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Various baeteria can invade dead of weakened tissues of an animal but 
only pathogenic parasites are able to establish themselves in viable host 
tissues and cause disease. To survive in ahost and to invade its healthy 
tissues, a baeterial parasite has to possess mechanisms to neutralize or resist 
the natural defenses of the host and to use tissues and fluids of the infeeted 
body as sources of energy and materials essential for growth. Some pathogens 
secrete exotoxins which produce symptoms of disease, and, if not neutralized 
by antitoxins, may cause death. The aetive or passive acquisition of antibodies 
to exotoxins usually eliminates toxemia but not infeetion. Direet destruetion 
of baeteria by speeific antibodies and complement occurs only in a few bac­
terial speeies. Many pathogens do not produce exotoxins but nevertheless are 
able to invade tissues of the host, to multiply, and to spread. There is no 
single charaeteristic which could account for the pathogenicity of the non-
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toxigenic bacteria. Some of them survive in the host by being able to multiply 
rapidly in its tissue fluids and to resist engulfment by his phagocytic eelis; 
once phagocytized, these bacteria are readily digested by intraceliular enzymes. 
Other nontoxigenic parasites are unable to multiply in tissue fluids of the 
host but survive and multiply in its phagocytic eelis. Because of this ability 
to persist in the intraceliular environment, these nontoxigenic bacteria are 
calied facultative intracellular parasites. The diseases caused by facultative 
intracellular parasites tend to be chronic and their nature is certainly not 
as acute as that of diseases caused by other bacteria. 

Several observations suggest that the host has a poor chanee of defending 
himself effectively against infection with facultative intraceliular bacterial 
parasites. If immunity were effective, the presence of cell-mediated immune 
responses and of antibodies in vaceinated or infected hosts would eliminate 
the disease-produeing parasites. However, animaIs frequently derive little 
benefit from the immunity induced by vaceination against such typical 
facultative intracellular pathogens as virulent tubercle baeilli (IZUMI and 
COSTELLO, 1971). Similarly, tuberculous infection itself does not seem to 
induce resistance; two-thirds of all new cases of tuberculosis in the United 
States develop in patients who have been previously infected with tubercle 
baeilli (MIDDLEBROOK, 1970). It seems that effective immunity persists for 
only as long as the protection-indueing bacteria survive in the vaceinated 
animaI (COLLINS, 1968; COSTELLO and IZUMI, 1971). 

The limited effectiveness of aequired immunity to facultative intraeellular 
parasites stimulated investigation of the relationship between normal hosts 
and intracellular parasites. LURIE (1964) observed that differences in resistanee 
between inbred strains of rabbits were quite often wider than differenees 
between immunized and unimmunized groups of geneticaliy heterologous 
rabbits. The existence of high levels of natural resistance to facultative intra­
cellular parasites in normaI animaIs suggests that it might be possible to 
achieve effective immunity against them if factors that play a role in host­
parasite interactions were identified. 

Irrespective of toxigenieity, phagocytosis, or the ability to persist in 
phagocytic eelis, a erueiaI requirement for all pathogens is the ability to grow 
in body fluids and/or in phagoeytic vaeuoles. Little is known about the 
nutritionaI eapabilities which enable pathogens to grow and survive in the 
animai body. Differenees in predisposition of certain tissues of the same host 
to invasion by tubercle bacilli (LURIE, 1964) suggest that nutritional faetors 
may be of considerable importance in determining the fate of the parasites in 
tissues of the infected host. Sinee serum and tissue extracts contain ali 
nutrients necessary for bacterial growth, it is assumed that all materiais 
required by the pathogen are available for its utilization. The intention of 
this review is to show that this is not so and that, in particular, the potentiality 
of various pathogens to survive in an animai hinges upon their ability to 
obtain suffieient iron for their metabolism. Iron is essential for bacterial 
growth (STEPHENSON, 1949; CLIFTON, 1957). Therefore, in many cases the 
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availability of the metal determines the fate of baeterial parasites in the 
body of ahost (WEINBERG, 1966; WEINBERG, 1971). 

Speeial attentian will be given in this review to host-tuberele baeillus 
interaetion. Extensive studies attempting to identify faetors that enable 
virulent strains of tuberele baciilus to survive in an animal have been in­
eonelusive. There is no satisfaetory indication that a strain of tuberele baeillus 
is virulent beeause its baciili have the ability to interfere with functions of 
phagoeytes or with extraeelIular defense meehanisms. In view of this, RAFFEL 
(1961) suggested that, to propagate and spread through the body, a virulent 
tuberele baeillus may depend entirely upon its ability to utilize the culturaI 
milieu supplied by the host better than the avirulent baeillus. Experimental 
support for this suggestion wilI be presented and diseussed in this artiele. 

II. Effeet of Iron on Baeterial Fate in Humoral Fluids 
A erucial question in the eonsideration of host-parasite relationships is 

whether or not the parasite ean utilize materials eneountered in the host's 
fluids and eelIs for its growth. In the past the question of baeterial nutritian 
in infected hosts reeeived little attention. Tissue fluids, for example, were 
assumed to be good growth-supporting media. Reeent findings in several 
laboratories show that this assumption was erroneous; many parasites are 
ineapable of growing in tissue fluids beeause these fluids fail to provide parasites 
with the iron essential for their growth. 

!ron is one of the essential metals needed for the growth of animaIs, plants, 
and mieroorganisms. The minimum iron requirements for bacterial growth 
have not been preeisely established, beeause materials used in the preparation 
of bacterial media are usually eontaminated with this metal. It has been 
determined that the quantity of iron needed for good growth of eommonly 
studied bacteria varies between 0.02 !1-g and 0.2 !1-g of the metal per 1 mI of 
the medium (WEINBERG, 1971). We have reported (KOCHAN et al., 1971 b) 
that 0.09!1-g of iron per 1 mI of a suitable medium is sufficient to support 
fairly good growth of tuberele baeilli. Sinee the amount of iron in mammalian 
sera varies between 1 !1-g and 3 !1-g per mI (KOCHAN et al., 1969), these quantities 
are more than sufficient for bacterial multiplieation. It wilI be shown in the 
following diseussion that, in spite of the presenee of sufficient iron in mam­
malian sera, the latter eannot support baeterial growth unIess supplemented 
by additional iron. 

A. Alleviation of Bacteriostasis in Normal Serum with hon 
The effect of mammalian serum on the growth of tuberele badlli has been 

studied mare intensively than its effeet on any other pathogenie mieroorganism. 
Nearly half a eentury ago, MEISSNER (1928) obseryed that sera of norrnaI ani­
maIs exert some inhibitory effeet upon bacilIary multiplieation; she found even 
stnmger antimyeobacterial activity in sera of tubereulous animaIs. The bacterio­
statie power of sera from eertain cases of tubereulosis has been report ed by 
KALLOS and NATHAN (1932), COURMONT and GARDERE (1933), PAGEL (1940), 
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and EMMART and SEIBERT (1945). COURMONT and GARDERE (1937) observed 
that the prognosis in tubereulosis was more favorable when the tubereulocidal 
power of the patient's blood was elevated. In spite of these findings, the study 
of the antimyeobaeterial aetivity of mammalian sera was limited mainly to 
superficial observations. Investigators were more impressed by the stimulatory 
effeet of various sera on baeillary multiplieation in iron-rieh synthetie media 
devised for baeillary growth (KIRCHNER, 1932; DAVIEs, 1938; BOISSEVAIN, 
1940) than by the possibility of their antimyeobaeterial aetivity. 

Clinical observations were more pertinent; CANETTI (1955) observed the 
absenee of tubercle baciili in eell-free tubereulous exudates and wondered 
about the possibility of an antimyeobaeterial effeet of body fluids. Sinee 
plasma and blood were frequently ineorporated into media to inerease their 
growth-supporting quality for tubercle baeilli, CANETTI, despite his pereeptive 
observations, dismissed the possibility of the existenee of antimyeobaeterial 
effeet in animal fluids. Experimental results obtained by LURIE (1936, 1939) 
showed that the aeellular body fluids of immune animals were markedly 
tubereulostatic. In his elegant experiments, LURIE exposed tubercle baciili to 
fluids of normaI and immune animaIs by ineorporating the parasites in agar 
bloeks or within eoIlodion-impregnated silk bags. In the eomplete absenee of 
phagocytic eeIls, the body fluids exerted a pronounced tuberculostatic effeet. 
It was probably the inability to proteet animals against tuberculosis by the 
administration of antibody-eontaining serum that caused LURIE to belittle 
these observations and to direet his attention to the role of phagocytic ceIls in 
tuberculous immunity (LURlE, 1942). 

The concept of immunity to tuberculosis based upon the antimycobacterial 
activity of antibodies has little support (EFFoRT, 1954; KOCHAN, 1958; 
RAFFEL, 1960). In the nineteen-fifties several groups of investigators report ed 
that sera of immune animals exert tuberculostatic activity by non-antibody 
inhibitory faetors. Thus, MYRVIK and WEISER (1951) attributed serum tuber­
culostasis to the presence of a Iysozyme-like substance, and ZITRIN and W ASZ­
HÖCKERT (1957) found an antituberculous faetor was present in various Cohn 
fraetions obtained by fraetionation of tuberculous human serum. Serum 
tuberculostasis was also attributed to the absence of a hypothetical growth­
promoting factor which might be present in normal but absent in immune 
rabbit sera (TsuJI et al., 1957 and 1958; ÜSHIMA et al., 1958). A strong in­
hibitory effeet on tubercle baciili was found by KOCHAN and RAFFEL (1960) 
in sera of tuberculous and BCG-vaccinated guinea pigs. In infeeted animaIs, 
this effect was present throughout the disease period. In vaccinated animaIs 
it Iasted for about three months. Since this tuberculostatic effect was not 
diminished after the adsorption of serum With tubercle baciili nor after heating 
the serum at 56° C, KOCHAN and RAFFEL concluded that the tuberculostatic 
mechanism in the serum was not dependerit on the aetivities of antibodies or 
of complement. 

The role of iron in the survivaI of serum-exposed tubercle baciIli emerged 
only sIowly. The conflicting reports on the antimycobacterial activity of 
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normal and immune sera suggested that teehnical experimental variations 
used in tests eould aeeount for the eontradictory results. We observed that 
most investigators who were unsueeessful in the demonstration of serum 
tubereulostasis diluted the tested sera in various media devised for baeillary 
growth. The suitability of various media for the study of serum tubereulostasis 
was determined in our laboratory by evaluating the growth of BCG eelis in 
serial dilutions of human serum after a 14-day ineubation at 37°C (KOCHAN 

et al., 1963a). Results presented in Table1 show that serum diluted in the 
growth-supporting media did not inhibit baeillary multiplleation while serum 
was inhibitory when diluted in sallne or Hanks' solution. Good baeillary growth 
oeeurred in higher but not in lower diluiions of serum in eontrol medium, 
suggesting that N-Z amine and Vegex provided a substanee whieh either 
neutralized an antimyeobacterial factor or promoted baeillary growth in a 
mixture of serum and Hanks' solution. Sinee serum heated at 65°C and diluted 
in eontrol medium or in Hanks' solution did support baeillary growth in all 
dilutions, we eoncluded that serum possesses a tubereulostatic faetor whieh 
ean be inactivated either by an ingredient present in various media or by heat. 
A beta-globulin fraction with antimyeobaeterial activity was subsequently 
separated from human serum by the use of eontinuous flow-eurtain electro­
phoresis. The immunoeleetrophoretie analysis showed that the aetive fraction 
was eomposed of beta-lipoprotein, beta-2A globulin, heat-Iabile beta proteins, 
transferrin, or eeruloplasmin (KOCHAN et al., 1963 b). 
. Baeillary multiplieation in serum diluted 1 : 16 or higher in eontroI medium, 
and tubereulostasis in dilutions made in Hanks' soIution alone (Table 1) 
seemed to offer an approaeh to the identification of the antagonist to the 
tubereulostatic faetor. In eontrast to Hanks' soIution, the eontroI medium 
eontained N-Z amine and Vegex. We found that the addition of untreated or 
ashed Vegex to tubereulostatic serum promotes bacillary multiplieation 
(KOCHAN, 1969). Sinee Vegex is "fortified" with iron by the manufaeturer 
and sinee our previous results suggested that transferrin (Tr) eould be the 

Table 1. Effeet of diluents on the tubereulostatie aetivity of human serum. Modified 
from KOCHAN et al., J. Immunol., 90, 711-719 (1963a) 

Diluent Generations a in serum diluted 

1 :2 1 :4 1 :8 1: 16 1:32 

Dubos medium 11.3 13.0 12.0 12.9 12.1 
Kirehner medium 10.0 9.5 9.8 10·9 11.3 
Sauton medium 9·0 12.0 11.7 12.3 10.7 
Proskauer-Beek medium 7.8 11.1 12.3 12.0 12·5 
Saline 0.2 1.8 1.2 1.5 2.4 
Hanks's solution 0.0 0.1 0.9 2.0 1.2 
Controlb medium 0.2 1.0 2.8 13.0 13.0 

a The growth of BCG was determined after a 14-day ineubation period. 
b Control medium eonsisted of Hank's solution enriehed with N-Z amine and Vegex at 
the same eoneentration as used in Dubos medium. 
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tuberculostatic factor, we decided to study the effeets of iron and Tr on 
bacillary growth. !ron, as a solution of ferric ehloride, and iron-free Tr were 
added in various coneentrations to tubereulostatie human serum diluted 1 :4 
in Hanks' solution. Results presented in Table 2 show that tuberculostasis in 
1 mI of a 1 : 4 dilution of human serum can be neutralized by iron in eoncen­
trations between 1.0 fLg and 0.5 fLg. Subsequent titrations showed that as 

Table 2. Iron neutralization of tubereulostasis in 1: 4 dilution of human serum and the 
reeonstitution of tubereulostasis in iron-neutralized serum with transferrin. Modified from 

KoeHAN, J. Infeet. Dis., 119, 11-18 (1969) 

Transferrin Generations a in serum with ironb (fLg/ml) 
(mg/ml) 

0.0 0.5 1.0 2.0 4.0 8.0 

0.00 0.0 2·3 11.0 12.5 12·9 13.2 
1.25 0.0 0.0 2.7 9·6 9·1 12.2 
2.50 0.0 0.0 0.5 4·5 10.2 13·1 
5.00 0.0 0.0 0.0 0.3 2.6 9.4 
10.00 0.0 0.0 0.0 0.0 0.0 5.0 
20.00 0.0 0.0 0.0 0.0 0.0 0.0 

a The growth of BCG was determined after a 2-week ineubation period at 37°C. 
b Iron added as FeCla ' 6H20 salt. 

16.0 

12.7 
13·0 
12.1 
12·3 
10·7 
0.0 

little as 0.8 fLg of iron vitiates tuberculostasis in 1 mI of 1 : 4 diluted serum. 
The addition of Tr to iron-neutralized serum reeonstituted tuberculostasis. 
The data show that the amounts of Tr which were effeetive in the reconsti­
tution of tubereulostasis in iron-neutralized serum correlated closely with the 
binding capacity of the protein for iron (1 mg of Tr can bind 1.2 fLg to 1.4 fLg 
of iron, LAURELL, 1960). 

This study of the iron-Tr interplay in serum tuberculostasis suggested two 
possibilities that may aeeount for the suppression of badllary growth in human 
serum: (1) Serum tubereulostasis eould be attributed to iron binding. According 
to this suggestion, a serum can support bacillary growth only when excess 
iron is added to saturate the iron-binding Tr to a point at which free iron is 
available. Since Tr exists in human serum at one-third saturation, it beeomes 
an indireet but effeetive antimycobaeterial agent. (2) Tuberculostasis could 
also be attributed to the direet inhibitory aetion of unsaturated Tr. If this 
were so, the badllary growth in serum-iron mixture would not be due to the 
growth-stimulatory effect of the metal but rather to the neutralization of Tr 
by iron. Such a possibility has been suggested by LANDAU et al. (1964) to 
explain the antifungal activity of Tr for Candida albicans. If Tr were to 
possess adireet effeet on tubercle badlli we would expeet that (a) it would 
be adsorbed onto the badlli, (b) since zincand cupric copper can be ehelated 
by Tr, these metaIs, like iron, would neutralize its tuberculostatie aetivity, 
and (e) the replaeement of Tr by another iron-binding chelator would not 
induee tuberculostasis in the iron-eontaining medium. We found that the 
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amount of Tr does not decrease after adsorption with tubercle badlIi and that 
the activity of Tr cannot be lowered by the presence of large amounts of zinc 
and cupric copper (KOCHAN, 1969). It is also possible to produce antimyco­
bacterial activity in Dubos Tween-albumin-dextrose medium by the use of 
iron-binding Desferal (desferrioxamine B methane sulfate; Ciba Pharmaceutical 
Products, Inc., Summit, N. J). We concluded from these results and from the 

Table 3. Conelatian between levels of iron-saturated Tr and degrees of baeillary growth 
in mamrnalian sera in the absenee and presenee of exogenous iron. Modified from 

KOCHAN et al., J. Bact., 100,64-70 (1969) 

Number and souree Amount of Tr Number of generations c 

of serum samples iron ((1.g)a sa tura tion b 

% no iron 2 [Lg iron mI 
TIBC Sl 

10 Human 327 97 30.0 0--1 10--14 
4 Bovine 490 191 39·0 0-1 10--14 

10 Mouse 382 230 60.2 1-5 9-15 
8 Rabbit 317 204 64.3 1-5 10--15 

20 Guinea pig 323 273 84.4 9-14 9-14 

a lndividual determinations of TIBC and Sl fell within 10% variation of the mean 
values shown in the table. Both values show amounts of iron present in 100 mI of 
untreated serum. 
b Percentage of iron-saturated Tr in serum sample equals (SI/TIBC) X 100. 
e Growth of BCG was determined after a 14-day ineubation period at 37°C. 

fact that tubercle badlli do grow on suitable media when removed from 
inhibitory solutions of Tr or Desferal that Tr does not inhibit tubercle badlli 
by direct antibacterial activity but rather by depriving the badlIi of iron 
which is essential for their growth (KOCHAN et al., 1969). 

KOCHAN and RAFFEL (1960) reported that guinea pig serum, in contrast 
to some other mammalian sera, supports a good growth of tubercle bacilli. 
This difference, as weIl as the interplay between iron and Tr in the mechanism 
of serum tuberculostasis, suggested that mamrnalian sera should be investigated 
in terms of serum iron (Sl), total iron binding capadty (TIBC), and serum 
tuberculostasis. Table 3 shows the correlation between degrees of saturation 
of Tr with iron and differing degrees of bacillary growth in mamrnalian sera. 
Human and boyine sera with around 30 % saturated Tr were tubercuIostatic, 
whereas guinea pig serum with 84.4 % saturated Tr support ed bacillary multi­
plication. Limited bacillary multipIication was present in mouse and rabbit 
sera which contained 60 % saturated Tr. The addition of 2 [Lg of iron per 1 mI 
of 1: 2 dilution of any mammalian serum neutralized tuberculostasis. Other 
experiments showed that the quantities of iron required for the neutraIization 
of human and rabbit serum samples were proportionaI to the amounts of iron­
free Tr in the respective sera (KOCHAN et al., 1969). Since BCG eelIs multipIied 
in the presence of guinea pig serum, we suggested that in sera with a high 
content of iron-saturated Tr enough ionic iron is present to support bacilIary 
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growth. Probably the dissodation balanee between iron-Tr, Tr, and iron 
determines the amounts of ionie iron whose availability defines the growth­
supporting quality of a serum sample. Aeeording to this, the ratio between 
iron-saturated and iron-free Tr is of erueial importanee in determining the 
fat e of tubercle badlIi in mamrnalian sera. 

It seems that the percentage of iron saturation of Tr in animaI sera deter­
mines the fate of not only tubercle badlii but other pathogens. SCHADE and 
CAROLINE (1946) observed the baeteriostatic activity of Tr against Shigella 
dysenteriae and suggested that the protein exerted its effeet by binding iron. 
Since this initial observation, several investigators have fo und that the iron-Tr 
interplay determines the fate of various parasites in normal mamrnalian sera. 
It has been observed that the addition of iron to normal human serum greatly 
enhances the growth of Staphylococcus aureus, Salmonella typhimurium and 
Pasteurella pestis (JACKSON and MORRIS, 1961). SCHADE (1961,1963) observed 
a correlation between the staphylococcal growth rate in human serum and the 
level of iron-saturated Tr. Similarly, growth- and respiration-inhibiting effeets 
of rabbit sera for Bacillus subtilis appeared to be related to levels of unsaturated 
Tr (BORNSIDE et al., 1964); these investigators attributed the serum-neu­
tralizing aetivity of iron to its inaetivating effeet on an an tibaet eri al serum 
globulin and not to the growth-stimulatory effeet of the metal. In contrast to 
this conclusion, ROGERS (1967) showed that the small amount of iron, sufficient 
to abolish the inhibitory effeet of horse serum for Clostridium welchii, is in­
sufficient to saturate Tr. On the basis of this and similar observations, ROGERS 
suggested that the metal interaets direetly with the baeteria and that baeterial 
growth in the pres ene e of serum may be related to the degree of iron-saturation 
of Tr. This conclusion was reinforced by later studies in which BULLEN and 
ROGERS (1969) demonstrated that antibaeterial aetivity of rabbit sera for 
Pasteurella septica and for Escherichia coli can be neutralized by the addition 
of iron. 

B. Alleviation of Bacteriostasis in Immune Serum with Iron 

It has been observed by KOCHAN and RAFFEL (1960) that in eontrast to 
the growth-supportingnature of normal guinea pig serum, serum of immune 
animaIs exerted a pronounced suppression of growth for the H37Rv strain of 
tubercle bacillus. This initial observation of acquired antimycobaeterial aetivity 
of immune sera and subsequent findings on the subjeet of the Tr-iron interplay 
in serum tuberculostasis suggested that immune sera should be investigated 
in terms of levels of iron-saturated Tr and the tuberculostatie aetivity. Such 
studies have been carried out using sera from BCG-vaceinated, lipopoly­
saccharide (LPS)- and tubereulous eelI wall (TCW)-treated, and saline-injected 
guinea pigs (KOCHAN et al., 1969). Results presented in Table 4 show that a 
brief period of hypoferremia developed in animaIs treated with LPS and TCW 
materials. In BCG-vacdnated guinea pigs, hypoferremia developed within 
about 2 weeks after the vacdnation and lasted for more than 4 weeks. The 
hypoferremia was accompanied by tuberculostasis which was neutralized by 



The Role of Iron in Baeterial Infeetions 9 

Table 4. Iron neutralization of tubereulostasis in sera of LPS- or TCW-treated and 
BCG-vaeeinated guinea pigs a . Modified from KOCHAN et al., J. Bact., 100,64-70 (1969) 

Days after Tr Generations in serum with iron 
Treatments b Saturation ([Lg/mI) 

0/ 
/0 0 2 4 8 

LPS-1 17-5 0.0 0.0 0.4 8.0 9.2 
LPS-2 42.1 0.0 10.6 11.3 10.7 12.2 
LPS-3 60.2 0.0 11.8 11.9 9·5 11.1 
LPS-5 74·7 8.7 12.0 11.4 10·7 11.3 
LPS-10 93.8 12.5 11.6 12.0 12.1 11.3 

TCW-1 26.5 0.0 5·1 9·5 9·5 9·5 
TCW-2 42.1 0.5 10.2 10.3 10.0 10.6 
TCW-3 59·3 1.2 9.7 9·9 10.7 11.0 
TCW-5 66.3 0·7 7.3 12.0 11.3 12.3 
TCW-14 78.8 11.8 12.6 12.1 11.9 12·7 

BCG-3 86.2 10.5 11.5 11.9 11.0 11.2 
BCG-7 79.4 9·1 10.6 11.3 12.1 11.7 
BCG-14 75.0 4.3 9.5 10.2 12.3 11.1 
BCG-21 75.3 0.4 9·1 10.3 9·9 10·7 
BCG-28 68.6 0.0 9·7 10.2 10.9 11.3 

Saline-1 85.6 11.5 11.8 11.6 11.5 12.1 

a Tests for the presenee and neutralization of tubereulostasis were performed in a 
1 : 4 dilution of serum samples. Baeillary fate determined after a 14-day ineubation period. 
b On day "OU, animals were injected intraperitoneally with 0.05 mg of LPS, 1 mg of 
TCW preparation, or 1 mg of BCG eells per 100 g of body weight. 

the addition of iron. The eHeetiveness of this iron-neutralization indicates 
that the mechanism of tuberculostasis in sera of vaccinated or endotoxin­
treat ed animaIs is the same as that present in normal animaIs' sera with 
tuberculostatic aetivity. 

The hypoferremic effeet of endotoxin has been observed by BAKER and 
WILSON (1965) who found a elose correlation between the amounts of endotoxin 
injeeted and the levels of hypoferremia which developed in the treated mice. 
A decrease in plasma iron levels was observed in mice infeeted with Listeria 
monocytogenes (SWORD, 1966) and in humans infeeted with Francisella tularensis 
(PEKAREK et al., 1969). The baeteriostatic eHeets of immune sera for el. welchii 
(ROGERS et al., 1970) and for P. septica (BULLEN et al., 1971) were abolished 
by a variety of iron-containing compounds. Although the levels of hypo­
ferremia or degrees of iron-saturation of Tr were not determined in these 
studies, various experiments elearly indicated that iron binding by Tr was 
essential for bacteriostasis. The baeteriostasis in antisera was also abolished 
by herne compounds, which are not bound to Tr. This strength en s the con­
elusion that the iron binding capacities of normal or immune sera determine 
their antibaeterial effeet. 

Although the degree of tuberculostasis in normal or im mune sera is direetly 
proportional to the level of unsaturated Tr, BULLEN et al. (1971) observed 
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that the bacteriostatic system against P. septica also involves specific antibody 
and complement. The results obtained by Bullen and associates indicate that 
bacteriostasis results from the combined action of Tr, antibodyand complement. 
Nevertheless, the latter two components of the system cannot exert anti­
bacterial activity in the absence of Tr. They suggested that the role of antibody 
and complement might be to neutralize the activity of a hypothetical iron­
chelating bacterial product which transports iron from Tr into bacterial cell. 
It will be shown later that such a chelating product, mycobactin (M), has an 
iron-transporting function for the tuberc1e bacillus (KOCHAN et al., 1971 a). 
Attempts to produce antibodies to M or to detect the presence of such anti­
bodies in serum of BCG-vaccinated animals were not successful (KOCHAN and 
GOLDEN, unpublished data). The possibility exists that the suggested iron­
chelating product of P. septica is more antigenic than the small molecular 
weight M. 

Thus there is ample evidence that the addition of iron to normal or immune 
sera neutralizes their antibacterial effect for several bacterial species. Results 
suggest that the mechanism which interferes with iron metabolism may vary 
slightly with different bacteria but in all cases it is dependent upon the level of 
unsaturated Tr. For example, the bacteriostatic mechanism against P. septica 
requires the presence of iron-free Tr, specific antibody, and complement 
(BULLEN et al., 1971); the mechanism against el. welchii requires no com­
plement (ROGERS, 1967); and that against Mycobacterium tuberculosis requires 
neither antibody nor complement (KOCHAN, 1969). Although some potentiating 
effect of antibodyand complement in the antibacterial activity of serum 
cannot be exc1uded as yet from such considerations, results obtained in our 
laboratory indicate that the intensity of tuberculostasis in normal and in 
immune sera is directly proportional to the level of unsaturated Tr (KOCHAN 
et al., 1969). The development of hypoferremia in endotoxin-treated or vac­
cinated animals and the associated increase in serum tuberculostasis suggest 
that the ability of the immune host to limit or to prevent bacterial growth 
may depend largely on a mechanism that interferes with iron-availability for 
potential pathogens. 

C. Alleviation of Serum Bacteriostasis with Iron-Binding 
Bacterial Products 

The results discussed in the previous sectian show that many bacteria 
cannot grow in mamrnalian sera because the sera fail to provide the parasites 
with the iron essential for growth. In spite of serum bacteriostasis, pathogenic 
bacteria can infeet and cause disease in experimental animals. This ability to 
es cape or to overcome the effect of growth-preventing serum can be explained 
in two ways: (1) sam e bacteria are facultative intracellular parasites and find 
growth-essential iron inside cells of the infected host, (2) in certain conditions, 
bacteria may produce a substance which makes Tr-bound iron available for 
their utilization. The first possibility will be discussed in sec. III of this paper. 
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ResuIts suggesting an important role of iron-binding bacterial products in the 
survival of parasites in the host's fluids wilI be discussed in this section. 

It has been suggested by NEILANDS (1957) that microbes can be divided 
into two types on the basis of their capability to seerete iron-binding materials. 
The great majority of baeterial species (autosequesteric) produce sideramines 
(BICKEL et al., 1960; BURNHAM, 1963) which faeilitate the transport of iron 
into the microbial celI. A few bacterial species (anautosequesterie) are unable 
to synthesize their own sideramine and, unIess supplied with such a material, 
eannot grow even in the presence of available iron. The need of some bacteria 
for such preformed iron-transporting materials is weIl documented (LANKFORD 
et al., 1957; DEMAIN and HENDLIN, 1959; MORRISON et al., 1965; WANG and 
NEWTON, 1969; SEIDMAN and CHAN, 1970). A growth-promoting substanee 
named enterobactin has reeently been isolated from cultures of S. tYPhimurium 
and found to serve as an iron-carrier for this parasite (POLLACK and NEILANDS, 
1970). A number of mutants of S. typhimurium were isolated that had lost 
the capacity to synthesize enterobactin and their growth was drastically 
inhibited unIess the citrate-eontaining medium was supplemented with entero­
bactin or iron salts. POLLACK et al. (1970) eoncluded that the funetion of 
enterobaetin is to promote the adsorption of iron from the medium by the 
bacteria. Transduetion experiments suggested that the genes for enterobactin 
biosynthesis are closely linked and that they form an operon that is repressed 
by the presenee of iron. 

Probably the best known example of anautosequesterism is the dependenee 
of Mycobacterium paratuberculosis on a produet manufactured by other species 
of mycobacteria. (TWORT and INGRAM, 1912). This growth factor has been 
extracted from Mycobacterium phlei and was named M (myeobaetin) (FRANCIS 
et al., 1949; FRANCIS et al., 1953). Although the iron-ehelating property of M 
has been recognized from the time of its isolation, it has been viewed as an 
essential growth factor principalIy for M. paratuberculosis. In a recent detailed 
review on M, SNOW (1970) considered the bioehemical function of these 
bacilIary products as poorly defined and indieated that circumstantial evidenee 
suggests that M may be coneerned with the transport of iron between medium 
and tubercle bacilli. 

