tumor-associated ) antigens. Studies on spontaneous mammary 
carcinomas of mice may support this notion. These tumors have both 
common antigens, associated with the mammary tumor virus (Morton, 
1962, 1969; Weiss et al., 1964) and individually unique antigens, specific 
for each tumor (Vaage, 1968; Morton, 1969; Heppner and Pierce, 1969), 
and i t  depends very much on the way the tumors are studied which type 
of antigen is detected. 

It remains to be studied what the roles are, in uiuo, of individually 
unique tumor antigens as compared to common ones as inducers and 
targets of an immune response. We know extremely littIe about this 
important issue at the present time; from what we know about animal 
tumors of “spontaneous” as well as chemical etiology it seems unwise to 
discard an important role of individually unique antigens of human 
tumors (in addition to their common ones), in spite of the fact that the 
overwhelming amount of in uitro data concern the common human tumor 
antigens, so far. Another important question concerns the stability of the 
common vs. unique antigens (further discussed in Section XI,C,3) ; one 
may expect that fluctuations in the amounts of various tumor antigens 
may occur, including antigenic losses, and that the ease by which this 
occurs may vary among different antigens. 

The fact that histologically similar human tumors cross-react has 
raised doubts in some investigators’ minds as to the possible in uivo 
relevance of the in uitro reactivity to human neoplasms, as studied so far. 
We will now discuss two explanations of the common antigens, which the 
critics of the concept of their biological importance, have provided. 
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First, one may argue that the common antigens detected are just 
normal alloantigens, to which some lymphocyte donors happen to be 
immune. All the findings on cell-mediated human tumor immunity can 
obviously not be dismissed this way, since large numbers of patients 
have been studied and found to be reactive also against their own, auto- 
chthonous tumors ( when alloantigenic differences are excluded). How- 
ever, studies on autochthonous tumors do not exclude that the reactivity 
of allogeneic lymphocyte donors is due to alloantigenic differences. There 
is experimental evidence, however, strongly arguing against the common 
tumor antigens being alloantigens. One, extensive experiments have been 
performed in criss-cross patterns with two different tumor types being 
tested at the same time and with the same lymphocyte suspensions being 
used as experimental material with one set of tumor cells and as control 
material with the other. A tumor group-specific reactivity pattern was 
found also under these conditions. Two, to be discussed further, the 
cytotoxic effect of lymphocytes can be blocked by sera from various 
patients having the same type of tumor as the respective target cells, 
but not with sera from patients having different types of tumors (Hell- 
strom et al., 1971b). Such blocking can be seen in the autochthonous 
situation, as well, when sera are used from either the autochthonous 
patient or from allogeneic patients with the same tumors (but  not when 
the sera come from patients with tumors of different types). Three, cell 
membrane preparations from tumors of the target cell type, but not 
from other types of tumors or from normal tissues, can block lymphocyte- 
mediated cytotoxicity ( Perlmann et al., 1973; Baldwin et al., 1973a). 

A second possibility is that the common human tumor antigens are 
just normal organ- (or tissue-) specific antigens. Although normal colon 
epithelial cells are not destroyed by lymphocytes destroying colon carci- 
nomas, nor fibroblasts destroyed by lymphocytes destroying sarcomas 
(Hellstrom et al., 1971a), the possibility that the antigens involved are of 
normal origin still remains. One may just argue that some particular 
tissue specific antigens are present in larger amounts in neoplastic cells 
than in their normal counterparts or that they are, for some other reason, 
not detected in cultivated normal cells the way these have been tested 
( the normal cells may, e.g., be less immunosensitive ) . The lack of reliable 
methods to date for selective absorption of lymphocytes sensitized to 
tumor antigens makes it difficult to discard this theory completely. It is 
significant, however, that the common tumor antigens seen in human 
neoplasms behave as if they are targets for a clinically important im- 
munological defense against neoplasia: a good correlation has been de- 
tected between immune responses to the common antigens in vitro and 
clinical courses of tumor patients in vim (see below). It also seems 
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relevant that, in preliminary studies in an animal model with common 
tumor antigens of tissue-specific papillomas and carcinomas of the urinary 
bladder, tumor induction can be delayed by immunizing the animals 
against common tissue-specific tumor antigens, as already referred to 
(Taranger et al., 1972); these findings need more follow-up work. 
Furthermore, as already pointed out, lymphocyte mediated cytotoxicity 
on colon carcinoma cells can be blocked with cell membrane preparations 
from colon carcinoma but not with such preparations from normal colon 
mucosa ( Baldwin et al., 1973a). 

In carcinomas of the colon, there is an indication that the common 
antigen detected upon in vitro testing is present in fetal but not in adult 
colon ( Hellstrom et al., 1970b). These data are interesting in view of the 
previously discussed work by Hollinshead et al. (1972) on delayed hyper- 
sensitivity in viuo. More studies of this type, preferably with absorption 
techniques, are needed. 

The relation between human cell-mediated tumor immunity and 
tumor load seems to be similar to that seen in animal systems. Lympho- 
cytes from patients with growing neoplasms are commonly reactive in 
vitro as are lymphocytes from patients whose tumors have been removed 
(Hellstrom et aZ., 1971a), whereas titrations of the minimum dose of lym- 
phocytes needed to produce significant kill ( Hellstrom and Hellstrom, 
1973) as well as studies performed with small ratios between lympho- 
cytes and target cells ( O’Toole et  al., 1972a,b) have shown that patients 
with large tumor loads are less reactive than are patients with small 
amounts of tumor. Earlier controversies over this issue probably arose 
because some investigators worked with large ratios between lympho- 
cytes and target cells and others with relatively small ratios, so that the 
quantitative differences were either obscured or believed to be qualitative. 

Detectable cell-mediated immunity following tumor removal is long 
lasting in many, but not in all, patients. For example, some patients who 
had recovered from neuroblastoma were found to have reactive lympho- 
cytes, whereas others did not ( Hellstrom et al., 1970a). Some patients 
with melanomas and colonic carcinomas have been shown to retain 
lymphocyte reactivity many years after the last clinical signs of tumor- 
the longest interval observed was in a patient whose colonic carcinoma 
occurred 29 years before the test (Hellstrom et al., 1971a). In patients 
with bladder carcinoma, on the other hand, lymphocyte reactivity was 
reported to be lost often within a few months after tumor removal 
(OToole et al., 1972a,b). Because the bladder tumor investigation was 
performed with relatively low ratios between lymphocytes and target 
cells, as compared to the other cited work, the possibility remains that 
the differences in how long the immunity lasts were quantitative rather 
than qualitative. 
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A potentially iinpoitant finding was recently described by Cheema 
and Hersh ( 1972). These authors reported that lymphocytes from tumor 
patients often retarded neoplastic growth when inoculated into the 
patients’ subcutaneous tumor nodules, particularly when the lymphocytes 
had been exposed first to phytohciiiagglutinin. Although several explana- 
tions of this phenomenon are possible, it is interesting that lyinphocytcs 
found to be tumor-cytotoxic in vitro may, indeed, have an antitumor 
effect when directly tested in uivo. 

V. Cell Types Involved in Host Defense Reactions against Cancer 

One of the least understood areas in tumor iminunology is that of the 
cell types involved in various host responses to tumor antigens. Lynipho- 
cytes (possibly with the aid of niacrophages) are the cells rccogiiizing 
tumor antigens as foreign, after having been presentcd with a proper dose 
of the antigen, and at least part of the recognition mechanism may be 
studied by performing lymphocyte transformation assays. Lymphocytes 
recognizing the antigens as foreign may then develop into killer cells 
and/or they may stimulate other cells to bcconie killer cells both spe- 
cifically, e.g., by producing antibodies that can “arm” bone niarrow- 
derived ( B ) lymphocytes and niacrophagcs, and nonspecifically by re- 
leasing various substances that can activate other cells as well as help to 
destroy the tumor by a cytotoxic effect. The in vivo role of the latter 
nonspecific component is probably proniincnt, but exactly how great is 
not known. 

The fact that neonatal thymectomy increases the frequency of several 
types of experimentally induced primary tumors (Ting and Law, 1967) 
indicates that thynius-derived ( T ) lymphocytes play a significant role 
in the defense against tumors. This role may be important with respect 
both to the sensitization process and to the effector mechanism. 

The kind of cytotoxic cells detected in vitro may vary for different 
tumor systems, as well as with the time points during the tumor course 
and with the techniques used. On the basis of studies performed with 
respect to allograft immunity, one may expect the most important killer 
cells to be T cells (Cerottini et d., 1970), but it is possible that B killer 
cells are equally important or even more so under some conditions. 
According to a recciit report (Lamon et al., 1972b), the cytotoxic cells 
seen in mice with Moloney virus-induced sarcomas that have regressed 
are non-T cells, whereas T-cell cytotoxicity is detected only at the time 
of regression. It seeins important, at this time, to keep an open mind as 
to the individual roles of T and non-T ( B ? )  cells as killers in tumor 
immunity, and not prematurely ascribe all significance to the T cells, on 
the basis of studies done with respect to immunity to H-2 antigens in 
mice. 
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According to other reports, macrophages are the predominant killer 
cells in uitro and perhaps even more so in wivo (Tsoi and Weiser, 1968; 
Evans and Alexander, 1970, 1972). Both a specific killing effect of armed 
macrophages and a nonspecific cytotoxic effect of activated macrophages 
have been described (Evans and Alexander, 1972). Tumor cell neutrali- 
zation by immune lymphoid cells has been found to occur less effectively 
in mice treated with silica, a macrophage toxin (Zarling and Tevethia, 
1973b). It is interesting, furthermore, that tumors that grow poorly in 
viuo are often more infiltrated with macrophages than are tumors that 
grow well (Evans, 1972). Also neoplastic cells may have a greater sensi- 
tivity than their normal counterparts to the nonspecific cytotoxic effect 
of activated macrophages (Hibbs et al., 1972). Once again, the need to 
use proper controls when studying tumor immunity is thus emphasized, 
and the role of nonspecific mechanisms in tumor rejection should not b e  
underestimated. 

The in viuo situation is likely to be complex. Recruitment of originally 
uncommitted lymphocytes by various mechanisms, including arming of 
B lymphocytes and of macrophages as well as attraction and activation, 
of various inflammatory cells (including macrophages ) and release of 
various substances, such as lymphotoxin and MIF, may all be important, 
and misfunctions with respect to any of these events may provide the 
tumors with an “escape” from surveillance. 

The cell types involved in the production of unblocking serum factors 
and of the antibody part of blocking factors (see Sections VII and VIII) 
have not been identified. An interesting observation, the meaning of 
which is still unclear, is that antisera to antigens specific for plasma 
cells of the mouse have been found to be capable of depressing humoral 
antibody synthesis (Harris et al., 1972) and of counteracting the growth 
of both chemically induced sarcomas and Moloney sarcomas in mice 
(Jagarlamoody and McKhann, 1972). The hypothesis is that the sera have 
acted by depressing the formation by plasma cells of the antibody com- 
ponent of blocking factor (see discussion in the following), but there is 
no direct experimental support of this hypothesis. 

In conclusion, we want to point out that no statements are warranted 
about T cells as being invariably “good” and B cells as ‘ b a d  in tumor 
immunity. Procedures selectively depleting B cells would probably not 
be beneficial (but, rather, harmful) in individuals with cancer. It is too 
early to evaluate the potential value of antisera to plasma cells. One may 
expect, however, that the immunological manipulations needed to improve 
upon the host’s defense to cancer will have to be more specific than can 
be obtained by deleting one population of immunologically competent 
cells or by stimulating another. These treatments must be based on the 
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nature of the immunological defect that exists in a particular patient, be 
it lack of adequate sensitization, lack of appropriate effector cells (with 
specific and/ or nonspecific action ) , high production of blocking serum 
factors, or something else. Before real progress will be made in the im- 
munological manipulation of tumor growth, a better understanding of 
the mechanisms of cellular immunity to tumor antigens is needed. 

VI. Escape Mechanisms of Growing Tumors from Immunological 

That tumors can grow progressively and kill, and yet are sensitive to 
in vitro destruction by lymphocytes from the tumor bearers might seem 
paradoxical. Several possible explanations of this situation exist (Old and 
Boyse, 1964; Deichman, 1969; K. E. Hellstrom and Hellstrom, 1969; 
G. Klein, 1969, 1971; Smith and Landy, 1971; Smith, 1972). 

One explanation, which probably holds true for many cases, is that 
the degree of lymphocyte-mediated reactivity is not strong enough to 
cope with a rapidly growing tumor mass. Nevertheless, it may be suffi- 
cient for the destruction of isolated neoplastic cells, and this may account 
for the “concomitant” tumor immunity which is often, but not always, 
seen in tumor-bearing individuals ( Gershon et al., 1967; Southam, 1967; 
Deckers et al., 1971; Lausch and Rapp, 1972; Zarling and Tevethia, 
1973a). The growth of an established tumor mass may be further facili- 
tated by the fact that the local lymph nodes draining a growing tumor 
are often prevented from releasing specifically cytotoxic cells (Alexander 
et al., 1969) as well as by a high local concentration of blocking factors 
(see Section VII) .  

Another circumstance contributing to progressive tumor growth in 
vivo may be that the destruction of antigenic tumors not only involves 
the specifically sensitized lymphocytes commonly studied in vitro but 
also needs an amplification mechanism to which various cells contribute, 
including macrophages and originally uncommitted lymphocytes that are 
recruited into the reaction. I t  is conceivable, therefore, that even when 
sensitized lymphocytes are present and are capable of destroying anti- 
genic tumor cells in uitro, a defect can exist in vivo with respect to the 
mobilization and/ or action of some other essential effector cell type. 

Experiments of Bernstein et al. (1971a, 1972) may point in that 
direction. Lymphocytes capable of transferring tumor immunity to normal 
guinea pigs were found not to do so when given to guinea pigs with large 
tumors; the depressive effect of the growing tumor was immunologically 
nonspecific. These animals also had impaired delayed hypersensitivities 
to a protein antigen, although their lymphocytes were responsive to the 
same antigen in vitro. Attempts to induce inflammation by exposing their 

Destruction 
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skins to turpentine showed a defect in the accumulation of inflammatory 
cells. 

It is also noteworthy that patients with carcinomas of the head and 
neck can be divided, more or less, into two categories, with respect to 
their abilities to form delayed hypersensitivity reactions to cutaneously 
applied dinitrochlorobenzene ( DNCB ) : patients who respond fairly 
vigorously and those who do not respond at all (Eilber and Morton, 
1970). This distinction is seen also when patients who have undergone 
surgery and have no clinically detectable remaining tumors are tested. 
The patients not responding to DNCB almost invariably have poor clini- 
cal outcomes, whereas patients responding to DNCB have a much higher 
probability of long-term tumor-free states. The findings indicate that 
mechanisms involving the development of delayed hypersensitivity re- 
actions are important to fight growing neoplastic cells. 

Another escape mechanism from immunological control is apparent 
from the .evidence that certain molecules, e.g., sialomucin, are often 
bound to the surfaces of tumor cells and are able to block the tumor 
antigens from being fully exposed in vivo as well as to repel sensitized 
lymphocytes (Apffel and Peters, 1969; Watkins et al., 1971). It is un- 
known how significant this masking of tumor antigens is in vivo for the 
tumor’s escape from immunological control. The facts that host reactivity 
to tumor antigens, as studied in vitro, correlates well with tumor growth 
in vivo and that an immunotherapeutical effect can be seen in at least 
some systems indicate that the masking cannot be absolute. 

There is also evidence that individuals with cancer have serum factors 
that depress lymphocyte response to phytohemagglutinin and reactivity 
in mixed leukocyte cultures (Whittaker et al., 1971; Brooks et al., 1972). 
This may be a very important observation, indeed, since it may help to 
explain why cancer patients have decreased abilities to mount delayed 
hypersensitivity reactions to various antigens. It is also quite possible that 
the (so far unknown) molecules capable of nonspecifically depressing 
immunological reactivity against various antigens have depressing effects 
on the patients’ abilities to react against their tumors. Antigenic modu- 
lation, as well as simple losses of tumor antigens (or decreases in their 
amounts), are two additional escape mechanisms, further discussed in 
Section XI,C,3. 

Specific blocking serum factors provide still another escape mecha- 
nism from immunological surveillance (and this escape mechanism is the 
one we have elected to deal with primarily in this article). There is evi- 
dence that the in vivo role of the blocking factors is an important one. 

VII. Role of Blocking Serum Factors in Host-Tumor Interactions 

Although there had been much speculation over the past 15 years 
that enhancing antibodies might protect tumors from immunological 



LYhfPI-IOCYTE-hlEDIATED CYTOTOXICITY 235 

destruction ( Kaliss, 1958, 1962, 1967, 1970; Batchelor, 1968) and although 
enhancement of syngcneic tumor growth had been obtained with hyper- 
immune sera against their specific antigens (Moller, 1964; Bubenik and 
Koldovsky, 1964; Attia and Weiss, 1966; Batchelor, 1968), it was not until 
the late 1960s that experimental evidence to that effect was forthcoming 
in the autochthonous situation. The first demonstration that sera from 
tumor-bearing individuals could block cellular cytotoxicity came from 
studies in mice with progressively growing sarcomas ( progressors ), in- 
duced by the Moloney sarcoma virus ( Hellstram et al., 1969b; I. Hell- 
str6m and Hellstrom, 1969). It was shown that progressor serum could 
block the destruction of cultivated Moloney sarcoma cells by sensitized 
lymph node cells, as compared to sera taken from normal syngeneic mice 
or from mice carrying tumors with antigens that did not cross-react with 
those of Moloney sarcomas (spontaneous mammary carcinomas and 
sarcomas induced by methylcholanthrene ) . The blocking effect was not 
regularly seen with sera from mice with Moloney sarcomas that had re- 
gressed, when tested either in the same dilution as the progressor sera 
(1:5) or in higher dilutions (up to 1:40). When Maloney sarcomas 
started to regress (which happened in most adult mice given the virus), 
the blocking serum activity, initially prescwt, commonly disappeared 
( I .  Hellstroni and Hellstrom, 1970). 

Findings similar to those made in the Moloney sarcoma system were 
obtained in rabbits with papillomas induced by the Shope virus (Hell- 
strom et al., 1969a). Rabbits carrying persistent papillomas (persistors), 
as well as rabbits with papillomas that had regressed (regressors) had 
regional lymph node cells cytotoxic to cultivated Shope tumor cells, but 
only the former group of rabbits had any detectable blocking serum 
activity. These findings were interesting, since previous studies by Evans 
and Ito (1966) had demonstrated a difference in the in vivo immune 
status between the two groups of rabbits. Deoxyribonucleic acid from 
the Shope virus could induce new Shope papillomas in the persistors (as 
it could in untreated rabbits with lymphocytes that were not cytotoxic 
to Shope tumor cells), but it did not induce papillomas in the regressor 
rabbits; this difference does not appear to be explainable by differences 
in the titers of antiviral antibodies. Thus, the Shope findings indicate that 
the blocking phenomenon, as measured in uitro, is an important correlate 
of the host response to tumors in vivo (K. E. Hellstrom and Hellstrom, 
1970). 

Blocking serum activity, similar to that demonstrated in the Moloney 
and Shope tumor systems, was detected in mice with spontaneous mam- 
mary carcinomas ( associated with the mammary tumor virus), pro- 
tecting tumor cells from destruction by lymphocytes sensitized against 
the individually unique antigens of such tumors (Heppner, 1969, 1972; 
Heppner and Kopp, 1971). Similar findings were later made with a 
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variety of other neoplasms as well: polyoma virus-induced sarcomas in 
mice and rats (Sjogren and Borum, 1971; Sjogren and Bansal, 1971), 
Schmidt-Ruppin-Rous virus-induced sarcomas in mice and rats ( Sjogren 
and Jonsson, 1970), adenovirus 12-induced sarcomas in mice ( Ankerst, 
1971), chemically induced sarcomas in mice, rats (Hellstrom et al., 
1970c), and guinea pigs (Cohen et al., 1972), and chemically induced 
hepatomas in rats (Baldwin and Embleton, 1971; Baldwin et al., 1971, 
1973c,d), Furthermore, blocking activity has been detected in the sera of 
patients with a variety of neoplasms (Hellstrom et al., 1971b; Bubenik et 
al., 1970; de Vries et al., 1972; Currie and Basham, 1972; Heppner et al., 
1973; Cohen et al., 1973; Levy, 1973) and shows the same specificity as 
do lymphocytes from these patients (see Section VI1,A). 

It is interesting that a blocking effect can be demonstrated also with 
the macrophage migration inhibition assay, an in uitro correlate of de- 
layed hypersensitivity ( Halliday, 1971, 1972). Since antigenic extracts 
were used in these studies, they excluded that the blocking phenomenon 
-at least as studied with this technique-was due to antigenic modu- 
lation (Old and Boyse, 1964). 

In human patients with sarcoma, blocking serum effects have also 
been detected by using the lymphocyte transformation test (Vanky et al., 
1971). 

CORRELATIONS BETWEEN in Vitro . ~ N D  in Viuo FINDINGS 

The question is no longer whether blocking serum factors exist but 
whether they play a role in facilitating tumor growth in vivo or are de- 
tectable as just another sign of a growing tumor. One should realize, 
however, that even if the latter alternative were true, monitoring serum 
blocking factors might still provide diagnostically and prognostically 
useful information. 

The data obtained in the Shope system (Hellstrom et al., 1969a) 
argue against the role of the blocking factors being trivial, but a more 
detailed analysis, utilizing both in udtro and in viuo assays, is needed to 
clarify what in uivo significance blocking serum factors might have. Part 
of this analysis has been done and will now be discussed. 

Stutman ( 1971) studying chemically induced sarcomas in mice, Pierce 
(1971) and Pearson et al. (1973) investigating sarcomas induced in mice 
with the Moloney sarcoma virus, and Bansal et al. (1972) working with 
polyoma virus-induced sarcomas in rats could all show that sera of the 
type that blocks in dtro  (and which were actually demonstrated to do 
SO in the experiments of Bansal et al.) could enhance the growth of trans- 
planted tumors of the respective types in uiuo. The blocking factors thus 
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appeared to mediate the phenomenon of immunological enhancement, 
studied by Kaliss (1958, 1962, 1967, 1970) and others with allogeneic 
tumor grafts. 

It is significant that the studies by Bansal et al. (1972) were so 
carried out that rats were given serum in sufficient quantities to possess 
blocking activity detectable upon in vitro testing of sera from the inocu- 
lated animals. Rats, which after receiving serum had detectable blocking 
titers, developed polyoma tumors earlier from a test graft with syngeneic 
tumor cells than did rats receiving control serum. No difference was 
detected in the establishment of cell-mediated immunity to polyoma 
tumor antigens in the two groups, indicating that the enhancing serum 
effect detected in this case was more likely of an efferent or central type 
than of an afferent one. This finding is different from observations made 
in several other systems, where antibodies to alloantigens mediated an 
afferent enhancement, delaying the onset of cell-mediated reactivity ( e.g., 
see Peter and Feldman, 1972). Three to five days after the rats were 
first given blocking serum, followed by tumor cells, the differences in 
blocking activities between experimental and control groups disappeared 
-sera from rats belonghg to the control groups were blocking as well. 
An active form of “self-enhancement” then may have taken place, as 
seen in isografted but not otherwise treated rats. 

In the experiments listed, although enhancement had been observed 
following inoculation of sera from tumor-bearing animals, it was rather 
unimpressive in degree compared to the enhancement seen in studies 
with tumor allografts. This may be due to rapid elimination of the block- 
ing factors inoculated-perhaps explainable if they are antigen-antibody 
complexes (see Section X)-as well as to the quick appearance of 
blocking factors in control animals (mediating self-enhancement and 
obscuring the differences between the experimental groups and the con- 
trols). The latter explanation is the more likely one in the experiments 
of Bansal et al. (1972). 

Vaage (1973) was unable to detect any enhancing effect at all follow- 
ing inoculation of sera from tumor-bearing mice. The lack of data as to 
whether the animals inoculated with sera developed detectable block- 
ing activity, as co,mpared to the controls, makes it difficult to interpret 
this finding, however. I t  is interesting that tumor antigen inoculated in 
the same experiments did, indeed, facilitate tumor growth in U ~ U O .  

Whether this occurred by desensitizing lymphoid cells, by inducing an 
active form of immunological enhancement, by combining with anti- 
bodies to form blocking complexes, or by some other mechanism, is not 
known. 

Blocking activity can be eluted from polyoma tumors taken from the 
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body, cut into small pieces, repeatedly washed, and then incubated at 
pH 3.1 ( Sjogren and Bansal, 1971; Bansal et al., 1972); similarly prepared 
eluates from normal tissues taken as controls from the same tumor 
bearers showed no blocking activity. Blocking factors eluted from rat 
polyoma tumors were found to enhance polyoma tumor growth in viuo, 
similar to that seen after inoculation of serum (Bansal et al., 1972). 
Analogous findings have been obtained in systems in which no in vitro 
measurements on blocking activity were done. Eluates of SV 40 tumors 
in hamsters were found to contain antibodies to the cell surface antigens 
of SV 40 tumor cells (Sobszak and De Vaux Saint Cyr, 1971); immuno- 
globulins ( Ig)  of the IgG, variety were found in eluates froin chemically 
induced mouse sarcomas (Ran and Witz, 1970), and mice injected with 
such eluates showed enhanced tumor growth (Ran and Witz, 1972). The 
degree of specificity of the enhancement obtained was lower, however, 
than found when the same type of tumor was studied for specific trans- 
plantation antigenicity ( implying, either, that the tumors shared antigens 
to which enhancement could be detected or that the in wivo effect of 
inoculating tumor eluates was partially nonspecific). No nonspecific effect 
was seen when eluates from rat sarcomas induced by either the polyoma 
virus or methylcholanthrene were tested in parallel ( Bansal et al., 1972). 