It has been reported by MARKS (1953, 1954) that M exerts its growth­
stimulatory effect not only in M. paratuberculosis but also in other strains of 
myeobacteria. He observed that mammalian tubercle bacilli exposed to in­
hibitory human plasma require the presence of a lipid growth faetor which 
appeared to be related to or identical with M. We have clarified the bioehemical 
function of M by experiments in which M in various quantities was added to 
samples of tuberculostatie serum which received additional quantities of iron­
free or iron-saturated Tr (KOCHAN et al., 1971 al. The fate of BCG eelIs in 
tubereulostatic serum-Tr-M mixtures was determined and the results are 
presented in Fig. 1. In the analysis of these results it is important to remember 
that the tuberculostasis in serum is not eaused by direet action of iron-free Tr 
on tubercle bacilli. Since at each eoneentration of M its growth-promoting effeet 
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varied according to the amount of unsaturated Tr it is safe to conelude that M 
was not acting as an essential growth factor. This observation shows that M, 
an iron-chelating product of tuberele bacillus, promotes bacillary growth in 
tuberculostatic serum by removing iron from Tr-iron complexes and supplying 
it to tuberele bacilli. These findings indicate that the biosynthesis of M arms 
bacillary ceils with a survival mechanism that may play a significant role in 
host-tuberele baciilus interaction. 
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Fig. 1. Growth of BCG eelis in tubereulostatie serum in the presenee of different eoneen­
trations of mycobaetin and 5 mg of transferrin per ml. Symbols: e iron-saturated Tr; 
• iron-free Tr; 0 no Tr. [Reprinted from KoeBAN et al., Infec. Immun., 3, 553-558 

(1971a)] 

Recently we developed a technique which significantly reduced the time 
and work required previously in the study of serum tuberculostasis and 
associated Tr-iron-M interplay (KOCHAN et al., 1971 b). The test is performed 
in plastic Petri plates containing a sample of mammalian serum mixed in 1 : 4 
dilution with iron-void Dubos agar medium (content of iron in the medium 
is 0.09 (lg per mI). A well is made in the medium at the center of the plate 
with a glass cylinder. After solidification of agar, the surface of the serum­
medium mixture is inoculated with tuberele bacilli. After the evaporation of 
the inoculum, the glass cylinder is removed and the well is filled with a solution 
of an antagonist to serum tuberculostasis. The inoculated plates with charged 
wells are incubated at 37° e in a high humidity chamber for 2 to 3 weeks. 
The degree of neutralization of tuberculostasis around the wells is determined 
by measuring the area covered by bacillary growth. Results are recorded by 
taking pictures of plates placed on a tempHtte which has a scale indicating 
0.5 cm distances. 

The antagonistic activity of iron and M against serum tuberculostasis was 
tested by the use of the agar-plate diffusion test. Fig. 2 shows that with each 
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increasing concentration of iron or M, an increased surface area covered by 
bacillary growth was observed around the wells. The growth of BCG cells 
promoted by iron was heavy and elevated with rather sharply defined edges, 
whereas the growth around M wells was more spreading and similar to that of 
cord-producing virulent strains. These and similar results (KOCHAN et al., 
1971 b) showed that this test is quite useful for the study of the competition 

Iron 

[Lg/weil 

Fig.2. Baeillary growth on· tubereulostatic bovine serum-agar medium around wells 
whieh received 0.6, 2.5, 10.0, and 40.0 [Lg of iron or mycobactin. The unbound iron­
binding eapaeity of serum was 380. [Reprinted from KaeBAN et al., Infec. Immun., 

4, 130-137 (1971 b) J 

among various iron-chelating biological substances for iron. Since the metal 
serves as a growth factor not only for tubercle bacilli, but also for many other 
bacteria and yeasts (WEINBERG, 1971), the test should be suitable for the 
study of iron requirements of a variety of microorganisms. 

It was of considerable interest to determine whether the agar-plate diffusion 
test was sensitive enough to evaluate the degree of tuberculostasis in various 
sera, and, if so, whether the degree of tuberculostasis could be predicted by 
determining the value for unbound iron binding capacity (UIBC) of a given 
serum. Two boyine sera, one with 410 UIBC and the other with 224 UIBC of 
iron per 100 mI, were tested by the agar-plate diffusion test for tuberculostatic 
activity in the pres ene e of 0, 5, and 15 [.Lg of iron (Fig. 3). Wells which received 
iron were surrounded by bacillary multiplication, and the areas covered by 
growth increased with increasing concentrations of iron. At each iron concen­
tration, plates containing serum B, with the lower UIBC value, showed more 
growth than those containing serum A with a high UIBC value. On the basis 
of these and similar results, we concluded that the agar-plate diffusion test 
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offers a method which is suitable for the evaluation of the degree of tuber­
culostasis in various sera. 

Much attention has been given to the production of M in amounts sufficient 
for chemical analyses (SNOW, 1970) and, therefore, bacilii were routinely grown 
in iron-poor media that stimulate produetion of iron-chelating produets. There 
are no data pertaining to the amount or even the presence of M on bacillary 

Serum 
A: 
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TIBC : 
534 

Sl: 310 

UIBC: 
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o 5 15 
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Fig. 3. Bacillary growth on strongly tuberculostatic serum A- and weakly tuberculostatic 
serum B-agar medium around wells which received 0, 5, and 15 [lg of iron. [Reprinted 

from KOCHAN et al., Infee. Immun., 4, 130-137 (1971 b) J 

cells grown in iron-rich media. To determine whether M is produced in an 
iron-rich medium, BCG cells were grown on the surfaces of SAUTON (6 !Lg of 
iron/ml) and WHITE-SNOW (0.07 !Lg of iron/ml) media (WHITE and SNOW, 

1968). Equal masses of bacilii were extraeted with 70 % ethanol containing 
0.05 % Tween 80 and, after evaporation of aIcohol, various dilutions of extraets 
were tested for serum tuberculostasis-neutralizing quality by the agar-plate 
diffusion method. Results showed that tubercle bacilli produee M in iron-rich 
and iron-poor media. Larger amounts of M were found on bacillary eells in 
iron-poor medium. The demonstration of M on bacilIi grown in iron-rich medium 
suggests that this substance is present on bacillary surface at all times and 
participates in the transport of the metal into bacillary cells irrespeetive of 
the amount of iron present in culture medium (KOCHAN et al., 1971 b) . 

Probably because of its poor water solubiIity, M remains for the most part 
associated with the lipoidal cell wall of tuberc1e bacillus. This association can 
be disturbed by Tween 80, a water-dispersible, nonionic, surface-aetive agent 
in which M is readily soluble . This pronounced solubility of M in Tween 
solution enabled us to obtain M not only by extraeting bacilli with ethanol 
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(SNOW, 1970), but also by washing them in Tween 80 solution (KOCHAN et al., 
1971 b). We found also that M is present in Tween-containing spent media; 
0.05 % of this surfactant in the medium was sufficient to cause a eonsiderable 
release of M during baeillary growth. If such release of M were to oeeur in the 
body of ahost under the influenee of body surfactants, then this phenomenon 
would promote bacillary survival; eontinuous formation and release of M 
would result in eoneentrations at which bacilii would obtain iron from Tr-iron 
eomplexes and grow unhindered. Reeent results (GoLDEN and KOCHAN, 
unpublished data) indieate that the growth-stimulating effect of surfaetants 
may oeeur only at very low eoneentrations; at higher eoneentrations, all M is 
released and baeillary growth is stopped beeause of iron deficieney. The 
surfaetant-indueed inhibition of tubercle baeilli ean be effeetively overeome by 
M or by high eoneentrations of iron. Our results also indieate that virulent eelIs 
differ from avirulent eelIs in possessing on their surfaees more lipoidal material 
which is neeessary for the association of M with baeillary eelI. The firmer 
.association of M with virulent than with avirulent eelIs makes the virulent 
eelIs more resistant to aetivity of surfaetants and may be the faetor determining 
or eontributing to the growth of tubercle bacilIi in vivo. 

III. Effect of hon on the Fate of Bacteria in Tissues 
The role of phagoeytic mononuclear eelIs in the defense of ahost against 

facultative intracelIular bacterial parasites has been the most widely studied 
aspeet of host-parasite relationships during the past two deeades. Many 
investigators agree that macrophages of immune hosts possess the ability to 
limit bacterial multiplication but others are reluetant to accept this conclusion. 
The celIular antibacterial factors have not as yet been identified. This failure 
disturbs the proponents of the eelIular concept of immunity and cements 
doubts in the opponents. Usually "cellular immunologists" have limited their 
research to eomparative analyses of the fate of a facultative intraeellular 
parasite in normal and immune hosts, or in infected tissue cultures of normal 
and immune macrophages. Since the investigations were performed in the 
presence of antibacterial humoral fluids, sera, or antibiotics, some investigators 
have understandable reservations about the eonclusion that the inhibited 
bacterial growth is an expression of eellular activity alone. They point out that 
the increased cellular permeability elicited by the hypersensitive response of 
immune eelIs and the increased pinocytotic activity of immune eelIs in hosts 
with antibacterial humoral fluids or in antibacterial tissue culture media may 
favor the accumulation of antibacterial factors in immune rather than in nor­
mal macrophages (KOCHAN and SMITH, 1965; RALSTON and ELBERG, 1969a; 
PATTERSON and YOUMANS, 1970). If so, then the'role of phagocytic eelIs in the 
defense of the immune host would be limited to the provision of a site and 
favorable conditions for the expression of antibacterial aetivity of humoral 
factors. 
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I t is surprising that immunologists interested in the concept of celiular 
immunity have made little effort to identify antibacterial factors in celi 
extracts. Only infrequently have attempts been made to monitor bacterial 
survival in extracts prepared from normal and immune macrophages. The 
determination of bacterial fate in cell extracts may offer a method of studying 
host-intracellular parasite relationships on a molecular rather than a cellular 
level. 

A. Fate of Bacteria in Macrophages 

I t is not the purpose of this review to discuss the concept of eellular 
immunity. There are several recently published reviews discussing the role of 
phagoeytes in immunity to facultative intraeellular parasites (LURIE, 1964; 
MACKANESS, 1968; DANNENBERG, 1968; YOUMANS and YOUMANS, 1969; 
MACKANESS and BLANDEN, 1970). It is necessary, however, to present here 
some results which show that extracellular factors can inHuenee intracellular 
parasites beeause sueh findings may be pertinent to the understanding of the 
role of iron in the host-parasite relationship. 

Results obtained by following the fate of faeultative intracellular bacterial 
parasites in tissue eultures of maerophages eollected from normal and vae­
cinated animals indieated the existence of cellular immunity. These results 
showed that the parasites multiplied more slowly in immune than in normal 
maerophages. Unfortunately, little or no attention was devoted to antibacterial 
effects on intraeellular parasites of serum or antibiotics added to the tissue 
culture media. This disregard for aetivities of extracellular factors affeeting 
intraeellular bacteria was based upon an assumption that sueh factors, if 
present, would exert similar antibacterial effects in immune and in normal 
phagocytes. That this assumption was erroneous was shown by studies which 
demonstrated that externally supplied moleeules may exert stronger effects on 
bacteria in immune than in normal maerophages. KOCHAN and SMITH (1965) 
and PATTERSON and YOUMANS (1970) found that tubercle bacilli grew as 
rapidly in immune as in normal macrophages; however, in the presence of 
growth inhibitory human serum or streptomycin, the intraeellular myeo­
baeterial growth was more inhibited in immune than in normal phagoeytes. 
Similar findings were reported by RALSTON and ELBERG (1969 b), who found 
that the activity of immune macrophages in the absenee of immune serum 
against Brucella melitensis is minimal; only in the presenee of immune serum 
did the restriction of bacterial growth become signifieant. RALsToN and 
ELBERG (1969a) suggested that maerophages exert more effeet in the presence 
of growth-inhibitory serum for Bntcella either because they are able to eoncen­
trate antibaeterial factors in intraeellular loci or because they eontribute an 
additional inhibitory factor. The concentrating activity of phagocytie eelIs for 
streptomycin has been reported by BONVENTRE (1968) and by CHANG (1969). 
It is also possible that extracellular antibacterial factors exert more activity 
in im mune than in normal phagoeytes because of inereased eellular perme-
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ability whieh is eIicited in immune-hypersensitive eelis by intraeeliuIar parasites 
or their antigens (KOCHAN and SMITH, 1965). 

The import an ee of the medium in tissue culture studies has been appreciated 
by WHEELER and HANKS (1965) and HANKS (1966) who found that intra­
eeliuIar growth of tubercle baeilli is not so mueh influeneed by eomponents, 
metabolism, OI' immunologieal properties of host eelis as by eompounds and 
eonditions provided by the extraeeliular environment. Extemal supplies of 
faetors such as myeobaetin, iron, OI' glyeerol stimulated intraeeliular growth 
of bacilli as effeetively as though the latter were in test tubes. In the eell­
culture systems, eaeh faetor alone eonverted indolent inüaeellular infeetions 
into fulminating ones. These investigators summarized a eonsiderable body of 
evidenee that large moleeular eompounds, both inhibitors and stimulators, 
gain access to phagoeytie vaeuoles and influenee intraeellular growth. 

The passive transfer of immunity from vaecinated to normal animals with 
eelIs but not with serum is eited frequently in favor of the eellular concept of 
resistanee to faeultative intraeellular parasites. This observation, however, 
offers little support for the eeliular hypothesis for the following reasons: 
(1) Aeeording to our findings with antimyeobaeterial sera, passive transfer of 
small amounts of hypoferremic and tubereulostatie serum from BCG-vaeeinated 
animals to normal animals fails to induee a state of hypoferremia and tuber­
eulostasis in reeipients. Hypoferremia-assoeiated tubereulostasis ean only be 
indueed or inereased by vaecination and not by passive serum transfer. 
Therefore, the failure to transfer protection passively with immune serum does 
not neeessarily indicate that humoraI antibaeterial factors play no role in 
immunity; (2) it has been weli established that delayed hypersensitivity ean 
be transferred with eells (CHASE, 1945) or with eell-materials (KOCHAN and 
BENDEL, 1966; HILL and NISSEN, 1971) from hypersensitive to normal animals. 
The state of hypersensitivity may inerease pinoeytosis or permeability of eelIs 
for humoral antibaeterial factors. In this ease, the aequired resistanee to 
faeultative intraeellular parasites would not be determined by eelIs alone, but 
by the interdependenee of humoraI and eellular antibacterial properties. 

B. Fate of Bacteria in Extracts of Macrophages 

Reeent reports dealing with the question of eeliular immunity suggest 
that this immunity ean be demonstrated most readily in aetivated maero­
phages. Such aetivated eelis are eoliected from heavily infected animals during 
a limited period during the eourse of infeetion (MACKANESS, 1970). AIso, it is 
possible to obtain activated maerophages from vaecinated animals but the 
donors have to be treat ed in a speeial way and the eelis have to be eollected 
at a eertain time. For instanee, GOIHMAN -Y AHR et al. (1969) vaeeina ted guinea 
pigs with 0.5 mg of heat-killed BCG eells; three weeks later, these animals 
were injeeted intravenously with 3.2 mg of bacilli and aetivated maerophages 
were eolleeted from peritoneal eavities five days later. It has been observed 
that the activated state Iasts for about 3 weeks after sensitization in maero-
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phages and is characterized by inereased pinocytotic activity and increased 
numbers of lysosomes and mitochondria. The increased mierobicidal activity 
of activated macrophages has been associated with increased content of 
hydrolytic enzymes in lysosomes of immune eelis (COHN and WIENER, 1963; 
DANNENBERG, 1968; BLANDEN, 1968; MACKANESS, 1970). Since the use of 
activated eelis for the demonstration of celiular immunity is strongly emphasi­
zed by its proponents, this review will only diseuss research in which activated 
eelis were used for the preparation of cell-extraets. 

The most important attribute of the activated macrophage is its non­
specific microbicidal activity, which may be an expression of increased amounts 
of lysosomal enzymes aeting on molecules present on the surfaces of various 
baeteria. If so, it should be possible to demonstrate strong antibaeterial effects 
in extraets prepared from activated eelis. KANAl and KONDO (1970a) test ed 
antimycobaeterial effeets of lung tissue extraets. They separated large­
molecular complex fractions from lysosomal pellets prepared from normal and 
aetivated eelis. Upon exposure of tubercle bacilli to these complex fractions 
they found that the sample obtained from activated lung cells possessed anti­
mycobaeterial activity whereas the corresponding fraetion from normal cells 
was inaetive. However, upon further fraetionation of the complex samples, 
the purified materials exerted similar antimycobacterial activity irrespeetive 
of whether they originated from normal or activated cells. These antimyco­
bacterial materials were identified as free fatty acids and peptides. Except for 
the observation that lysosomal compounds had a strong affinity for the 
surface of tubercle bacilli, neither this nor the aecompanying papers (KANAl 
and KONDO, 1970 b; KONDO et al., 1970) indicated what role lysosomal enzymes 
play in antimycobacterial activity. Results of work performed by BROWN et al. 
(1969) showed that increased lysosomal activity is associated with vigorous 
baeterial multiplication rather than with bacterial inhibition. These in­
vestigators infected macrophages with M. tuberculosis or Mycobacterium leprae­
murium and observed that cells with low contents of lysosomal enzymes 
inhibited intracellular growth better than eelis with high contents of these 
enzymes. This study suggested, therefore, that the lysosomal enzymes are not 
detrimental but are actually beneficial to facultative intracellular parasites 
as they provide the parasites with low molecular weight nutrients. 

Considering the essential iron requirement of the tubercle bacillus, we 
investigated the availability of this metal for bacillary utilization in cell 
extraets. Iron is stored in mammalian cells mainly in combinations with 
ferritin (HARRISON, 1964), a well-defined water-soluble crystalline protein. The 
molecule consists of a protein shell which surrounds ferric hydroxide micelles; 
the metal accounts for up to about 40-44 % of the weight of the ferritin 
molecule. Whether or not ferritin iron is available for utilization by invading 
pathogens is not known. It has been observed that the growth of L. mono­
cytogenes can be enhanced by inclusion of ferritin in the growth medium 
(KINGDON and SWORD, 1970). On this basis, these investigators suggested that 
ferritin-iron and possibly other stores of iron in cells become available to the 
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invading pathogens. Direet evidenee of ferritin-iron utilization by intraeellular 
baeterial parasites is not as yet available. In reeent experiments we tested the 
ability of myeobaeteria to obtain iron from twiee-erystallized horse-spleen 
ferritin (Pentex, Inc.). Various quantities of ferritin, containing 330 [Lg of iron 
per 1 mg of the protein, and iron in the form of ferrie ammonium eitrate salt, 
were added to wells made in tubereulostatie serum diluted 1: 4 in iron-poor 
Dubos agar medium. Results showed that ferritin fails to supply tubercle 
bacilli with iron; to achieve baeillary growth measuring 10 mm in diameter 
around the wells we had to use more than 1 mg of ferritin (about 400 [Lg of 
iron) and only 15 [Lg of iron as ferrie ammonium eitrate (unpublished data). 

Another iron-binding eellular protein ealled laetoferrin has been found in 
leukoeytes. This iron-ehelating material eonstitutes a major eomponent of the 
specifie (secondary) granules in the eells (MASSON et al., 1969; BAGGIOLINI et al., 
1970). Laetoferrin-iron eomplexes are mueh more stable at redueed pH levels 
than those formed by Tr and iron and therefore laetoferrin ean express its 
iron-ehelating aetivity at aeidic pH levels associated with the process of 
phagoeytosis. Sinee laetoferrin displays baeteriostatic properties in iron-poor 
media, it may possibly also inhibit intraeellular parasites in phagoeytie 
vaeuoles into whieh seeondary granules diseharge their eontents. These eon­
siderations suggest that the antibaeterial aetivity of laetoferrin in eells is the 
same as that of Tr in serum. If so, the aetivity of laetoferrin should be revealed 
by the agar-plate diffusion test deseribed above, as was the antimyeobaeterial 
aetivity of Tr. 

Attempts were made in our laboratory to deteet antimyeobacterial aetivities 
of ferritin and laetoferrin in materials prepared from normal and aetivated 
liver eells of guinea pigs (KOCHAN et al., 1972). Cell-extraet, eell-membrane, 
lysosome-extraet, and lysosome-membrane fraetions were prepared from liver 
eells by modifying a method deseribed by WEISSMANN and THOMAS (1962) in 
the preparation of lysosomal materials for our purpose. The antimyeobaeterial 
aetivities of eell-fraetions were determined by the agar-plate diffusion test 
(KOCHAN et al., 1971 b), in whieh zones of baeillary inhibition around fraetion­
containing wells indieate the strength of antibaeterial aetivity. We found that 
lysosome extraets of normal and aetivated eells exerted no antimyeobaeterial 
aetivity, eell extraets and lysosome membranes exerted some aetivity, and 
eell membranes exerted the strongest aetivity (Table 5). This eomparative 
study of antitubereulous aetivities of eell fraetions showed that fraetions 
prepared from aetivated eells exerted somewhat mo re antibaeterial effeet than 
fraetions of normal eells. In eontrast to the neutralization of serum antimyeo­
baeterial aetivity with iron, the metal had no alleviating effeet on the anti­
tubereulous aetivities of the eell fraetions. Fig.4 shows that the addition of 
Tween 80 (polyoxyethylene sorbitan monooleate) to eell extraets potentiated 
their antimyeobaeterial aetivities; the addition of the detergent to lipase 
solution ereated astrong antitubereulous effeet. The an timyeobaet eri al effeets 
exerted by eell fraetions, by produets of Tween 80-eellular materials or -lipase 
interaetions, and by oleic acid ean be eliminated or signifieantly deereased by 
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Table 5. Antimycobacterial effects of celIular fractions prepared from normal and 
activated liver celIs 

Type of Cellular Widths (mm) of growth-free 
li ver cellsa fractions area in dilutions 

1: 2 1 :4 1:8 1: 16 1 : 32 

NLC Cell extract 4 2 0 0 0 
ALC Cell extract 5 4 2 0 0 
NLC Cell membrane 4 3 2 0 0 
ALC Cell membrane 7 5 3 3 1 
NLC Lysosome extract 0 0 0 0 0 
ALC Lysosome extract 0 0 0 0 0 
NLC Lysosome membrane 3 2 0 0 
ALC Lysosome membrane 3 2 0 0 

a Normalliver cells (NLC) and activated liver cells (ALC) were used for the preparation 
of cellular fractions. Concentration of each fraction was corresponding to the original 
amount of tissue us ed for its preparation (1 mg of tissue per 5 mI of buffered sucrose); 
only lysosome extract was used in concentrated form. [Reprinted from KOCHAN et al., 
Infec. Immun., 6, 142-148 (1972)]. 

Saline 

Tween 

Fig.4. Growth inhibition around wells which received normal cell-extract (NCE), activated 
cell-extract (ACE), or 2 mg of lipase solution. Each material was diluted 1:2 either in 
saline solution itself or saline containing 2% of Tween 80; the diluting fluids themselves 
had no antimycobacterial activity. Inhibitions in mm: NCE-saline 4, NCE-Tween 11, 
ACE-saline 5, ACE-Tween 10, lipase-saline 0, lipase-Tween 8. [Reprinted from KOCHAN 

et al.. Infec. Immun., 6, 142- 148 (1972)J 

albumin (KOeHAN et al., 1972). This detoxifying aetivity of albumin as weIl 
as other features, sueh as the stability of the antitubereulous produets to 
boiling and the potentiation of the antitubereulous effeet when the test 
materials are subjeeted to longer periods of ineubation, suggest that the eell-



The Role of !ron in Bacterial Infeetions 21 

associated antimycobaeterial effeets are exerted by fatty acids. Our reeent 
experiments showed that a elose correlation exists between amounts of titrat­
able fatty acids in celI-fraetions and the intensity of their antimycobaeterial 
activity. Other investigators have found that fatty acids possess strong anti­
mycobacterial activity (NIEMANS, 1954) and that the produetion of oleic acid 
from Tween 80 by tissue lipases may account for the antituberculous activity 
in mixtures of tissue extraets and Tween 80 (KOTANI et al., 1962). The ob­
servation that the main antimycobaeterial activity is associated with the 
washed celI-membrane fraetion is of particular interest; it shows that eelI 
membranes possess bound lipases which produce antimycobacterial fatty acids 
by their aetion on lipoproteins or phospholipids. Thus, all ingredients necessary 
for the antituberculous effeet are present in the phagosome: a high level of 
lipase, a high content of phospholipids in phagosomal membranes, and extreme 
toxicity of fatty acids for tuberele bacilli. 

The antimycobacterial effects of celI-materials described are not based on 
a Tr-iron-mycobactin interplay but on the production of antimycobaeterial 
fatty acids. It is difficult to assess the in-vivo importance of this in-vitro 
phenomenon but so me circumstantial evidence suggests its potential import­
ance in native and acquired immunity to facultative intracelIular parasites. 
It has been report ed that BCG-induced alveolar macrophages display a 2- to 
3-fold increase in lipase (COHN and WIENER, 1963). We are finding that serum 
of" aetivated" guinea pigs exhibits tuberculostasis which cannot be neutralized 
by iron and whose intensity is elosely correlated with the content of fatty acids 
(KOCHAN and BERENDT, unpublished data). 

IV. Iron-Indueed Suseeptibility to Baeterial Infeetions 
Since JACKSON and BURROWS (1956) published their original observation 

on the enhancing effeet of iron on the progression of baeterial infeetion, several 
groups of investigators have obtained results showing a profound effeet of the 
metal on the host-parasite relationship. It has been reported that the ad­
ministration of iron promoted the development of diseases in animals infeeted 
with Klebsiella pneumoniae, Pseudomonas aeruginosa ,MARTIN et al., 1963), 
s. typhimurium (CHANDLEE and FUKUI, 1965), L. monocytogenes (SWORD, 1966), 
P. septica and E. coli (BULLEN and ROGERS, 1969). Not only iron salts but also 
compounds containing iron have been found to increase the susceptibility of 
animals to bacterial infections. SWORD (1966) found that mice injeeted with 
hemin or erythrocyte-destroying antiserum became more susceptible to Listeria 
infeetion than untreated animals and the degree of induced susceptibility was 
equal to that in mice treated with ferric ammonium sulfate. Similarly, haematin 
hydrochloride, lysed red blood eelIs, or crystillline haemoglobin treatment 
greatly enhanced the virulence of E. coli in normal guinea pigs (BULLEN et al., 
1968 a). These results not only demonstrated a promoting effect of ir on on 
baeterial infeetion, but also suggested that the activity of the metal could not 
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be aUributed to its neutralizing effect on the suggested antibacterial activity 
of iron-free Tr (LANDAU et al., 1964). In compounds containing iron the metal 
is not free to saturate Tr and their promoting effects on bacterial infections 
must therefore be aUributed to the availability of iron for bacterial utilization. 

The availability of iron for bacterial utilization has been found to increase 
suseeptibility to baeterial infection not only in normal but also in immune 
animals. The protective effects of antisera against Gl. welchii and P. septica 
were abolished with iron-eontaining compounds (BULLEN et al., 1967; BULLEN 
et al., 1968b). Since iron compounds stimulate bacterial growth in normal or 
immune mice and abolish serum bacteriostasis, BULLEN et al. (1971) suggested 
that the meehanism responsible for antibacterial effects in vivo and in vitro is 
the same and ean be neutralized with sufficient iron. A similar suggestion has 
been made by KOCHAN et al. (1969) who observed that the strength of iron­
neutralizable serum tuberculostasis in untreated, LPS- or tubereulous eeli wall­
treated, and vaecinated animals eorrelated elosely with known suseeptibilities 
of such animals to infeetion with tuberele baeilli. 

Results obtained in several laboratories suggest that a elose eorrelation 
exists between the hyperferremi~ state and the rapid development of disease 
in an animal infeeted with any one of several baeterial parasites. Since hyper­
ferremia seems to be advantageous to the parasite, hypoferremia should benefit 
the host. This has been found to be the case; when hypoferremia was indueed 
experimentally with endotoxins, the treated animals became more resistant 
to bacterial infeetions than untreated animals (CHANDLEE and FUKUI, 1965; 
PURIFOY and LANKFORD, 1965; PURIFOY et al., 1966). SWORD (1966) used 
desferrioxamine B methane sulfonate, a specific iron-ehelating agent, to 
deplete iron in mice before and during infeetion with Listeria; this treatment 
was beneficial to the ehalienged animals beeause it indueed a hypoferremia 
which is ineompatible with baeterial growth. The host ean be benefited in its 
struggle against infection with some bacterial parasites by the administration 
of iron-free Tr; MARTIN et al. (1963) found that the inerease in levels of un­
saturated Tr in blood of rats and mice was beneficial to animals ehallenged 
with K. pneumoniae and P. aeruginosa. Like the hypoferremic state, higher 
levels of the iron-ehelating protein make iron less available for bacterial 
utilization. Thus, any treatment that lowers the level of free iron in fluids of 
the host may inerease its resistanee to many pathogenic microorganisms. 

It seems there is ample evidence to support the view that iron significantly 
influences host-parasite relationships. The availability of iron in hyperferremia 
favors the growth of many parasites and is therefore associated with sus­
eeptibility to bacterial infections and with a rapid progression of disease. The 
state of hypoferremia is beneficial to the host; parasites fail to obtain sufficient 
quantities of growth-essential iron and therefore fail to multiply, or multiply 
with eonsiderable diffieulty, producing chronic disease. These conelusions are 
supported by observations of iron-neutralizing effects on serum antibacterial 
activities and reeonstitution of these aetivities with iron-binding materials sueh 
as Tr, desferrioxamine, ferritin, and others. 



The Role of Iron in Bacterial Infections 23 

Another explanation for the infeetion-promoting effeet of iron ean be based 
upon the detrimental aetivity of the metaI on the host's defense meehanisms. 
Reeently, WAKE et al. (1972) found that attenuated plaque bacilli produee a 
fat al infeetion in mice treated with ehondroitin-sulfate eolIoidaliron (BIutal) ; 
infeeted animaIs treated with iron-free sodium ehondroitin sulfate remained 
heaIthy. These investigators observed that the administration of Blutal 
suppressed the development of immunity and suggested that the" virulenee­
enhancing" effeet of iron ean be attributed to its interferenee with the 
host defense meehanism and not to its growth-stimulatory effeet for the 
baeilli. 

There is little evidence to suggest that the disease-promoting effeet of iron 
is attributable to the neutraIization of host defense meehanisms. BURROWS 
(1962) reported that the injeetion of iron into animaIs had no effeet on the 
mobilization of phagoeytie eelIs or on their ingestive aetivities; also iron­
treatment did not affeet the produetion of antibodies or inerease the toxicity 
of dead organisms. Similar findings were reported by BULLEN et aI. (1967) 
who observed that iron eompounds interfered neither with phagoeytosis nor 
with the fixation of eomplement by antigen-antibody eomplexes; KOCHAN and 
GOLDEN (unpublished results) observed no detrimental effeet of iron on phago­
eytosis of tuberc1e bacilli by maerophages maintained in tissue eultures. AIso, 
there is other evidenee that easts doubt on the hypothesis that exogenous iron 
impairs defense meehanisms of the host. BURROWS (1963) observed that iron 
injeeted even in large quantities into animaIs infeeted with avirulent strain of 
P. pestis failed to promote development of disease whereas mueh smalIer iron 
eoneentrations enhaneed pathogenicity of a virulent strain. If the aetivity of 
iron were to neutralize the resistanee of the host, iron-treated animaIs might 
be expeeted to sueeumb to infeetion with avirulent strains. 

Two preliminary experiments in my laboratory showed that treatment of 
normal and immune mice with iron significantly favored the multiplieation 
of a virulent but not of an attenuated strain of tuberc1e baeillus. The intra­
peritoneal injeetions of ferrie ammonium citrate equivalent to 100 fLg of iron 
twice daily promoted more prolifie baeillary growth in spleens of iron-treated 
than in untreated animaIs. Two and three weeks after infeetion with the 
H37Rv strain, spleens of iron-treated immune mice eontained about five times 
more bacilli than spleens of saline-treated immune miee, about the same 
number as spleens of saline-treated normal mice, and about three times less 
bacilli than spleens of iron-treated normaI mice. If substantiated by further 
experiments, these findings indicate that iron treatment promotes baeillary 
multiplieation in normal and immune animals; it does not eompletely neu­
tralize the aequired immunity beeause if it did the baeillary numbers in iron­
treated immune and normal animaIs would be the same. These results support 
the findings of BURROWS and suggest that the availabilityof utilizable iron for 
baeterial growth, and not the resistanee-neutralizing property of the metaI, 
is of erucial importanee to the survival of parasites in host fluids and 
tissues. 
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V. Summary and Conelusions 

Native and aequired resistanee of ahost to bacterial infeetion, espeeially 
to faeultative intraeelIular parasites, ean often be attributed to limitations in 
the availability of growth-essential iron. Sinee this metal is bound to Tr in 
plasma and to ferritin in eelIs, the infeetious bacteria have to produee materials 
which ean remove iron from the proteins and supply it to the pathogens. 
Some bacteria, such as M. paratuberculosis, have lost the ability to produee 
iron-providing substanees and ean therefore grow only when such substanees 
are added to iron-eontaining media. 