Blocking activity, similar to that seen with several animal tumors, 
can be eluted from human neoplasms as well (Sjogren et al., 1972) and 
shows the same degree of specificity as detected when studying the cyto- 
toxic effect of lymphocytes from the respective tumor patients. These 
data may be analogous to the demonstration that eluates of Burkitt 
lymphoma cells at a low pH often contain IgG with specificity for 
the cell surface tumor antigens of the Burkitt lymphoma (G. Klein, 
1971 ) . 

The fact that blocking factors can be eluted from both animal and 
human neoplasms taken directly from the body is significant, since it 
implies that at least some of the antigens involved in the reactions studied 
in vitro are expressed on at least some of the neoplastic cells growing 
in viuo. It also indicates that the level of blocking activity is likely to be 
higher at the tumor site than in the whole organism, since blocking factors 
bound to the tumor are present at the tumor site, in addition to those 
occurring in the bloodstream. This is likely to lead to less effective cell- 
mediated tumor immunity locally than elsewhere in the organism and 
may, in turn, help to explain the phenomenon of concomitant tumor im- 
munity (Gershon et al., 1967). Because animals (and human patients) 
with growing tumors have circulating cytotoxic lymphocytes as well as 
blocking serum factors, one may expect concomitant immunity to occur 
when the circulating blocking factors cannot fully abrogate the lympho- 
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cyte reactivity, whereas no concomitant immunity is to be expected when 
the blocking serum activity is relatively stronger than the lymphocyte 
reactivity. If this reasoning is correct one may expect, furthermore, that 
the degree of concomitant tumor immunity should vary at different sites 
in the tumor-bearing host (as a result of the local supply of reactive cells 
and available blocking factors ) as well as among different neoplasms, 
being very prominent with some and virtually absent with others. One 
must remember, in this context, that in the classic studies on enhance- 
ment of allogeneic tumor grafts, concomitant immunity to transplanted 
cells was almost regularly found in animals bearing enhanced grafts of 
the same neoplasms (Kaliss, 1962; Zimnierman and Feldman, 1970). The 
belief ( held by some) that the phenonienon of conconiitant tumor im- 
munity disproves an in vivo tumor enhancing role of blocking serum 
factors is thus unfounded. 

Further evidence that a blocking serum effect detectable in vitro, has 
relevance in vivo comes from studies by Sjogren and Bansal (1971; Bansal 
and Sjogren, 1973). Rats were first transplanted with syngeneic polyoma 
tumors, and their levels of transplantation resistance to second polyoma 
tumor grafts in vivo as well as their lymphocyte-mediated cytotoxicity 
and serum blocking activity in vitro were measured. It was shown that 
lymphocytes from rats carrying growing polyoma tumors, as well as from 
rats carrying such tumors that werc subsequently removed, were cyto- 
toxic to polyoma tumor cells and that the degree of lymphocyte reactivity 
in the two groups of rats was about the same (unless the tumor was 
very large-it then was less). Only those rats that had growing tumors 
had blocking serum activity, exccpt in cases where the tumors were not 
coinpletely removed but reappeared and a blocking effect was regularly 
detected. Rats with Mocking sera (and cytotoxic Iymphocytes ) were 
significantly more sensitive to polyoma tumor test grafts than were rats 
with cytotoxic lymphocytes and no blocking activity; the rats with cyto- 
toxic lymphocytes and blocking sera were approximately as susceptible 
to polyoma tumors as controls never exposed to polyoma tumors and 
lacking detectable lymphocyte cytotoxicity (indicating that no significant 
concomitant immunity was seen in this particular system). The findings 
indicated that the blocking serum activity, as measured in vitro, was, 
indeed, related to the degree of effective host response to the tumors 
in vivo. 

An equally striking correlation between the finding of blocking serum 
activity in vitro and facilitated tumor growth in vivo has been obtained 
in studies on human cancer patients. A large number of such patients 
has been tested, representing a variety of different neoplasms (Hellstrom 
et al., 1971b). Findings obtained by studying patients with malignant 
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melanomas appear representative and will, therefore, be dealt with in 
some detail, Among a group of patients with melanomas, the follow- 
ing patterns were identified (Hellstrom et d., 197313). First, patients 
were observed in whom primary melanomas, not metastasized, had been 
surgically removed and in whom no tumor recurrency was detected 
during the observation period. Lymphocytes from these patients had 
a strong cytotoxic effect on autochthonous and allogeneic melanoma cells 
and sera from the same patients had no regular blocking activity after 
the tumors had been removed. Second, of patients who had widespread 
disease when first seen, most died from their melanomas within the 
observation period. Sera from these patients were almost invariably 
blocking. Furthermore, the degree of lymphocyte-mediated cytotoxicity 
was less than that seen in the first group. Third, of patients whose clinical 
course changed remarkably during the observation period, some devel- 
oped metastases subsequent to their original examinations. Blocking serum 
activity commonly antedated the presence of metastases by several 
months and could be seen in all patients when metastases were clinically 
evident. There were also patients in whom blocking serum activity was 
found to disappear in conjunction with the surgical removal of small 
metastatic masses and in whom tumor-free states (lasting from a few 
months to more than 2 years) were then observed. No blocking activity 
was detected after these patients became clinically tumor free, nor was 
any blocking effect seen in one patient whose melanoma underwent 
spontaneous remission; rather, this patient’s serum potentiated the cyto- 
toxic activity of lymphocytes from other patients with melanomas. 

Fluctuations in cell-mediated antitumor reactivity correlating with 
clinical status have been demonstrated in patients with carcinomas of 
the bladder ( OToole et al., 1972a,b). Lymphocytes from patients with 
small tumor loads were, as a rule, found to react to bladder tumor cells, 
whereas lymphocytes from patients with large tumors reacted much less 
frequently. Increased reactivity was often seen in the latter group follow- 
ing treatment that reduced the tumor size. No tests for serum blocking 
activity were performed in these studies. 

A blocking effect with sera from patients with growing neoplasms 
has been detected also when using the lymphocyte transformation assay, 
and, at least in some instances, a correlation was seen between the block- 
ing activity and the clinical course (Vanky et al., 1971). Tumors taken 
directly from the patients did not stimulate lymphocyte transformation, 
as a rule, whereas stimulation was seen after incubation of the tumors 
at pH 3.1 so as to elute blocking factors; addition of the eluates blocked 
lymphocyte transformation (Vanky et al., 1973). These findings agree 
with the data obtained with the microcytotoxicity test that showed bind- 
ing of blocking factors to the tumor cells. 
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The finding that the cytotoxic effect of lymphocytes from human 
patients can be specifically blocked by the same patient’s serum achieves 
importance not only by indicating that blocking activity may contribute 
to facilitated tumor growth in uivo, but also by providing a way to study 
the tumor specificity of the reactions measured ( see foregoing discussion). 
The specificity of the blocking effect suggests that the lymphocyte re- 
activity is more likely directed against antigens that are tumor-specific 
(or, at least, tumor-associated ) than against normal alloantigens. 

VIII. Unblocking Serum Factors 

Sera from mice with Moloney sarcomas which have regressed (or have 
started to regress) have been shown not only to lack blocking activity 
but to cancel the blocking effect of sera from mice that have growing 
such tumors (I. Hellstrom and Hellstrom, 1970). This serum effect has 
been denoted as “unblocking” (or deblocking), an operational term that 
states nothing about the mechanisms of the phenomenon. It shows the 
same specificity as the blocking activity and the cell-mediated reactivity. 

An unblocking effect has been detected in other systems as well. For 
example, sera from rats with polyoma tumors that have been successfully 
removed are unblocking in the polyoma tumor system, as are sera from 
rats, first given BCG and then transplanted, 14-16 days later, with a 
polyoma tumor syngeneic graft and tested after 4 to 8 days (Bansal 
and Sjogren, 1971, 1972, 1973). 

Two patients in whom spontaneous tumor remissions were seen as 
well as several apparently cured from neoplasia by surgery have been 
found to have unblocking sera (Hellstrom et al., 1971~) .  As in the animal 
system?, the unblocking effect was specific; for example, sera unblocking 
in the colon carcinoma system could not unblock in the melanoma 
system, and vice versa. So far, no unblocking serum activity has been 
detected in patients with clinically overt tumors. 

It is likely that the unblocking serum factors are related to humoral 
antibodies detected by the membrane immunofluorescent assay ( G. 
Klein, 1971; Morton et al., 1968, 1969) and with assays for tumor cell 
cytotoxicity in the presence of complement (Wood and Morton, 1970). 
Patients with Burkitt’s lymphoma have antibodies to surface antigen ( s ) 
of these tumor cells more frequently when the tumor loads are small 
than when they are large (Klein et al., 1966; G. Klein, 1971), and 
antibodies to the Burkitt, tumor cell, surface antigens have been found 
to disappear preceding tumor relapses in patients who had been in 
remission ( G. Klein, 1971 ) . Analogous findings have been reported 
from studies on human sarcomas with membrane immunofluorescent, 
complement fixation, and serum cytotoxicity tests (Morton, 1971). Re- 
gression of tumors induced by feline sarcoma virus has been shown to 
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correlate with increased titers of antibodies to the cell membrane 
antigens of such neoplasms (Essex et al., 1971). All these findings imply 
that generalized statements about humoral antibodies being invariably 
bad in cancer patients (which have been seen in the literature) are un- 
warranted. They indicate, instead, that humoral antibodies, at least in 
some situations, are beneficial to the host. If the hypothesis that blocking 
factors are antigen-antibody complexes ( and occasionally free antigens ) 
is correct (see Section X ) ,  one would expect that antibodies to the 
antigens involved in such complexes, if present in sufficient amounts, 
should be unblocking. 

The regular occurrence of blocking serum factors in patients with 
growing tumors and the presence of an unblocking serum activity in 
many patients who are clinically tumor free indicate that monitoring 
patients for unblocking serum activity may provide clinically useful 
information; the reason for concentrating on unblocking rather than 
blocking serum effects is that the disappearance of unblocking serum 
factors may occur before the blocking ones are detected. 

IX. Potentiating and Arming Serum Effects 

Certain sera taken from either animals or human patients during the 
period of tumor remission have been found to increase the cytotoxic 
effect of immune lymphocytes (Hellstrom et al., 1971c, 1973b,d). This 
has been referred to as “potentiation.” A similar effect has been described 
by Skurzak et al. (1972), who reported that the serum dilution was 
critical as to whether potentiation or blocking of the lymphocyte effect 
was seen and who found potentiation even with some sera from tumor- 
bearing animals (if the dilution was right). The mechanisms of the 
potentiating effect are unknown as are the molecules mediating it. One 
may speculate that potentiation is related to the unblocking phenomenon 
and operates by removing (or neutralizing the action of) blocking serum 
factors present in the lymphocyte suspensions tested, but other mech- 
anisms, including arming ’of nonsensitized cells, are equally possible. 

It has also been demonstrated that certain immune sera, particularly 
in experimental animal tumor systems, are capable of “arming” lymphoid 
cells from nonimmune syngeneic donors so that they become cytotoxic 
(Pollack et al., 1972; Pollack, 1973; Skurzak et al., 1972). The cytotoxic 
effect is specific and appears to be analogous to that previously shown 
with respect to immunity to alloantigens (MacLennan et al., 1969; 
Perlmann et al., 1969) that is mediated by B (or so-called K )  ly,mpho- 
cytes. One common feature of the arming effect is that even very dilute 
antisetra can arm, whereas dilution of sera quickly diminishes their un- 
blocking activity. The in vivo role of the arming phenomenon remains to 
be studied. No obvious correlation has been detected, as yet, between 
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the presence of arming factors in uitro :uid thc degree of effective tumor 
iinmunity in the animal, but this does not at all have to mean that the 
arming factors arc not important in uiuo. The arming phenomenon may, 
indeed, have a potential for tumor therapy which necds to be investigated 
(Hersey, 1973). 

X. Nature of the Blocking Phenomenon as Revealed by Tumor Studies 

The nature of the blocking serum factors and their mode of action 
are not well known. We will try to discuss the sketchy information avail- 
able. Another review article in this area was recently published by 
Feldman ( 1972). 

First, however, we want to point out that it has been well documented 
that enhancement of mouse tumor allografts in the classic models, studied 
in uiuo, can be mediated by an immunoglobulin, commonly of the IgG2 
variety (Takasugi and Hildemann, 1969; Safford and Tokuda, 1970). To 
the extent this has been studied, the immunoglobulins eluted from 
syngeneic mouse tumors at low pH have been of the IgG, type (Ran 
and Witz, 1970, 1972). Reports have been published, however, that 
other immunoglobulins, including IgG, ( Chard, 1968), may also enhance. 

It is also important to keep in mind that hyperimmune sera (in which 
there is no evidence of free antigen being present) to target cell allo- 
antigens can block lymphocyte-mediated cytotoxicity ( Moller, 1965; 
Brunner et al., 1968; Takasugi and Klein, 1971; Peter and Feldman, 
1972), as well as lymphocyte transformation in mixed leukocyte culture 
tests ( Cepellini et al., 1971; Oppenheim, 1972). Likewise, blocking can 
be detected with hyperinimune sera directed against tumor-specific 
antigens ( Ankerst, 1971; Sjogren and Boruni, 1971). The blocking effect 
of hyperimmune sera has been detected both in standard microcyto- 
toxicity tests (Takasugi and Klein, 1971) and in the short-term “Cr 
assay. In all these cases, a blocking effect is seen after incubation of the 
target cells with the blocking serum, followed by washing, but it is 
generally not observed after a similar incubation of the lymphocytes 
(Peter and Feldman, 1972). It would be surprising if a similar type of 
strictly efferent blocking does not occur also with respect to tumor- 
specific immunity. It is not clear, however, the extent to which such an 
efferent blocking occurs, as compared to a more central one (acting on 
the lymphocytes). As will be discussed in the following, the central type 
of blocking appears as the more important one in tumor immunity. 

The blocking factors detected in vitro when testing sera from indi- 
viduals bearing autochthonous or syngeneic tumors have several char- 
acteristics in common with antibodies. Target cells incubated with block- 
ing serum and washed are protected from destruction by immune 
lymphocytes ( I. Hellstrom and Hellstrom, 1969), although their sensi- 
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tivity to lymphocyte-mediated cytotoxicity recurs within approximately 
6 hours ( Hellstrom et al., unpublished findings). The blocking activity 
can be removed from tumor-bearing individuals’ sera by absorption with 
neoplastic cells of the respective types, but not with control cells with 
antigens that do not cross-react with those of the experimental group, 
target, tumor cells ( I .  Hellstrom and Hellstroni, 1969), and they can bc 
eluted back from the tumors used for absorption (Sjogren et al., 1971). 
The fact that blocking serum activity can be removed by absorption is 
true also when the blocking is measured by incubating the effector cells 
(rather than the target cells) with tumor-bearer serum (Hayami et al., 
1973). Blocking factors commonly belong to the 7 S fraction upon Sepha- 
dex filtration, and antisera to mouse IgG chi1 abrogate the blocking effect 
of sera from mice with growing Moloney sarcomas ( I .  Hellstrom and 
Hellstrom, 1969). 

There is also evidence that blocking factors from tumor-bearing indi- 
viduals (as studied in vitro) may contain antigen, in addition to their 
antibody component. Sera from mice with either Moloney virus-induced 
sarcomas or methylcholanthrene-induced sarcomas can be separated into 
two components by ultrafiltration at pH 3.1: one component with a 
molecular weight higher than 100,000 and another component with a 
molecular weight between 10,000 and 100,000 (Sjogren et al., 1971). 
When assayed for blocking activity (by  incubation with the target cells 
followed by removal), neither component blocks alone, while significant 
blocking is seen when the two components are mixed. The smaller 
fraction (mol. wt. 10,00&100,000) alone can block only when it is added 
to the lymphocytes rather than the target cells (as in the standard tests). 
On the other hand, no blocking has been seen with the larger component, 
known to contain antibodies, when added to either the lymphocytes or 
the target cells. This argues against the blocking seen in these experi- 
ments with sera from tumor bearers being caused by simple blindfolding 
of target cell antigens, the mechanism believed to be the most important 
one (I. Hellstrom and Hellstrom, 1969) before these experiments had 
been carried out and before it had been shown that Moloney regressor 
sera (which also bind to target cell antigens) did not regularly show 
blocking activity (I. Hellstrtim and Hellstrom, 1970). It certainly does 
not exclude, however, the possibility that blocking can occur by a blind- 
folding mechanism under conditions when the amounts of antibodies are 
right for efficient covering of target cell antigens. 

There is more support for the idea that the blocking factors, as 
regularly tested (by  incubation of the target cell with blocking material, 
followed by its removal and addition of lymphocytes), are complexes of 
antigens, released from the tumors, and antibodies, formed by the host. 
When a known tumor antigen and specific antibodies are mixed, the 
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mixtures block, but neither antigen nor antibody blocks alone when 
tested under the standard conditions (Baldwin et al., 1972b). If, how- 
ever, the antigen is added to the lymphocytes, it can block as well 
( Baldwin et al., 1973d). Before accepting the antigen-antibody complex 
hypothesis as more than a tentative explanation of the blocking phe- 
nomenon, a good chemical analysis of the molecules involved is needed, 
however. We need to know better, e.g., that the blocking factor really 
is a complex, and, if so, what kind of complex and the exact nature 
of the antigen and antibody involved. 

Findings that may be analogous to those obtained when studying 
tumor-specific immunity have been reported from investigations of en- 
hancement of tumor allografts: incubation of target cells with antibodies 
to their H-2 antigens was found to release a factor that could make 
lymphocytes nonreactive when added to them (Amos et al., 1970; W. J. 
Klein, 1971). This factor may be a complex of enhancing antibodies and 
released H-2 antigen or some other molecule with an immunosuppressive 
effect formed by the tumor cells, the lymphocytes, or both. These 
findings suggest that even (some of?) the blocking effect of hyperimmune 
sera added to target cells may not be due to a simple blindfolding of tar- 
get cell antigens but rather involves the cytotoxic lymphocytes. 

Suggestive evidence that antigen alone may block was first reported 
by Brawn (1971). He found that lymphocytes immune to H-2 allo- 
antigens of cultivated normal fibroblasts could be specifically prevented 
from killing these if incubated with normal mouse sera from the same 
strain as the target cells or with semiallogeneic F, hybrid sera (but not 
with sera from the lymphocyte donor strain), and he attributed this 
effect to alloantigens present in the sera. The blocking effect on the 
lymphocytes was found to last only briefly after serum removal (Brawn, 
1972). The reason why an effect could be observed after incubation of 
the lymphocytes with serum in Brawn’s work, although no such effect 
had been previously seen ( I .  Hellstrom and Hellstrom, 1969), was 
probably that the earlier work was done with the CI assay. Three to five 
days elapsed between incubation of the lymphocytes with a blocking 
serum and termination of the CI experiments; thus the reactivity of the 
lymphocytes may have recovered, even if it was initially depressed. In  
later studies on tumor immunity, blocking could, indeed, be detected 
also by incubating the effector cells with tumor-bearing serum (Baldwin 
ct al., 1973d; Hayami et al., 1973; Currie and Basham, 1972) as well as 
with preparations presumed to contain tumor-specific antigen ( Sjogren 
et al., 1971; Perlmann et al., 1973; Baldwin et al., 1973a,d). 

It appears that antibodies per se present in individuals with grow- 
ing tumors or who previously had tumors may not be the important 
blocking factors of cell-mediated cytotoxicity in &To, neither in con- 
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centrated nor in diluted form, unless the antibodies have attached 
antigen, or are able to release antigen from the target cells. They may 
still, of course, depress the development of strong cell-mediated tumor 
immunity by a feedback inhibition mechanism (Uhr and Moller, 1968). 
One may take issue with this view, however, on the basis of experiments 
showing that some sera from rats with Moloney sarcomas that had re- 
gressed did block when the sera were tested at some, but not at other 
dilutions (Skurzak et al., 1972). Although a dilution effect of this type 
obviously can occur, it is important to realize that blocking could not be 
regularly demonstrated with murine Moloney regressor sera by simply 
diluting them (I. Hellstrom and Hellstrom, 1969) ; neither was it regularly 
seen with sera from Japanese quails with Rous sarcomas that had re- 
gressed (Hayami et al., 1973). It is also important to realize that even in 
systems where a serum that originally does not block and after dilution 
does block, the finding of a dilution effect does not contradict the notion 
that the blocking is mediated by complexed tumor antigens and anti- 
bodies or sometimes, perhaps, by just free antigen. The sera may contain 
mixtures of molecules with blocking and unblocking effects in various 
proportions as expected if the tumors release antigens, the host forms 
antibodies, and the “right” combination between the two, as well as free 
antigen, can block. This point of view is supported by recent data show- 
ing that diluted regressor sera occasionally block in the Rous sarcoma 
system, and that their blocking activity appears to be due to the release 
of antigens from the tumor cells, interacting (in the form of a complex?) 
with the lymphocytes ( Hayami et al., unpublished findings). 

A model of the blocking phenomenon which we find attractive is one 
suggested from experiments by Feldmann and Diener (1971; Diener and 
Feldmann, 1971), who studied the in vitro induction of immunological 
unresponsiveness in spleen cells exposed to Salmonella antigen. These 
authors found that exposure of spleen cells to a high dose of antigen 
could induce nonreactivity ( akin to high zone immunological tolerance), 
as could exposure to much lower doses of antigen complexed with anti- 
bodies. The latter situation might represent low zone tolerance. The 
primary role of the antibodies was believed to be in cross-linking antigens 
to their postulated receptor sites at the lymphocyte surface; in the 
presence of large amounts of antigen, such cross-linking antibodies are 
not needed for the lymphocytes to be blocked. 

It is important to remember, however, when trying to understand the 
blocking seen in tumor systems, that the response studied by Diener and 
Feldmann was one of originally nonsensitized B lymphocytes against a 
relatively simple antigen. Bearing this in mind one may postulate, 
nevertheless, that the primary effect of the blocking factors seen in tumor 
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bearers is on the lymphocytes by blocking tlicir receptor sites with 
antigen and that the antibody part of blocking antigen-antibody com- 
plexes acts by carrying the antigen to the lymphocytes as well as by cross- 
linking it to the lymphocyte receptor sites. This may be needed, particu- 
larly when the amount of free antigen is relatively small. A simple 
explanation of the unblocking effect would then be that it is mediated by 
antibodies that bind to the antigenic sites of blocking complexes, as well 
as to antigen molecules, in such a way that there is no longer any free 
antigen to interact with the lymphocytes and to block their cytotoxic 
activity. Under still other conditions, however, an efferent blockade may, 
indeed, be possible, and one could envision that a normally unblocking 
serum may, occasionally, mediate efferent enhancement by blindfolding 
target antigens. 

An alternative explanation of the blocking phenomenon, which may 
be worthy of consideration for experimental analysis, is that tumor-bear- 
ing individuals form antibodies to the receptor sites of their cytotoxic 
lymphocytes, thereby specifically blocking their reactivity. This expla- 
nation, based on the work of Raniseier and Lindenmann ( 1972), may hold 
true for some situations, but we consider it a less likely one than the 
hypothesis that the blocking factors are commonly antigen-antibody 
complexes as well as free tumor antigens. 

If the assumption about the blocking factors being antigen-antibody 
complexes (as well as, sometimes, free antigen) is correct, it follows that 
the release of antigen from a growing tumor could be of fundamental 
importance for its escape from immunological surveillance, and one may 
speculate that one way tumors become independent of immunological 
surveillance is by the appearance of cell variants with great abilities to 
releasc antigen. Such antigen can then stimulate immunologically com- 
petent cells to form the antibody component of blocking complexes. 
Furthermore, the antigen might be capable of abrogating lymphocyte 
cytotoxicity even when no antibodies are present (if the amount of free 
antigen is sufficient). 

An observation, which may deserve comment in this context, was 
recently made on rats bearing enhanced kidney allografts. It was found 
that sera from rats with enhanced kidneys could block lymphocyte re- 
activity, as tested with the microcytotoxicity test (Stuart et al., 1971; 
Biesecker et al., 1973b) but not as tested with the 51Cr assay (Biesecker 
et al., 1973a). A possible explanation of these findings is that the block- 
ing factors present in certain sera primarily act on cells that are in the 
process of developing a cytotoxic effect (as they may do during a 36- 
hour microcytotoxicity test) and that they are much less (if at all) 
effective on lymphocytes ready to kill their targets within a few hours 
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(as in the W r  assay). If this speculation is valid and if it also applies 
to the tumor system, it would follow that lymphocytes taken from tunior- 
bearing individuals and triggered to become active killer cells may not 
be inhibited from reacting when put back in vivo by blocking factors 
present there. 