The presenee of a natural iron-ehelating agent 0t:l the bacterial eelI infeet­
ing the body of an animal does not guarantee that the eelI wilI be supplied 
with a sufficient amount of iron. For example, M present on the surfaee of 
the tubercle bacilIus ean help the parasite to obtain the required iron only 
when Tr in the animaI plasma is almost fulIy saturated with iron or when the 
blood is enriehed with added M, which removes iron from Tr and supplies 
the metal to the bacilIi. This erucial role of M in the survival of the tubercle 
bacilIus has led to the development of a meehanism in baeterial eelIs which 
responds to iron starvation by producing inereased quantities of M. The 
quantity of M and its affinity for the baeillary eelI seem to determine the 
survival of tubercle bacilIi in tissues of the host. Results obtained in our 
laboratory (KOCHAN et al., 1971; GOLDEN and KOCHAN, unpublished data) 
have shown that virulent eelIs possess not only more M but also M that is 
mueh more firmly bound to the bacterial surfaee of virulent than of avirulent 
eelIs. A virulent bacilIi exposed to surfaetants such as Tween 80 or lecithin lose 
M mueh more rapidly than virulent eelIs; the depletion of M from the surfaee 
of bacilIi stops their multiplieation. The persistanee of M on virulent tubercle 
bacilIi mayexplain their ability to survive in the body of ahost in which 
they are more able to retain M than avirulent eeIls in spite of the aetivities 
of various surfaetants. Thus, M not only ensures survival of tubercle baeilli 
by providing the parasites with growth-essential iron, but also, beeause of the 
firmness of its association with the baeillary eeIl, may act as a virulenee faetor. 

Our knowledge of the proteetive responses of the host to invasion by non­
toxigenic. baeteria, especially by members of the faeultative intraeeIlular 
parasite group, is rather limited. Many investigators have reported that 
animals respond to bacterial infeetion, vaecination, or treatment with eertain 
bacterial products by the development of hypoferremia. This limitation in the 
availability of utilizable iron in the blood of resistant hosts tends to prevent 
the spread of the disease by submitting the parasite to iron starvation. It has 
been reported that infectious hypoferremia results from the shift of iron from 
blood to phagoeytie eeIls of the reticuloendothelial system (V ANNOTII, 1957). 
It is possible that this shift in serum iron stimulates the produetion of inereased 
amounts of ferritin in the maerophages as does the administration of large 
amounts of various iron eompounds or rapid breakdown of haemoglobin 
(HARRISON, 1964). Ferritin is eommonly found within lysosomes and phago-
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somes and electron microscopic studies have shown that it surrounds phago­
cytized bacteria within phagosomes of mouse spleen macrophages (ARM­
STRONG and SWORD, 1966). It has been shown in our laboratory that ferritin 
binds iron with surprising avidity and can keep it from bacterial utilization. 
The possibility exists, therefore, that ferritin limits bacteriaI multiplication 
within phagocytic eelis. According to this reasoning, then, the shift of iron 
from blood to phagocytic eelis constitutes an important defense mechanism: 
it determines the development of antibacteriaI hypoferremia in blood and 
induees formation of ferritin which binds iron and limits bacterial multi· 
plication in phagocytic eelis. 

It is questionable whether the host can respond to bacterial invasion by 
an increase in the level of Tr, even though such an increase would limit iron 
availability for the growth of bacteria. In our experience the serum iron falis 
in vaccinated animaIs or animaIs treated with bacteriaI products, while a 
constant level of Tr is maintained. It has been reported, however, that patients 
with hypogammaglobulinemia have high levels of iron-free Tr; the increase in 
this iron-chelating protein may represent a compensatory defense mechanism 
(MARTIN and JANDL, 1960). One of the most effective defense mechanisms a 
host could develop against "iron-dependent" parasites would be the produc­
tion of antibodies to bacterial chelators providing iron. Our attempts to 
produce such an antibody to the hapten-like M, or to deteet it in sera of 
vaccinated animals, have been unsuccessful. It has been suggested by MIDDLE­
BROOK (1970) that chemicaI coupling of the haptenic lipoidal material present 
in the methanol extract of mycobacterial eelIs to a protein carrier may induce 
formation of protective antibodies in vaccinated animaIs. It is possible that 
the existence of such antibodies at a very low concentration in immune animaIs 
accounts for failures of their detection by serological or passive serum pro­
tection techniques. Therefore, attempts should be made to stimulate produc­
tion of high and detectable levels of antibodies to M with techniques which 
would endow the molecule with potent immunogenic activity. 

Our recent studies indicate that phagocytic eelIs possess a defense mech­
anism against bacterial parasites that is based on the production of bactericidal 
substances. This antibacterial activity is associated with eelI membranes and 
not with the enzymatic content of lysosomes. The antibacterial products seem 
to be fatty acids which have been shown to exert significant toxic effeets 
against various bacterial parasites. The increased amounts of ferritin and 
increased production of fatty acids in immune eelis may welI determine the 
increased resistance of ahost to facultative intracelIular parasites. 

The results presented in this review indicate that the defense of ahost 
against certain bacterial parasites is primarily determined by the ability of 
the host to limit the availability of iron which is essential for bacterial growth. 
Since the host plays an active part in the dephition of utilizable iron not only 
in serum but possibly aIso in phagocytic eelIs, this phenomenon is c10sely 
associated with the mechanism of acquired immunity. In contrast to humoraI 
and celIular immunities, such immunity, based on limitations in trace element 
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nutrition, eould be ealled nutritional immunity. It is quite obvious that there 
is no sharp distinetion between native and acquired nutritional immunity. 
Sinee many bacteria depend on the availability of identical essential ions 
(CLIFTON, 1957), resistance based on trace element nutrition is not speeific; 
i.e., one parasite can induee nutritional immunity against another parasite 
as long as both parasites require the same essential ion. The relationship 
between the host and tubercle baeilli, based on interactions among Tr, 
ferritin, iron and M, offers strong support for the proposal that the study of 
nutritional require-ments of parasites in host tissues may uneover new ways 
for the development of effeetive immunity to many microbial parasites. 
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1. An Account of a System Evaluating Antigenic Recognition 
in vivo and in vitro and its Immunological Basis 

Almost every experiment don e in the field of immunology is in one way 
or another related to antigenic recognition. In this respeet, transplantation 
immunology is no exception. Success or failure of grafts of organs or lymphoid 
cells is ultimately dietated by mechanisms of antigenic recognition. While, 
for example, events like rejection of skin grafts or the out com e of graft­
versus-host reaetions are processes relatively remote, in time, from the aetual 
recognition step, there are in vivo reactions which need shorter time intervals 
between recognition and immune manifestation. 

The immune and the normal lymphocyte transfer reaetions (ILTR and 
NLTR) are well-known examples of this. The basis of these reaetions is that 
if viable suspensions of lymphoid cells of allogeneic origin, sensitized in the eas e 
of ILTR or normal in that of NLTR, are inoculated into the skins of normal 
hosts, cutaneous inflammatory reaetions of the delayed type develop. Depend­
ing on whether sensitized or normal lymphoid cells have been used to elieit 

1 Experiments by the author were supported in part by a grant from the Swiss National 
Foundation for Scientific Research and by a grant from the Stiftung Julius Müller zur 
Unterstützung der Krebsforschung. 
2 Basel Institute for Immunology, 487 Grenzacherstrasse, 4058 Basel, Switzerland, and 
the Division of Experimental Microbiology, University of Zürich, Zürich, Switzerland. 
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these reaetions, they arise more quiekly or more slowly. Cutaneous inflamma­
tory reaetions of this nature have been studied in the speeies guinea pig 
(BRENT and MEDAWAR, 1967), rabbit (DVORAK et al., 1963), man (AMOS et al., 
1965; GRAYand RUSSELL, 1965) and chicken (WARNER, 1964), and extensively 
also in the Syrian hamster (RAMSEIER and BILLINGHAM, 1966). Studies with 
animaIs of the latter speeies were espeeially revealing sinee three lines of 
inbred animaIs were available. In histoineompatible strain eombinations, 
ILTR and NLTR eould easily be indueed and resembled eaeh other, but 
differed ehronologieally and in terms of intensity. For this reason NLTR were 
studied more elosely sinee it was feIt that lymphoid eelIs from normal animaIs 
would provide a more informative tool to investigate eell-antigen interaetions. 
Employing parental strain and FI hybrid animaIs, studies on the immuno­
genetie basis of NLTR revealed that they were graft-versus-host re action s 
(RAMSEIER and BILLINGHAM, 1966; RAMSEIER, 1969a). On the basis of nu­
merous lines of evidenee (RAMSEIER, 1969a) it has beeome quite apparent 
that eutaneous reaetions of the ILTR and NLTR type might express the 
ability of injeeted eelIs to reeognize alien host transplantation antigens. Sinee 
it was of interest to find the souree of these host antigens (and thus the hosts' 
eontribution to these reaetions), hamsters were lethally irradiated (1500 r) 
before immunoeompetent eelIs of allogeneie origin were injeeted intraeutan­
eously. Irradiation eaused a massive and rapid drop of the peripheral blood 
Iymphoeyte eount and protraeted but equally severe granuIoeytopenia after 
initial granuloeytosis. In the skins of irradiated hosts, very feeble or no ILTR 
or NLTR eould be observed (RAMSEIER and BILLINGHAM, 1966; RAMSEIER 
and STREILEIN, 1965), indieating that the main souree of host antigens was 
with eireulating small lymphoeytes. Their destruetion by irradiation must 
have been the reason for the failure of irradiated hosts to display eutaneous 
reaetions. 

The likelihood of this interpretation was doeumented by results of experi­
ments in which allogeneie donor strain node eelIs were mixed in vitro with node 
eelIs syngeneie to the irradiated host and were then injeeted intraeutaneously 
(RAMSEIER and STREILEIN, 1965). Skin reaetions resembling ILTR or NLTR 
were now obtained in irradiated hamster hosts, presumably beeause of aloeal 
replaeement of eelIs killed by irradiation and needed as targets for allogeneie 
donor strain node eelIs. Violent skin reaetions were routinely obtained whenever 
no de eelIs from hamsters sensitized by skin graft rejeetion were mixed with 
similar numbers of node eelIs from animals representing graft antigens (parental 
or FI), but also when node eelIs of two histoineompatible strains of hamsters 
(parental+parental or parental+FI hybrid) were mixed and inoeulated. Thus, 
sensitized two-way and one-way reaetions as well as normal two-way and one­
way reaetions eould be elieited. 

Sinee little reaetivity was reeorded in irradiated hamsters after inoeulation 
of unmixed lymphoid hamster eelIs, hosts were tested for their responsiveness 
to unmixed lymphoid eells from other speeies, such as rats, miee, and guinea 
pigs. Injeetions of these eelIs indeed faiIed to ineite reaetivity. Cutaneous 
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reaetions of intensities eomparable to those obtained with mixed hamster node 
eelis were, on the other hand, observed when mixtures of aliogeneie node eelis 
from rats, from miee or from guinea pigs were injected (RAMSEIER and STREI­
LEIN, 1965; RAMSEIER, 1969a). Sensitized as weli as normal two-way and one­
way reaetions eould be elicited with eelis from these species. 

The availability of inbred strains of rats and miee led to an investigation 
int~ the immunogenetie basis of these reaetions. When rat eelis were used it 
beeame cIear that thymie lymphoeytes, while serving weli as a souree of 
transplantation antigens, i.e. as target eelis, failed to function as responding 
eelis. Results obtained with node eelis from norma! inbred miee permitted 
eoncIusions about interaetions of eelis from strains differing at the strong H-2 
loeus or at multiple non-H-2Ioci. These resulted in more intense skin reaetions 
than did mixtures of eelis from eongenie strains differing with respeet to one 
or two non-H-2 loci only. Even differenees with respeet to H-1+H-3, to H-1 
or to H-Y (C57BLj6) resulted in minor, but pereeptible reactivities (RAMSEIER 
and STREILEIN, 1965). 

The skin of hamsters has thus proved to be an ideal milieu for the study 
of interactions of histoineompatible eelis. All aspeets of this interaction bore 
the eharacteristics of a reeognition process. The observation that node eelis 
from inbred strain A animals (be it hamster, rat, mouse or guinea pig) mixed 
and injeeted together with similar eelis from (A X B)FI hybrid animals (from 
the same species) resulted in the development of delayed eutaneous reactions 
is an indieation that A eelis reeognized on (A X B)Fl eelis histoeompatibility 
antigen B. While they are eompressed with respeet to the time seale, these 
reaetions are but a reflection of what takes place in transplantation reactions. 
Thus the interaction of an immunologiealiy important part of an animal, its 
lymphoid eelis, appeared to give as mueh information as do experimentaI 
models involving the whole animal. 

Skin reaetivity in the irradiated hamster was further investigated. To 
determine the type of eells infiltrating skin lesions, those provoked by the 
injection of ineompatible mouse node eells were excised and stained imprints 
prepared. Two types of eells were found in 24 h-old lesions: small mono­
nucIear eelis, forming a minority, and polymorphonucIear (PMN) eelis, eon­
stituting the majority (up to 95 %) (RAMSEIER, 1969a, b). MononucIear eells 
were most probably those of the mixed-eell inoeulum, sinee at the time of 
injeetion (28 h after irradiation) the blood of hamsters eontained negligible 
numbers of lymphoeytes (RAMSEIER and STREILEIN, 1965). The large number 
of PMN eells, however, must have eome from the host. 

Clearly, then, PMN eelis aeeumulating at the site of injeetion of histoin­
eompatible eells must have been responsible for the development of maero­
seopically visible lesions and most probably not the injected eells themselves. 
Their interaction, however, might have resulted in the formation of a mediator 
with granulotaetie activity. 

If such a meehanism were operative, then it might be possible to mimie 
it under in vitro eonditions. Thus, experiments were set up with the aim to 
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find a mediator for PMN eells in the supernatant of cultured histoineompatible 
eells. Ultimately, the following proeedure was adopted for what is now ealled 
the P AR assay (produet of antigenie reeognition). Aeeounts of the test pro­
eedure eontaining technieal details are given elsewhere (RAMSEIER, 1969b, e). 
Suspensions of viable lymphoid eelis (from nodes or, in most instanees, from 
spleens) were prepared in Hanks' BSS (or medium 199 in early experiments), 
eontaining penicillin and streptomyein, but no serum. Suspensions were 
adjusted to eontain 2 X 107 Iml eells. In mixtures of ineompatible eells (ex­
perimental mixtures), 0.5 ml of the eell suspension from one and 0.5 ml of 
that from the other partner of the mixed culture were added to Falcon tissue 
culture dishes (60 X 15 mm) containing 4 ml of Hanks' BSS, again without 
serum but with antibiotics. One-way mixed eultures thus eonsisted of 107 A 
lymphoid eells and 107 (AXB)Fllymphoid eells. Control eultures were set up 
similarly, exeept that to 4 ml of Hanks' BSS 1 ml (2 X 107) of A lymphoid 
eelis or 1 ml (2 X 107) of (A X B)FIIymphoid eells were added. At times, addi­
tional controIs eonsisted of 5 ml of Hanks' BSS. Mixed and unmixed eultures 
were ineubated at 37°C in a moist atmosphere of 95 % air to 5 % CO2 for 
periods of time permitting maximaI responses. The optimaI time of ineubation 
was found to vary depending on the strain eombination used but was generally 
in the range of 4 to 10 h (RAMSEIER, 1971 a). During eultivation, a produet of 
antigenie reeognition (P AR) was formed in dishes eontaining mixed but not 
in those eontaining unmixed eells (or only Hanks' BSS). To demonstrate the 
Ieueotaetie activity of this mediator, culture supernatants were earefully 
harvested, eentrifuged to remove aecidentally harvested eelis, and were 
Iyophilized. SampIes were reeonstituted with 0.06 M phosphate buffer, pH 7.9, 
in one-fifth the original voIume. Coneentrated supernatants showed a preci­
pitate whieh eontained the Ieueotactie aetivity. After reeonstitution the 
sampIes were ineubated for approximateIy 1 h at 4°C, and the precipitate was 
eentrifuged and washed onee in phosphate buffer. The precipitate was finally 
resuspended in one-tenth of the originaI voIume. SampIes were well mixed 
and were injected intraeutaneousIy in doses of 0.1 mI into fieIds marked on 
the c1ose-eÜpped baeks of hamsters. In earIy experiments irradiated hamsters 
were used (RAMSEIER, 1967). Eaeh hamster served as host for 16-18 skin 
reaetions. A given number of doses from any partieuIar sampIe was inoeulated 
in as many hamsters as were needed for an experiment, usually 6-8. The 
various experimental and eontroI sampIes were distributed as randomly as 
possibIe into eaeh hamster grid. 

When eoneentrated eell-free culture supernatants of mixed and unmixed 
mouse, rat or hamster node eelis, and also of eoneentrated medium, were 
injeeted into the skins of irradiated hamsters eutaneous reaetions deveIoped. 
They were of about the same intensity as those obtained in similar hosts 
after the injeetion of mixed and unmixed node eeli suspensions. Again, super­
natants of histoineompatibIe eell mixtures provoked vioIent reaetions, whereas 
those of controIs, inc1uding medium, were of weak intensity (RAMSEIER, 1969 a). 
Reaetions eould be elicited regularIy by means of supernatants from euItures 
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eomposed of sensitized node eelis eoeultivated with allogeneic node eelis of the 
sensitizing type, and also from eultures made up of normal node eelis taken 
from genetically disparate donors of the same species. 

These findings indieated that culture supematants eontained a mediator 
with leueotaetic activity. Confirmation of this was provided by imprints of 
skin lesions prepared 24 h after inoeulation of culture supematants revealing 
predominantly PMN eelis (RAMSEIER, 1969a, b). 

In view of the faet that the blood of irradiated hamsters eontained almost 
exelusively PMN eelis, predominanee of this eeli type in skin lesions was not 
surprising. Blood eounts of normal, unirradiated hamsters, on the other hand, 
showed about 70 % mononuelear eelis and onlyabout 30 % PMN celis (RAM­

SEIER, 1969a). To find out whether or not the mediator was leueotactic in 
general or specifieally granulotaetic, culture fluids were injeeted into the 
integument of normal hamsters. There they provoked similar skin lesions and 
determinations of eeli types found in imprints of 24 h lesions revealed that 
more than 96 % of infiltrating eelis were PMN's (RAMSEIER, 1969a, b). 

For this reason normal outbred agouti hamsters of local breed were tried 
as hosts. They proved weli suited and were from then on used routinely to 
demonstrate P AR. 

The marked infiltration of an almost pure population of PMN celis into 
lesions elicited by P AR and the hamster skins' extreme thinness offered an 
unique opportunity for the quantitative measurement of antigenie reeognition 
by estimating numbers of aeeumulated PMN eelis. This was done by sub­
jeeting excised and fragmented 24h- old skin reaetions to a short eourse 
(3-9 min) of trypsinization, a procedure resulting in the release of PMN eelis 
whieh eould then be eounted conventionally under phase eontrast (RAMSEIER, 

1967, 1969a, b, e). Figures of PMN eelis obtained by this procedure from 
experimental samples were eorreeted by subtraeting those determined in 
controIs. Whenever eontrol values were equal to or slightly higher than 
experimental values, this is indieated by zero in the tables presented. 

Onee the assay system for quantitative estimations of antigenie reeognition 
had been developed it was of importanee to first demonstrate whether results 
obtained with it would correlate to skin reaction intensities and, foremost, 
to weli established facts of immunogenetics. 

A elose eorrelation between skin reactivity and number of PMN eelis 
eounted from these reactions was observed, as shown in Table 1. MHA ham­
sters, employed 28 h after 1 500 r, served as hosts for injeetions of eoncentrated 
supematants of eultures of node eelis taken from animals of histoineompatible 
strains of miee, hamsters and rats (Table 1). In these early experiments culture 
medium 199 was used and the eelis were cultUred for 48 h (whieh later tumed 
out to be mueh too long). Scoring (RAMSEIER and BILLINGHAM, 1966) and 
trypsinization of skin reaetions were perforined 24 h after inoeulations. 
Numbers of PMN eelis determined were low, ehiefly beeause an unsatisfactory 
lyophilizer had to be used. Despite these restrietions, it is important to note 
that reaetion intensities and PMN eounts eorresponded. The experimental 
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Table 1. Correlation between degrees of histoineompatibility, skin reaetion intensities and 
PMN eeli eounts (Adapted from RAMSEIER, 1967) 

Species Mixed node eeli culture s Antigenic 24 h skin reaetions 
or disparity 
unmixed eontrol eultures seores PARa 

Rat DA+Lewis Ag-B,1,4 +++ 2.74±0.26 
DA+(LewisxDA)Fl Ag-B,1,4 +++ 2.1S±0.28 
DA none ± 0.37±0.09 
Lewis none ± 0.SO±0.07 
(LewisxDA)Fl none ± 0.2S±0.OS 
Medium 199 ± 0.28±0.02 

Mouse CBA+C57BLj6 H-2+non-H-2 +++ 2.72±0.13 
CBA+C3H non-H-2 ++ 1.32±0.11 
CS7BLj6~+C57BLj6 (J Y + 0.76±0.08 
CBA none ± 0.30±0.14 
C3H none ± 0.20±0.07 
CS7BL/6 ~ none ± O.28±0.04 
CS7BLj6(J none ± 0.23±0.02 

Hamster CB+MHA strong +++ 2.00±0.1S 
CB+LSH strong +++ 1.S0±0.14 
MHA+LSH trivial ± O.38±0.10 
CB none ± 0.30±0.07 
MHA none ± 0.20±0.04 
LSH none ± O.26±0.04 

a X 106 PMN eelisjskin re action (± SE) 

results in Table 1 are uncorrected and values obtained for control reaetions 
have been included to document their order of magnitude. 

As pointed out, any assay for the measurement of antigenic recognition is 
only of value if it can be shown unequivocally to rest on firm immunological 
grounds. To study this aspect of the PAR assay, experiments were initiated, 
in whieh immunologically competent eells, so-ealled aggressors, were cultivated 
with eells carrying reeognizable transplantation antigens, so-ealled target eells. 
Targets were from three sources. First, advantage was taken of the genetically 
determined fact that (A X B)FI hybrid animals cannot react immunologically 
against transplantation antigens carried by parents A and B. Such FI hybrids 
eells ean, on the other hand, react against antigens of strains C, D, etc. Thus 
mixed cultures composed of A and (A X B)FI or of B and (A X B)Fllymphoid 
eells are immunologieal one-way reactions, beeause only aggressors A and B 
ean reeognize transplantation antigens on (A X B)FI target eells whieh carry 
antigens B and A, respeetively. Cultures of C and (A X B)FI must, in eontrast, 
be eharacterized as two-way reactions, because eells C will reeognize on FI 
cells antigens A and B and (A X B)FI hybrid cells are eapable of recognizing 
on the other partner transplantation antigens C. Second, rat thymoeytes, 
whieh eompletely or almost completely lack immunoeompetenee (BILLINGHAM 
et al., 1962; BILLINGHAM and SILVERS, 1964) formed another souree. Third, 
lymphoid eells from rniee rendered tolerant neonatally, and regarded as in-
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Table2. Formation of PAR and immunogenetie basis of lymphoid eelI interaetions 
(Adapted from RAMSEIER, t96ge) 

Species Mixed eelI cultures Reaction PARa 
type 

Rat DA node eells+Lewis node eells 2-way 4.69 
DA node eells+(LewisxDA)F1 thymoeytes 1-way 1.76 
DA node eells+Lewis thymoeytes t-way 2.72 
Lewis node eells+(LewisxDA)FI thymocytes t-way 2.33 
Lewis node eells+DA thymocytes 1-way 1.76 
DA thymocytes +Lewis thymoeytes o-way 0.02 
DA thymoeytes+(LewisxDA)F1 node cells O-way 0.02 
Lewis thymoeytes+(LewisxDA)F1 node cells o-way 0.20 
DA thymoeytes+(LewisxDA)F1 thymoeytes o-way 0.30 
Lewis thymoeytes+(LewisxDA)FI thymoeytes O-way 0.30 

Mouse CBA node eelIs+C57BL/6 node cells 2-way 4.67 
CBA node eelIs+(CBAxC57BL/6)FI node eells t-way 4.00 
CBA node eells+(AxCBA)FI node eells t-way 3.58 
CBA node eells+ (AxC57BL/6)F1 node cells 2-way 4.13 
A node eells+CBA tolerant of A node eells 1-way 4.61 
C57BL/6 node eells+CBA tolerant of C57BL/6 1-way 2.97 
node eells 
CBA tolerant of A node eelIs+(AxC57BL/6)FI 2-way 3.02 
node cells 
CBA tolerant of C57BL/6 node eells+ 2-way 3.50 
(AxC57BL/6)FI node eelIs 
CBA tolerant of A node eells+(AxCBA)F1 o-way 0.12 
node eells 
CBA tolerant of C57BL/6 node eelIs+ O-way 0.04 
(CBAxC57BL/6)FI node eells 

a X1()8 PMN cells per skin reaetion. Average of 6-38 skin reaetions. 

competent with respeet to those transplantation antigens of whieh toleranee 
was indueed, were also employed. 

With rat or mouse lymphoid eelIs (from nodes or spleens) euItures were 
initiated whieh were eomposed of aggressors and targets from these various 
sourees. CuItures were grown in Hanks' BSS for 4 h in the ease of rat eelIs 
and for 7 h in the ease of mouse eelIs. Comparatively low P AR values were 
reeorded beeause of the low quality lyophilizer. 

A summary of the resuIts obtained is shown in Table 2. They demonstrate 
that PAR formation was intimately correlated with the ability to reeognize 
antigenie foreignness (RAMSEIER, 196ge). Thus, whenever PAR was formed, 
the eeli mixture was eomposed of aggressor and target eeli types, exeept in 
immunologieal two-way reaetions in whieh both partners were at the same 
time aggressors and targets. Whenever PAR formation was absent, eelis with 
aggressor abilities were lacking in the mixed eeli euItures. Highly incompatible, 
but immunologieally ineompetent eelis, !ike thymoeytes from two strains of 
r~ts or thymoeytes from one parental strain and FI hybrid node eells failed 
to form P AR. Mere histoineompatibility in the absenee of eelis endowed with 
the ability to reeognize foreignness did nöt lead to P AR formation. The firm 
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immunologieal basis on whieh PAR elaboration rested was perhaps best 
illustrated by experiments employing eelis from miee made speeifieally toler­
ant. Celis from CBA mice tolerant of A and from CBA miee tolerant of C5 7BL/6 
failed to reeognize the tolerogen, i.e. the antigens of those eelis against whieh 
toleranee was indueed. 

Satisfactory evidenee has therefore been obtained for the view that mixed 
eeli eultures will elaborate PAR only if at least one of the partners is competent 
to interaet with eelis earrying histoeompatibility antigens of reeognizable 
foreignness. From evidenee aeeumulated so far, the ability to reeognize is the 
privilege of viable immunoeompetent eelis. This ability ean be measured either 
by scoring eutaneous reactions developing in hamsters or, mare aeeurately, 
by eounting PMN eelis aecumulated in reaction lesions, released by trypsin. 
Since the latter proeedure is much more objective it was employed throughout 
the work to be diseussed. 

2. Nonspecific Blocking of the Recognition Process 
Among the many types of mixed eeli culture listed in Table 2, those of the 

norrnaI one-way reaction variety furnish most information on the reeognition 
event. When lymphoid eelis from norrnaI animaIs A and from (A X B)FI 
hybrids are eocultivated, only A aggressors can recognize because FI cells are 
for genetic reasons incapable of perceiving A antigens on aggressors as foreign 
and thus formed ideal targets. Such mixtures are, therefore, eomposed of two 
eell populations with distinetly different properties and, consequently amen­
able to differentiated treatments aimed at blocking recognition. 

Numerous agents could be shown to result in nonspeeific blocking of the 
recognition process (RAMSEIER, 1971 b). To test these, aggressor or target 
spleen eelis at concentrations of 2 X 107/ml of Hanks' BSS were treated with 
the agent for 20 to 30 min at 37°C under tissue culture eonditions. Cells were 
then washed three times in the same medium, counted and readjusted to 
2 X 107 jml viable eells and were eultivated with untreated partnerso Untreated 
eelis were subjected to the same proeedures and at the same cell eoneentration 
but agents were absent from Hanks' BSS. Positive controIs were eultures in 
whieh both partners of eeli mixtures were used untreated. All experimental 
eeli eultures consisted of one treated and of one untreated partner. The 
response, in terms of P AR, of these eultures is given as pereentages of positive 
controIs or in terms of absolute values (X 106 PMN eelis per skin reaetion). 

It was to be assumed that in norrnaI one-way reaction mixtures aggressor 
eells A recognized transplantation antigens B of (A X B)FI target eelis by 
virtue of a surfaee structure, which might weIl be protein in nature. As such 
it would be suseeptible to hydrolytic enzymes. Mouse and rat aggressor and 
target eelis were, therefore, subjeeted to treatments with trypsin before 
cultivation with untreated eelI partnerso As the results in Table 3 demonstrate, 
aggressors of both speeies were prevented from reeognizing antigens by very 
small amounts of trypsin. No such effeet was observed when target eells were 
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Species 

Mouse 

Rat 

TabIe 3. Effeet of trypsin on the reeognition of transpIantation antigens 

Mixed spIeen eell eultures 

aggressors 

C57BL/6 untreated 
C57BL/6+12.5 ILg/ml 
C57BL/6+6.25 ILg/ml 
C57BL/6 untreated 

DA untreated 
DA+25/Lg/ml 
DA+12.5 /Lg/ml 
DA+6.25/Lg/mI 
DA untreated 

targets 

(A X C57BL/6)FI untreated 
(A xC57BL/6)FI untreated 
(A xC57BL/6)FI untreated 
(A XCS7BL/6)FI+100 /Lg/ml 

(Lewis xDA)FI untreated 
(Lewis xDA)FI untreated 
(LewisxDA)FI untreated 
(Lewis xDA)FI untreated 
(Lewis xDA)FI+100 ILg/ml 

Cultivation was for 7 h. (Adapted from RAMSEIER, 1971 b). 

% PAR 

100.00 
11.74 

140.57 
106.05 

100.00 
3.38 

69.59 
120.94 
120.60 

treated with eomparatively high eoneentrations of trypsin. The effeet of 
trypsin must be regarded as nonspeeific beeause both rat and mouse eelIs were 
equallyaffeeted (RAMSEIER, 1971 b). 

These results hinted at the possibility that the surfaee struetures in 
question were reeeptors or reeognition struetures (RS) for transplantation 
antigens. It is now well appreeiated that reeeptors are immunoglobulin-like 
struetures at least as far as bone marrow- or bursa-derived (B) eelIs are eon­
eerned (SELL and GELL, 1965; ADA et al., 1970; GREAVES, 1970; LESLEYand 
DUTTON, 1970; PERNIS et al., 1970; RAFF et al., 1970; TRUFFA-BACHI and 
WOFSY, 1970; WIGZELL and MÄKELÄ, 1970; RABELUNO et al., 1971; UNANUE, 
1971). From various !ines of evidenee (MILLER et al., 1971; SPRENT and 
MILLER, 1971; RAMSEIER and LINDENMANN, 1972b) it appears, however, that 
the eell type involved in the reeognition of transplantation antigens might be 
of thymus-derived (T) eell origin. Of reeeptors on these eells it is assumed that 
their frequeney is very low (RAFF et al., 1970; RABELUNO et al., 1971). The 
surprisingly low eoneentrations of trypsin needed to inaetivate these reeeptors 
would be eonsistent with this. Furthermore, trypsin is known to cleave the 
hinge region qf IgM moleeules (PAUL et al., 1971) under eonditions not too 
dissimilar to those used here. This might indieate that inhibition of antigenie 
reeognition by trypsin has been brought about by cleavage and, in turn, 
might suggest that reeeptors for transplantation antigens are ehemieally 
similar to IgM. 

Another aspeet of these experiments is eoneerned with the question of 
resynthesis of reeeptors presumably inaetivated by trypsin. Under in vitro 
eonditions, in a rather poor medium (Hanks'BSS) and during a eultivation time 
of only 7h, as employed in the PAR assay, resynthesis of reeeptors eould hardly 
be expeeted. It might, however, take place underin vivo eonditions. Aeeordingly, 
C57BL/6 spleen eells were treated as before with eoneentrations oftrypsinran­
ging from 6.25 to 200 !Lg/mI and wereinjeeted indoses of 106 eelIs intravenously 
intonewborn (AxC57BL/6)Flmiee inalethalgraft-versus-host assay. Withone 
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Table 4. Aetivity and speeificity of an anti-lymphoeytie serum on the reeognition of mouse, 
rat and hamster transplantation antigens 

Speeies Mixed sp!een eeil eultures % PAR 

aggressors targets 

Mouse CBA untreated (CBA X C57BL/6)Fl untreated 100.00 
CBA+ALS (CBA XC57BL/6)Fl untreated 0.00 
1: 128-1 :2048 
CBA+ALS 1 :4096 (CBA XC57BL/6)Fl untreated 125.65 
CBA untreated (CBA XC57BL/6)Fl+ALS 82.66-92.04 

1:32-1:512 
C57BL/6 untreated (CBA X C57BL/6)Fl untreated 100.00 
C57BL/6+ALS 1: 1024 (CBA XC57BL/6)Fl untreated 0.00 
C57BL/6 untreated (CBA X C5 7BL/6) Fl+ALS 77.59-92.52 

1 :32-1 :128 
C3H untreated (A XC3H)Fl untreated 100.00 
C3H+ALS 1: 1024 (A X C3H)Fl untreated 7·95 
C3H untreated (A xC3H)Fl+ALS 1: 32-1: 128 94.40-112.22 
A untreated (A X C3H)Fl untreated 100.00 
A+ALS 1: 1024 (A X C3H)Fl untreated 9·04 
A untreated (A XC3H)Fl+ALS 1 :32-1: 128 85.99-96.30 

Rat DA untreated (BN xDA)Fl untreated 100.00 
DA+ALS 1: 1024 (BN xDA)Fl untreated 0.00 
DA untreated (BN XDA)Fl+ALS 1 :128 157.65 
BN untreated (Lewis xBN)Fl untreated 100.00 
BN +ALS 1: 1024 (Lewis xBN)Fl untreated 0.00 
BN untreated (Lewis xBN)Fl+ALS 1: 128 119·57 

Hamster CB untreated (CB xMHA)Fl untreated 100.00 
CB+ALS 1: 1024 (CB xMHA)Fl untreated 0.00 
CB untreated (CB x MHA)Fl+ALS 1: 128 139.01 

Cultivation was for 4 h in CBA~C57BL/6 and C57BL/6~CBA as weil as for rat and 
hamster strain eombinations. Others were eultivated for 7 h. (Adapted from RAMSEIER, 

1971 b) 

exeeption, all 38 newborus injeeted died, as did 13 animaIs that reeeived 
untreated parental strain eelis (RAMSEIER, 1971 b). This provided evidenee 
that the ability of aggressor eelis to reeognize foreign transplantation antigens 
had suffered no permanent impairment. 

Nonspecific inhibition of the process of antigenie reeognition eould also be 
demonstrated with anti-lymphoeyte serum. When in mixed spleen eeli eultures 
either aggressor eells or target eells were pretreated before coeultivation with 
an ALS preparation raised in a New Zealand white rabbit against CBA node 
eelis and showing strong immunosuppressive qualities [as determined by 
prolonged survival of aliogeneic skin graf ts (RAMSEIER, 1970 a)] , the results 
summarized in Table 4 were obtained. From these it is clear that ALS aeted 
on reeognizing eells onlyand had no effeet on target eelIs. This is eonsistent 
with results obtained by LEVEY and MEDAWAR (1967) which showed that 
ALS-treated CBA spleen eells did not induee splenomegaly in adult (CBA X 
C57BL)Fl mice, whereas eells treated with normal rabbit serum or not at all 
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did. Normal New Zealand white rabbit serum lacked activity against both 
aggressors and targets. The results in Table 4 demonstrate, furthermore, that 
ALS in the concentrations listed showed a remarkable degree of nonspecificity 
in its ability to block recognition not only of mouse, but also of rat and Syrian 
hamster transplantation antigens. The action of ALS as revealed in these 
experiments is not inconsistent with the idea that one of the fundamental 
immunosuppressive mechanisms of these sera is blocking of antigenic recogni­
tion. This activity is, however, neither strain nor even speeies specific; an 
observation confirmed in experiments by CASPARV et al. (1971). The extreme 
nonspeeificity of ALS wouId also explain the success of cross-species graf ts 
(MONACO et al., 1966; LEVEY and MEDAWAR, 1966; LANCE and MEDAWAR, 
1968,1970; BALNER et al., 1969; SHAFFER, 1969) and underlines the impression 
that ALS induces wholesale immunosuppression (BALNER and DERSJANT, 
1969; DEODHAR and CRILE, 1969; MANDEL and DE COSSE, 1969; STANBRIDGE 
and PERKINS, 1969; WOODS, 1969; LAW, 1970). 

Inhibition of antigenic recognition of a somewhat restricted nonspecifieity 
was obtained employing rabbit anti-PAR antisera. These were raised in New 
Zealand white rabbits by three injections (of which the first two were with 
Freund's complete adjuvant) of PAR produced by cuIturing allogeneic mixtures 
of untreated rat, mouse and hamster node celis obtained from normal animals. 
By the same procedure rabbit sera to rat control cuIture fluids (cuItivation of 
syngeneic DA or (LewisxDA)Fl node eelis only) were raised for eontrolpur­
poses. These proved to be devoid of activity (RAMSEIER, 1971 b). An antiserum 
raised against PAR formed by the interaetion of DA and (Lewis X DA)FI node 
eelis, however, inhibited antigenie recognition, presumably again by virtue 
of its ability to block receptors on DA aggressor spleen eelis. This aetivity 
eould be demonstrated up to a serum diIution of 1: 8192. The serum lacked 
anti-target [(LewisxDA)FI] celi aetivity (RAMSEIER, 1971 b). When, on the 
other hand, the serum was tested for its anti-aggressor eeli aetivity, using an 
inhibitory working diIution of 1 :2048, on spleen celis obtained from various 
rat, mouse and hamster strains, resuIts as summarized in Table 5 were ob­
tained. The xenogeneic anti-rat PAR serum (anti-[DA+(Lewis X DA)FI]PAR) 
appeared to have bloeked receptors for various rat transplantation antigens on 
all types of aggressor eelis tested. Thus, no strain specificity was apparent. 
The same serum, however, showed no ability to block reeeptors on mouse 
aggressor celis. When used to treat similar eelis from Syrian hamsters, a 
eurious and as yet unexplained eross-reaetivity couId be observed. As demon­
strated by the aetivity of rabbit anti-PAR sera to inactivate PAR (rather than 
to interfere with receptors on aggressor celis, as above), this eross-reactivity 
turned out to be mutual (RAMSEIER, 1971 b). On the whole, however, anti-rat, 
mouse and hamster PAR antisera, while lacking strain speeifieity, were at 
least species speeifie. 

In summary, these resuIts suggest that the more sophisticated the agent with 
which blocking of antigenic reeognition was attempted, the more speeific 
inhibition was. The nature of the agents used to intervene with the recognition 
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Table S. Aetivity and speeificity of a rabbit anti-[DA+(Lewis xDA)Fl] PAR serum 
(1 : 2048) on the reeognition of rat, mouse and hamster transplantation antigens 

Species Mixed spleen eell eultures %PAR 

aggressors untreated targets 

Rat DA untreated (Lewis x DA)Fl 100.00 
DA+anti-rat PAR (Lewis xDA)Fl 0.00 
DA untreated (BNXDA)Fl 100.00 
DA+anti-rat PAR (BNxDA)Fl 7-63 
Lewis untreated (Lewis XDA)Fl 100.00 
Lewis+anti-rat PAR (Lewis XDA)Fl 0.00 
Lewis untreated (Lewis x BN)Fl 100.00 
Lewis+anti-rat PAR (Lewis X BN)Fl 0.00 
BN untreated (BNxDA)Fl 100.00 
BN +anti-rat PAR (BNxDA)Fl 0.00 
BN untreated (Lewis X BN)Fl 100.00 
BN +anti-rat PAR (Lewis X BN)Fl 1.84 

Mouse CS7BLj6 untreated (CBAxCS7BL/6)Fl 100.00 
CS7BL/6+anti-rat PAR (CBAxCS7BL/6)Fl 112.70 
CBA untreated (CBAxCS7BL/6)Fl 100.00 
CBA+anti-rat PAR (CBA xCS7BL/6)Fl 113.70 
A untreated (AxC3H)Fl 100.00 
A+anti-rat PAR (AxC3H)Fl 86.07 
DBA/2 untreated (C57BL/6 xDBA/2)Fl 100.00 
DBA/2+anti-rat PAR (C57BL/6 xDBA/2)Fl 100.47 

Hamster CB untreated (CBxLSH)Fl 100.00 
CB+anti-rat PAR (CBxLSH)Fl 63.47 
LSH untreated (CBxLSH)Fl 100.00 
LSH+anti-rat PAR (CBXLSH)Fl 52.94 

Cultivation was for 4 h for DA-i>-BN, C57BL/6-i>-CBA, CBA-i>-C57BL/6 and for 
DBA/2-i>-C57BL/6 as well as for hamster strain eombinations. Other eultures were for 7 h 
at 37°C. (Adapted from RAMSEIER, 1971 b) 

process made specific blocking unlikely. To achieve this goal, mare specific 
agents were required. For this, two possibilities offered themselves: specific 
blocking of transplantation antigens on target cells and specific blocking of 
receptors on aggressor cells. The latter goal could be achieved by the applica­
tion of anti-recognition structure (anti-RS) sera and the former by the employ­
ment of alloantisera. 

3. Specific Inhibition of Antigenic Recognition 
3.1. Antisera to Transplantation Antigens 

Inbred animals grafted with allogeneic skin are known not only to develop 
cellular immunity to the antigens present in the graft but also to form alloanti­
badies to these same antigens (AMOS et al., 1954; PALM, 1962, 1964; MISHELL 
et al., 1963; SNELL and STIMPFLING, 1966; HILDEMANN, 1967; RAMSEIER and 
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Table 6. Eloeking of reeognition of rat transplantation antigens by alioantisera 

Mixed spleen eeli eultures 

aggressors 

DA untreated 
DA untreated 

DA untreated 
DA+DA anti-Lewis 1 :32 
DA+Lewis anti-DA 1 :32 
DA untreated 

Lewis untreated 
Lewis untreated 

Lewis untreated 
Lewis+Lewis anti-DA 1 :32 
Lewis+DA anti-Lewis 1: 32 
Lewis untreated 

targets 

(Lewis xDA)FI untreated 
(Lewis xDA)FI+DA anti-Lewis 
1:32-1:512 
(Lewis xDA)FI+DA anti-Lewis 1: 1024 
(Lewis xDA)FI untreated 
(Lewis XDA)FI untreated 
(Lewis xDA)FI+Lewis anti-DA 1: 32 

(Lewis X DA)FI untreated 
(Lewis xDA)FI+Lewis anti-DA 
1: 32-1: 128 
(Lewis x DA)FI+Lewis anti-DA 1 :256 
(Lewis xDA)FI untreated 
(Lewis xDA)FI untreated 
(Lewis xDA)FI+DA anti-Lewis 1: 32 

Cultivation was for 7 h. (Adapted from RAMSEIER and LINDENMANN, 1971 a) 

%PAR 

100.00 
0.00 

93.46 
99·22 
83.18 

100.00 

100.00 
0.00 

87.81 
115.75 

98.36 
93.46 

PALM, 1967). Alloantibodies of the proper specificity should be well suited 
to block the process of antigenic reeognition beeause of their putative ability 
to eoat on Fl hybrid target eelIs those antigens aggressors normally reeognize. 
On the other hand, alloantibodies should have no effeet on the reeeptors of 
aggressor eelIs. To test these premises, rat, mouse and hamster spleen eelIs 
to be used as aggressors or as targets were pretreated, as deseribed above, 
with alloantisera before being eultivated with untreated spleen eelIs (RAMSEIER 
and LINDENMANN, 1971 a). All alloantisera employed were posttransplantation 
sera harvested three weeks postoperatively in the ease of strong histoineompati­
billties or 35 days after grafting in H-Y differenee. Sera wereheat-inaetivated 
and sterilized by filtration. 

Charaeteristie examples on the specificity of intervention with antigenie 
reeognition by means of alloantisera are given in Tables 6-8 for rat, mouse 
and hamster eelI systems, respeetively. The results of these experiments provided 
good evidenee for the anti-target eelI aetivity of alloantisera. Though titers 
differed, these sera bloeked antigenie reeognition in every instanee and it is 
reasonable to assume that this had been aehieved by eoating of antigens. 
This meehanism must be of high specificity, for treatment of hybrid eelIs, 
say, of (Lewis X DA) Fl origin whieh have both Lewis and DA transplantation 
antigens with serum DA anti-Lewis bloeked on these eelIs Lewis but not DA 
antigens and viee versa (Table 6). This speeificity was also observed in the 
mouse system studied (Table 7). Antigenie struetures on Fl eelI surfaees must 
thus be weIl separated entities. When alloantisera were used to treat aggressor 
eelIs they proved to be harmless. In this respeet it is of interest to not e that 
treatment of, for instanee, DA aggressors with a eoneentration of serum Lewis 
anti-DA whieh, as shown by its effeet on (Lewis X DA)Fl targets, ean be 
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Table 7. Blocking of recognition of mouse transpIantation antigens by alloantisera 

Mixed spleen cell cultures 

aggressors 

A untreated 
A untreated 
A untreated 
A+A anti-CBA 1 :32 
A+CBA anti-A 1 :32 
A untreated 

CBA untreated 
CBA untreated 
CBA untreated 
CBA+CBA anti-A 1 :32 
CBA+A anti-CBA 1 :32 
CBA untreated 

targets 

(A xCBA)Fl untreated 
(AxCBA)Fl+A anti-CBA 1 :256-1 :4096 
(A xCBA)Fl +A anti-CBA 1: 8192 
(A X CBA)Fl untreated 
(A xCBA)FI untreated 
(A X CBA)Fl +CBA anti-A 1 :256 

(A XCBA)Fl untreated 
(A X CBA)Fl +CBA anti-A 1: 256 
(A x CBA)FI+CBA anti-A 1: 512 
(A xCBA)Fl untreated 
(A X CBA)Fl untreated 
(AxCBA)Fl+A anti-CBA 1 :256 

Cultivation was for 7 h. (Adapted from RAMSEIER and LINDENMANN, 1971 a) 

%PAR 

100.00 
0.00 

107.12 
101.74 
112.64 
107.42 

100.00 
0.00 

90.23 
122.15 
116.61 
107.65 

Table 8. Blocking of recognition of hamster transpIantation antigens by alloantisera 

Mixed spleen cell cultures 

aggressors 

CB untreated 
CB untreated 
CB untreated 
CB+CB anti-LSH 1: 32 

MHA untreated 
MHA untreated 
MHA untreated 
MHA+MHA anti-CB 1 :32 

targets 

(CB x LSH)Fl untreated 
(CB x LSH)Fl+CB anti-LSH 1: 128, 1 :256 
(CB x LSH)Fl+CB anti-LSH 1: 512 
(CB x LSH)Fl untreated 

(CB xMHA)Fl untreated 
(CBxMHA)FI+MHAanti-CB 1:128,1:256 
(CB xMHA)FI+MHA anti-CB 1: 512 
(CB xMHA)FI untreated 

Cultivation was for 4 h. (Adapted from RAMSEIER and LINDENMANN, 1971a). 

%PAR 

100.00 
0.00 

141.31 
109.26 

100.00 
0.00 

116.90 
116.90 

assumed to have blocked all DA antigens, falled to block receptors for Lewis 
transplantation antigens. This finding also held for the inverse rat strain 
combination (Table 6) and for the two mouse strains studies (Table 7). It 
indicated that receptors and structures representing transplantation antigens 
must be arranged on the cell surface in such a manner that they cannot be 
blocked nonspecifica11y. 

It has been pointed out earlier that the PAR assay is capable of measuring 
comparatively weak histocompatibility antigens, such as those controlled by 
the Y locus (Table 1). As a demonstration of the remarkable sensitivity of 
the PAR assay system, the resuIts obtained in an attempt to block the Y 
antigen on C57BL/6 male spleen cells are set out in Table 9. The anti-Y serum 
employed was raised in C57BL/6 female mice by the rejection of one C57BL/6 
male skin graft. When used to treat C57BL/6 female aggressor spleen cells 
(which lack antigen Y), this serum falled to exert activity, but was amazingly 
active against C57BL/6 male spleen cells (RAMSEIER and LINDENMANN, 1971 a). 
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Table. 9. Blocking of recognition of H-Y mouse transplantation antigens by alloantiserum 

Mixed spleen cell cultures 

aggressors 

C57BLj6 ~ untreated 
C57BLj6 ~ untreated 
C57BLj6 ~ untreated 
C57BLj6 ~+anti-Y 1 :32-1 :128 

targets 

C57BLj6 c1 untreated 
C57BLj6 c1+anti-Y 1: 16-1 :8192 
C57BLj6 c1+anti-Y 1: 16384 
C57BLj6 c1 untreated 

%PAR 

100.00 
0.00 

104.09 
94.70-101.67 

Cultivation was for 10 h. (Adapted from RAMSEIER and LINDENMANN, 1971 al. 

Taken together, results on interventions with processes of antigenic 
recognition by means of alloantisera revealed remarkable degrees of specificity. 
Alloantisera were not only capable of blocking on FI hybrid target cells only 
one of the two antigens present (while leaving the others to be fullyexpressed) 
but were completely inactive with respeet to the recognizing abilities of 
aggressor cells. In all systems studied [including the blocking of non-H-2 
determined transplantation antigens (RAMSEIER and LINDENMANN, 1971 a)], 
an anti-receptor activity of posttransplantation sera could not be found. 
Furthermore, the sensitivity of the PAR assay permitted demonstration of 
alloantisera activities not possible by other procedures, such as those against 
non-H-2 or H-Y determined mouse transplantation antigens or against hamster 
histocompatibility antigens (Table 8) (RAMSEIER and LINDENMANN, 1971 a). 

Thus far evidence has been presented for highly specific inhibitions of the 
process of antigenic recognition via blocking of transplantation antigens of 
target cells. It will now be documented that recognition of transplantation 
antigens can be blocked with equally high specificity by the employment of 
antisera against aggressor cell receptors specific for given transplantation 
antigens. 

3.2. Antisera to Receptors for Transplantation Antigens 

Well known facts of transplantation immunogenetics and serology permitted 
postulation and, in conjunction with the PAR assay, testing of anti-receptor 
(anti-RS) antisera. Among others, facts on immunogenetics state that, if 
an (A X B)FI hybrid animal is injected with parental strain lymphoid cells, 
it develops signs of graft-versus-host disease. This disease can be lethal if FI 
hosts are either newborn or rendered immunological cripples by vanous means 
such as irradiation, thymectomy, treatment with drugs etc. (BILLINGHAM, 
1968). Whenever FI hosts are immunologically fit, graft-versus-host reaetions 
take a more benign course, frequently characterized by enlargement of 
lymphoid organs. These reactions are known to be initiated by the reactivity 
of the injected parental strain lymphoid cells agamst transplantation antigens 
the FI host has inherited from the other parent. Because of their foreignness, 
these antigens stimulate parental strain donor cells to proliferate (Fox, 1962) 
and to mount an immune attack against the host. Since for genetic reasons 
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cells from both parents (A and B) of (AxB)FI hybrids are accepted per­
manently by these hosts and can consequently eontinue their immune attack 
indefinitely, there is no obvious reason for this reaetion to stop in immuno­
logieally fit adult FI hybrids (BILLINGHAM, 1968). In eontrast to immuno­
logieally deficient hosts, this is, however, the situation normally observed. 
One possible reason for this sudden stop is the marked proliferation of host 
cells, whieh has been noted as splenomegaly or lymph node enlargement 
(SIMONSEN, 1962; FORD et ai., 1970). Therefore, as normaI adult FI hybrid 
hosts are eapabIe of bringing donor eell invasion to a halt, they must have 
an agent to do this. For the following reasons, a likely eandidate for this 
agent is anti-RS antibody. 

The primary attack of, for instanee, A strain lymphoid cells injected into 
(A X B) FI hosts and direeted against transpIantation antigens B must almost 
certainIy be due to the funetion of reeognition struetures (RS) of A eells for 
antigens B. It ean thus be postulated that A immunocompetent eells possess 
RS(B). However such A eells also possess reeeptors for antigens e, for indue­
tion of graft-versus-host reaetion is equally possible after A lymphoid cells 
have been injeeted into (A X C)FI hybrid hosts. Obviously, populations of A 
immunoeompetent eells have RS for many different transplantation antigens, 
except for their own. Under normal eonditions, A lymphoid eells injected into 
A animaIs are not expeeted to reaet immunologieally. These same refleetions 
also hold, of eourse, for the other parent, B, of (A X B)FI hybrids. Again, 
lymphoid eells from animaIs B will have reeeptors for a variety of transplanta­
tion antigens; to eseape self-destruetion they must, however, lack RS(B). 
We might thus postulate that popuIations of immunoeompetent eells have 
receptors for all transplantation antigens of the species to which they belong, 
but none for their own antigens. As on many other oecasions in Scienee, this 
is not new. It is but a rephrasing of Paul Ehrlich's horror autotoxieus, stating 
that self-reeognition normally is excluded. 

As pointed out, the seeondary event in graft-versus-host reaetions is 
charaeterized by a marked proliferation of FI hybrid host lymphoid eells. 
(A X B)Fllymphoid eells too, have reeeptors, for they are perfeetly capable of 
reaeting against transplantation antigens e, D, E, etc., in response of whieh 
they might, for example, form PAR as attested by the results in Table 2. 
Sinee, however, (AxB)FI hybrids have inherited codominantly transplantation 
antigens from parents A and B, their Iymphoid cells must lack RS(A) and 
RS(B) for the same reasons whieh prohibited eells from animaIs A and B 
from possessing RS(A) and RS(B), respeetively. Very likely, then, the hosts' 
response cannot be directed against any foreign transplantation antigens. But 
sinee there is ahost response, it mustbe direeted against something. One 
possibility is that it is direeted against the only foreign matter introduced, 
namely the reeeptor strueture. 

It is thus not unlikely that upon introdueing A Iymphoid eells earrying 
RS(B) into (A X B)FI hosts lacking RS(B), hosts respond to RS(B) by the 
formation of anti-RS(B) antibodies. Similar anti-RS antibodies, but of a 
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different specificity, are to be expected if B lymphoid cells are injected into 
adult (AxB)FI hosts. The anti-RS antiserum formed will be anti-RS(A). Such 
anti-RS antibodies can be postulated to be exclusively directed against 
corresponding receptors since contamination of the immune response by a 
reaetion against transplantation antigens or other receptors is not to be 
expeeted. On the other hand, the injeetion of parental strain immunocompetent 
(and thus potentially antibody-forming) eelis into histocompatible Fl hosts 
where they are confronted with transplantation antigens of the other parent, 
could conceivably lead to the formation of alloantibodies. Thus inoculation 
of A lymphoid eelis into (A X B)FI hosts might induce formation of A anti-B 
and that of B eelis formation of B anti-A alloantibodies. However, demon­
stration of these antibodies might be difficult as the FI environment affords 
their immediate neutralization (RAMSEIER and LINDENMANN, 1969, 1971 b, e). 

From a theoretieal point of view it should, therefore, be possible to induce 
anti-RS antibodies and, at the same time, alloantibodies simply by injeeting 
parental strain node or spleen eelis into adult FI hybrid animals of the proper 
genetie constitution. 

A simple fact of serology is that an antiserum to any antigen unites with 
that antigen to form complexes. This implies that antisera have immuno­
globulin molecules with combining sites for the antigen in question. An allo­
antiserum A anti-B (for instance, a posttransplantation serum) possesses, 
therefore, molecules endowed with the property of recognizing antigen B. 
The antigen-combining site of immunoglobulin molecules of serum A anti-B 
Inight thus be conveniently renamed RS(B). If this straightforward assump­
tion is correct, it should again be possible to provoke formation of anti-RS(B) 
antiserum if RS(B) as alloantiserum A anti-B were to be injected into animals 
lacking this activity, such as (AXB)Fl hosts. These hosts do not have cellular 
RS(B), as pointed out above, nor do they have or are they ever expected to 
form humoral RS(B), i.e. A anti-B antibodies. Fl hybrid animals, furthermore, 
offer themselves as ideal hosts because possible complications arising from 
allotypie differences expressed on immunoglobulin molecules are naturally 
avoided (RAMSEIER and LINDENMANN, 1971 d, 1972a). 

To test these simple preInises, antisera to cell-bound RS and to RS in 
alloantiserum were prepared. To induce the former, moderate doses of parental 
strain spleen or node cells were injected intravenously or intraperitoneally 
into adult FI hybrids. Early on, sera were raised by injecting 106 eelis weekly 
for 6 weeks, and hosts were bled 2 weeks after the last cell dose. This protocol 
was devised to avoid complications of a graft-versus-host nature and because 
appearance of a serum activity was only considered likely after repeated 
injections. However, no outward signs of graft-versus-host aetivity followed 
one single dose of 6 X 106 parental strain node eelis and sera, obtained two 
weeks afterwards, proved as aetive as those harvested foliowing the step-wise 
protocol. It was later found that a single dose of 106 eelis would induce as good 
anti-RS antibody titers as other regimens. It became thus standard to inject 
this dose and to bleed animals two weeks later. 
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Whenever attempted, eell-indueed anti-RS sera were obtained. To date 
52 mouse anti-RS, 17 rat anti-RS and 2 hamster anti-RS antisera have been 
prepared and tested. Depending on the immunoeompetenee of injeeted parental 
strain eelis, some of these sera were active and some were inaetive. Aetive 
sera were obtained whenever parental strain node or spleen eells were injected; 
inaetive sera were harvested after injeetions of immunoineompetent eells, such 
as rat or mouse thymus lymphoeytes, lymphoid eells from mice rendered 
immunologieally tolerant, epidermaI eells or heat-killed immunoeompetent 
eelis. Antisera were prepared against RS for transplantation antigens deter­
mined by loei considered as strong, such as H-2 and Ag-B, as moderately 
strong, like multiple non-H-2 or as relatively weak, such as H-Y. 

Some of these anti-RS sera have been prepared repeatedly but at different 
times in the eourse of this investigation. When tested for their inhibitory 
titers, variations eneompassed one and rarely two steps of two-fold dilutions. 
Similar variations were observed when a given serum was tested repeatedly. 
All eell-indueed anti-RS antisera were routinely heat-inaetivated and sterilized 
by Millipore-filtration. 

Antisera to alloantibody-RS were also indueed following different proto­
eols. To date, 8 anti-alloantisera were raised in rats by injecting twiee (at an 
interval of two weeks) equal volumes of an alloantiserum and Freund's 
eomplete adjuvant intradermally into adult FI hybrid hosts, eaeh reeeiving 
10 doses of 0.1 mI. Animals were bled two weeks later. The alloantisera used 
as antigens were posttransplantation sera of different specificity obtained three 
weeks after onlyone full-thiekness skin graft. Alloantisera as well as anti­
alloantisera were heat-inaetivated and sterilized by filtration (RAMSEIER and 
LINDENMANN, 1971 d). Titers of these sera varied by one step of a two-fold 
dilution; a variation also eneountered when one and the same serum was 
tested on different oecasions. Control sera to these anti-alloantisera were 
prepared by exaetly the same procedure, except that heat-inactivated and 
filtered normal rat serum was injected instead of alloantiserum. 

Reeently, a number of rat anti-alloantisera were prepared without Freund's 
complete adjuvant by injecting 1 mI of alloantiserum intradermally on only 
one occasion. Animals were bled two weeks later. Anti-RS titers were compa­
rable to those obtained when adjuvant and repeated injections were employed. 

Anti-RS antisera resulting from both immunization procedures had to be 
named somehow, an undertaking that unfortunately led to a rather eumber­
some terminology. For cell-induced anti-RS sera the following designation was 
adopted: the injeetion of A lymphoid cells carrying RS(B) into (AxB)Fl 
hosts resulted in an anti-RS(B) activity which will be called (A X B)FI anti-A 
RS(B), whereby (Ax B)FI is the anti-RS former and A the cell population 
against whose RS(B) the antiserum is directed. Since cell-induced anti-RS 
antisera can also be provoked by procedutes not discussed in this review, the 
genetic origin of anti-RS producers must not neeessarily be FL It is for this 
reason that simplifications in terminology are not easily accomplished. Never­
theless, matters might be eased somewhat by negleeting the designation of the 



Antibodies to Receptors Recognizing Histocompatibility Antigens 49 

animal strain in which anti-RS has been induced. Similar complications were 
encountered in creating a precise terminology for alloantiserum-induced anti­
RS sera. The injection of alloantiserum A anti-B, which is RS(B) into (A X B)FI 
hosts resulted in an anti-RS(B) activity which should properly be called 
(AxB)FI anti-(A anti-B). Again (AxB)FI marks the strain to which anti-RS­
forming animals belonged and (A anti-B) the serum possessing the antigen­
binding capacity for antigen B [= RS(B)]. Omitting the designation of the 
producer strain again eases terminology. 

Examples of the action of anti-RS antisera produced in FI hybrid hosts 
either by the injection of RS-bearing cells or by that of RS-carrying allo­
antisera on the process of antigenic recognition are set out in Tables 10, 11 
and 13. 

The data in Table 10 demonstrate that cell-induced anti-RS antisera could 
be obtained in the three species tested. Anti-RS titers observed varied from 
one strain combination to the next but were, nevertheless, much higher than 
was anticipated. This, however, should not be taken to indicate that these 
antisera were of extraordinary potency but rather seems to be an expression 
of the great sensitivity of the PAR assay. 

As pointed out before, injection of parental strain lymphoid cells into 
adult FI hybrid animals not only leads to the formation of anti-receptor anti­
bodies, but also to the production of alloantibodies. Examples of the extent of 
the alloantibody activity present in FI hybrid sera as compared to the anti-RS 
aetivity are given in Table 11 for the three species indicated. Despite the faet 
that the FI hybrid environment in which such alloantibodies were formed 
should effeet their neutralization, these activities were found in all FI sera 
prepared and tested. Since some neutralization by host tissues must have 
taken place, conceivably involving antibodies of high affinity, it is probable 
that low affinity alloantibodies were detected. 

cel1 mixtures of all three species were not inhibited by normal FI serum 
(RAMSEIER and LINDENMANN, 1969). As the data for PAR in Table 12 show, 
neither normal FI rat serum nor inactive rat sera had any effeet on aggressor 
or target cells. 