For a better understanding of the blocking phenomenon, more knowl- 
edge is needed about the nature of the killer cells effective in various 
systems, about how they have been armed or activated, about their 
modes of action, and about the blocking molecules involved. A priori, 
it is possible that molecules blocking one cell population may act dif- 
ferently on another cell population. Studies on the effect of blocking 
factors on various functions of T and B cells and of macrophages have 
not even begun. 

XI. Possible Clinical Implications of Findings on Cell-Mediated Tumor 
Immunity (and I ts  Blocking by Serum) 

A. DIAGNOSIS 

The first utilization of immunology for diagnosis of tumors has been 
made with hepatomas ( Abelev, 1971) and with carcinomas of the colon 
(Gold, 1970), but at least in the latter case, the specificity of the findings 
is not clear (Lo Gerfo et al., 1972). The fact that human tumors of the 
same histological type cross-react antigenically, as detected by studying, 
e.g., lymphocyte-mediated cytotoxicity and serum blocking activity, sug- 
gests possible ways for an immunological diagnosis of tumors by search- 
ing for circulating tumor antigens in the serum, for antibodies to such 
antigens (when they occur), and for lymphocytes sensitized to the anti- 
gens. To what extent an immunological diagnosis will replace more 
conventional techniques by screening large patient populations and by 
providing earlier detection is as yet uncertain. Much more needs to be 
known about the frequency of false positive and of false negative 
reactors. 

It seems likely that assays of blocking factors in serum will be of 
prognostic value when following individual patients with respect to tumor 
recurrency after surgery and when monitoring the effects of chemo- 
therapy. Work in this direction would be greatly helped if the blocking 
molecules were better characterized, since radioimmunoassays might 
then be employed. 

From the practical point of view, it seems relatively difficult to moni- 
tor cytotoxic antibodies and, even more so, cell-mediated tunior im- 
munity in large patient groups, but replacement of present techniques 
with simpler and more precise assays may change this situation. 
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B. PREVENTION 

Whether the common antigens of histologically similar human tumors 
will ultimately form the basis for vaccination against neoplasms is quite 
uncertain at the present time. Before meaningful conclusions can be 
made to this end, more knowledge is needed as to how immune reactions 
to common antigens of the tissue-specific type influence neoplastic 
growth in vivo and whether such reactions impair normal tissues (as 
might be expected if these have small amounts of tissue-specific tumor 
antigens). It may be significant that vaccination of mice with an antigen 
prepared from spontaneous mouse mammary carcinomas has been re- 
ported to decrease the frequency of such primary tumors (Irie and Irie, 
1971 ), that the appearance of primary chemically induced bladder 
papillomas in rats can be delayed by immunization against the common 
antigens of such tumors before the rats are exposed to the carcinogen 
( Taranger et al., 1972), and that the frequency of methylcholanthrene- 
induced sarcomas in mice has decreased following vaccination of the 
mice with an antigen prepared from leukemic mouse cells (Whitmore 
and Huebner, 1972). However, any similar attempts to vaccinate healthy 
human subjects against malignancies would most definitely not be justi- 
fied at the present time. In addition to the great probability that nothing 
beneficial would be achieved, the risks for inducing either tumor en- 
hancement or autoimmune diseases (or both) would be prohibitive at 
the present state of knowledge. 

C. THERAPY 

From the therapeutic point of view, it appears that procedures capable 
of increasing the tumor-destructive part of cell-mediated immune reac- 
tions (without increasing blocking serum activity), as well as procedures 
leading to a decrease of serum blocking factors, may contribute to a 
more effective defense against neoplastic cells. Direct studies in man 
may show whether this is possible. One may argue, however, that no 
immunotherapy of human neoplasms should be tried at the present time, 
since too little success has been obtained with primary animal tumors 
to justify the potential risks of a human trial. If, nevertheless, the decision 
is made to proceed on a limited number of human patients (and we feel 
that such a decision is justified), it seems essential that the following 
criteria are met. First, the patients selected must have poor prognoses. 
Second, of that group an immunotherapeutic trial would be meaningful 
only in those with relatively small tumor burdens. The need for choosing 
patients with relatively little tumor is clear. For example, Bernstein et al. 
1972), studying guinea pigs with large, growing tumors, could not transfer 
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to these animals any effective inimunological reactivity against a small 
number of grafted neoplastic cells carrying either the same antigens as 
those of the growing tumor or different ones. Third, the patients should 
be carefully followed with in vitro assays that can yield information rele- 
vant to their immunological responses ( cell-mediated antitumor im- 
munity, blocking, unblocking, cytotoxic serum activities, and general 
ability to mount delayed hypersensitivity reactions ) . 

With this background, we will now discuss some ideas for human 
immunotherapy. We will intentionally limit our discussion, however, to 
approaches directly related to the findings covered in the previous sec- 
tions of this article, and, therefore, we do not go into the whole area of 
tumor ipmunotherapy, a subject reviewed, e.g., by Alexander ( 1968), 
Mathk ( 1971), Motta ( 1971), Fefer ( 1971a), Hellstriim and Hellstrom 
( 1972), Smith ( 1972), and Oettgen and Hellstrom ( 1973). 

I .  Attempts to Increase Cytotoxic Effect of Patient’s Killer Cells 

One way to go about the problem of tumor immunotherapy may be 
to find some vaccine that could actively stimulate cell-mediated antitumor 
immunity as well as the level of unblocking and cytotoxic antibodies 
without stimulating the development of tumor-enhancing serum factors. 
In the long run this approach may be the most meaningful. Unfortunately, 
however, no such vaccines are readily available, either against animal or 
human tumors. Tentative means for developing them (if at all possible) 
may involve the use of chemically modified tumor antigens, tumor cells 
treated with neuraminidase (Simmons et al., 1971; Bekesi et al., 1972), 
tumor cells attenuated by growth in tissue culture, etc. One way to 
vaccinate patients against their growing neoplasms may be to inoculate 
the antigenic material intradernially, alone or mixed with an adjuvant 
such as BCG, a procedure that has met with some success in experiments 
carried out in guinea pigs in which regression of small established tumors 
has been achieved (Kronman et al., 1970; Zbar et al., 1970, 1972; Bartlett 
and Zbar, 1972). Intradermal inoculation of melanoma cells has, indeed, 
been claimed to lead to some regressions in human patients (Krementz, 
1970). It is, however, questionable, how much practically applicable in- 
formation will appear along any of these lines until more is known about 
the nature of the human tumor antigens and about the best ways to 
achieve strong cell-mediated tumor immunity ( without blocking serum 
activity) in animal models. 

Another approach, which has been tried, is to stimulate nonspecific 
host rgactivity by inoculating BCG ( Mathk, 1971), following animal 
studies in which an immunotherapeutic effect was achieved this way 
( MathB, 1971; Zbar et al., 1970, 1972). There is suggestive evidence that 
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treatment of humans with BCG (in conibination with antigenic tumor 
cells ) might be therapeutically beneficial, especially in patients with 
leukemia who have been first given vigorous chemotherapy to reduce 
the remaining tumor mass, but it is still debated to what extent the 
iinmunotherapy which has been used is better than the most successful 
modes of combination chemotherapy. In a few patients with melanomas, 
complete tumor remission has been seen following BCG inoculation into 
subcutaneous metastases ( Morton, 1971, 1972). One must bear in mind, 
however, that remissions are sometimes seen in patients with melanomas 
even without therapy (Everson and Cole, 1966). Since there is evidence 
that BCG treatment of animals with solid tumors can enhance tumor 
growth (Piessens et al., 1971), caution is needed before applying this 
mode of therapy to solid tumors. When BCG is tried, it may be advisable 
to watch for increases in blocking factors during therapy; there are 
claims that such increases may occur (Levy et al., 1972b). 

One might consider, first as a project for animal experimentation, 
combined therapy with BCG and unblocking antibody inoculation 
(Bansal and Sjiigren, 1973). By such a conibination, it might be possible 
to achieve the stimulatory effect of BCG on cell-mediated reactivity and, 
at the same time, to counteract its possible stiniulatory effect on the for- 
mation of blocking factors (as well as the blocking serum activity already 
present in the treated individuals). 

It would probably also be worthwhile to put more effort into investi- 
gating nonspecific ininiunostiniulants in addition to BCG ( Yashpe, 1971 ) 
and to reassess the potential value of Coley's toxin, which was used with 
some claimed success in the early part of this century but the real thera- 
peutic effect of which remains obscure. 

During the last few years, a way of treating skin carcinomas (and 
cutaneous metastases from some other tumors as well) has met with 
remarkable success; it probably involves an immunological component 
(Ed.  Klein, 1969). Tumors are exposed to the focal application of chem- 
ical agents, such as DNCB, that can elicit delayed hypersensitivity reac- 
tions, and this has led to disappearance of both the exposed tumors, and, 
occasionally, of distal tumor nodules of the same type. Similar treatment 
of subcutaneous metastases from breast carcinomas has, likewise, led to 
regression of many of the treated tumor nodules, although the systemic 
effects have been modest (Stjernsward and Levin, 1971). Most likely, the 
tumor regressions obtained in the studies by Ed. Klein and by Stjerns- 
wiird and Levin were the outcome either of a specific lymphocyte-tumor 
cell interaction or of a nonspecific destruction 'of tumor cells accompany- 
ing a specific reaction of lymphocytes with the sensitizing antigen in close 
proximity to the neoplastic cells. The latter explanation is supported by 



252 KARL ERIK HELLSTROM AND INGEGERD HELLSTROM 

experiments performed in guinea pigs with transplanted hepatomas; 
there is evidence that at least some of the therapeutic effect of BCG on 
tumors is best explained this way, too (Zbar et al., 1972). 

Inoculation of transfer factor (Lawrence, 1969) might be worth con- 
sidering, since transfer factor may be able to increase cell-mediated im- 
munity without increasing the formation of tumor-enhancing antibodies. 
Of course, more knowledge about the nature of transfer factor, about the 
specificity of its effects, and about its mode of action would help in evalu- 
ating the merits of this approach. There are no good animal models avail- 
able, so that the experiments must be carried out directly in man. It 
would probably be best to give transfer factor prepared from patients 
whose own tumors have either regressed spontaneously or been eliminated 
by conventional therapy. Active immunization of patients ( or healthy 
persons) to form transfer factor is not advisable because of the potential 
hazards involved in inoculating tumor cells (or extracts) into human 
subjects. 

The adoptive inoculation of intact lymphoid cells into allogeneic re- 
cipients seems less meaningful: if not rapidly eliminated by host im- 
munity (and in such a case doing the patients no good), the cells may 
induce potentially fatal graft-versus-host disease. In syngeneic recipients, 
however, this approach can, indeed, lead to tumor regression under 
favorable circumstances ( Alexander, 1968; Hellstrom et al., 1969c; Fefer, 
1971a,b; Borberg et al., 1972). A related approach may very much be 
worth considering, however. If lymphocytes that have been triggered 
by antigen so that they have become effective killer cells are relatively 
unaffected by the blocking activity of serum factors, as suggested by 
findings (Biesecker et al., 1973b) discussed above, in uitro culturing of 
patients’ own lymphocytes may establish large numbers of specifically 
sensitized, highly cytotoxic and nonblockable cells. Finally, one should 
consider attempts to increase cell-mediated cytotoxicity by giving immune 
sera capable of arming nonimmune lymphocytes or potentiating the re- 
activity of immune ones, as described in Section IX. 

2. Attempts to Decrease Blocking Serum Activity 

The finding that blocking serum factors, detectable in uitro, may play 
an important role in facilitating the growth of antigenic tumor cells in 
duo, suggests that procedures decreasing blocking serum activity, with- 
out concomitantly impairing cell-mediated immunity, may be thera- 
peutically beneficial. Several such procedures will now be discussed. 

Since the release of antigen from neoplastic cells appears to be a 
prerequisite for blocking factors to be formed, one may expect that any 
procedure capable of interfering with this release would decrease block- 
ing serum activity and, therefore, make the tumor host more resistant to 
growth of the neoplastic cells. Theoretically, the simplest approach for 
achieving this seems to be the physical removal of as many tumor cells as 
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possible (surgery) (Hellstrom et al., 1970c; Heppner, 1972) or their 
destruction by radiation or chemotherapy. 