Two examples of the action of rat anti-RS sera each produced by two 
injections of alloantisera mixed with equal volumes of Freund's complete 
adjuvant and one example of a similar rat anti-RS antiserum produced by 
onlyone inoculation of alloantiserum without adjuvant are given in Table 13. 
It will be noted that high titers of anti-RS activities were obtained in all 
cases. Indeed, better anti-RS aetivities attended the use of alloantiserum-RS 
as antigen as compared to cell-bound RS. As a comparison of rat anti-RS 
(Lewis) antisera in Tables 10 and 13 will reveal, the a11oantiserum-induced 
activity was 8 times more potent. Though only few examples have been given 
here, the higher aetivity of a11oantiserum-induced antisera has been a general 
experience for all rat sera prepared. Preliminary experiments with similar 
mouse anti-RS sera indicated that this might also .pertain to this species 
(RAMSEIER, unpublished). 
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H. RAMSEIER; 

It was considered not unlikely that 
in the course of induction of anti-RS 
sera Ly means of alloantisera, not all of 
the antigen would be used up or bound 
to host tissues. However, P AR values 
ofTable 13 indicated that alloantiserum 
activities which might have been pas­
sively transferred through FI hybrid 
animals could not be detected. This, 
on the other hand, does not exclude 
their presence, for when employed in 
high concentrations( 1: 8, 1: 16), allo­
antibodies often display a prozone 
effect and thus escape detection. 

In correspondence with the lack of 
activity shown by "mock" cell-indu­
ced FI sera (Table 12), similar inactive 
sera, prepared by injecting normal rat 
serum together with adjuvant into FI 
hybrid rats (Table 14), were totally 
devoid of anti-aggressor (anti-RS) or 
anti-target (alloantibody) activities (see 
also RAMSEIER and LINDENMANN, 
1971 d). 

It has thus become quite clear that 
the process of recognition of trans­
plantation antigens can be inhibited 
by antibodies to antigen receptors of 
recognizing celIs. Even though cell­
induced FI sera, and possibly also 
alloantiserum-induced FI sera, con­
tain, besides anti-RS, also some allo­
antibody activity, these two activities 
in one and the same serum address 
themselves to different immunological 
entities. As exemplified in Table 11 
these entities are RS or transplantation 
antigens. This already affords a clear 
separation. Another means of demon­
strating coexistence of two different ac­
tivities present in cell-induced FI anti­
sera- has been selective absorption. 
The results of these studies have re­
cently been reviewed elsewhere (RAM­
SEIER and LINDENMANN, 1972b). It 
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might, for the present diseussion, suffiee to state that the alloantibody 
component of such sera ean be removed by absorption with eelis earrying 
the proper antigens without harming the anti-reeeptor activity of the 
same serum, and indeed without changing the titer. Conversely, the anti-RS 
activity ean be neutralized equaliy weli in these sera with lymphoid eelis 
possessing the fitting reeeptors without inflieting damage to the alloantibody 
aetivity. 

4. Demonstration and Basis of Anti-Receptor Antibody Specificity 
A question of great signifieanee is whether these anti-RS sera were eapable 

of blocking antigenie reeognition speeificaliy. If this were to be answered in 
the affirmative, it would ultimately mean that anti-RS antisera eontained 
antibody moleeules direeted against reeeptors for single transplantationanti­
genie speeifieities. Consequently, anti-RS sera direeted against numerous 
antigenie speeificities, such as those discussed so far, m~ht be populations of 
as many speeies of anti-RS moleeules as there are transplantation antigens. 
For obvious reasons, the final analysis of this problem ean only be solved 
eonclusively by employing eongenie strains of animaIs differing at one single 
antigenic speeificity. Such studies are in progress. They have so far revealed 
that when appropriate congenie strains of mice were used, PAR formation 
in response to a single H-2 antigenic speeifieity (antigen 32) was demonstrable. 
Furthermore, antibodies eould be indueed to reeeptors for antigen 32 by 
injecting both RS-bearing eelIs and alioantiserum into suitable FI hybrids 
(RAMSEIER, unpublished). However, even when noneongenic inbred strains of 
animaIs are employed, speeifieity should reveal itself by a lack of eross­
reactivity if combinations of animaIs were to be chosen whieh fail to recognize 
identieal antigenic deterrninants. 

4.1. Specificity of Cell-Induced Anti-RS Antisera 

If anti-RS antisera were to act speeificaliy in the sense alIuded to above, 
i.e. one reeeptor speeifieity for eaeh antigenic specificity, then an antiserum 
provoked against reeeptors of lymphoid eelIs from mouse strain A for CBA 
antigens should block on A eelIs only RS(CBA). Consequently, treatment of A 
lymphoid eelis with serum anti-A RS(CBA) [provoked in (A X CBA)Fl hosts] 
should result in fallure of mixed spleen eelI eultures eomposed of A and 
(AxCBA)FI to produce PAR. The very same population of A lymphoid eelIs, 
also treated with serum anti-A RS(CBA), should, however, be capable of 
reeognizing transplantation antigens C57BLj6 on (A X C57BLj6)Fl target eelIs. 

Experimental data relevant to this argument are set out in Table 15. The 
results of three different recognition systems demonstrate that, whereas 
aggressor eelIs were prevented from reeognizing transplantation antigens by 
treatment with the proper anti-RS antiserum, this serum failed to block 
reeeptors on celIs of the same population for unrelated transplantation antigens 
(RAMSEIER and LINDENMANN, 1971 b, e). 
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Table 15. Specifieity of eell-indueed mouse anti-RS antisera 

Mixed spleen eell eultures %PAR 

aggressors untreated targets 

A untreated (AxCBA)Fl 100.00 
A untreated (AXC57BLj6)FI 100.00 

A+anti-A RS(CBA) (AxCBA)FI 2.27 
A+anti-A RS(CBA) (A xC57BLj6)FI 84.96 
A+anti-A RS(C57BL/6) (A xC57BL/6)FI 0.53 
A+anti-A RS(C57BL/6) (AxCBA)FI 77.78 

C57BL/6 untreated (A xC57BLj6)FI 100.00 
C57BL/6 untreated (CBA xC57BL/6)FI 100.00 

C57BL/6+anti-C57BL/6 RS(A) (A xC57BLj6)FI 8.69 
C57BL/6+anti-C57BL/6 RS(A) (CBA X C5 7BL/6)FI 95.39 
C57BL/6+anti-C57BL/6 RS(CBA) (CBA xC57BLj6)FI 17.32 
C5 7BL/6 + anti-C 5 7BL/6 RS(CBA) '(A xC57BL/6)FI 89.85 
CBA untreated (AxCBA)Fl 100.00 
CBA untreated (CBA X C57BLj6)Fl 100.00 

CBA+anti-CBA RS(A) (AxCBA)FI 1.25 
CBA+anti-CBA RS(A) (CBA xC57BL/6)FI 126.90 
CBA+anti-CBA RS(C57BL/6) (CBA xC57BL/6)FI 0.00 
CBA+anti-CBA RS(C57BL/6) (AxCBA)FI 106.89 

Cultivation was for 7 h. All sera were used in dilution 1: 512. (Adapted from 
RAMSEIER and LINDENMANN. 1971 b). 

The basis of this exclusive specificity might be found in the antigenic 
specificities recognized by the aggressors employed. For the first system of 
Table 15 (A-+CBA and A-+C57BL/6) one has to assume that A celIs recognized 
on (AxCBA)FI targets H-2 transplantation antigens of CBA origin, i.e. 
antigen 32. Treatment of A aggressors prior to cocultivation with (A X CBA)FI 
targets with anti-A RS(CBA) = anti-RS(32) blocked the recognition process. 
Since antiserum anti-A RS(CBA) is only anti-RS(32), treated aggressors were 
capable of recognizing C57BL/6 antigens, because in this case A cells recognized 
H-2 antigens of C57BL/6 origin, i.e. antigens 2,22,33,39 and 46. Clearly, then, 
even if in a given population of A aggressors receptors for antigen 32 were 
blocked, this did not involve receptors for antigens 2, 22, 33, 39 and 46. 
These were left free to interact with the antigens in question and P AR could 
be formed. Conversely, blocking of receptors on A cells for these latter H-2 
antigens, as accomplished by treatment with antiserum anti-A RS(C57BL/6) 
blocked recognition of antigens 2, 22, 33, 39 and 46 but not that of antigen 32. 
Again, one might assume that recognition of the CBA antigen by A cells 
treated with serum anti-A RS(C57BL/6) was successful because RS(32) was 
not blocked by a serum anti-RS(2, 22, 33,-39, 46). 

SiInilar models can be constructed for the additional two systems given in 
Table 15. It will be noted that cross-reactivity cannot possibly take place in 
any of these three strain combinations tested reciprocally. However, there are 
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Table 16. Total and partial eross-reaetivity of eelI-indueed mouse anti-RS and alIoantiserum 

Reaction Mixed spleen eelI eultures 

No. aggressors 

CBA untreated 
2 CBA untreated 

3 CBA+anti-CBA RS(A) 
4 CBA +anti-CBA RS(DBA/2) 
5 CBA+anti-CBA RS(DBA/2) 
6 CBA+anti-CBA RS(A) 

7 CBA untreated 
8 CBA untreated 
9 CBA untreated 

10 CBA untreated 

targets 

(A xCBA)FI untreated 
(CBA XDBA/2)Fl untreated 

%PAR 

100.00 
100.00 

(A xCBA)FI untreated 2.22 
(A xCBA)FI untreated 0.00 
(CBA xDBA/2)FI untreated 0.58 
(CBAxDBA/2)FI untreated 65.30 

(A xCBA)FI+CBA anti-A 1.66 
(A XCBA)FI+CBA anti-DBA/2 0.00 
(CBAxDBA/2)FI+CBAanti-DBA/2 0.00 
(CBA x DBA/2)FI+CBA anti-A 66.47 

Cultivation was for 4 h. All sera were used in dilution 1 : 32. 

mouse strain eombinations in which eross-reactivity ean be demonstrated. 
Table 16 eontains data of two anti-CBA RS sera of which one ean be sub­
stituted for the other in one strain eombination but only partly so in the other. 

An anti-CBA RS(DBAJ2) serum [provoked in (eBA x DBAJ2)FI rniee by 
the injection of 106 CBA spleen eelis] bloeked on CBA aggressors reeeptors for 
DBAJ2 antigens as evideneed by the lack of PAR formation (reaction 5). The 
anti-RS titer of this serum was 1: 512. From an analysis of H-2 antigenie 
specificities involved, it rnight be assumed that this inhibition was due to the 
blocking of CBA RS(4, 6, 10, 12, 13, 14, 27, 28, 29, 31, 34, 35, 36, 40, 41, 42, 
43, 45, 46). Another antiserum, anti-CBA RS(A) [produeed in (A X CBA) FI 
miee by the inoeuIation of 106 eBA spleen eells] was shown to inhibit normal 
function of eBA reeeptors for A antigens (reaction 3). The anti-RS titer of 
this serum was 1: 1024. eBA spleen eelis will reeognize on A target eelIs H-2 
antigenic specificities 4,6, 10, 12, 13, 14,27,28,29,35,36,41,42,43 and 45. 
It will now be noted that all antigenic specificities CBA aggressors were able 
to reeognize on DBAJ2 target eells were also reeognized by these same eells on 
A targets. Consequently, serum anti-CBA RS(DBAJ2) shouId not only prevent 
CBA aggressors from reeognizing DBAJ2 but also A transplantation antigens. 
The resuIts of reactions 5 and 4 in Table 16 furnish evidenee. This cross­
reactivity should, however, not hold in the reverse situation, for CBA ag­
gressors recognized on DBAJ2 targets H-2 antigens 31, 34, 40, 41 and 46, 
which are not reeognized by these same eelIs on A targets. An anti-eBA RS(A) 
serum might, therefore, not be able to substitute completely for an anti-eBA 
RSfDBA/2) serum. However since serum anti-CBA RS(A) was directed against 
receptors for many antigenic deterrninants common to targets A and DBA/2, 
partial cross-reactivity might resulto When this was tested, the results (reac­
tion 6 of Table 16) fulfilled the expectation. 
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In preparing these FI sera, not only anti-RS but also alloantibody aetivities 
were obtained. The injeetion of 106 CBA spleen celis into (CBAxDBA/2)FI 
mice provoked formation of CBA anti-DBA/2 alioantibodies. When test ed in 
the PAR assay an anti-target celi activity of 1: 128 was found. Similarly, 
inoculation of (A X CBA)FI mice with 106 CBA spleen celis resulted in activity 
CBA anti-A (titer of 1 :64). The alloantibody components of the two FI sera 
were found to foliow exaetly the same rules as the anti-RS components. When 
used to treat (A X CBA)FI and (CBA X DBA/2)FI target celis, serum CBA 
anti-A and serum CBA anti-DBA/2 bloeked reeognition processes (reaetions 7 
and 9, Table 16). Serum CBA anti-DBA/2, however, could also be employed 
in the blocking of A antigens (reaction 8) beeause its aetivity was directed 
against ali antigenic specifieities CBA aggressors can recognize on A target 
celis. Substitution was only partial when serum CBA anti-A was used to treat 
(CBAxDBA/2)FI target cells (reaction 10), because this serum failed to coat 
DBA/2 H-2 antigens 31, 34, 40 and 46. These were recognized by untreated 
CBA aggressors and the interaetion with these 4 antigenic speeificities resulted 
in the formation of as much as 66 % of PAR. This figure compares very 
favorably with that of 65 % PAR in the partial anti-RS inhibition and seems 
to indicate that these 4 antigens (or possibly only antigens 31 and 34) are 
comparatively strong. The recognition of all other antigens involved accounted 
for only one-third of PAR formed. 

Critieism may, however, be raised against these interpretations because 
antigens deterrnined by non-H-210ei have so far been negleeted. This objeetion 
could be invalidated by experiments employing congenie strains of mice. 
Using animaIs of strains Bi0.A, Bi0 (C57BL/i0) and hybrids of (Bi0.Ax 
B10.D2)FI and (B10xB10.D2)FI it was shown that anti-RS and alloantibody 
components of FI sera displayed similar total or parti al cross-reactivities as 
was found for the noncongenic mouse strains presented in Table 16 (RAMSEIER 
and LINDENMANN, 1972b). 

4.2. Specificity of A11oantiserum-Induced Anti-RS Antisera 

The speeifieity of anti-RS antisera indueed in FI hosts by the injeetion of 
alloantiserum (together with Freund's complete adjuvant) has, so far, only 
been studied in rats. Although numerous inbred strains of rats are now 
available, information on antigenic speeificities for the strains employed is 
not yet available. Therefore, results obtained do not offer insight into fine 
aspects of the process of antigenic reeognition, although it is known that 
among the several speeifieities present in these strains (PALM 1962, 1964; 
ELKINS and PALM, 1966; RAMSEIER and PALM, 1967) some are unique for 
some strains, whereas others are shared byiwo or more strains (PALM, 1971). 
Since the rat strains employed were of strong histoincompatibility, inhibition 
results should nevertheless reveal as exquisite a speeificity, provided alloanti­
serum-induced anti-RS sera were to behave like cell-induced anti-RS sera. 
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Table 17. Speeificity of alloantiserum-induced anti-RS antisera 

Mixed spleen celi cultures 

aggressors 

Lewis untreated 
Lewis untreated 

Lewis+anti-RS(BN) 1 :4000 
Lewis +anti-RS(BN) 1: 32 
Lewis+anti-RS(DA) 1: 2000 
Lewis+anti-RS(DA) 1: 32 

untreated targets 

(Lewis xBN)Fl 
(Lewis xDA)Fl 

(Lewis xBN)Fl 
(Lewis X DA)Fl 
(Lewis xDA)Fl 
(Lewis xBN)Fl 

Cultivation was for 4 h (Lewis->-BN) or for 7 h (Lewis->-DA); 
Anti-RS(BN) = (Lewis X BN)Fl anti-(Lewis anti-BN) ; 
Anti-RS(DA) = (Lewis xDA)Fl anti-(Lewis anti-DA). 

%PAR 

100.00 
100.00 

0.00 
119·25 

0·90 
144.86 

A typical example of this speeifieity is given in Table 17 for Lewis ag­
gressors confronted with BN or DA transplantation antigens offered as 
(Lewis X BN)Fl or (Lewis X DA)Fl spleen eelis, respeetively. Treatment of 
Lewis spleen eelIs with serum (Lewis X DA)Fl anti-(Lewis anti-BN) = anti­
RS(BN) bloeked on these eelis reeeptars for BN transplantation antigens. 
Lewis eelis so treated, however, remained perfeetly capable of reeognizing DA 
antigens, presumably again because reeeptars for DA antigens were not 
affected by the anti-RS(BN) serum employed. On the other hand, recognition 
of DA antigens could be bloeked by treating Lewis aggressors with a serum 
(LewisxDA)Fl anti-(Lewis anti-DA) = anti-RS(DA), but Lewis cells treated 
with much higher than the inhibitory serum coneentration were capable of 
reeognizing BN antigens. These results confirm earlier data on the speeificity 
of anti-alioantisera (RAMSEIER and LINDENMANN, 1971 d) and form avalid 
argument for the view that these sera are as speeific as are eell-induced anti-RS 
sera. 

5. An Account of two Investigations on Specific Blocking 
of Antigenic Recognition 

The availability of a test system by whieh demonstratian of speeific bloek­
ing of antigenic recognition by either anti-target eelI or by anti-aggressor eeli 
sera was passible, prompted an investigation into two aspects of transplanta­
tion immunity: the action of so-called enhaneing antisera and the problem of 
transplantation toleranee. 

5.1. Enhancement and Recognition of Tumor-Specific Transplantation 
Antigens 

It is a weIl established fact that autoehthõnous tumor eells passess, in 
addition to the normal complement of antigens, new antigenic determinants 
which are foreign to the very individual that harbors the tumor (OLD and 
BOYSE, 1964; HELLSTRÖM and MÖLLER, 1965; KLEIN, 1966). Sinee it is known 
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that lymphoid eelis of the tumor-bearing host ean reeognize and react against 
these antigens in a fashion similar to that to transplantation antigens, they 
have been referred to as tumor-specifie transplantation antigens (TSTA). 
Numerous lines of evidenee are now available indieating the potential of 
lymphoid eelis of tumor-bearing animaIs to react immunologieally against 
autoehthonous, or in the ease of inbred animaIs, syngeneie tumors (HELLSTRÖM 
and HELLSTRÖM, 1970). This beneficial immune reaction is, however, strongly 
eounteracted by so-ealled enhancing antibodies. While it has been known for 
some time that the presenee of such sera enhanees tumor growth (KALISS, 
1958), it was not clear whether their action was anti-Iymphoid eeli aggressor 
or anti-tumor eeli target. Reeent elegant experiments by the HELLSTRÖM'S 
have now indieated that the blocking aetivity of enhancing sera is directed 
against the new TSTA of malignant eelis (HELLSTRÖM and HELLSTRÖM, 1970). 

Experiments of a preliminary eharacter using the PAR assay system appear 
to eonfirm this. A number of CBA mice were injected with methylcholanthrene 
to induee tumors in ali 4 extremities. One of numerous miee developing tumors 
on two extremities after about 3 months was killed, the two tumors (HR and 
VL) were excised and eut into smali fragments whieh were injeeted sub­
eutaneously (interseapular) into virgin CBA mice. Tumors took and were from 
then on propagated when fuliy developed, Le. at intervals of 2-3 weeks, into 
new CBA mice by trypsinizing fragmented sareoma and injecting 5 X 106 

tumor eelis subeutaneously. In vivo propagation was sueeessful for sareoma 
HR (stopped after 18 passages) but only partially so for tumor VL (lost after 
10 passages). The targets used in the PAR test were freshly trypsinized 
tumor eelis and, oeeasionally, tumor fibroblasts grown in tissue eultures. For 
mixed eultures (of whieh PAR-eontaining supematant was taken and pro­
eessed as deseribed) 107 aggressor node or spleen eells were eoeultured with 
2 to 4 X 106 freshly trypsinized and washed tumor eelis or with approximately 
106 washed fibroblasts under eonditions otherwise identieal to those mentioned 
earlier for the eoeultivation of lymphoid eells. 

A first series of experiments was designed to test whether spleen eelis 
from normaI and from tumor-bearing CBA miee would reeognize freshly 
trypsinized or cultured CBA tumor eelis as foreign and to what extent this 
reeognition would differ, quantitatively, from that of H-2 different trans­
plantation antigens determined in the same experiments. The resuIts are 
summarized in Table 18. They revealed that lymphoid eells from normal CBA 
and C57BL/6 miee reeognized both CBA sareoma (HR and VL) to a degree 
that was not too different from that resulting from an interaction with alio­
geneic antigens. Variations in the amount of PAR determined were to be 
expeeted, beeause culture time was fixed at 7 h, a time whieh might have been 
optimal for some but suboptimal for other eombinations. No attempts were 
made in these experiments to determine optimal eultivation periods. In eon­
trast to tumor tissue lymphoid eelis from normal CBA mice eultivated with 
syngeneie embryo or kidney fibroblasts were not able to form PAR, whereas 
similar eells from C57BL/6 mice were. 
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Table 18. Reeognition of CBA TSTA and of H-2 mouse transplantation antigens by 
normal CBA and C57BL/6 lymphoid eells and by lymphoid eells from tumor-bearing 

CBAmiee 

Mixed eell eultures 

aggressors targets 
(node+spleen eelis from) 

, 
Normal CBA / normal C57BL/6 (CBA xC57BL/6)Fl node 

+ spleen eells 
Normal CBA / normal C57BL/6 CBA HR tumor fibroblasts 
Normal CBA / normal C57BL/6 CBA VL tumor fibroblasts 
Normal CBA / normal C57BL/6 CBA HR tumor trypsinized 
Normal CBA / normal C57BL/6 CBA VL tumor trypsinized 
Normal CBA / normal C57BL/6 CBA embryo fibroblasts 
Normal CBA / normal C57BL/6 CBA kidney fibroblasts 

HR tumor-bearing CBA (CBA XC57BL/6)Fl node 
+ spleen eelis 

HR tumor-bearing CBA CBA HR tumor trypsinized 

VL tumor-bearing CBA (CBA XC57BL/6)Fl node 
+ spleen eells 

VL tumor-bearing CBA CBA VL tumor trypsinized 

Cultivation was for 7 h. 

PAR±SE 
(X 10& PMN eelis/ 
skin reaction) 

5.59±O.18/5.43±O.33 

3.83 ±O.24 / 1.63 ±O.08 
4.29±O.32/3.64±O.27 
2.78±O.29/3.94±O.61 
6.66±O.12/6.48±O.34 
O.12±O.06 / 4.39±0.42 
O.06±O.05 /2.65±O.22 

6.17±O.25 

2.87±O.20 

5.24±O.25 

6.54±O.29 

Lymphoid cells from eBA mice bearing both types of tumors were capable 
not only of recognizing allogeneic transplantation antigens (e5 7BLj6) but also 
of recognizing TSTA on syngeneic tumor cells. 

It is thus obvious that the success of tumor growth is not due to lack of 
antigenic recognition on the part of the hosts' lymphoid cells, a condition for 
an immune attack, but to an agent blocking the recognition phase. As pointed 
out, enhancing serum is believed to be this inhibitory agent. While this is no 
longer debated, the question of where exactly enhancing sera act has been, 
until recently, an open one. Since the PAR assay can easily distinguish between 
agents acting on aggressors or targets, the problem of the site of action of 
these sera was studied. 

Eight eBA mice bearing large HR tumors (3rd in vivo passage) were 
exsanguinated. The serum was heat-inactivated, sterilized by Millipore­
filtration and was later used to treat aggressor or target spleen cells as indicated 
in Tables 19-21. 

It was first necessary to demonstrate that a serum with putative enhancing 
activity would not interfere with the recognition of allogeneic antigens. The 
data in Table 19 show that a serum from HR tumor-bearing eBA mice dis­
played neither anti-aggressor nor anti-target c~ll activity. In this respeet, the 
lack of anti-target eeli activity is particularly relevant for this showed that 
the serum contained no alloantibodies. The action of this serum was then 
investigated in cultures composed of aggressor spleen cells from norma! eBA 
micewhich were cocultivated with freshly trypsinized eBA HR target tumor 
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Table 19. Lack of aetivity of an enhancing serum on the reeognition of allogeneie antigens 

Mixed spleen eell eultures 

CBA agressars (CBAxC57BL/6)Fl 
targets 

Untreated untreated 

+ serum 1 :32 untreated 
+ serum 1 :64 untreated 
+ serum 1: 128 untreated 
+ serum 1 : 256 untreated 

Untreated + serum 1 :32 
Untreated + serum 1 :64 
Untreated + serum 1: 128 
Untreated + serum 1 :256 

Cultivation was for 4 h. 

% 
PAR 

100.00 

91.97 
119·34 
100.36 
136.86 

117·15 
104.20 
129.20 
119.34 

Table 20. Effeet of enhaneing serum on the reeognition of CBA TSTA by syngeneie CBA 
spleen eells 

Mixed eell eultures % 
PAR 

CBA aggressor CBA target 
spleen eells tumor eells 

Untreated untreated 100.00 

+ serum 1 :32 untreated 107.67 
+ serum 1 :64 untreated 83.63 
+ serum 1: 128 untreated 112·54 
+ serum 1 :256 untreated 102.06 

Untreated + serum 1 :32 0.00 
Untreated + serum 1 :64 1.77 
Untreated + serum 1: 128 0.00 
Untreated + serum 1 : 256 0.00 
Untreated + serum 1: 512 103.83 

Cultivation was for 7 h. Aggressor spleen eells were from normal CBA mice; targets 
were from the 17th in vivo passage of CBA tumor HR. 

eelis, representing TSTA. The results of these experiments (Table 20) indicated 
that the serum had no effeet on aggressors but bloeked what must have been 
TSTA up to a dilution of 1 :256 on tumor eelis. 

In a third type of experiment, a "semi-autoehthonous" reeognition system 
was attempted by employing as aggressors spleen eells from 5 eBA miee 
bearing eBA HR sareoma. These spleen eells were eultivated with freshly 
trypsinized eBA HR tumor eells. Tumor eells were from two of these 5 miee. 
For this reason, beeause pools of eelis were used, and beeause the enhancing 
serum employed was from a different group of eBA mice, these experiments 
were not truly autoehthonous. The results obtained (Table 21) were identieal 
to those of the syngeneie reeognition system (Table 20). 
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Table 21. Effeet of enhaneing serum on the reeognition of CBA TSTA by spleen eelis from 
tumor-bearing CBA mice in a .. semi-autoehthonous" reeognition system 

Mixed eeli eultures % 

Aggressors CBA target 
(spleen eelis from tumor eelis 
tumor-bearing 
CBA's) 

Untreated 

+ serum 1 :32 
+ serum 1:64 
+ serum 1: 128 
+ serum 1 : 256 

Untreated 
Untreated 
Untreated 
Untreated 
Untreated 

untreated 

untreated 
untreated 
untreated 
untreated 

+ serum 1:32 
+ serum 1:64 
+ serum 1: 128 
+ serum 1 :256 
- serum 1: 512 

PAR 

100.00 

118.92 
88.16 
86.79 
82.45 

0.00 
6.13 
0.00 
0.00 

66.49 

Cultivation was for 7 h. Aggressors and targets were from CBA miee of the 17th in vivo 
passage of CBA tumor RR. 

Table 22. Site of action of enhaneing serum in autoehthonous reeognition of TST A 

Mixed eeli eultures 

aggressor spleen+node eelis 

Celis from mouse 1 untreated 
Cells from mouse 1 +serum 1 : 32 
Cells from mouse 1 untreated 
Cells from mouse 1 untreated 

Cells from mouse 2 untreated 
Cells from mouse 2+serum 1: 32 
Cells from mouse 2 untreated 
Cells from mouse 2 untreated 

target tumor eells 

tumor from mouse 1 untreated 
tumor from mouse 1 untreated 
tumor from mouse 1 +serum 1 : 256 
tumor from mouse 1 +serum 1: 512 

tumor from mouse 2 untreated 
tumor from mouse 2 untreated 
tumor from mouse 2+serum 1 :256 
tumor from mouse 2+serum 1: 512 

% 
PAR 

100.00 
104.17 

17.46 
115.67 

100.00 
142.96 

2.25 
0.00 

Cultivation was for 7 h. Aggressor lymphoid eells, serum and target tumor eelis were 
from the 18th in vivo passage of CBA tumor RR. 

In alast series of experiments truly autoehthonous reeognition was aehieved 
in so-called "one-mouse experiments". For this two eBA miee bearing HR 
sarcoma were ehosen. Eaeh mouse was first exsanguinated to obtain enhancing 
serum (which was heat-inaetivated), the tumor was excised, trypsinized and 
washed and used as a souree of target eelis, and finaliy a suspension of node 
and spleen eelis from this individual was prepared and employed as aggressor 
eelis. The results obtained (Table 22), though q1rlte c1ear-cut, suffer from the 
limited number of serum dilutions which, for teehnieal reasons, eould be 
tested. The results show eorrespondenee to the syngeneie and "semi-auto­
ehthonous" reeognition systems and indicate that the serum of a tumor-
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bearing antitnal most likely prevents reaetion of lymphoid eelis against TSTA 
by shielding these latter antigens. 

5.2. Transplantation Tolerance 

One possibility of elueidating the mechanisms by whieh toleranee of trans­
plantation antigens is induced and maintained is afforded by the system of 
toleranee abolition. This is achieved by the adoptive transfer of normal 
lymphoid eelIs syngeneie to the tolerant animaI or by that of syngeneie eelIs 
sensitized to the tolerated transplantation antigens (BILLINGHAM et al., 1956, 
1963; GOWANS et al., 1963). Experiments on toleranee abolition have led to 
the concept of "central fallure of the immune system", a term indicating 
that toleranee affects central immune mechanisms which can be regenerated 
to normal function by the transfer of nontolerant eelIs. However, this only 
eircumseribes the faet that onee it is indueed, toleranee is maintained over 
extended periods of time, but does not give insight into the mechanisms by 
which toleranee is funetioning. Sinee it can be assumed that new stern eelIs 
are constantly being formed in tolerant animaIs, the critical question appears 
to be: by what mechanism are novel eelis dealt with or, in other words, what 
mechanism or agent signals virgin eelIs to remain neutral to the tolerogen 
and not to become responsive to it? There is indeed ample opportunity for 
these eelIs to become reaetive, for animals rendered tolerant by the neonatal 
injeetion of histoineompatible lymphoid eelis are eelIular ehimeras (BILLING­
HAM and SILVERS, 1971). That this stimulus does not lead to responsiveness 
and, therefore, to spontaneous loss of toleranee, suggests that some regulatory 
agent is involved. 

Recently, HELLsTRöM et al. (1971) demonstrated in the serum of mice 
tolerant of transplantation antigens a regulatory faetor, claimed to prevent 
normal reactivity of lymphoid eelis of tolerant miee against tolerated antigens. 
Lymphoid eelis of animals A tolerant of B eould be shown to react immuno-
10gicalIy in an in vitro eytotoxie test against target fibroblasts of strain B, 
but falled to do so in the presenee of serum from animaIs A tolerant of B. 
Serum from normal A and B mice laeked blocking faetor, and normal A and B 
lymphoid eelis falled to show activity in presenee or absenee of normal or 
tolerant serum. The blocking aetivity of tolerant serum was speeific, for 
serum from animaIs A tolerant of B eould not be substituted by serum from 
mice B tolerant of A. Lymphoid eelis and serum were from Iniee CBA tolerant 
of A and from A mice tolerant of CBA. Toleranee induction was by neonatal 
injeetions of 5 Xi 07 (A X CBA)FI spleen eelIs and Iniee were used when tolerant 
of 1-2 months of age. 

As to the nature of this serum faetor, no firm eommitment is made. It 
was, however, considered unlikely that ir represented soluble transplantation 
antigens eapable of binding to otherwise reaetive eelIs. There is no information 
as to whether this aetivity addressed itself to responding lymphoid eelIs or to 
the target tissue. On ground of analogy to other systems it is, however, assumed 
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that this blocking component is enhaneing antibody (HELLSTRÖM and HELL­
STRÖM, 1970; ALLISON, 1971). As such it would interfere with antigenie 
reeognition by lymphoid eells of tolerant animals by eoating tolerated antigens. 
It is, finally, not quite clear why a bloeking serum activity eould be removed 
from eells by simple washing. For serum aetivities inhibiting antigenie reeogni­
tion, the experience has been that they stick firmly to their antigens. 

The problem of maintenanee of transplantation toleranee was approaehed 
by employing the experimental tools provided by previous experiments. These 
have shown that the PAR assay system is eapable of deteeting and distinguish­
ing serum activities direeted against target eells (the enhaneing serum aetivity) 
from those against eellular reeeptars (the anti-RS aetivity). 

The question of whether or not toleranee of transplantation antigens was 
maintained by a serum faetor was tested by the effeet adoptive transfer of 
syngeneic lymphoid eells had on test graf ts and on aetivities deteetable in the 
serum. The basie idea was that the state of toleranee might result from an 
equilibrium delieately maintained by some regulatory agent. The system eould 
be pushed out of balanee by eonfronting tolerant animals with a greater 
number than usual of responding eells. It was considered likely that, in eon­
trast to the findings of HELLSTRÖM et al. (1971), miee tolerant of transplanta­
tion antigens do not reveal this agent in their serum, but might do this after 
they have been foreed to produee mare of it when ehallenged with syngeneie 
lymphoid eells. 

For this study (RAMSEIER, 1972) 30 CBA miee tolerant of A were available. 
All animals were injected within 24 h of birth with 107 (A X CBA)Fl spleen 
eells intravenously and were ehallenged, when about 2 months of age, with 
full-thiekness A strain skin grafts. Individuals used bore healthy A test graf ts 
with luxurlous fur. Graf ts were of rather large size, ranging between 8 X 12 mm 
and 20 X 27 mm. Tolerant animals are referred to as steady-state and of long 
standing beeause, after toleranee induetion and test grafting, miee had been 
left untreated for 327 to 616 days. 

To deeide whether a serum faetor was instrumental in maintenanee of 
toleranee, steady-state tolerant miee were bled in groups of 10, 6, 6, and 8 and 
serum pools were prepared. These sera were tested for an anti-reeeptor aetivity 
and for an anti-transplantation antigen aetivity. Ii anti-reeeptor aetivity was 
the responsible regulator, the aetivity to be expeeted was against reeeptars 
for A antigens, i.e. anti-CBA RS(A). Ii, on the other hand, shielding of 
tolerated transplantation antigens was the meehanism by whieh toleranee was 
secured, an enhancing serum component of speeiiicity CBA anti-A might have 
been found. When tested, none of these aetivities were revealed at dilutions of 
1 :16,1 :32 or higher. 

This finding is not in aeeordanee to that of HELLSTRÖM et al. (1971) but 
perhaps refleets the outeome of a demand and supply system. Passibly, ii 
steady-state tolerant mice formed a regulatory serum faetor it was produeed 
in low amounts beeause the demand was equally low. This would be eompatible 
with the view that suecessful maintenanee of toleranee involved produetian 
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Group No. CBA mice 
tolerant of A 

A 7 
6 
6 

B 6 

6 

C 6 

D 5 
3 

all 8 
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Table 23. Challenge of steady-state CBA miee tolerant of A 

Days toler. 

449-546 

532 

440-506 

} 488-531 

Challenge inoeulum 
(Lymphoid eelIs from) 

200 X 106 CBA spleen 
+ 20 X 106 CBA anti-A spleen 
+100 X 106 CBA anti-A node+spleen 

20 X 106 CBA anti-A node+spleen 

+ 150 X 106 CBA anti-A node +spleen 

100 X 100 CBA anti-A node 

20 X 106 CBA node 
not immunized 

+100 X 106 CBA anti-A node 

of just enough inhibitory substanee to prevent new stern eelis from beeoming 
reaetiveo 

An exeess of this inhibitor might be evoked by eonfronting tolerant mice 
with an inereased demand, i.e. in the ease of eBA miee tolerant of A with 
mare responsive eBA eelIs. This was attempted in thrusts of inereasing severity 
with the aim of breaking toleranee by adoptive transfer of syngeneie eelis. 
The data of these experiments are summarized in Table 23. 

In a first test, 7 eBA mice tolerant of A (group A of Table 23) were eaeh 
given intraperitonealIy 2 X 108 spleen eelIs from normal eBA miee. Quite un­
expeetedly this did not lead to abolition of toleranee within the observation 
period of 40 days, although test grafts of 2 mice passed through minor rejeetion 
crises. Testing of the serum pool of these mice after this onslought revealed 
an anti-eBA RS(A) titer of 1: 1024 and a eBA anti-A titer of 1: 64. Forty 
days after the first ehalIenge of normal eBA eelIs, 6 of these tolerant miee 
were reehalienged with 2 X 107 spleen eelIs from eBA mice sensitized to A 
transplantation antigens by skin grafting. No graft rejeetion oeeurred. Another 
30 days later these same mice were ehalIenged a third time with 10S eBA 
anti-A node and spleen eelis eaeh, a proeedure that again failed in breaking 
toleranee. Both ehalienges with sensitized eelIs resulted in ehanges of serum 
aetivities: the anti-RS titer feli eonsiderably whereas the allaantibody titer 
of the same sera rose markedly. 

Employing a second group of miee (group B of Table 23) 6 steady-state 
tolerant miee were ehallenged eaeh with "2 X 107 sensitized spleen and node 
eelIs. Within the observation period of 33 days, 2 mice falled to rejeet the A 
test grafts, 2 mice rejeeted parts of the grafts (resulting in 25 % and 50 % 

reduetion in graft size) and 2 test graf ts showed profaund rejeetion crises. 



Antibodies to Receptors Recognizing Histocompatibility Antigens 67 

of long standing with syngeneic lymphoid eelis 

Rejection of A graf ts Bled days Serum activities 
and observation (days) after chali. 

anti-CBA CBA anti-A 
RS(A) 

none, few crisis (40) 39 1:1024 1:64 
none (30) 29 1: 128 1 :256 
none (3:63, 3:101) 32 1:32 1: 1024 

2:none 
} (33) 

32 1: 1024 1:64 
2:partly 32 1 :256 1 :256 
2: crisis + healing 32 1:32 1 :64 
none (68) 61 1:32 1:512 

4:days 7-10 14 <1:16 1 :256 
2:not complete (14) 14 1 :64 1 :256 

none 14 1: 1024 1:16 
none 
.5 immunized:none (38) 14 1 :256 1: 512 
3 not immunized:days 8,9 14 <1 :16 1:512 

When bled separately, the serum pool of miee that falled to rejeet showed 
anti-RS and alloantibody titers similar to the serum of group A. Serum pools 
of the 4 animals in whieh rejeetion was ineomplete or involved only pacts 
of the large A test graf ts displayed eomparatively lower anti-RS titers and 
similar or higher alloantibody titers than miee of group A. When on day 
33 these 6 miee were reehallenged with 15üX1o& sensitized eBA spleen and 
node eelis, no graft rejeetion was observed during a period of 68 days. The 
serum pool of thesemiee revealed a low (1 :32) anti-RS titer but a substantial 
(1: 512) alIoantibody titer. 

Toleranee eould be abolished in a third group of steady-state tolerant mice 
when the first ehallenge was with 10& sensitized eelis. Group e (Table 23) 
entalled 6 tolerant miee of whieh 4 showed eomplete and 2 ineomplete (about 
25 %) rejeetion of A test grafts. Two serum pools were prepared. That from 
miee whieh had rejeeted eompletely did not display anti-reeeptor antibodies 
whereas that from animals whieh rejeeted ineompletely showed a titer of 1 : 64. 
Both sera had, however, identical alloantibody titers (1 :256). 

From these experiments it appeared likely that anti-reeeptor antibodies 
were probably more closely associated with maintenanee of transplantation 
toleranee than were alloantibodies. To test this, the effeet of "immunization" 
of tolerant mice with moderate doses of normal syngeneic eelis on the outeome 
of ehallenge with a dose of sensitized eelis sueeessful in abolishing toleranee 
was investigated. If anti-reeeptor antibodies were responsible for maintenanee 
of toleranee, then it was considered possible that this immunization would 
provoke formation of enough anti-RS antibodies to proteet tolerant miee 
from the toleranee-breaking effeet of sensitized eelis. 

A group of 8 eBA mice tolerant of A was employed (group D in Table 23). 
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Five of these miee were injeeted eaeh with 2 X 107 CBA node eelis and 3 miee 
were left untreated. Two weeks later a serum pool from the immunized sub­
group was prepared and tested and displayed 1: 1024 anti-CBA RS(A) anti­
bodies and only 1: 16 CBA anti-A alloantibodies. The serum of the non­
immunized tolerant miee was not tested beeause a pool of preimmunization 
serum from ali 8 miee laeked both aetivities. Eighteen days after immunization, 
all 8 CBA mice tolerant of A were ehallenged eaeh with id' CBA anti-A node 
eelis. None of the 5 immunized tolerant miee rejeeted their A test graf ts but 
all 3 nonimmunized animals lost graf ts on days 8 and 9. Pools of sera from 
the 2 subgroups were prepared and tested for anti-RS -antibodies and for 
alloantibodies. Irrespeetive of whether toleranee was broken or not, the sera 
showed identieal titers for alloantibody CBA anti-A. However, a clear differ­
enee revealed itself with respeet to anti-CBA RS(A) antibodies. None (less 
than 1 : 16) eould be found in the serum of miee that had lost toleranee, but 
substantial aetivity (1 :256) was found in the serum of immunized miee. 

It has been shown (Table 2) that spleen eelis from CBA mice tolerant of 
A failed to reeognize A transplantation antigens on (AxCBA)FI target spleen 
eelis. To test the reeognition potential of mice that sueeessfully defended 
toleranee, presumably as a eonsequenee of immunization, individual suspen­
sions of spleen eelis from 4 of these miee were prepared and were eultivated 
with (A X CBA) FI target eells for 7 h. The response of these eells was compared 
to that of spleen eelis taken from eaeh of 4 miee (from group C of Table 23) 
in which toleranee was broken due to the adoptive transfer of id' CBA anti-A 
node eelis. N one of the spleen eelis from immunized mice reeognized A trans­
plantation antigens, aresult also obtained with spleen eelis from 2 steady­
state CBA miee tolerant of A for 616 days. On the other hand, the spleens 
of all 4 miee in which toleranee was broken eontained eelis eapable of reeog­
nizing A antigens. The amount of P AR formed was eomparable to that result­
ing from eultivations of spleen eelis from normal CBA miee with similar target 
eelis. 

These results point to an aetive role for anti-reeeptor antibodies in main­
tenanee of transplantation toleranee, but leave that of alloantibodies in a 
somewhat enigmatie position. That no anti-reeeptor aetivity (and also no 
alloantibody aetivity) was deteetable in the serum of steady-state tolerant 
miee, is presumably beeause whatever was formed was immediately used up 
by spontaneously emerging responsive eells. Introdueing into tolerant hosts 
greater than normal quantities of reeeptor-bearing eells tended to bring the 
delicate equilibrium between emergenee of responsive eelis and neutralization of 
their reeeptors out of balanee. Hosts now responded with the formation of 
great amounts of anti-reeeptor antibodies, the exeess of whieh eould be found 
in the serum. 

What eelis formed anti-reeeptor antibodies? As pointed out earlier, only 
eelis laeking the reeeptors in question ean form antibodies (RAMSEIER and 
LINDENMANN, 1969, 1971 b, e, 1972b). For CBA miee tolerant of A this eeli 
population very likely was the (A X CBA)FI spleen eeli inoeulum (and its 
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deseendants) whieh originally eonferred toleranee of A. It should be borne in 
mind that in toleranee induetion newborn miee are, in general, injeeted with 
107 or more FI spleen eells, a eomparatively high dose of eells whieh, further­
more, doeument their eontinued presenee by the faet that tolerant miee are 
eellular ehimeras. Whether or not some of the tolerant animals' own lymphoid 
eells had permanently lost reeeptors for A transplantation antigens and would 
thus have been eapable of forming anti-RS(A) antibodies eannot be dedded. 
In steady-state tolerant mice of long standing this might be a possibility. 
That FI hybrid spleen eells injeeted even into nontolerant parental strain mice 
ean form substantial amounts of anti-RS antibodies has reeently been shown 
(RAMSEIER, unpublished) and dispelled doubts about the ehimerie eell popula­
tion's ability to form anti-reeeptor antibodies. 

Onee these anti-RS antibodies had been formed, further attempts to break 
toleranee by sensitized syngeneie eells were futile. The effeet of ehallenge with 
sensitized eells was a deerease in the anti-RS titer of tolerant hosts. Several 
reasons appear to aeeount for this. Sensitized eells are eytotoxie (WILSON, 
1965; BRUNNER et al., 1966; PERLMANN and HOLM, 1969; GOLSTEIN et al., 
1971) and this property direets itself to the FI population of tolerant ehimeras; 
they are known to possess more reeeptors than do normal eells (RAMSEIER and 
LINDENMANN, unpublished) and their humoral produet, alloantibody, has 
been shown to neutralize anti-reeeptor antibodies (RAMSEIER and LINDEN­
MANN, 1972a, b). 

Inerease, rather than deerease of aetivity has been found for alloantibody 
titers in the sera of tolerant mice ehallenged with eells already aetive in 
forming this aetivity. This indieated that tolerant hosts had no need for 
alloantibodies to maintain toleranee. Indeed, an aetivity pattern revealing 
direet partidpation of these antibodies has not beeome apparent. The role 
played by alloantibodies is thus far from clearo To relegate these antibodies 
into a domain of aeddental presenee affords, however, little eomfort. It should 
be pointed out that the interrelationship of alloantibodies and anti-reeeptor 
antibodies is eomplex and eertainly not fully understoodo The mutual neu­
tralization of these serum aetivities (RAMSEIER and LINDENMANN, 1972a) and 
the possibility of employing alloantibodies as antigens in the induetion of anti­
reeeptor antibodies (Table 13) (RAMSEIER and LINDENMANN, 1971 d) are ex­
amples of this eomplexity. 

The aetive role of anti-reeeptor antibodies in maintenanee of toleranee 
appears to be neutralization of reeeptors for transplantation antigens. This 
was indieated by ehallenge experiments but was probably best illustrated by 
experiments on reeognition. Challenge experiments revealed that toleranee 
eould only be broken when tolerant mice lacking enough anti-RS antibodies 
were eonfronted with sensitized eells. These mC)st like1y killed the potential 
anti-RS antibody-forming eell population. When, for various reasons, tolerant 
animaIs eommanded enough anti-reeeptor antibodies, toleranee eould not be 
broken. Reeognition responses indieated that immunized tolerant miee ap­
peared to have neutralized reeeptors of the sensitized inoeulum. Had this not 
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been the case, recognition due to sensitized celis of the syngeneic challenge 
inoculum settling in the spleen would have resulted. A response due to sen­
sitized cells was not found. On the other hand, the response of spleen celis 
from mice in which tolerance of formerly tolerated antigens was broken could 
not be distinguished from that of normal animals. This suggested that in 
tolerance-abolished animals recognition was not due to sensitized celis from 
the challenge inoculum but could be ascribed to celis from the host which had 
retumed to normal reactivity. 

On the whole, these experiments led to an interpretation of induction and 
maintenance of transplantation tolerance which differs from classical views 
(BILLINGHAM et al., 1956; GOWANS and MCGREGOR, 1965; DRESSER and 
MITCHISON, 1968; BILLINGHAM and SILVERS, 1971). It also differs from that 
given by HELLSTRÖM et al. (1971). Rather than considering transplantation 
tolerance as a "central fallure of the immune system, caused by altering 
the properties of immunologically competent celis in such a way that a 
restricted range of reactivity is deleted" (DRESSER and MITCHISON, 1968; 
BILLINGHAM et al., 1956), the results accumulated favor a "peripheral fallure". 
In contrast to HELLSTRÖM et al., who advocate a mechanism of "efferent 
peripheral fallure" in the sense that tolerant mice have normally reactive 
lymphoid celis which are, however, prevented from reacting against tolerated 
antigens because these are shielded by enhancing antibodies, a mechanism of 
" afferent" interference with receptors of reactive celis has been revealed here. 
Normal reactivity of host lymphocytes to tolerated antigens appears to be 
blocked by antibodies directed against recognition structures. 

A mechanism of this sort might also apply to induction of transplantation 
tolerance. Whereas it was never disputed that the FI hybrid celi population 
introduced into newborn animals the antigens to be tolerated, a second func­
tion of this celi population appears to be formation of anti-receptor antibodies. 
With these, the few responsive celis existing in newborn animals (GOWLAND, 

1965) are prevented from reacting against the simultaneously introduced 
transplantation antigens. That not all newborn mice injected with Fl spleen 
celis become tolerant is the experience of all who have attempted it. While 
technical factors might play a role in this, it appears also likely that in some 
animals the tolerance-conferring inoculum was more successful that in others. 
Early loss of tolerance, also a common experience, could possibly be explained 
by an escape from the action of anti-receptor antibodies of responding lymphoid 
celis emerging from a stern celi reservoir. 

6. Perspectives 
Three major problems beset the central theme of this review. One was 

whether the test system used, the PAR assay, was to hold what it appeared 
to promise, the second problem was whether what has been found in vitro 
would have any relevance to in vivo conditions, and the third problem was 
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whether reeognition resulting in P AR was a phenomenon involving T or B 
eelis. 

The eredibility of what has been found with the PAR assay would be 
enhaneed significantly if a test system totally independent of it were to 
reveal similar results. Reeently, BINZ and LINDENMANN (1972) attempted this 
by measuring the uptake of radioactively-Iabeled rat anti-reeeptor antibodies 
by lymphoid eelis earrying eorresponding reeeptors. For this, rat anti-RS sera 
provoked by the injeetion of alloantisera (raised by rejeetion of histoineompa­
tible skin grafts) were employed. From these anti-alloantisera (= anti-RS 
sera) IgG was prepared and iodinated. 12õI-anti-RS(A) IgG was found to be 
fixed by lymphoid eelis earrying RS(A) but not by those lacking RS(A). 
Although nonspecifie baekground binding was present, a 4 to 18-folddifferenee 
in uptake doeumented preferential binding. These studies also eonfirmed one 
of the basie ideas on anti-RS antibody formation (RAMSEIER and LINDEN­
MANN, 1969, 1971 b, e, d), namely that (AxB)Fllymphoid eelis are eapable 
of producing anti-RS(A) and anti-RS(B) antibodies beeause they lack RS(A) 
and RS(B). Thus, anti-RS(A) antibodies fixed to equallow degrees to A and 
to (A X B)Fllymphoid eelis [both lacking RS(A)], whereas C eelis fixed 5 times 
greater amounts. On the other hand, an anti-RS(C) antibody was bound to A 
eelis and to (A x B)FI eelis, beeause both possessed RS(C) but was not taken 
up by C lymphoid eells, whieh laeked RS for their own antigens. These and 
other experiments, showing supporting evidenee, leave little doubt that anti­
reeeptor antibodies a) are loealized in the IgG fraction of serum proteins, b) 
ean be elicited by alloantibodies representing RS and e) are preferentially 
bound to eelis possessing eorresponding RS but not to eelis lacking these 
reeeptors, although earrying reeeptors for other transplantation antigens. 
Furthermore, the analogy of binding resuIts to those obtained by the PAR 
assay was revealed by eoneomitant determinations of uptake and PAR titers 
of the anti-RS sera used. 

The second problem about anti-RS antibodies is whether or not these 
antibodies have any in vivo aetivity. Already early in this study it was realized 
that if these antisera inhibited in vivo antigenie reeognition, this would be of 
far-reaehing elinieal eonsequenees. The major advantage these antisera seemed 
to offer was specific suppression of the immune response to a particuIar set of 
antigens, while leaving responses to all other antigens uninhibited (RAMSEIER, 
1970b; RAMSEIER and LINDENMANN, 1971 b). It was, at the same time, realized 
that immunosuppression by anti-RS antibodies might not be easy, parti­
euIarly sinee these antisera did not appear to be eytotoxie (DAVIES, 1971). 
Nothing is known about the binding forees between anti-RS antibodies and 
RS, and even if this association should turn out to be strong, there is stiil the 
possibility that RS-anti-RS eomplexes might be shed by eelis. That such eelis 
are quiek in replacing reeeptors is indieated by-experiments of ASHMAN (pers. 
comm.) and also by the trypsin experiments referred to earlier. These latter 
experiments (Chapter 2) gave a clear warning, for they demonstrated that an 
impressive in vitro inhibition falled to show an in vivo correlate. To what 
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extent the paar medium used throughout these in vitro experiments contri­
buted to the failure of cells to regenerate blocked receptors cannot be decided, 
but it is possible that the use of mare sophisticated media and longer culturing 
might result in resynthesis of receptors. Perhaps failure to demonstrate anti­
RS antibody activity in mixed leukocyte cultures (FISCHER-LINDAHL, pers. 
comm.; LARNER, pers. comm.) is due to shedding of RS-anti-RS complexes 
and to rapid replacement of receptors. Thus mixed leukocyte culture reactions 
appear to be closer to the in vivo conditions than is the PAR assay. Results 
abtained by the former technique suggest that escape from the inhibitory 
aetion of but a few cells might severely counteraet suppression. 

Despite gloomy prospeets, the action of murine anti-RS antibodies on the 
rejection of H-2 incompatible skin graf ts was tested. Antisera were injeeted 
in a manner similar to that employed for anti-Iymphocyte sera (RAMSEIER, 
1970a). The first attempt was encouraging. Skin from A mice grafted on 
untreated or on CBA hosts treated with normal (A X CBA)FI serum were 
rejected normally (11-12 days). Of 7 CBA mice, however, treated with a serum 
(Ax CBA)FI anti-CBA RS(A) (PAR titer of 1: 512) of which 0.2 mI were given 
subcutaneously on days +1, +3 and + 5, only 4 rejeeted normally. Graf ts 
of the remaining 3 mice did not impress by their healthy appearance, but 
could also not be considered rejeeted. A comparison of these graf ts for 439 days 
(when the experiment was terminated) with sears clearly visible on the chests 
of companian mice which had rejected, on the one hand, and with A skin 
graf ts on CBA mice tolerant of A, on the other, revealed a truly intermediate 
status. Although presence of A skin could not be denied, only a few long 
hairs grew on these grafts. Two more similar attempts with this strain combina­
tion, involving 6 and 9 CBA hosts (given 0.5 mI anti-RS serum on days +2 
and +5 or 0.1 mI on days -1, 0, +1 to +5) were completely unsuccessful. 
So were also three attempts in which A skin was grafted on a total of 50 C57BLj6 
mice. In these tests various injeetion schedules and also intravenous rather 
than subcutaneous injections were tried. A last test of this series again entailed 
grafting of A skin on CBA mice and on CBA mice lightly irradiated (100r) 
on the day of grafting. The anti-CBA RS(A) serum [provoked in (A X CBA)FI 
mice as ascitic fluidsJ employed had an exceptionally high anti-RS titer of 
1 : 8192. The serum was injected subcutaneously in doses of 0.2 mI either 
undiluted or diluted 1 :10 on days +1, +3 and +5. Normal rejection was 
observed in all groups, irrespective of whether hosts were irradiated or not 
and received undiluted or diluted serum, except for a group of 10 irradiated 
CBA mice which received undiluted anti-RS serum: Six mice rejeeted normally, 
in one mouse rejection was obvious by day 155 but in 3 CBA mice the A test 
graf ts were stiil present on day 266 when the experiment was terminated. 
The graf ts on these mice passed through rej ectian crises on days 13 to 15, 
characterized by the formation of thin, serous crusts which, however, dis­
appeared after a few days. At no time could any of these graf ts be qualified 
as excellent; only a few hairs or none at all were visible (RAMSEIER, un­
published). 
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Having made this experience, it eame as no surprise that DAVIES (1971) 
presented experiments on the aetivity of anti-reeeptor antisera to prolong H-2 
ineompatible skin graf ts whieh, though promising, were only partially sue­
eessful. 

There ean be little doubt that attempts at prolonging survival of strongly 
ineompatible skin graf ts are highly ambitious undertakings: anti-RS antisera 
are given passively and, most importantly, they have to neutralize reeeptors 
on all immunoeompetent eelis an adult mouse ean muster. 

That in less ambitious situations an in vivo effeet of anti-RS antibodies 
ean be demonstrated has been shown in experiments on toleranee. In tolerant 
hosts, neutralization of reeeptors appeared to have been possible whenever 
eomparatively few eelis earrying reeeptors had been introdueed. Moreover, 
due to their ehimerie eeli population tolerant hosts had their own anti-RS 
antibody-forming maehinery. 

An immunologieal test model which is also more modest than prevention 
of skin graft rejeetion and whieh also, eventually, solicits support from the 
host, is inhibition of lethal graft-versus-host reaetions by anti-RS antibodies. 
Reeently, JOLLER (1972) deseribed the fate of (C57BL/6xA)Flmieeneonatally 
injeeted with 2 X 106 C57BL/6 spleen eelis. When parental donor eelis were 
untreated 12.5 % of newborns survived. When, on the other hand, C57BL/6 
eelis were treated before intravenous injeetion with 1: 8 anti-C57BL/6 RS(A) 
antiserum 56 % of newborn hosts survived. Most importantly, when untreated 
or with anti-C57BL/6 RS(A)-treated C57BL/6 spleen eelis were injected into 
noneorresponding hosts of genetic constitution (CBA X C57BL/6) FI, survival 
was low (3.6 % for hosts reeeiving untreated and 7.7 % for hosts reeeiving 
anti-RS-treated eelis). This strongly indieated that the protective effeet of 
anti-RS antisera was speeifie and that this in vivo speeifieity was identieal to 
that found in vitro (see Table 15, lines 9 and 10). 

Although seemingly straightforward, this system is a highly eomplex one, 
for aggressor eelis, most probably only temporarily suppressed, find themselves 
in a rapidly growing host, which also rapidly strives to gain immunoeompe­
tenee. During this process hosts beeame eapable of forming their own anti-RS 
antibodies of proper speeifieity. This enabled them to neutralize newly synthe­
sized donor eeli reeeptors. The issue death or survival thus appears to depend 
on the outeome of a race between host and donor lymphoid eelis. 

Another model to doeument inhibition of reeeptors for transplantation 
antigens by anti-RS antisera is blocking of loeal manifestations of a graft­
versus-host reaetion, for which the lymph node weight assay of FORD et al. 
(1970) reeommended itself. In this test, parental strain rat spleen eelIs are 
injeeted into the footpads of adult FI hybrid rats. This leads to an enlargement 
of the popletial node within 7 days. In work in progress, Dr. S. ZAKARIAN has 
been able to demonstrate that immunization of (A X B)FI rat hosts with 
moderate doses (1-5 X 106) of, say, A spleen eelis [earrying RS(B)] or with 
alloantiserum A anti-B, representing RS(B), markedly redueed the size of 
nodes when immunized hosts were ehallenged with 107 A spleen eelis. At 
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times nodes from immunized rats eould not be distinguished, in weight, from 
those of FI rats not ehallenged at all. However, there was fluetuation in 
degrees of suppression. This again probably refleets the outeome of a dynamie 
interaetion between blocking and resynthesis of reeeptors. 

On the whole, the experiments of J OLLER and ZAKARIAN suggest that anti­
reeeptor antibodies do aet in vivo, provided the system is not overburdened. 
This, of eourse, is only a beginning. Rather than utilizing the blocking effeet 
of anti-RS sera directly, it eould be used as a vehicle for highly seleetive 
targeting of aetive eompounds. It is usually easier to produee puneh than to 
deliver it seleetively. As far as seleetivity is eoneemed, it will be diffieult to 
improve on anti-RS antibodies. 

A third problem of major importanee is the question of whether reeognition 
of antigens resulting in PAR formation is aehieved by thymus-dependent (T) 
or by thymus-independent (B) eells. 

Reeently, a few lines of evidenee favoring T eelIs as the eell type involved 
in the reeognition process have been reviewed (RAMSEIER and LINDENMANN, 
1972b) . These do not, however, establish the T-eell eharaeter of the pheno­
menon byond doubt. The problem is now under further investigation. Results 
obtained so far (RAMSEIER, unpublished) do not eontradiet the assumption 
that reeognition is aehieved by reeeptors on TeelIs. Thus, A strain mouse 
thymus eelIs injeeted into normal or lethally irradiated adult (A X B)Fl hybrid 
hosts failed to provoke formation of anti-A RS(B) antibodies, whereas similar 
eelIs edueated by a 5-day sojoum in the spleens of 850 r irradiated (A X B)FI 
hosts did so upon injeetion into normal (A X B)FI miee. However, such edueated 
A thymus eelIs treated with anti-S antiserum and complement when injeeted 
into normal (A X B)Fl hosts failed to incite deteetable levels of anti-A RS(B) 
antibodies, presumably beeause TeelIs earrying RS(B) were removed from the 
inoculum. 

Should further experiments eonfirm conclusively that the reeognition of 
transplantation antigens resulting in PAR formation is a property of T cells, 
rather than of B eelIs, then the following eonclusion might be drawn: sinee 
reeeptors present on these TeelIs eannot be distinguished antigenicalIy in the 
experiments reported from reeognition struetures present in the antigen­
combining region of alIoantiserum immunoglobulin moleeules, produced by 
B eelIs, the former might be structurally very similar to the latter. This would 
imply that the funetionally important moiety of the T eelI receptor resides 
in the variable regions of an immunoglobulin molecule. 
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I. Introduction 
Bacterial sex factors and conjugation have supplied the topies for many 

review articles and the value of yet another one may be questioned. However, 
the last few years have seen many new developments in this area such that a 
more informed approach to the problem is now possible. In addition, it seems 
worthwhile, at this point, to subject what has been done to a critical analysis 

1 Max-Planck-Institut für Biologie, 7400 Tübingen, CorrensstraBe 38, West Germany. 
Present address: Max-Planck-Institut für Molekulare Genetik, Abt. Trautner, 1000 Ber­
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and point out severallogieal predietions and shortcomings. In order to reduee 
the length of this review to a manageable size, I willlargely ignore the large 
body of information so adequately reviewed in the past except where it is of 
direet interest to my topic and instead, wherever possible, will refer the 
interested reader to the appropriate review(s). 

A. Nomendatrue 

The nomenelature proposed by DEMEREC et al. (1966) and speeified, most 
reeently, by TAYLOR (1970) has gained wide acceptanee among baeterial 
genetieists. Briefly, this nomenelature recommends that eaeh baeterial strain 
be given a unique designation by a code of one or two letters folIowed by a 
number, e.g. M178 or JC3273. The phenotypic properties of these strains may 
then be referred to by symbols such as Abc+ or Abc-, for possession or lack of 
any one phenotypic property. Eaeh mutation carried by the strain should, 
once reeognized, be assigned a unique designation such as pmq-n. Onee pmq-n 
has been genetically assigned to a eistron it may then be referred to by pmqXn. 
The dstron itself may be referred to as pmqX and the genotype of the strain 
as pmq+ or pmq-. 

A similar nomenelature has been proposed for baeterial sex factor mutants 
(ACHTMAN et al., 1971). Aceording to this system each sex factor mutant 
(andjor reeombinant) should be uniquely designated by a series of four letters 
folIowed by a number, e.g. the Flac mutant, JCFL18. The genotypic and 
phenotypic deseription of the mutant sex faetors are then exaetly as for 
baeteria,e.g. JC663 0 is a strain earrying JCFL18 and the eells are Tra-(transfer­
deficient) as a resuIt of the JCFL18-eneoded transfer mutation traE18. 