Another apparently straightforward approach decreasing blocking 
serum activity is to develop ways of physically removing the blocking 
factors, e.g., by performing plasmaphoresis and replacing blocking 
plasma with plasma that does not block. Recently developed techniques 
involving the cannulation of the thoracic duct, removal of the lymph, 
and separation of the lymph plasma from its cells may be helpful in 
this respect, since they allow removal of large amounts of blocking 
plasma, followed by reinoculation of washed lymph cells together with 
nonblocking plasma ( S. Rose, personal communication). By perform- 
ing splenectomy in conjunction with this therapy and thus eliminating 
blocking complexes which would not end up in the thoracic duct, one 
might possibly remove mqet circulating blocking factors shortly after 
their formation. One may, however, raise objections to this approach. 
For example, the removal of antibodies may stimulate their increased 
synthesis by decreasing feedback inhibition (Uhr and Moller, 1968); 
this would counteract the purpose of the study, that is, the removal of 
antibodies taking part in the formation of blocking complexes. Further- 
more, the concept of removing antibodies may not be good at all, be- 
cause of the evidence that the antigen part of blocking factors may be 
the crucial one and that antigen alone can also block. The same reserva- 
tions can be made, irrespectively of whether one attempts to remove 
blocking factors from blood plasma or from lymph. If procedures can be 
worked out, however, by which both freely circulating antigen and 
antigen-antibody complexes can be removed ( using, e.g., immunoad- 
sorbants to which free antigen as well as the antigen part of circulating 
complexes would bind), the justification for this approach may increase. 

Another way of decreasing blocking serum activity in tumor-bearing 
individuals may be to use drugs capable of suppressing antibody for- 
mation more than affecting cell-mediated immunity, since less blocking 
factor may be formed if most blocking factors contain antibody and anti- 
body formation is interfered with. Griswold et al. (1972) and Heppner 
and Calabresi (1972) have reported that cytosine arabinoside can have 
such an effect: mice with spontaneous mammary carcinomas, treated with 
small doses of this drug were found to have a lower blocking serum 
activity than controls, whereas their cell-mediated tumor cytotoxicity 
remained intact ( i t  even increased). The treated mice lived longer than 
the controls, and their tumors grew less well. A large dose of cytosine 
arabinoside, on the other hand, which also depressed cell-mediated tumor 
immunity, did not depress tumor growth in this system. Decrease in 
blocking serum activity also has been seen in some human patients treated 
with cytosine arabinoside (Sinkovics et al., 1972b), but the number of 
patients studied is too small to allow any conclusions as to the possible 
clinical effect (or lack of such) of this mode of therapy. A problem with 
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this approach for decreasing blocking serum activity is that it is based 
on the idea that humoral antibody formation in cancer patients is in- 
variably bad, an idea which is contradicted, e.g., by the demonstration 
of unblocking antibodies in cancer patients who do clinically well (see 
Section VIII) . 

The finding that decreased protein intake depresses blocking serum 
activity as well as tumor growth (Jose and Good, 1971) is extremely 
interesting but its practical usefulness for tumor therapy is as yet difficult 
to evaluate. 

Another approach is to base one’s therapy on the demonstration that 
certain immune sera in animals, as well as in man, are unblocking. Ex- 
periments have been carried out, both in mice and in rats, that attempt 
to affect tumor growth by decreasing blocking serum activity through 
the administration of such unblocking sera. Because of the relationship 
of this approach to the scope of the article, we will dwell more on it than 
the success achieved, so far, may actually justify. 

It was first shown that mice with small primary Moloney sarcomas, 
in about one-third of cases, rejected their tumors following inoculation 
of sera from mice in which Moloney sarcomas had regressed (Hellstrom 
et al., 1969~) ; therapeutic and tumor preventive effects of such regressor 
sera have been detected in independent studies as well (Fefer, 1971a,b; 
Pearson et al., 1973). Although the sera inoculated in these experiments 
were not tested for unblocking activity, similar sera have regularly been 
shown to be unblocking (I. Hellstrom and Hellstrtim, 1970). Inoculation 
of lymph node and spleen cells from regressor mice was equally effective 
in inducing tumor regression (Fefer, 1971a,b). It was not possible to make 
any conclusions, however, whether the regressions observed were caused 
by unblocking, cytotoxic, arming, or potentiating serum factors (or pro- 
duction of such by the inoculated cells). A more trivial explanation, which 
could not be dismissed, was that antiviral antibodies, known to be present 
in regressor sera and probably produced by transferred lymphoid cells 
as well, prevented the recruitment of normal cells into becoming tumor 
cells following infection by free virus. In order to exclude this possibility, 
it was felt that tumors other than Moloney sarcomas had to be studied, 
because in some tumors release of infectious oncogenic virus does not 
play an important role (K. E. Hellstrom and Hellstrom, 1970). 

One such system is polyoma tumors in rats, and these tumors have 
recently been investigated with respect to the potential value of therapy 
with unblocking serum (Bansal and Sjogren, 1971, 1972, 1973). Both 
primary and transplanted syngeneic polyoma tumors have been studied. 
Unblocking rat sera have come from two different sources: ( 1 )  from 
animals with polyoma tumor grafts that had been surgically removed 
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when they were approximately 10 mm. in diameter and the animals bled 
6 to 8 days subsequently; ( 2 )  from rats inoculated with BCG, given 
polyoma tumor grafts 14-18 days later, and bled and tested after 5 to 7 
days. For other experiments, unblocking sera were derived from rabbits, 
immunized according to the second of the two protocols for rats. The 
rabbit sera were extensively absorbed before being tested. The absorp- 
tions were first carried out in vitro with rat spleen, liver, and kidney cells 
from the strain of rats to be used for the in vivo experiments, and this 
was followed by in vivo absorptions, in which normal rats of the same 
strains wcre inoculated with serum and bled 4 4  hours later. The sera 
so prepared were unblocking in the polyoma tumor system, and they 
were also cytotoxic to polyoma tumor cells in the presence of 
complement. 

Unblocking sera were inoculated both into rats with syngeiieic 
polyoma tumor transplants and into rats with primary polyoma virus- 
induced sarcomas of the kidneys. In the former case, treatment started 
immediately upon the subcutaneous inoculation of tumor cells, whereas 
the rats with primary tumors were not treated until the neoplasms were 
of a fairly large size (more than 6-8 mni. in diameter). In experiments 
with primary polyoma tumors, the rats were splenectomized, in addition 
to receiving unblocking serum, because splenectomy could decrease 
blocking serum activity ( Hellstrom et al., 1970~) .  

Two major findings were made. First, it became apparent that the 
blocking effect seen in rats with polyoma tumors could be decreased by 
inoculation of unblocking serum (as verified by testing serum samples 
taken at various time points from the treated rats). Second, the growth 
of tumor in the treated animals was often arrested, at least temporarily, 
and regressions of established tumors were observed. The antitumor 
effect was most apparent in rats with transplanted polyoma tumors, four 
of five tumors regressed, but it was seen in primary tumor-bearing rats 
as well. In 2 of 11 rats rcceiving unblocking serum, complete regressions 
occurred, and in 7 of the remaining rats tumor growth was significantly 
slower (and survival longer) than in rats receiving the same amounts 
of control serum. In vitro measurements of blocking activity in the treated 
rats correlated well with the in vivo findings of tumor regression: sera 
from rats with tumors that regressed did not block, whereas the blocking 
activity was virtually unchanged in 2 rats with tumors that grew equally 
as well as those in controls. 

The finding that changes in blocking scrum activity in treated rats 
correlated with host resistance against the tumors indicates that the 
blocking serum activity, as nieasnred in uitro, may, indeed, influence the 
cffectiveness of thc antitumor response it1 t h o .  One must keep in mind, 
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however, that there may be alternative explanations for the in V ~ V O  

changes in tumor growth which were observed, including a cytotoxic 
effect on tumor cells by antibodies and complement, arming of non- 
immune lymphocytes and/or macrophages so they became cytotoxic 
(Section IX), potentiation of the cytotoxic effect of immune lymphocytes, 
and activation of macrophages. Nonimmunological effects of the serum 
transfusions, which secondarily affected the immunological parameters 
studied, cannot be excluded either. 

Procedures leading to the active production of unblocking (arming, 
potentiating, cytotoxic) antibodies would be much more efficient (and 
convenient ) from the therapeutic view than passive administration of 
large amounts of serum with such properties over a long period of time. 
However, no such procedures have been worked out as yet, and we do 
not know to what extent they are feasible. 

3. Possible Reasons why Immunotherapy May  (Sometimes, Often?) 
Not Work 

Even if it were possible to increase cell-mediated immunity and to 
remove (or cancel the mode of action of) blocking serum factors, an 
established tumor mass still might not be eliminated and might even 
continue to grow. 

First, the release of tumor antigen from the neoplastic cells is likely 
to lead to a much higher concentration of blocking factors locally than 
in the bloodstream (as shown in the elution experiments discussed in 
Section VII) so that lymphocytes within tumors (and in their close 
proximity) may be prevented from reacting even when there is no de- 
tectable blocking activity in the serum. We consider this possibility a 
very real one, indeed. The presence of nonspecific blocking factors, either 
in serum or at the tumor site, may also hamper immunotherapy. 

Second, antigenic modulation may occur, i.e., some tumor antigens 
would not be expressed in the presence of antibodies to them (Old 
et al., 1968). Antigenic modulation has been clearly demonstrated for TL 
antigens of mouse leukemias, although it does not appear to play any 
important role with respect to some other tumor antigens such as those 
of polyoma tumor cells (Sjogren, 1965). To what extent antigenic modu- 
lation of human tumor antigens occurs is unknown. It is interesting, 
however, that most cells from primary Burkitt lymphomas, directly 
studied in vitro with the membrane inmunofluorescent technique, possess 
the surface antigens characterizing this type of tumor (Klein et al., 
1966), which indicates that at least some cells within a primary tumor 
biopsy have not been modulated. 

Third, losses of the tumor antigens or development of a high degree 
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of inimunoresistance may occur. These events, if frequent, may provide 
the greatest obstacle to effective immunotherapy. I t  is poorly understood 
to what extent tumor-specific (associated) antigens may be lost. It has 
been reported, however, that metastases of SV 40 virus-induced hamster 
sarcomas are less immunogenic ( and immunosensitive ) than primary 
SV 40 tumors (Deichman, 1969), and Moloney lymphoma lines with de- 
creased immunosensitivities have been isolated following immuno- 
selection (Fenyo d al., 1968). There is even evidence that one tumor 
line capable of nonspecific growth in many mouse strains, the Ehrlich 
ascites carcinoma, produces a substance that makes the Ehrlich cells 
immunoresistant and that the production of this substance is genetically 
dominant, as detected by cell hybridization experiments (Klein et al., 
1972). 

On the other hand, it has not been possible, in spite of prolonged 
attempts at  immunoselection, to isolate in uiuo, from polyoma tumors, 
any cell variants that lack the polyoma virus-induced transplantation 
antigen (Sjogren, 1965). The degree of tumor antigenicity and/or 
immunosensitivity, as detected by transplantation tests with chemically 
induced mouse sarcomas, has been reported to decrease, as these are 
propagated by transplantation (Prehn and Main, 1957), but the fre- 
quency at which their antigens are actually lost or the tumor cells de- 
crease in immunosensitivity is not well known. 

Whether the common tumor antigens, detected among histologically 
similar human neoplasms, are stable or can be lost and whether indi- 
vidually unique tumor antigens, observed in some human neoplasms 
(and perhaps occurring in all), behave similarly to the common ones 
remain to be studied. One may speculate that the common antigens re- 
flect a more important property of the neoplastic cells than do the indi- 
vidually unique ones (which may just be the outcome of a genetic 
variation among various tumor cell clones) and that the common anti- 
gens are, therefore, more stable; but this is, of course, just a speculation, 
and we do not know anything about the effectiveness of common versus 
unique antigens as targets for an immune response in uiuo. The fact 
that neoplastic cells cultivated from metastases ( including pleural effu- 
sions and ascites ) are sensitive as targets in lymphocyte-mediated cyto- 
toxicity assays for common tissue-specific tumor antigenicity ( Hellstrom 
et al., 1971a) indicates that at least some cells from advanced tumors 
retain their common antigens. This conclusion is supported by the ob- 
servation that blocking factors can be isolated from primary and meta- 
static human neoplasms, taken directly from the body and subjected to 
elution at a low pH (Sjogren et al., 1972). However, these findings tell 
nothing about how many cells within a tumor may lack the common 
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antigens or about how many iionantigeiiic cells would have been present 
if an effective tumor immunity had been established which could have 
selected for nonimmunogenic and/ or inimunoresistant cells. 

XII. Lymphocyte Cytotoxicity and Blocking Serum Activity in 
Allograft Immunity 

Findings similar to those described with tumors (coexistence of cyto- 
toxic lymphocytes and blocking serum activity detectable in uitro ) have 
been made in some systems not involving neoplasia. Although these find- 
ings have been reviewed recently (K.  E. Hellstrom and Hellstrom, 1970; 
Feldman, 1972), a few of them will be summarized in this section be- 
cause of our belief that information obtained by studying noiineoplastic 
tissues may elucidate the tumor field. However, we make no attempt to 
go into depth in any of the three areas covered in this section, since we 
feel this is beyond the scope of a review on tumor immunity. 