Unfortunately no eomprehensive system of nomenelature for sex faetors of 
different origin has yet been proposed. I wilI use the unpublished system of 
ADELBERG and Low for different F and F' elements and wilI refer to resistanee 
transfer faetors and eolicinogenic faetors by the names currently in use. The 
sex faetors mentioned in this artiele are listed in Table 1. 

B. PreIiminary Discussion 

The following operational definitions are offered for preliminary orientation 
and will be appropriately refereneed and amplified in subsequent seetions. 

Replieation and segregation: The replieation and segregation maehinery of 
male cells carrying F1 (or an F prime element) is effieient enough that usualIy 
more than 99 % of the eelIs in a culture grown from a single eolony still earry 
F1 (or the F prime element). Oeeasionally F- eells are found; these will be 
referred to as eured eelIs. Mutations inereasing the frequeney of eured eelIs 
may be episomal or ehromosomal and might affeet replieation, segregation, or 
both (NOVICK, 1969). 

Conjugational DNA transfer: This is most easily demonstrated in matings 
between F prime earrying eelIs and F- eelIs where selection may be imposed 
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Table 1. Designations and a few properties of sex faetors often referred to in the text 

Sex Seleetable Transfer Comments Referenee'" 
faetor properties ability 

F1 noneb high originaI F-faetor ADELBERG and BURNS (1960) 
F2 noneb high originaI F-prime ADELBERG and BURNS (1960) 

faetor 
F8 Gal+ high earries nadA+, HIROTA and SNEATH (1961) 

aroG+c 
F13 Lae+ high earries PhoA+, HIROTA and SNEATH (1961) 

PhoR+, tsx+, purE+ 
F42 Lae+ high JACOB and ADELBERG (1959) 
F57 His+ high ACHTMAN et al. (1972) 
F450 Gal+ high earries bio+, FREIFELDER et al. (1971) 

att", uvrf3+ 
R100 TetR repressed NISHIMURA et al. (1967) 
ColI none b repressed prototype I-like FREDERICQ (1965) 

sex faetor 

a The referenees given are in all eases to a usable definition of these sex faetors whieh in 
some eases also eoincide with the originaI definition. 
b F1, F2 and ColI have no identifiable properties that may be used for the seleetion of 
eelis that have reeeived them. However, sueh eelIs may be identified as ehromosomal 
DNA donors (for F1 or F2) or as produeers of eolicin I (for ColI). In addition, F2 has 
homology with part of the E. coli ehromosome sueh that pro+ is transferred early in eonju­
gation from an (F2)+ donor. 
e SHARPetal. (1972). 

for eelis which stiil earry genetic markers eharacteristic of the F- parent but 
whieh have also inherited ehromosomal genes loeated on the F prime element. 
For example F42 transfer to Lae- StrR eells may be measured by assaying 
the number of Lae+ [StrR J 2 eelis present after termination of the mating. The 
transfer efficiency is at least 100 % per donor celi in 30 minutes under the 
appropriate eonditions. Transfer-deficient (or Tra-) mutants transfer quanti­
tatively less efficiently, some of them as poorly as ~ 10-8 of the normal 
efficiency. 

Hfr: Hfr eells are geneticaliy defined as eelis whieh transfer baeterial 
ehromosome with a defined sequenee in eonjugation and which transfer the 
eomplete F faetor only very late in eonjugation after a eopy of ali the baeterial 
DNA has been transferred. Because of the ineompatibility phenomenon (see 
below) they are assumed to carry no autonomous F DNA and it is assumed 
that in Hfr eelis replieation of F DNA is usualiy under ehromosomal eontrol. 
On the basis of genetic evidenee, CAMPBELL (1962) suggested that ehromosomal 
integration of F1 to give Hfr strains (see Fig. 1) oeeurred by a single re­
eombinational event between the chromosomal cirele and the F eirele to give 
one larger cirele. SCAIFE (1967) amplified this model, also on the basis of 
genetie evidenee, to explain F prime formation from Hfr strains by a second 

2 Lae+ [StrR] is an abbreviated form for referring to progeny elones which have main­
tained the StrR properties of the recipient eelIs and have also reeeived lac+ alleles from 
the donor eelIs. 
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recombinational event leading to excision. Re postulated two types of excision 
events. One, called type I, gives rise to F prime elements lacking some F 
DNA and carrying chromosomal DNA formerly located on one side of the 
integrated F factor. The other, called type II, gives rise to F prime element s 
containing all the primeval F DNA and also carrying chromosomal DNA 
formerly located on both sides of the integrated F factor. 

Surface exclusion: male eelis are poor recipients in conjugation. If we 
perform paralleI matings between an Rfr donor and exponential phase cultures 
of either an (F42)+ or an F- recipient, the number of recombinants generated 
in the former mating is usually approximately 300fold less than in the latter 
mating. This poor recipient ability, called surface exclusion, is also manifested 
against F transfer from F+ eelIs. Surface exclusion may be removed by physio­
logical means to yield phenocopy Sex- (surface exclusion deficient) cultures. 
Surface exclusion is a different phenomenon from incompatibility (see below) 
although the two have often mistakenly been discussed together. 

Incompatibility: eelIs carrying two closely related sex factors, such as 
two F prime elements, have only a transitory existence and yield daughter 
eelIs carrying onlyone or the other. The one clear exception is when sex 
factors are integrated into the chromosome to form a double male strain. 

Female-specific phage restriction and male-specific phage sensitivity: a 
number of bacteriophages give lower efficiencies of plating on male strains 
than on female strains. With most of these, the difference is onlyabout 
100fold but the plaques formed on the male strains are much smaller and 
more irregular than those formed on female strains. In addition, male strains 
are usually sensitive to male-specific bacteriophages to which female strains 
are resistant. Male-specific phage sensitivity is related to the absolute require­
ment for F-pili in their adsorption and this topic will be dealt with in the 
section on conjugational DNA transfer. 

The above properties are manifested by the F factor and by its related F 
prime and Rfr derivatives. It is not clear that all other sex factors manifest 
the same properties. There are at least quantitative differences in replication 
control, incompatibility, and surface exclusion between F and various R fac­
tors. Furthermore, the mechanism of the F type of female-specific phage 
restriction seerns to be unique; in cases where (R)+ eelIs give a lowered effi­
ciency of plaque formation, this has been attributed to a different mechanism, 
that of the restrictionjmodification system (see BOYER, 1971). It is thus clear 
that information gain ed with one sex factor cannot be automatically applied 
to any other. R factors and Col factors also show additional properties. R fac­
tors carry dominant alleles for resistance to certain antibiotics and Col factors 
encode genes for colicin(s) production and immunity against the colicin(s) 
produced. A discussion of these properties is outside the purview of this article 
and the interested reader is referred to -the review articles by W ATANABE 

(1971), and NOMURA (1967). 
Transfer repression: most sex factors other than F promote rather in­

efficient conjugational DNA transfer (usually about 200 to 500fold poorer 
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than that of F). This is often true only of established cultures and more 
efficient transfer is observed with cultures which have only recently received 
the sex factor. Although the mechanism involved is not yet understood, I will 
use the convention of NISHIMURA et al. (1967) and refer to this phenomenon 
as transfer repression and to the agent responsible as the transfer repressor. 
Since F itself is sensitive to transfer repression by certain Rand Col factors, 
this topic is of relevance to F genetics and will also be discussed in this review. 

ll. Physical Studies on Sex Factor DNA 
A number of different laboratories have now performed measurements of 

the contour length (electron microscopic) of covalently-dosed DNA cirdes 
isolated from sex factor-containing eelis. These measurements are in very good 
agreement with each other and lead to an estimate of molecular weight for F1 
DNA. However, before discussing these results, I would like to remind the 
reader that the exact relationship of contour length to molecular weight is 
still undear (LANG, 1970; FREIFELDER, 1970) and that the exact molecular 
weight of Ä DNA which has been used as a standard for these measurements 
is also still under discussion (FREIFELDER, 1970). Thus the molecular weight 
estimates may be inaccurate by as much as five to ten percent. The reader 
interested in comparative studies of sex factor and plasmid DNA is referred 
to the recent review by HELlNSKI and CLEWELL (1971) and I wiIl restrict 
myself primarily to F1 and related F prime elements. 

FREIFELDER et al. (1971) have shown convincingly that covalent cireles 
may be isolated from established cultures of (F450)+ eelis and that these are 
n~t artefacts of the isolation process. If anything, most procedures involved 
in DNA isolation are likelier to disrupt covalent cireles than to generate them. 
Since covalent cirdes have also been isolated from (F42)+ eelis (FREIFELDER, 
1968a), and from mating cultures of (F1)+ and (F2)+ cells (FREIFELDER, 
1968b), it is safe to conelude that F factor DNA exists at least occasionaliy 
as covalently-elosed circular molecules. It is not known what proportion of 
the intracellular F DNA is in the covalently elosed circular state and what 
proportion is linear but it is possible to make a rough estimate from the data 
to hand. FREIFELDER (1968a, 1968c) showed that 0.5 to 2.5 % of the DNA 
from (F42)+ eelis could be recovered in the form of covalently-elosed cireles. 
VAPNEK et al. (1971) showed that 1.7% of the DNA from (F1)+ eelis could 
be isolated in this form. Using the molecular weight estimate of 2.5 X 109 

daltons for the non-replicating bacterial chromosome supplied by COOPER and 
HELMsTETTER (1968) and the molecular weight estimates for F42 and F1 
DNA (see below) of 95 X 106 and 62 X 106 daltons, respectively, these values 
correspond to 0.1 to 0.7 molecules of F42 DNA and 0.7 molecules of F1 DNA 
per non-replicating chromosome. FRAME and BISHOP (1971) have shown that 
there are approximately 1.4 F8 DNA molecules per non-replicating chromo­
some in (F8)+ cells. Thus an appreciable fraction of intracellular F and F 
prime DNA is in the form of covalently elosed cireles. Although the biological 
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role of these cirdes is not known, FREIFELDER (1968a) has proposed the 
plausible idea that the covalent cireular DNA moleeules are moleeules tempo­
rally (sie) trapped between sueeessive replieation rounds by the processes of 
DNA isolation. 

KLINE and HELINSKI (1971) have been able to isolate F1 DNA in the 
form of a supereoiled cirde eomplexed with cellular material. As this may be 
an intermediate in replieation, it is of great interest. The complex ean be 
indueed to relax to an open cireular form by treatment with proteases, alkali, 
or sodium dodeeyl sulphate, treatments whieh will not nick eovalently dosed 
cirdes. This implies that proteins and perhaps lipids are present in the complex. 
The open eireular duplex so generated eonsists of one cireular single strand 
and of one linear single strand. These eorrespond respectively to the light 
and heavy strands found upon equilibrium centrifugation in CsCI gradients 
containing poly (U, G). (See HELINSKI and CLEWELL, 1971 for a diseussion of 
similar relaxation complexes found with other extraehromosomal elements.) 

A number of laboratories have measured the eontour length of F1 DNA 
cirdes and all report a value of approximately 30 Il eorresponding to approxi­
mately 62 X 106 daltons (KLINE and HELINSKI, 1971; VAPNEK et al., 1971; 
SHARP et al., 1972; MAAs, W. K., personal communication). The eriticism may 
be leveled against some of these estimates that they were obtained from 
preparations of eovalently-dosed cirdes obtained after ethidium bromide CsCI 
centrifugation which FREIFELDER (1971) has shown ean inerease molecular 
lengths by up to 27 %. However the extensive dialysis used by some of these 
authors and the fact that V APNEK et al. (1971) did not use ethidium bromide 
in their DNA isolation proeedures argues against this eriticism. It is therefore 
all the more remarkable that earlier moleeular weight estimates by FREIFELDER 
(1968b) based upon the eonversion of covalently-dosed cirdes to nieked cirdes 
after X-ray irradiation gave moleeular weight estimates approximately 30 % 
lower. The new size estimates are large enough to allow space for 100 or more 
cistrons on F 1. 

As diseussed above (see p. 81 and Fig. 1) a model for F prime formation 
has been presented by SCAIFE (1967). The model had previously been supported 
by genetic evidenee that at least one F prime element (F13) was of type II 
sinee it contained ehromosomal DNA from both sides of the integrated F fae­
tor in the parental Hfr strain (BRoDA et al., 1964; SCAIFE and PEKHOV, 1964). 
Further support came from genetie evidenee that some eured derivatives of 
Hfr strains stilI eontained homology with F and therefore presumably stilI 
eontained some integrated F DNA (ADELBERG and BURNs, 1960; RICHTER, 
1961). This result is as expected of type I excision events (Fig.1). These 
models for F prime formation have been given support from physical experi­
ments by SHARP et al. (1972). These authors performed eleetron mieroseopic 
studies on heteroduplex moleeules formed -by eo-renaturation of denatured F1 
and F prime DNA. The eontour length measurements of the native DNA 
moleeules lead to moleeular weight estimates of 62 X 106 daltons for F1, 
78 X 106 daltons for F8, and 114 X 106 daltons for F 450. The data presented 
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Fig. 1. Model for the formation of Hfr's and F-primes. 10 specific points, A through ], 
are depicted on F and four specific points, a through d, on the bacterial chromosome. 
Integration to give the Hfr strain occurs by a single reciprocal recombination between 
FE and bc. Excision can occur by a single reciprocal recombination event at the same 
site to yield F and chromosome again or between HG and the chromosome to the left of 
a to give a type I F-prime or between two sites on the chromosome, one to the left of. 
a and the second to the right of d, to give a type II F-prime. Type I F-primes lack some 
F DNA while type II F-primes do not. The figure is redrawn from SCAIFE (1967) and 

this model was first proposed there 

may also be used to calculate a molecular weight of approximately 95 Xi 06 

daltons for F42. Furthermore, each of these F prime DNA's could be shown 
to be lacking some of the F1 DNA and may be considered to be type I F prime 
elements. The DNA lost is not known to affect any biological functions (see 
p. 105 for a discussion of physical mapping). 

The size of various R factors which can act as sex factors has also been 
measured by similar techniques and all are roughly similar in size to each 
other and to F1, approximately 50-70 X 106 daltons (COHEN and MILLER, 1970; 
HAAPALA and FALKOW, 1971; NISIOKA et al., 1969, 1970; SILVER and FALKOW, 
1970; VAPNEK et al., 1971). The meaning of these size determinations is 



86 M. ACHTMAN: 

somewhat complicated because in some hosts (discussed in more detail on 
p. 91), some R factors dissociate into at least two smalier replicons (ROWND 
and MICKEL, 1971; NISIOKA et al., 1970). One of these replicons is probably 
the sex factor itself while the other replicones) earries markers for antibiotie 
resistanee (COHEN and MILLER, 1970a, 1970b; HAAPALA and FALKOW, 1971). 

It is of interest to note that the DNA of Col factors Co1E1, Co1E2, and 
ColE3, which are not sex factors, but whieh are transferred very efficiently 
from sex factor-containing eelis, is mueh smaller than that of F1, on the order 
of 5 X 106 daltons (BAZARAL and HELINSKI, 1968 a) although molecules of 
dimer and trimer length have been report ed (BAZARAL and HELINSKI, 1968b). 

III. Physiological and Genetic Studies on Incompatibility 
and Replication 

It was originaliy observed that it was very difficult to introduee an F 
prime element stably into an Hfr cell (SCAIFE and GROSS, 1962; MAAS and 
MAAS, 1962; MAAS, 1963) even under conditions where the F prime element 
presumably entered the Hfr cells. It was equaliy difficult to isolate eells 
carrying two different autonomous F prime elements (SCAIFE and GROSS, 
1962; ECHOLS, 1963); instead, the temporary heterozygotes formed seemed to 
segregate pure clones earrying onlyone or the other F prime. In F13 X F13 
crosses (where one F13 element was lac- and the other pho-; ECHOLS, 1963) 
and F 57 X F 42 crosses (ACHTMAN, 1969) there seems to be no real preferenee 
for which F prime element is segregated to daughter cells. However, F8 is 
different in that eelis carrying F8 and F13 segregate only (F8)+ daughter eells 
regardIess of whether F8 was introduced into an (F13)+ cell or F13 into an 
(F8)+ cell (ECHOLS, 1963). Perhaps this is due to the F DNA missing in F8 
(SHARP et al., 1972; see page 106). 

Later work (DUBNAU and MAAS, 1968) has shown that when an F prime 
element (F42) is introduced into an Rfr cell, the superinfeeting element seems 
to be prevented from replieation and instead is diluted by unilinear inheritance 
during growth of the culture. The lac+ alleles on the F42 element are occasion­
aliy stably inherited either through recombination with the chromosome to 
give homozygotic lac+ cells or by chromosomal integration of the F prime 
element to give a double male strain (MAAS and GOLDSCHMIDT, 1969). Double 
male strains, whieh earry two integrated F factors are quite stable (CLARK, 
1963). Apparent exceptions to incompatibility where eells seemed to carry 
both F8 and F42 autonomously or where Rfr cells seemed to carry F42 auto­
nomously (CUZIN and JACOB, 1967b) have been shown to be artefacts and to 
be due to a high frequency of double male cells in the population (MAAS and 
GOLDSCHMIDT, 1969). In fact, it is possible to reduce drastically the number 
of such pseudo-exceptions to incompatibility by using RecA- hosts (DUBNAU 
and MAAS, 1968). 

Another escape from incompatibility in RecA - strains has also been 
described (PRESS et al., 1971), namely fusion of two autonomous F prime 
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Fig. 2. Electron micrograph of covalently closed circular DNA from an F'trp+ arg+ 
fusion F-prime. The contour length of this F-prime is 3911-, intermediate between the 
contour lengths of the two parental F-primes, F'trp+ (59 11-) and F'arg+ (31 11-) (MAAS, W. K, 

personal communication). The photograph is the generous gift of W. K. MAAS 

elements into one autonomous F prime element carrying at least some of the 
chromosomal DNA carried previously by both. In one eas e an F' element 
carrying trp+ and att80+ was fused with a different F' element carrying 
metB+ metF+ ppc+ argE+ argC+ argB+ and argH+. The contour length of DNA 
cirdes of the F'trp element is 59 fL and that of the F'arg+ element, 31 fL. The 
contour length of four F'trp+ arg+ elements was 39 fL, 39 fL, 63 fL, and 69 fL 
(MAAS, personal communication). An electron micrograph of DNA from one 
of the 39 fL fusion F' elements is shown in Fig. 2. 

The incompatibility phenomenon is largely responsible for the present 
primitive state of F genetics since any complementation analysis depends on 
being able to use at least partially diploid cells carrying two copies of the 
cistrons under analysis. The double male carrying two integrated sex factors, 
does not supply the answer to this problem because such cells are technically 
difficult to select and because it is uncertain whether both sex factors are 
expressed at the same time (CLARK, A. J., personal communication). The same 
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objection applies to fusion F' elements since it is not obvious without much 
complicated work whether these carry all the F cistrons of both F factors. 
This problem of incompatibility is not as severe for R factors where a low 
frequency of intrachromosomal integration and an apparently lessened effi­
ciency of incompatibility has allowed the maintenance of eelIs carrying both 
R factors un der conditions of constant selection for the presence of both 
(HOAR, 1970). However, here as weIl, the criticism may be levied that the 
state of expression of the various R factor encoded cistrons in the artificially 
maintained R(R heterozygote cells is not known. 

It would simplify F genetics considerably if incompatibility mutants could 
be isolated, allowing free coexistence of two autonomous F elements in the 
same eelI. This has not yet been accomplished. However, PALCHOUDHURY and 
IYER (1971) have report ed stable maintenance of two F prime elements in a 
chromosomal temperature-sensitive replication mutant of E. Gali. This ex­
citing finding has not yet been subjected to the stringent test devised by 
MAAS and GOLDSCHMIDT (1969), i.e. the demonstration that the two F elements 
are compatible in a RecA- derivative of the same strain. Therefore, it is still 
possible that the apparent compatibility seen by PALCHOUDHURY and IYER 
(1971) is due to chromosomal integration. 

A different approach has been used in an attempt to isolate mutants of F 
that are incompatibility-deficient. MAAS and GOLDSCHMIDT (1969) have 
reported the isolation of a RecA- Hfr mutant which allows the establishment 
of an autonomous F42 element. The integrated F factor in this mutant had 
apparently lost its transfer and replication functions (MAAS, W. K, personal 
communication) and it seems likely that the mutant carries a large deletion, 
del.eting most of its F DNA. Since, in general, deletion mutations are less 
frequent than single point mutations in any one cistron but more frequent 
than point mutations in two separate cistrons and since such Hfr deletion 
mutants are the most commonly isolated type of incompatibility mutants 
(MAAS, W. K, personal communication), it seems likely that F carries at least 
two cistrons whose gene products are involved in incompatibility. A different 
type of Hfr mutant has also been isolated (DE VRIES, ]. and MAAS, W. K, 
personal communication) which does not seem to be mutated in its transfer 
or replication cistrons since transfer- and replication-proficient F primes can 
be selected from the mutant. Genetic analysis indicated that the incompati­
bility mutation is linked to the integrated F factor in the mutant Hfr strain. 
However this does not prove that the incompatibility mutation is on the F 
factor rather than on the chromosome. It has not yet been possible to demon­
strate any impairment of incompatibility with F prime elements derived from 
this mutant. Despite these reservations it seems likely that the incompati­
bility mutations in this mutant and in the other type described above are 
located on the F DNA and therefore that F carries some incompatibility 
cistrons. 

Incompatibility between sex factors has been used as a dassification device 
on the basis that any incompatible sex factors must be dosely related (N OVICK, 



Genetics of the F Sex Factor in Enterobacteriaceae 89 

1969). Thus F elements and the Col factors CoIV2 and CoIV3 are incompatible 
and fall into one incompatibility group (MACFARREN and CLOWES, 1967; KAH N 
and HELINSKI, 1964). However, these three sex factors can be arranged 
hierarchically in that cells transiently carrying both CoIV2 and an F element 
retain CoIV2 preferentially while cells transiently carrying both CoIV3 and an 
F element retain the F element preferentially (MACFARREN and CLOWES, 1967). 

A. Replication-Control ModeIs 

The molecular mechanism of incompatibility is not knoWll. However, the 
two major models presented for control of replication have also included 
mechanisms which account for incompatibility. Both depend on the concept 
of replicons (JACOB and BRENNER, 1963) which may be defined as autonomous 
and physically discrete genetic element s with some self control of replication. 
Thus the bacterial chromosome and the various sex factors are all examples 
of replicons. In the membrane-attachment model (JACOB et al., 1963), replica­
tion is controlled by there being only a limited number of membrane attach­
ment sites to which the replicons must be attached for replication to occur. 
A segregation unit consists of a region of the membrane with one attachment 
site for each compatible replicon and upon division of the segregation unit, 
the attachment sites and the replicons both divide. Incompatibility is ex­
plained on the basis that two incompatible replicons both require the same 
attachment site for division and therefore cannot both replicate at the same 
time. Thus, one of them will always pass to onlyone daughter cell and so be 
diluted out of the population. It is not clear why in an Hfr cell the integrated 
F element should be under the replication control of the chromosome but 
still manifest incompatibility and this apparent paradox is probably the 
strongest argument against invoking an attachment site model to explain 
ineompatibility. In other words, even though attachment sites may be 
necessary for replieation, it seems unlikely that a limited number of attach­
ment sites can explain all the various manifestations of incompatibility. 

The second replication-eontrol model is by PRITCHARD et al. (1969), who 
pointed out that a mechanism is neeessary in order to specify when each new 
replication round should begin. They postulated the existenee of an inhibitor 
of the initiation of replication which is active at one concentration but becomes 
inaetive at a twofold lower concentration and allows a new replication round 
to begin. The inhibitor is encoded by a gene which is transcribed immediately 
after the initiation of replieation, such that eaeh initiation event produees 
enough inhibitor to inhibit any subsequent initiation events until the inhibitor 
is once more diluted twofold· by cell growth. If the ratio of F primes to 
chromosome reaehed two to one, twice as much F replication inhibitor would 
be made and two mass doublings (during which the F elements segregate) 
would be needed to dilute the F replication inhibitor enough to allow a new 
F replication round. Thus incompatibility would be explained on a random 
segregation of sex factors with no bias towards the preexisting one. This model 
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is not at odds with a type of membrane attachment site model since membrane 
attachment sites could still be involved in segregation of repllcated elements. 

Replleatian of F prime elements may be arrested either by the use of 
temperature-sensitive mutant F primes (CUZIN and JACOB, 1967d) or by the 
use of acridine dyes such as acridine orange (HIROTA, 1960). The mechanism 
of the replleatian arrest by these two means is not elear and in fact it is even 
possible that some of the temperature-sensitive mutant F primes are defective 
in segregation rather than replleatian (NOVICK, 1969). However, both these 
techniques have now been used to show that when replleatian is arrested, 
the pre-existent F prime DNA molecules segregate strictly together with the 
chromosomal DNA with which they were associated and not with any chromo­
somalDNAsynthesized thereafter (CUZIN and JACOB, 1967a; HOHN and KORN, 
1969). This is strong evidence for an association of biological significance 
between autonamaus replicons and may most easily be interpreted by the 
membrane site attachment model. However, these results do not necessarily 
imply that there is as strong an association between normally repllcating F 
elements and chromasarne since what is true of F DNA whose replleatian has 
been blocked may not apply to normally repllcating DNA. In fact, it may 
be relevant to point out here that if the attachment site model is correct then 
it must still be formulated so as to allow relatively open competitian for the 
newly-formed attachment sites between any two F prime elements. This 
conelusian derives from the observation that up to 20 % of heterozygote eelis 
carrying F57 and F42 can segregate, at the first division, pure elones containing 
only the superinfecting F prime element (ACHTMAN, 1969). The desired ex­
periment to resolve this question is to pulse label chromasarne and F element 
in some manner and then determine whether the pulse-Iabeled elements 
separate in subsequent replication acts. 

Evidence is beginning to accumulate concerning the timing of F replicatian 
in the eeli cycle. The fact that there seem to be about two copies of F DNA 
per replicating chromasarne (FRAME and BISHOP, 1971) can be interpreted to 
mean that F may initiate replleatian about the same time as the chromasarne 
but finish its replication round earlier because of its much smaller size. 
However, ZEUTHEN and PATO (1971) have shown that F42 replicates about 
one-half to two-thirds of the way through the cell-division cycle regardless 
of growth rate and its replication is therefore sometimes initiated at times 
different from those at which that of the chromasarne is initiated. This in turn 
implles that chromasarne and F-factor replleatian are initiated by different 
types of "signals" and argues against the validity of the cell mass-linked 
negative control model of PRITCHARD et al. (1969) described above. 

B. Replleation of Other Plasmids 

ColE1 DNA synthesis continues during amino acid starvatian conditions 
which inhibit chromosomal and F DNA synthesis (BAZARAL and HELINSKI, 
1970) suggesting that its replication is controlled differently from that of F. 
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It also seems likely that the replieation eontrol of F is different from that of 
at least some R factors as dedueed from their behaviour in Proteus mirabilis. 
This eonclusion is only tentative as I know of no eomparative studies between 
F and R factors. It has been reported that P. mirabilis eells earrying an Flac 
deletion mutant of F13 or carrying a ColV element in the same incompatibility 
group as F contain approximately one sex factor DNA moleeule per chromo­
some (FALKOW and CITARELLA, 1965; HICKSON et aL, 1967), as is the ease in 
E.coli. The situation with R faetors is much more complicated (see ROWND 
et aL, 1971, for a general model of R replieation). Often the R faetor de­
eomposes into at least two replieons (ROWND and MICKEL, 1971; NISIOKA et aL, 
1970) one of which is the sex factor (COHEN and MILLER, 1970a, 1970b; 
HAAPALA and FALKOW, 1971). Thus we should reallyonly compare the be­
haviour of the sex factor replieon itself with that of F. This has only been 
determined in one case that I know of where it was estimated that there were 
three to five eopies of the sex faetor per ehromosome (HAAPALA and FALKOW, 
1971). The eomplete undissociated R factor is present in numbers of approxi­
mately ten copies per ehromosome during exponential phase (ROWND et al., 
1966). These ten replieate by a "relaxed eontrol" meehanism where the 
moleeule chosen for any one replieation round is chosen at random from all 
the existing moleeules although there is a defined number of rounds of repli­
eation per eell-division eycle (ROWND, 1969). The eontrol is relaxed even more 
during growth into stationary phase such that the number of R DNA mole­
eules per ehromosome reaehes approximately 20 but regains its former level 
onee more, upon restoration of the eelIs to exponential growth (KASAMATSU 
and ROWND, 1970). 

The situation with other plasmids may be different stilI. NOVICK and 
BRODSKY (1972) have shown that after transduetion, Staphylococcus peni­
eillinase plasmids eommenee replieation before their stable establishment and 
segregation. This situation is exaggerated even more upon transduetion of a 
plasmid into a eeli containing an ineompatible plasmid. Replieation begins 
within 3 generations but eells stably earrying the superinfecting plasmid are 
not segregated till several generations later. On quantitative grounds, NOVICK 
and BRODSKY (1972) have been able to exclude explanations based upon the 
membrane attaehment site model, or any other model that links replieation 
and segregation as an explanation for ineompatibility. 

c. Replication-Deficient Mutants 

CUZIN and JACOB (1967d) have reported the isolation of six temperature­
sensitive mutants of F42 whieh are eured with variable efficiencies upon 
incubation of the host eells at 42°C (Table 2) but which are relatively stable in 
cells grown at 30°C. As NOVICK (1969) has pointed out, it is not clearwhether 
these mutants affeet replication, segregation, or both, sinee mutations in 
either process will result in elevated euring. However, these six mutants have 
generally been accepted at faee value as temperature-sensitive replication-
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Table 2. Properties of temperature-sensitive F42 mutantsa 

Mutantb (F')+ after Transfer 
4 generations e efficiency<! 

F ts1061ac 80 % ..;; 10-2 % 
FtsU51ac 70 % 22 % 
Ftsuiac 45 % 44 % 
Fts1081ac 20% 11% 
Fts621ac 5% 1% 
Fts1131ac 5% 1% 

a From data reported by CUZIN and JACOB (1967d). 
b The mutants are designated as originally described. They are all derived from F42. 
e Percentage Lac+ elones in the population after growth for four generations at 42°C as 
as percentage of the percentage of Lac+ elones in the inoculum. A mutant totally 
incapable of replication should yield a theoretical value of 6 % under these conditions. 
d Transfer efficiency in 60 min matings at 37° as corrected for the average transfer 
efficiency of (F42)+ cells (90%) under the same conditions. 

deficient mutants. As shown in Table 2, two of the mutants show no signs of 
replicationjsegregation at 42°C (Fts62lac and Fts113lac); both of these also show 
a marked transfer inefficiency. The other mutants, except one, do show some 
residual replicationjsegregation at the nonpermissive temperature and also 
transfer more efficiently. As described on p. 94, F has two forms of replication, 
vegetative and transfer replication. Possibly some enzymes are common to 
both types of replication and the phenotypes in Table 2 might be due to 
mutations affecting both replication and transfer simultaneously. However, 
they might also be due to the fact that even a non-Ieaky replication-deficient 
mutant would always show some replication via transfer. Selection for clean 
mutants would then seleet the rare mutants with separate mutations in both 
replication and in transfer. This latter possibility seems most likely for mutants 
such as Fts62lac since CUZIN (discussion after CUZIN et al., 1967) has shown 
that the transfer-deficiency of this mutant is not temperature-sensitive and 
WILLETTS and ACHTMAN (1972) have shown that Fts62lac carries a traG­
mutation (see below). 