A. PREGNANCY 

There is evidence that a female pregnant by an allogeneic male can 
be sensitized to his antigens. Lymph node and spleen cells from female 
mice which have undergone repeated pregnancies produced by allo- 
geneic males have been reported to be more apt than control cells to 
induce graft-versus-host reactivity when inoculated into mice containing 
the paternal antigens ( SorCn, 1967). Lymph nodes in rats to which the 
uterus drains (the para-aortic nodes) have been found to increase in size 
following allogeneic (but not syngeneic) pregnancies (Beer and Billing- 
ham, 1971). Pregnant mice often have antibodies to the mate’s H-2 
antigens, which can be detected by hemagglutination tests ( Herzenberg 
and Gonzales, 1962). Sera from mice that have undergone repeated preg- 
nancies can sometimes enhance the growth of tumors from the strain of 
the mate (Kaliss and Dagg, 1964). 

The placenta probably plays the major role in protecting the fetus 
from immunological destruction ( Currie and Bagshawe, 1967; Cui-rie, 
1968). This does not explain, however, why mothers, on one hand, be- 
come sensitized to paternal antigens of the fetus, and why, on the other 
hand, mice that have undergone pregnancies are generally less capable 
of rejecting skin or tumor allografts from the strain of the mate (Breyere 
and Barrett, 1963). The latter phenomenon, which is often referred to as 
panty tolerance, is most commonly seen with respect to weak (non-H-2- 
determined) histocompatibility antigens and after several pregnancies, 
but it has also been observed for H-2 antigens and after only one 
pregnancy. 

In an attempt to clarify the immunology of pregnancy, studies were 
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performed with the CI technique where specific cell-niediated iniiiiuiiity 
and blocking seruni activity in pregnant mice were sought; the experi- 
ments were modelled on the work with tumors ( K .  E. Hellstriini et al., 
1969). It  was shown that female mice iniprcgnated by allogeiieic niates 
had lymph node cells that were specifically cytotoxic to cultivated fibro- 
blasts from the niale strain, and it was also demonstrated that sera from 
the samc pregnant mice specifically abrogated this cytotoxic effect. 
These sera did not abrogate the cytotoxic effect of lymphocytes immune 
to unrelated antigens, such as the tumor-specific antigens of Moloney 
sarcoma cells. Cell-mediated reactivity was detected after one preg- 
nancy, although it was less than after repeated pregnancies. The block- 
ing activity was found to behave similarly: sera from repeatedly pregnant 
mice were regularly blocking, whereas sera from only some of the mice 
pregnant for the first time were blocking (under the conditions of the 
tests). 

The finding of a blocking serum activity during pregnancy has been 
confirmed in studies performed in man by using thc mixed leukocyte 
culture technique. Sera taken during pregnancy or shortly afterward can 
most commonly block reactivity between the mother’s lymphocytcs and 
cells from either the baby or the father ( Ceppellini et al., 1971). Further- 
more, blocking seruni factors have been eluted from the placenta, sug- 
gesting that their concentration there might be particularly high. Women 
who have been pregnant repeatedly are sensitized to their husband’s 
alloantigens, as detected by inacrophage migration inhibition assays 
(Rockliii et ul., 1973), and the reactivity seen in these tests can be 
blocked by the respective mother’s serum ( Youtananukoni and Matang- 
kasonbut, 1973). Factors nonspecifically depressing mixed leukocyte re- 
activity have also been detected in sera from pregnant women, however 
(Kasakura, 1971; Buckley et al., 1972; Jenkins and Hancock, 1972). 

An in vivo role of blocking serum factors in pregnancy remains to be 
established. For example, it is not known whether there are any shifts 
in the blocking activity accompanying deliveiy or how the phenomenon 
of parity tolerance in vivo correlates with blocking serum activity, as 
measured in vitro. Studies on these questions may be helpful also in 
establishing whether an organism’s ability to form the antibodies in- 
volved as at  least part of the blocking factors is under endocrine control 
and whether the blocking effect seen in pregnancy is related to the fact 
that a fetus, like a growing tumor, is likely to give off small, steadily in- 
creasing ainounts of antigens into the bloodstream. Information on these 
points may be useful not only for a better understanding of the inimu- 
nology of pregnancy, but also with respect to the field of cellular immu- 
nology in general. 
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B. ALLOGENEIC ORGAN GRAFTING 

There is an apparent similarity between the fact that a tumor can 
grow progressively, in spite of its being antigenic, and the fact that 
allogeneic organ grafts, most notably kidneys, can escape from immuno- 
logical destruction (if proper immunosuppressive treatment is given ) . 
For this reason, techniques employed to study the immunological inter- 
action between the host and its growing tumor have been used to investi- 
gate recipients of allogenic kidney grafts. The questions asked were 
whether any evidence of cell-mediated reactivity against the grafted 
organ could be detected and whether there was any blocking serum 
activity similar to that seen in individuals with tumors. The finding that 
allogeneic rat kidney grafts could be made to take by passive and active 
immunological enhancement ( Stuart et al., 1968; French and Batchelor, 
1969) stimulated this approach. 

Patients receiving allogeneic kidney grafts were studied, including 
those who had carried their grafts for more than a year, and several of 
these patients were followed sequentially ( Quadracci et al., 1970; Pierce, 
1971). Two patterns of reactivity could be identified: about one-third of 
the patients with healthy grafts had no evidence of cell-mediated re- 
activity against donor tissues, at least not with the lymphocyte doses 
tested, whereas the other patients with healthy grafts showed specific 
cell-mediated cytotoxicity and blocking serum activity with respect to 
the graft donors. The individual roles of the two mechanisms need to be 
studied, and one would like to know if patients who had no detectable 
immunity against donor tissues had more favorable clinical courses. 

A situation similar to that encountered in humans with kidney allo- 
grafts occurred in rats transplanted with allogeneic or F, hybrid kidneys 
(Stuart et al., 1971). In rats, grafted kidneys are permanently accepted 
without continuous administration of immunosuppressive agents if the 
animals are pretreated with hyperimmune sera directed against the for- 
eign antigens of the grafts, either alone or in combination with spleen 
cells from the kidney donors (Stuart et al., 1968; French and Batchelor, 
1969). Rats receiving hyperimmune sera and which accepted kidney 
grafts and rats receiving control sera and which rejected the grafts were 
both shown to possess blood lymphocytes cytotoxic to fibroblasts of donor 
origin, but only the rats given immune sera and accepting their grafts 
had a regular blocking serum effect, Furthermore, blocking activity could 
be eluted from the enhanced kidney grafts. These findings suggest that 
blocking activity detected in Vitro was, indeed, related to the prolonged 
survival of the grafts in v i v a  Evidence that rats bearing enhanced kidney 
grafts are able to recognize graft donor antigens as foreign was also 
provided by the demonstration that rats bearing enhanced kidney grafts 
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could form antibodies, detectable by their cytotoxic effect (in the pres- 
ence of complement) against lymphocytes of the donor strain (French 
and Batchelor, 1969). It is interesting, however, that neither cellular 
reactivity nor a blocking serum effect could be detected when rats with 
enhanced kidney grafts were tested with the "Cr assay for cellular 
immunity ( Biesecker et al., 19734 ; parallel studies with the micro- 
cytotoxicity test confirmed the original findings of Stuart et al. (1971; 
Biesecker et al., 1973b). 

Subcutaneous grafts of allogeneic hearts will take almost regularly 
in rats that have been impregnated recently by a mate from the donor 
strain ( Heron, 1972a,b). There is evidence that blocking serum factors 
play an important role in the acceptance of these heart grafts. Sera from 
rats bearing grafts can enhance the take of similar grafts in other rats. 
Skin from the donor of the heart is rejected, however, by rats bearing 
healthy heart transplants. 

If blocking serum factors are, indeed, important for the acceptance 
of allogeneic organ grafts, at least two conclusions can be drawn. First, 
techniques by which the activity of such factors can be monitored may 
offer some possibilities to learn more about how to use immunosup- 
pressive treatment of graft recipients and when to discontinue such treat- 
ment. Second, if the blocking serum activity plays an important role in 
facilitating graft acceptance, the passive transfer of blocking factors and 
(even more so) the induction of their synthesis may provide more specific 
and complete immunosuppression (with less risks of unwanted side ef- 
fects ) than that achieved by using only nonspecific immunosuppressive 
agents. 

C. BLOCKING SERUM FACTORS IN CHIMERAS AND IN 

ALLOGRAFT TOLERANCE 

Owen (1945) was the first to show that nonidentical twin cattle often 
are chimeric with respect to their blood groups, red cell populations 
from both twins coexisting in the same animal. This finding indicated 
that some mechanism must exist by which the immunological system can 
be prevented from eliminating antigenically foreign cells ( Burnet and 
Fenncr, 1949) and stimulated work which led to the discovery of im- 
munological tolerance ( Billingham et al., 1953). 

A crucial question is why permanent chimeras can be established 
experimentally in which the inoculated genetically foreign cells do not 
develop graft-versus-host reactions killing the recipient of the grafts. At 
least two different types of explanations can be entertained. One may 
postulate that lymphoid cell clones in the graft would have been able to 
react against the recipient antigens but have been eliminated (e.g., see 
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Wilson and Billingham, 1967), or one can hypothesize that some mecha- 
nisms exist by which reactivity of the grafted cells against their host is 
suppressed, without any lymphoid cell clones having to be killed 
(Thompson et al., 1969; Voisin et al., 1968; K. E. Hellstrom and Hell- 
strom, 1970). Of course, a combination of these two mechanisms is possi- 
ble as well: Some reactive lymphoid cell clones may be killed while 
others remain but are suppressed from reacting against their host. The 
first hypothesis, selective depletion of reactive lymphocyte clones, has 
gained wide but not universal acceptance. 

In the last few years, studies with CI and microcytotoxicity assays 
have indicated that lymphoid cells (of donor origin) capable of killing 
cultivated fibroblasts of host origin, often exist in radiation-induced 
chimeras, and the cytotoxic effect can be blocked by serum factors 
present in the chimeric individuals. The authors have thus argued against 
the idea that all reactive lymphocytes are specifically deleted. 

The first system investigated was one in which dogs were given a 
lethal dose of X-rays, followed by allogeneic bone marrow transplants 
(bone marrow cells from dogs matched with respect to the major histo- 
compatibility antigens as well as from unmatched dogs were used) 
( Hellstrom et al., 1970d). Although repopulation with bone marrow 
resulted in fatal graft-versus-host disease in a relatively high proportion 
of the dogs, some dogs did not develop this disease but remained healthy 
following repopulation and lived a normal life-span as stable chimeras. 
Chimerism was confirmed in two ways: blood group markers identified 
the erythrocytes of the engrafted dogs as being of donor origin, and sex 
chromosome markers showed the blood leukocytes to be of donor origin 
as well. Blood lymphocytes from the graft recipients, and from unrelated 
dogs (as controls) were studied for their abilities to destroy cultivated 
skin fibroblasts from the host, Furthermore, the blocking ability of re- 
cipient sera was assessed. It was shown that lymphocytes from most 
chimeras had a specific cytotoxic effect on recipient fibroblasts and that 
recipient sera could block the cytotoxicity. Sera taken from unrelated 
dogs did not block. 

Studies similar to those performed with chimeric dogs have been 
conducted with mouse chimeras as well (Hellstrijm et al., 1973~).  Mice 
were given lethal doses of X-irradiation, following which they were 
inoculated with allogeneic bone marrow cells. Several strain combina- 
tions were studied, but most experiments were performed with T6 mice 
getting BALB/c bone marrow. The in vitro tests were set up so that both 
donor and recipient strain fibroblasts were used as targets, and sera 
were tested from the chimeric recipients as well as from untreated mice 
of the host and donor strains. The data showed that lymph node cells 
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from the murine chimeras had a specific cytotoxic effect on recipient 
(but  not on donor) strain target cells, and that sera from the chimeras 
(but not from control mice) could specifically block this effect. In some 
of the mice there was evidence of graft-versus-host reactivity (weight 
loss and ruffled fur) .  Sera from these mice did not block, which supports 
the interpretation that the blocking activity detected in the healthy 
chimeras might play a role in counteracting the development of graft- 
versus-host reactions. 

Three human patients, who had been reconstituted with foreign bone 
marrow following immunosuppression, were tested and found to react 
similarly to the chimeric dogs and mice in that each patient’s blood 
lymphocytes (of donor origin) were cytotoxic to his own fibroblasts 
and his serum could block this effect (Jose et al., 1971). Removal of the 
immunoglobulin fraction from the serum by passing it through a column 
charged with antibodies to human immunoglobulin, removed the block- 
ing activity, which could be recovered by eluting the columns. The block- 
ing activity had a certain degree of specificity, but it was not completely 
specific, which might have been due to some overlapping of the HLA 
antigenicity of the patients studied. 

The phenomenon of allograft tolerance has been investigated by 
using a similar approach. Mice and rats rendered neonatally tolerant by 
inoculation of allogeneic lymphoid cells, as well as tetraparentd ( allo- 
phenic) mice, have been tested to find out whether their lymphoid cells 
have any detectable reactivity in uitro against the tolerated tissues and 
whether they have any blocking serum factors that can interfere with a 
cellular reactivity. Some evidence in favor of such a view was first pre- 
sented by Voisin et nl., who showed that sera from some mice neonatally 
inoculated with allogeneic bone marrow, and so rendered tolerant to skin 
grafts of the allogeneic strain, contained antibodies detectable with 
hemagglutination assays. They demonstrated classic enhancement of allo- 
geneic tumor transplants by using sera from mice considered to bc 
tolerant to skin grafts (Voisin et al., 1968, 1972). 

Experiments were performed by using the standard microcytotoxicity 
technique to study CBA mice which had been neonatally inoculated with 
A cells, as well as A mice neonatally given CBA cells (Hellstrom et al., 
1971d). Some of the animals so treated were skin grafted and found to 
be capable of permanently accepting the grafted skin; the mice were, 
therefore, considered to be tolerant. Other animals from the same group, 
not skin grafted, were used for the in uitro assays. Experiments were per- 
formed, in which cultivated A fibroblasts were exposed to lymph node 
cells from CBA mice tolerant to A, as well as to cells from nontolerant 
CBA and A mice. The reciprocal type of test was performed as well. A 
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specific cytotoxic effect of the lymphoid cells on cultivated fibroblasts 
from the tolerated strain could be demonstrated. It could also be shown 
that serum from the tolerant strain abrogated the cytotoxic effect. The 
blocking effect was specific, e.g., sera from CBA mice tolerant to A 
abrogated destruction of target cells from A (but not from CBA) by 
specifically reactive lymphocytes. These findings then indicated that the 
tolerant animals were specifically reactive against cells to which no re- 
activity was detected in vivo and they also showed that this reactivity 
could be blocked by tolerant serum. 

One might argue, however, that the mice studied were not completely 
tolerant after all and that just a case of neonatally induced enhancement 
had been investigated. For this reason, it became important to perform 
similar studies on allophenic (tetraparental) mice, which had been 
established as chimeras by joining embryos at the eight-cell stage, i.e., 
long before any immunological system had been established. Determi- 
nations using heinoglobulin markers, found to correlate well with those 
using imniunoglobulin markers and with karyotypic studies on the 
distribution of lymphoid cells characteristic for each of the two strains 
from which chimeras had been established (Gornish et al., 1972), showed 
that the mice studied were true chimeras. According to Mintz and Silvers 
(1967), such animals were tolerant to skin grafts from the strains rep- 
resented in the chimeras. It was found, in agreement with the data from 
mice neonatally inoculated with foreign cells, that lymph node cells from 
tetraparental chimeras were cytotoxic to cultivated fibroblasts from either 
of the two strains making up the chimeras and that sera from the same 
mice could block the lymphocyte effect (Wegmann et al., 1971). These 
findings go further than those obtained by using neonatally inoculated 
animals in suggesting that the blocking phenomenon may be relevant 
for establishment of long-lasting allograft tolerance. 

Another indication that blocking factors occur in tetraparental mice 
comes from work done with the mixed leukocyte culture technique. It 
was shown by Phillips et al. ( 1971) that sera from some (C57BL-SJL), 
but not all (e.g., not from C3H-CS7BL) tetraparental chimeras could 
block mixed leukocyte reactivity, as compared to sera from the parental 
strains or their F, hybrids (or to mixtures of parental strain sera). The 
blocking activity could be removed by passing the sera through a column 
containing antibodies to mouse IgG. Furthermore, it was demonstrated 
that spleen cells from tetraparental mice could specifically suppress the 
reactivity in mixed leukocyte tests of spleen cells from either of the 
parental strains to each other, although they did not suppress reactivity 
to third-party cells (Phillips and Wegmann, 1973). The cellmediated 
suppression has had the same degree of specificity as that detected by 
studying blocking serum factors; it is not known whether it is mediated 
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by soluble factors (similar to those in the serum) or by some other 
mechanism (e.g., suppressor cells). 

Studies performed with rats, in which tolerance was induced by neo- 
natal inoculation of allogeneic bone mai-row, have supported the data 
from mice ( Bansal et al., 1973a). In sequential experiments on individual 
animals, B/N rats were inoculated with W/Fu  bone marrow, and W/Fu  
rats were given B/N marrow. The following reactivity patterns could 
be observed. First, there were rats that were not tolerant and rejected 
skin grafts (from the strain to which tolerance induction had been at- 
tempted) within the normal time span (9-11 days). The blood lympho- 
cytes of these rats were cytotoxic to cultivated fibroblasts carrying allo- 
antigens of the type inoculated at birth, and the sera did not block the 
cytotoxic reactions. Second, there were rats that, when tested in uiuo, 
were tolerant, i.e., they accepted skin grafts for more than 100 days (they 
also accepted second grafts from the respective strains ) . Lymphocytes 
from these rats were cytotoxic in uitro to tissues having alloantigens to 
which tolerance had been established, and sera from the same rats could 
block this cytotoxicity. The lymphocyte reactivity declined as the rats 
grew older, and approximately one-third of the rats had no detectable 
reactivity to tolerated tissues when they had carried the foreign skin 
grafts more than 100 days. Third, there were rats which may be char- 
acterized as temporarily tolerant. These rats rejected their skin grafts 
within 30 to 90 days. Their lymphocytes were cytotoxic to approximately 
the same extent as in the former group, when studied at the same time 
intervals after grafting. It is interesting that the blocking serum activity 
changed in these rats, so that sera taken when the rats carried healthy 
grafts were blocking, but blocking activity disappeared within ap- 
proximately 7 days prior to graft rejection. Tolerant W/Fu  rats receiving 
large doses of immune (W/Fu  anti-BN) or nonimmune ( W / F u )  lym- 
phocytes lost tolerance and rejected their BN skin grafts. The blocking 
serum activity was regularly lost before or during the time of graft re- 
jection ( Bansal et al., 1973b). 

The data summarized support the notion that blocking serum factors 
play a role in the development and/ or maintenance of allograft tolerance. 
There is a considerable amount of other data, however, which does not 
seem to agree with this idea. Mixed leukocyte culture assays have 
detected a spccific lack of cellular reactivity in tolerant animals (Wilson 
et al., 1967; Schwartz, 1968; Elkins, 1972), suggesting that potentially 
reactive lymphocyte clones may have been deleted (or  are permanently 
suppresscd ) . Attempts at passive transfer of tolerance with serum have 
failed (e.g., see Brent et al., 1972), and attempts to induce classic ini- 
munological enhancement by using sera from tolerant donors have suc- 
ceeded only in Voisin’s experiments. Parabiosis of tolerant mice with 
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syngeneic, nontolerant mice did not transfer tolerance, and neither did it 
transfer any increased reactivity ( Brent et al., 1972). Mixtures between 
tolerant and nontolerant cells tested for induction of graft-versus-host re- 
activity were found to behave as nontolerant, i.e., they reacted, while 
tolerant cells tested alone did not (Atkins and Ford, 1972). On most 
occasions, hemagglutinating or cytotoxic antibodies have not been de- 
tected in tolerant mice and rats (Brent et al., 1972). 

It is also important to point out that even the fundamental question 
as to whether any blocking factors can be demonstrated in tolerant ani- 
mals has received different answers in different laboratories that use 
slightly different techniques. Although blocking factors have been 
regularly found in studies performed by Hellstram et al. (1971d), by 
Bansal et al. (1973), and also by Wood et nl. (1972), they were seen 
only in so-called partially tolerant mice by Beverley et al. (1973), the 
partially tolerant animals accepting foreign skin grafts for a prolonged 
period of time but not indefinitely; in completely tolerant mice, neither 
lymphocyte cytotoxicity nor blocking serum activity was detected. Fur- 
thermore, no suppressor cells were seen in B / N  rats made neonatally 
tolerant to the Lewis strain (Elkins, 1972). After tolerance had been 
broken by inoculation of nontolerant, syngeneic spleen cells, suppressor 
cell activity was detected also in the rat system, however, both by the 
mixed leukocyte culture technique and by assays for graft-versus-host 
reactivity in viuo. 

One may argue that, in defense of the hypothesis that blocking serum 
factors play an important role in allograft tolerance, the failure to detect 
them in the experiments listed may have reflected a lack of sensitivity 
of the techniques used rather than a true absence of blocking factors. 
One may also argue that the only way one can establish whether block- 
ing factors, as detected in vitro, play any role in vivo, is when the experi- 
ments are carried out so that sera (from the animals tested for tolerance 
in viuo) are really checked for blocking activity. If such in vitro checks 
for blocking activity are performed, one may be able to find out whether, 
for example, the failure to transfer tolerance with serum is simply due 
to the amounts of serum transferred being too small, the transfers being 
made too infrequently to maintain a blocking serum activity, the appear- 
ance of unblocking serum factors counteracting the blocking ones, or 
some other explanation. Better knowledge as to the nature of the block- 
ing factors may also help to clarify apparent contradictions. If, for ex- 
ample, the blocking factors in tolerant animals are antigen-antibody 
complexes as suggested by recent findings (Wright et al., 1973b), it would 
not be surprising if they are not detectable with immunological assays 
(such as hemagglutination tests) that have been developed to show 
antibodies. 

Even if the failure to detect important in viuo effects of blocking 
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serum factors in allograft tolerance has a siniplc tcchiiical explanation 
(such as lack of sensitivity of the assays used or too little serum inoc- 
ulated), it seems likely that the specific nonreactivity, which can be ob- 
served in vivo as tolerance to allogeiieic grafts, has more than one 
explanation and that blocking serum factors provide one, but not the 
only explanation. One might speculate that the most important role of 
the blocking serum factors is to act as a back-up mechanism under 
conditions whcii all potcntially rcactivc lymphocyte clones are not ir- 
reversibly suppressed (or eliminated). It is not known whether the 
absence of detectable lymphocyte reactivity in thesc systems is due to 
the presence of blocking factors bound to the lymphoid cells in a vcry 
stable fashion, or whether sonic lymphocytc clones with crucial func- 
tions, e.g., in graft-versus-host assays, have been actually deleted. Neither 
does one know whether the lymphocyte reactivity that can be detected 
in tolerant animals by using the inicrocytotoxicity assay is due to the 
continuous appearance of a small number of “forbidden” lymphocyte 
clones from stem cells, which remain for a short time before they are 
deleted. Furthermore, it is not known whether the reactive cells in 
tolerant aninials are of T or B origin. 

It also remains to be studicd whcther a complete immunological lion- 
reactivity or a cell-mediated immunity counteracted by blocking serum 
factors is the preferred mechanism for establishment of self-tolerance 
to tissue-specific antigens, and whether the induction of complete tin- 
responsiveness to allogeiieic organ grafts renders the recipient better 
capable of accepting the grafts than the induction of a blocking serum 
activity (coexisting with cellular reactivity). Before this is known, valid 
conclusions as to the roles, in vivo, of complete or partial tolerance are 
difficult to draw. 

XIII. Concluding Remarks 

We have reviewed evidence for cell-mediated immune reactions 
against tumors in animals and in man, particularly reactions that can 
lead to destruction of ncoplastic cells cultivated in uitm. Various mech- 
anisms by which tumor cells can escape from immunological destruction 
have been discussed, most notably one involving blocking factors, present 
in the serum. Findings analogous to those obtained when studying tumor 
inimunity ( coexistence of cell-mediated reactivity and blocking serum 
activity) have been summarized from three other areas (pregnancy, 
allografting, and chimeras). 

The studies reviewed have given a relatively large amount of evidence 
for various cell-mediated and humoral inimunological reactions against 
growing tumors, and at  least some of the reactions observed in vitm 
appear to be able to influence tumor growth in viuo. One is struck, how- 



268 KARL ERIK HELLSTROM AND INGEGERD HELLSTROM 

ever, by the lack of knowledge on certain crucial points: What cell types 
are involved in the reactions? What are their individual roles and how do 
they interact? Which are the molecules acting as antigens, blocking 
factors, arming factors, unblockers? What are their mechanisms of action 
and on what cells? 

More rapid and more precise tests to study the various phenomena 
quantitatively and a much firmer knowledge of the cells and the mole- 
cules involved are needed. When we have these, better ways to manip- 
ulate the immune response to tumor antigens may evolve. 
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