The primary conclusion from these arguments is that replicationjsegregation 
should always be measured under conditions where transfer replication cannot 
occur. In fact, it is even possible that Fts1a6lac does not carry any replication 
mutation but is only a transfer mutant. When Tra- mutants carrying mutations 
in any of the tra cistrons are grown at 42°C they sometimes give elevated 
numbers of F- segregants although they are completely stable at 37°C (ACHT­
MAN and FINNEGAN, unpublished results). This is confirmed by the recent 
report that some F prime carrying strains undergo extensive curing upon 
growth at 42°C under conditions of low cell concentrations where DNA 
transfer is a rare event (STADLER and ADELBERG, 1972). Most likely either 
replication or segregation of F is normally not as efficient at 42°C as at lower 
temperatures. 
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IV. Chemical Studies on Conjugational DNA Transfer 
An immense amount of work has been devoted to elucidating the meeha­

nism and properties of DNA transfer, most of whieh was performed in attempts 
to resolve whether DNA transfer ean proeeed in the absenee of DNA replieation. 
The answer to this question is still uncIear and I refer any interested readers 
to the reviews by CURTISS (1969) and BRINTON (1971) for a summary of this 
evidenee. I will not discuss it at ali here and in this seetion I will deal pri­
marily with the nature of the DNA whieh is transferred. 

The experiments of GROSS and CARO (1965, 1966) and of PTASHNE (1965) 
demonstrated that onlyone strand of DNA preexistent before the beginning 
of the mating was transferred from the donor to the recipient eelis. These 
authors assumed at the time that the other strand of the duplex was syn­
thesized in the donor eeli during the transfer event. It now seems cIear instead 
that only that pre-existent strand is transferred and that it is then eonverted 
to the duplex form in the recipient while the other strand remains in the 
donor where it too is eonverted to the duplex form. This was first indieated 
by the finding that the DNA isolated from minieelis whieh had been used as 
recipients in bacterial matings was largely single-stranded (COHEN et al., 
1968a, 1968b) as if single-stranded DNA were being transferred whieh eould 
then not be restored to duplex form in the minieelIs. Similar eoncIusions may 
be drawn from experiments which showed that onlyone labeled strand of Ä 

phage is physieally reeoverable from recipients after mating with labeled, 
Älysogenie donors (Rupp and IHLER, 1968; IHLER and Rupp, 1969; OHKI and 
TOMIZAWA, 1968) and from results whieh showed that onlyone strand is 
genetically reeoverable after mating (BONHOEFFER and VIELMETTER, 1968; 
VIELMETTER et al., 1968). Furthermore it has been demonstrated that the end 
of the Ä strand transferred first is always the 5' end (OHKI and TOMIZAWA, 
1968; Rupp and IHLER, 1968) regardless of the orientation of the F factor. 
Similar evidenee for single-stranded DNA transfer was provided by studies 
measuring transfer of F DNA itself (VAPNEK and Rupp, 1970). 

An altemative possible explanation of the above results involving selective 
destruetion of one strand after transfer of a duplex has been largely ruled out 
by experiments showing that donor eelis labeled before mating in both DNA 
strands, do actually retain one of the labeled strands during eonjugation 
(VAPNEK and Rupp, 1970). Thus one old strand is transferred and one remains 
behind. This still does not eonvincingly prove that the DNA transferred is 
singlestranded as it is still possible that the DNA is replieated in the donor 
during the transfer act and then immediately degraded baek to the single 
strand form as it enters the recipient. No evidenee exists to support this 
niggling objeetion and I wilI assume the validity of the likelier possibility, that 
of single-stranded DNA transfer. A similar meehanism presumably involving 
single-strand transfer is also manifested by R faetors (V APNEK et al., 1971). 

The end results of a mating between an F prime eell and an F- eell is that 
the F prime has replieated onee, leaving one of the daughter replieas in the 
donor eeli and the other in the recipient eell. Thus, in a sense, sex factors have 
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two types of replleation, one similar to that of the baeterial ehromosome (and 
deseribed in seetion III) and the other mediated by eonjugational DNA 
transfer. It seems llkely on eonsideration of what is known about the pro­
perties of the two replleation systems that at least some of the enzymes 
involved are speeific for one or the other type of replleation, although at the 
moment none of the enzymes are known. The idea of speeifieity is bome out by 
the faet that mating proeeeds normally at high temperature in strains earrying 
a ehromosomal temperature-sensitive replleation mutation although vegeta­
tive replleation may be assumed to be inhibited (MARINUS and ADELBERG, 
1970). In addition, such mutants, when used as reeipients in matings, allow 
the transferred single strand to be eonverted to the duplex form and also to 
be eireularized to a eovalently-elosed eirele (VAPNEK and Rupp, 1971). 

It is not elear how mueh DNA is transferred during eonjugation, even 
when the only DNA transferred is that of the sex factor itself. MATSUBARA 
(1968) measured the length of F DNA shortly after its transfer into reeipient 
eelis. The DNA sedimented with an s value eorresponding to a moleeular 
weight of 100X106 daltons for F1 and 160X1OS daltons for F42. These 
numbers are approximately twice as large as the size estimates determined 
with eovalently-elosed eireles (see p.84). Similarly, ÜHKI and TOMIzAwA 
(1968) found that the DNA transferred in a mating between donors earrying 
an F gal (Ä)+ (in whieh Ä is integrated into the sex faetor) sedimented as a 
broad peak, part of whieh was equivalent to the moleeular weight of 18 Ä. DNA 
moleeules and part equivalent to 12 Ä DNA moleeules. They were able to 
ealculate by hybridization studies that the monomer length of their F gal(Ä.)+ 
was approximately 6 Ä. DNA equivalents and thus eoneluded that dimers and 
trimers were being observed. When these reeipient eells earrying dimer and 
trimer length moleeules were ineubated for one hour after the mating, the 
labeled DNA isolatable was ali roughly monomer length. Thus it is possible 
that more than a unit length of DNA may be transferred during mating, as 
also suggested by the genetie results of FULTON (1965). This is eonsistent with 
the possibility that eonjugational DNA transfer proeeeds aeeording to the 
rolling eirele model (GILBERT and DRESSLER, 1968). However, other inter­
pretations of the data are also possible (W. D. Rupp, personal communication) 
and it is not entirely exeluded that the size estimates were performed on 
eovalently elosed- and on nieked-monomer length eireles, whieh sediment 
rapidly enough that they might be mistaken for dimers and trimers. Thus 
more work must be done before we ean resolve the question of how mueh 
DNA is transferred. 

Another question that is eUITently reeeiving some attention is that of what 
happens to the transferred DNA. SHULL et al. (1971) have reported that F 
DNA transferred from F+ or Hfr eelis to F-_ minieells may be reeovered attaehed 
to the membrane of the minicelis. This preliminary observation fits with the 
mueh more detailed analysis performed by FALKOW et al. (1971) on the fate 
of replieating R factor DNA after transfer. (This may of eourse differ from 
the fate of F DNA sinee F and R faetors ean replleate differently; see p. 91.) 
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These authors found that the R factor DNA was bound as unit-Iength linear 
duplex DNA to the recipient celi membrane and was later found free in the 
cytoplasm, first as nicked cireles and then as covalently-elosed cireles. These 
results fit with the postulate by FREIFELDER (196Ba) that F exists as a 
covalently-elosed circular molecule between replication rounds. No evidence 
was found for greater than unit length molecules. 

v. F-Pili 

The molecular basis of conjugation is not understood; it is elear, however, 
that F-pili must somehow be involved. This conelusion derives directly from 
the observation by Ou and ANDERSON (1970) that DNA may be conjugation­
ally transferred in the absence of cell wall to cell wall contact between donor 
and recipient celis as observed in the light microscope. Similarly, BRINTON 
(1965) had reported that he could see mating pairs by light microscopy which 
seemed to be attached by an invisible thread (F-pili are too thin to be seen 
in the light microscope). Since the mating process is unaffected by the presence 
of high concentrations of DNase (BRINTON, 1965) these observations imply 
that DNA is transferred via some extracellular appendage and the only 
appendage known to be obligatory is the F-pilus (BRINTON et al., 1964). 
Furthermore, when F-pili are removed by blending, mating ability is lost and 
is quantitatively recovered with the same kinetics as is F-piliation (BRINTON, 
1965). The sensitivity to blending and the kinetics of reappearance of the other 
known extracellular appendages, type I-pili and flageliae, are different (No­
VOTNY et al., 1969). DNA transfer may be inhibited by treatment with male­
specific phages (KNOLLE, 1967; NOVOTNY et al., 1968; IpPEN and VALENTINE, 
1967) whose adsorption site is exelusively the F-pilus (see below). Thus F-pili 
are vitally involved in and absolutely necessary for conjugation (for a summary 
of further evidence see BRINTON, 1971 and CURTISS, 1969). 

However, it is also elear that the presence of F-pili as demonstrated by 
electron microscopic observations is not sufficient for conjugation. This con­
elusion derives from several different types of observations. For example, 
although Ou and ANDERSON (1970) did observe some DNA transfer in the 
absence of cell wall to cell wall contact, this was so in only a minority of cases 
and they did observe cell wall to cell wall contact in most cases where DNA 
transfer occurred. Furthermore, type I-pili are also required for efficient DNA 
transfer (MuLCZYK and DUGUID, 1966; MEYNELL and LAWN, 1967). BRINTON 
(1965) in his experiments on the kinetics of reappearance of transfer after blend­
ing would not have observed this since his bh'inding treatment did not remove 
type I-pili (NovOTNyet al., 1969). Finally, the regeneration of F-pili preceded 
the regeneration of donor ability when celis were blended and then chilied 
and washed in saline (BRINTON, 1965; see also CURTISS et al., 1969). In 
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summary, both type I-pili and eell-wall eontaet are implieated, in addition to 
F-pili, for efficient eonjugational transfer and no model for eonjugational 
transfer ean be based upon the properties of F-pili alane. 

Variaus models have been presented for the role of F-pili. BRINTON (1965) 
originally suggested that the F-pilus was a tube with an axial hale through 
which DNA was transported. Mare reeently (BRINTON, 1971), he has specified 
slightly different models in whieh he eoneeives of the F-pilus as two parallel 
ehains which then eonduet (DNA moves through the pilus), eonvey (the two 
paralleI ehains are the visible part of a eonveyor belt) or earry (F-pilus is 
eontinuously physieally degraded at the recipient end and newly synthesized 
at the donor end) the DNA single strand into the recipient eell. In eontrast, 
MARVIN and HOHN (1969) and CURTISS (1969) have separately specified models 
in which the F-pilus retracts into the donor eell upon the proper stimulus 
tDNA phage infeetion in the former model and eontact with a recipient eell 
in the latter madeI). Thus aeeording to CURTISS' model, the eonjugation bridge 
is not the F-pilus itself but instead F-pili are only involved in bringing eells 
together preparatory to mating. These pili retraetion models seem unlikely 
sinee some of the eelIs in wall-ta-wall eontact deseribed by Ou and ANDERSON 
(1970) were also observed to later move baek to a mare distant positian (Ou, 
cited by BRINTON, 1971). However as no direet evidenee exists yet for any of 
these models for the role of F-pili, I will let this topic lapse with the sale 
conclusian that although F-pili are vitally involved in eonjugation, it is not 
known how. 

A. Role of F-Pili in Male-Specific Phage Infection 

F-pili are also involved in male-speeific bacteriophage infectian sinee the 
RNA bacteriophages adsorb to the sides of the F-pilus (CRAWFORD and 
GESTELAND, 1964; BRINTON et al., 1964) and the DNA phages adsorb to the 
F-pilus tip (CARO and SCHNÖS, 1966). Thus, beeause of their different made 
of adsorption, the meehanism by which the nucleie acid of these phages enters 
the eell may weIl differ. Furthermore, the RNA baeteriophages may be divided 
into at least two major groups with f2 representative of one group and QP of 
the second (OVERBY et al., 1966a and b). Another group of phages related 
to f2 (WATANABE et al., 1967a and b) and two mare groups related to QP 
(MIYAKE et al., 1969) have also been described. The two major groups (f2 and 
QP groups) are also slightly related serologieally (KRUEGER, 1969). Despite 
their similar form of adsorption, it is not a priori obvious whether or not all 
the male-specific RNA bacteriophages use the same meehanism for infecting 
the eell. In faet, genetic studies have indicated differenees in the meehanisms 
of infectian of f2-like and of Qp-like phages (see below). 

Some very exciting results have reeently been reported on the meehanism 
of infeetion of some of these RNA phages. Earlier studies had shown that 
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when f2 adsorbs to celI-bound F-pill, the f2 RNA becomes sensitive to destruc­
tion by RN ase before subsequent events resulting in celI penetration occur 
(VALENTINE and STRAND, 1965), the RNase-sensitive RNA is bound to F-pill, 
and the empty virus capsid desorbs into the medium (SILVERMAN and VALE N­
TINE, 1969). Recently, PARANCHYCH et al. (1971) have shown that the A or 
maturation protein of R17 (closely related to f2), as weIl as the RNA, bind 
to the F-pill and that the desorbed phage capsid no longer contains its A 
protein. In the subsequent infection stages, the F-pill are broken leaving the 
celI proximal portion attached to the celI and the celI distal portion free in 
the medium (PARANCHYCH et al., 1971). The A-protein attached to F-pill is 
itself split into two smalIer components (KRAHN et al., 1972), and both halves 
of the split A-protein and the RNA are transmitted into the celI (PARANCHYCH 
and KRAHN, 1971; KRAHN et al., 1972). IntracelIular entry of MS2 A-protein 
has also been reported (KOZAK and NATHANS, 1971; MS2 is also closely related 
to f2). Thus celI-bound F-pill are involved in intracelIular penetration of 
protein as weIl as nucleic acid and perhaps are even responsible for enzymatic 
splitting of A-protein. 

B. Properties of F-Pili 

Our knowledge of the physical and chemical properties of F-pill is still too 
primitive to explain the biological functions described above on a molecular 
basis. F-pill are proteinaceous extracelIular appendages 85 A (BRINTON, 1965, 
1971) to 95 A (LAWN, 1966) wide and up to 20 or more microns long. The 
number per celI is variable with the strain but is usually approximately 
1-1.5 per celI (BRINTON et al., 1964; CURTISS et al., 1969) during growth in 
nutrient medium although it can reach up to 5 per celI under anaerobic condi­
tions. CURTISS et al. (1969) have made an extensive study of the effects of 
various conditions on F-pillation. 

Although terminal vesicles have occasionally been observed in electron 
micrographs of F-pill (VALENTINE and STRAND, 1965; LAWN, 1966) these have 
been shown to be degradation artefacts (BRINTON, 1971). In fact, under 
appropriate degradative conditjons, it is possible to split the pill longitudinally 
into protein chains of about one-third the diameter of the intact rod (BRINTON, 
1971). Since an axialline is clearly visible in F-pill (BRINTON, 1965 ; VALENTINE 
and STRAND, 1965; LAWN, 1966), BRINTON (1971) has suggested that the 
F-pilus consists of two paralleI protein chains. Pill containing nucleic acid 
have not been observed or chemically isolated. 

BRINTON (1971) has succeeded in the chemical purification of F-pill al­
though his protocol is not yet published. The general procedure is as folIows: 
F-pill found free in the growth medium are concentrated by iso-electric 
precipitation folIowed by cycles of spontaneous aggregation and disaggre­
gation. Finally the pill are banded by two cycles of CsCI buoyant density 
centrifugation (BRINTON, personal communication). The purified pill showone 
major protein band on SDS acrylamide gels with a molecular weight of 11800 
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(BRINTON, 1971) and one minor band (about 0.1 % of total F-pili protein) of 
greater molecular weight (BRINTON, personal communication). The major 
band is lacking four amino aeids but contains one D-glucose and two phos­
phate residues per monomer in a very stable linkage (BRINTON, 1971). Although 
very interesting, it seems likely that these purified F-pili differ from the 
functional F-pili found on eelIs. This conelusion derives from the fact that 
although free F-pili adsorb RNA- (VALENTINE and STRAND, 1965) and DNA­
bacteriophages (CARO and SCHNÖS, 1966), they do not induce the adsorbed 
RNA phages to release their A-protein-RNA complex as cell-bound F-pili 
do (VALENTINE and STRAND, 1965). Furthermore, cell-bound F-pili can even 
be prevented from adsorbing RNA phages by treatment with phenethyl 
alcohol while such treatment has no effect on free F-pili (WENDT and MOBAcH, 
1969). Thus free F-pili may be considered the enzymatically-inactive de­
gradation product of cell-bound F-pili which do not carry out the enzymatic 
activities leading to intracellular nueleic aeid penetration assoeiated with 
functional F-pili. It would be of great interest to know the chemical structure 
of purified enzymatically active F-pili. 

The speeific density of F-pili in CsCl gradients is not settled. BRINTON'S 
(1971) purified F-pili had a speeific density of 1.257 while the partially purified 
pili described by WENDT et al. (1966) had a speeific density of 1.197 and 
those of BEARD et al. (1972) had a speeific density of 1.296. The reason for 
these discrepaneies is unknown. 

VI. Surface Exclusion 
Very little of significance is known about surface exelusion. Exponential 

male cells (F+, F', or Hfr) are poor reeipients in conjugational matings even 
when incompatibility is not involved (e.g. in matings against an Hfr donor 
where the formation of chromosomal recombinants is assayed). Surface ex­
elusion is actively promoted by F as shown by the fact that cells with good 
reeipient ability (Sex- phenocopies) are generated under conditions of lowered 
protein synthesis such as growth into stationary phase (LEDERBERG et al., 
1952) or growth at 27°C (BONHOEFFER, 1966) or amino aeid starvation (CUR­
TISS et a1., 1969). Surface exelusion has been elearly demonstrated for the 
Col I sex factor (MEYNELL, 1969) where Sex- phenocopies can also be generated 
by amino aeid starvation. ACHTMAN et al. (1971) have shown that surface 
exelusion acts at least partly at the level of mating pair formation since fewer 
mating pairs are seen in matings between a Sex+ (surface-exelusion positive) 
exponential (F42)+ donor culture and a non-F-piliated but SeX+ reeipient 
culture than are seen in matings between an (F42)+ and an F- culture. This 
effect is speeific since more mating pairs -are once more seen (ACHTMAN, 
unpublished results) when the reeipient culture carries a Sex- F42 mutant 
(see below). However, it is not elear whether the inhibition in mating pair 
formation is strong enough to account quantitatively for all of surface ex-
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elusion. Perhaps surface exelusion also acts to inhibit DNA transfer among a 
few mating pairs which might be formed. 

eURTISS et al. (1969) have coneluded that the presence of F-pili is not 
responsible for surface exelusion. This conelusion is supported by the fact that 
both minieelis derived from F+ cells and transfer-defieient mutants lacking 
F-pili can still manifest surface exelusion (eOHEN et al., 1968b; ACHTMAN et al., 
1971; see below). eURTISS et al. (1968) have also suggested that surface ex­
elusion is a coineidental byproduct of some transfer protein present in the eeli 
surface. This suggestion has no evidence favoring (or contradicting) it. 

VII. Genetic Analysis of Transfer 
Recently, two sets of genetic analyses of conjugational transfer have been 

performed; they have revealed hitherto unexpected complexities. The aim of 
both analyses was to yield a minimal estimate of how many cistrons F carrys 
whose products are necessary for transfer. This would directly give aminimaI 
estimate of how many transfer proteins there are. To do this, Tra- (transfer­
defieient) mutants of F8 and R100-1 3 (OHTSUBO et al., 1970) and of F42 
(ACHTMAN et al., 1971, 1972) were isolated after treatment with mutagens 
such as nitrosoguanidine, ethyl methane sulfonate, and IeR-191. The survivors 
were screened for transfer-defieiency. Some of the mutants were instead 
selected from non-mutagenized cultures on the basis of resistance to male­
speeifie phages (OHTSUBO et al., 1970). The Tra- mutants isolated inelude 
mutants with amber, ochre, UGA, and frameshift mutations (ACHTMAN et al., 
1971, 1972). Most of the amber mutants are transferred at near wild type 
levels from aSut host but up to 10S fold more poorly from a Su- host (op. eit.). 

A genetic analysis of the mutations could not be performed by conventional 
techniques because of incompatibility. OHTSUBO et al. (1970) therefore ex­
amined (F, R)+ eelis carrying both an F8 Tra- mutant and an R100-1 Tra­
mutant for complementation as manifested by elevated transfer levels. Such 
(F, R)+ heterozygotes are stable since F and R belong to different incompati­
bility groups. The mutants could be assigned to at least six complementation 
groups called A, B, e, D, E, and F. 

ACHTMAN et al. (1972) measured complementation between Tra- mutants 
in transient heterozygotes. Amber-suppressible F42 mutants were transferred 
from a T68 amber-suppressing host to Sex- phenocopy cultures of a T6R non­
suppressing host carrying other F42 mutants. Transient heterozygotes carrying 
two different F42 Tra- mutants could be generated with high efficiency by 
these matings, with up to 30 % of the reeipient eelis becoming heterozygous. 
The T6s donor eelis were then killed by T6 treatment and survivors were 
measured for complementation by performing a second mating with an F­
strain. eomplementation resulted in an elevated level of transfer from the 
transient heterozygotes. In order to perform this analysis, a semiautomatie 
3 R10D-1 is a mutant of R100 which does not make the transfer repressor and therefore 
transfers almost as weil as F itself (EGAWA and HIROTA, 1962). 
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Table 3. Cistronic assignments of tra- mutations a 

Amber UGA Frameshift Non-suppressible Total 

traA 2 1 1 4 
traB 3 3 6 12 
trae 7 1 1 10 19 
traD 4 1 2 9 16 
traE 2 2 2 6 
traF 1 2 1 4 
traG 4 4 2 10 
traH 3 6 9 
traI 3 4 
tra] 2 3 
traK 1 1 
Total 27 2 17 42 88 

a from data supplied in ACHTMAN et al. (1972) and WILLETTS and ACHTMAN (1972). The 
numbers represent the number of mutants only known to carry a single tra- mutatlon, 
whose mutation could c1early be assigned to one of these eleven cistrons. The inc1usion of 
the mutants described by OHTSUBO et al. (1970) is not possible as it is not known what 
mutations they carry and many carry double mutatlons in more than one cistron (WILLETTS 
and ACHTMAN, 1972). 

technique for performing 144 quantitative bacterial matings concurrently was 
developed (ACHTMAN, 1971). In a separate analysis, WILLETTS and ACHTMAN 

(1972) tested many of the same mutants by introdudng DNA from one F42 
Tra- mutant to cells carrying a second F42 Tra- mutant by P1 transduction. 
Presumably these crosses, too, were using a form of transient heterozygotes. 
P1 is incapable of transdudng a complete F42 replleon (WILLETTS and ACHT­

MAN, 1972) but apparently can transduce enough F42 DNA to allow tran­
scription and translation of the tra dstrons. 

These two analyses (ACHTMAN et al., 1972; WILLETTS and ACHTMAN, 1972) 
yielded complementary results, one defining nine dstrons and the second 
confirming the existence of eight of these dstrons and defining two more 
dstrons for a total of eleven. Most of approximately one hundred Tra- mutants 
carried mutations assignable to one of these eleven dstrons, labelled traA 
through traK. The numbers and types of mutants in these cistrons are llsted 
in Table 3. It is obvious since so few mutants carrying traA, traF, traI, tra], 
or traK mutations are available that F may well carry other tra dstrons still 
as yet undefined. Furthermore, all the mutants described above were selected 
on the basis that they transferred less than 0.1 % as well as the ancestral 
F prime and other mutants transferring more effidently than that were not 
further tested (OHTSUBO et al., 1970; ACHTMAN et al., 1971). It is thus possible 
that tra dstrons may exist whose products aid but are not essential for DNA 

transfer and mutants in those dstrons would not have been detected. In 
agreement with this notion is the fact that Ou and ANDERSON (1970) found 
that some, but not all, mating pairs came into temporary wall-to-wall contact. 
Transfer was usually assodated with such contact but was observed to proceed 
in its absence effidently enough that mutants in this process would not have 
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Fig. 3. Order and properties of tra cistrons. The top part of the figure shows the E. cali 
ehromosome map in the vicinity of the integrated FtSll4lac element (IpPEN et al., 1971). 
The lower part of the figure shows an expanded view of the F-part of the ehromosome. 
The distanee between any two cistrons is not known. Designations between the two lines 
in the lower part of the figure are aceording to ACHTMAN et al. (1972) and WILLETTS 
and ACHTMAN (1972) while those below the lower line are aeeording to OHTSUBO et al. 
(1970). The figure is redrawn from data presented by IppEN-IHLER et al. (1972). The 
eoncIusions on F-piliation and sudaee excIusion eome from ACHTMAN et al. (1971, 1972) 
and WILLETTS and ACHTMAN (1972) while those on plasmid speeificity and pilus specificity 

eome from WILLETTS (1971) and WILLETTS and ACHTMAN (1972) 

been included among the mutants deseribed here. Thus it seems highly likely 
that there exist more than the 11 defined tra dstrons. 

The tra cistrons have been ordered in a unique linear sequence by two 
deletion mapping analyses. ÜHTSUBO (1970) isolated deletion mutants of F8 
generated during P1 . F8 transduction of Ree- eelis. Re then performed com­
plementation tests between these and R100-1 Tra- point mutants which had 
previously been assigned to eomplementation groups (ÜHTSUBO et al., 1970; 
see above) and was able to order his six tra dstrons in a linear array. !PPEN 

et al. (1971) isolated an Rfr strain in which a temperature-sensitive replieation 
mutant of F 42 (Ftslliac) is integrated into the gaZ region (near the A. attaehment 
site) of E.coli. The strain was then made lysogenic for a temperature-indudble 
mutant of A. and temperature-resistant mutants were selected. Among these 
were some deletion mutants in whieh the deletion ran from A. through to the 
integrated F and into the tra dstrons (IPPEN-IHLER et al., 1972). These deletion 



102 M. ACHTMAN: 

mutants were tested by complementation tests with the F42 Tra- point 
mutants described above. The tests defined the order of the eleven tra eistrons. 
It should be noted that the order of the cistrons defined by ÜHTSUBO (1970) 
is that of tra eistrons on an autonomous F8 element while that defined by this 
analysis (lPPEN-IHLER et al., 1972) is that of tra eistrons on an integrated 
F42 derivative. In any event, the two orders are identical (IPPEN-IHLER et al., 
1972) and the order derived from both analyses is shown in Fig. 3. 

A. Function of tra Cistrons 

Although no concrete conelusions are yet possible on the function of any 
of the tra cistrons, a few isolated pieces of information are available. As shown 
in Fig. 3, mutations in eight of the eleven eistrons result in the non-production 
of F-pili. This implies automatiealIy that F-pilus synthesis is a complicated 
process, certainly more so than is indicated by the chemieal composition of 
purified free F-pili (BRINTON, 1971). It is not known which, if any, of these 
eistrons codes for the major and minor F-pili proteins isolated by BRINTON 
(1971; see p. 97). Since tra]- mutants lack both F-pili and surface exelusion, 
BRINTON (1971) has postulated that tra] codes for the major F-pilus protein 
and that monomers of this protein present in the cell membrane and not yet 
assembled into F-pili are responsible for surface exelusion. This hypothesis, 
which has no evidence supporting it, is unIikely, as J-independent mutants 
have been isolated which are able to transfer and promote surface exelusion 
in the absence of J-protein (see below). Another candidate for the F-pilus 
structural gene is traA whieh has, in fact, been implicated in speeifying F-pilus 
speeifieity (see below). However, this does not necessarily mean that it codes 
for a structural protein. Thus, the answer to which of the defined tra eistrons 
(if any) code for the two known F-pili proteins must await experimental 
evidenee. 

Three other eistrons, traG, traD, and traI, are not as obviously assoeiated 
with F-pilus synthesis and it is likelier that they encode transfer enzymes. 
All traI- mutants and haH of the traG- mutants 4 make apparently normal 
F-pili: male-speeific bacteriophages can use these sex pili for infection, mating 
pair formation between the Tra- mutant eelis and F- reeipients is normal (as 
measured by the Coulter Counter technique), and seemingly normal F-pili are 
seen in the electron microscope (ACHTMAN et al., 1971; ÜHTSUBO et al., 1970). 
BRINTON (personal communication) has purified F-pili from one traG-, one 
traI-, and one traD- mutant. The purified pili from the traG- mutant have a 
different CsCI buoyant density from those of wild type and the pili from the 
traI- mutant have an extra sugar moiety per major F-pili monomer. Although 
these results must await the analysis of other mutants to confirm that they 

4 It is not known why some traG- mutants make F-pili and others do not. Two mutants 
in fact make F-pili but in lessened numbers (OHTSUBO et al., 1970; ACHTlIiAN et al., 1971). 
See ACHTlIiAN et al. (1972) and IPPEN-IHLER et al. (1972) for a discussion of variaus 
possible explanations which are too technical to repeat here. 
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Fig.4. Pili per eell of various Tra- Mutants. The results obtained here eome from two 
unpublished experiments performed by J. CARNAHAN, C. C. BRINTON, JR. and myself. 
Exponential broth eultures at 42° C of various F42 mutants were used. F-pili were 
labeled by allowing adsorption of purified M12 and Mn preparations and the eells were 
then negatively stained with phosphotungstie acid. Eleetron microseopic photographs 
were taken at a magnifieation of 4 SOO X and the negatives were seanned with a magni­
fying lens. Only pili whose eell proximal end eould be seen to be attaehed to the eell 
wall were scored and the numbers represent onlyeelIs where such a decision was possible. 
The total number of eelIs scored and the number average of F-pilijeell are given for 

eaeh mutant 

are eistron speeific, they raise the possibility that traG- and traI- mutants 
chemically alter F-pili such that their function in conjugational transfer is 
adversely affected although superfieially normal F-pili are synthesized. 

traD- mutants are unique. They make F-pili; in fact, one mutant, JCFL60, 
makes 2.5 times as many F-pili per cell as the wild type sex factor while a 
second traD- mutant, JCFL8, makes normal numbers of F-pili (Fig.4). 
However, f2 bacteriophage is unable to infect traD- cells. The phage partides 
adsorb but no RNA penetrates the cell (ACHTMAN et al., 1971). Similar mutants, 
which may also be traD- mutants but whose transfer ability was never tested, 
had previouslybeen described (SILVERMAN et al., 1967a and b) and it was found 
that these mutant ceHs did not even induce f2 phage to release its RNA. It 
is very interesting that QP, a different type of RNA bacteriophage, and f1, 
a. DNA bacteriophage, infect traD- mutants with norma! effieiency. Thus, 
QP and f2 RNA's have at least partly different mechanisms for intraceHular 
entry. The one traD- mutant tested (JCFL60) has F-pili which it has not 
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been possible to distinguish chemically from wild type F-pill (BRINTON, 1971) 
and since the mutant produces 2.5 times as many pill as the wild type (see 
above) it has been used as BRINTON'S primary source of F-pill (BRINTON, 
personal communication). However, traD- mutants are obviously mutated in 
F-pilus function if not in structure of the major protein and thus chemical 
analyses of traD- mutant F-pill are not likely to succeed in explaining F-pilus 
function. 

It may be of interest that the two temperature-sensitive Tra- mutants 
described (WALKER and PITTARD, 1970; ACHTMAN et al., 1971) both hav~ 
traD- phenotypic properties at the non-permissive temperature and one of 
these, JCFL39, was genetically shown to carry a traD- mutation, traD39 
(ACHTMAN et al., 1972). 

In summary, complementation analysis of Tra- mutants has defined eleven 
tra cistrons, at least eight (and possible all eleven) of which are involved in 
F-pilus synthesis and function. However, it is still possible that traD, traG, 
and traI code for transfer proteins and are not directly involved in F-pilus 
synthesis. 

B. Other F-Püi Mutants 

Mutants have also been deScribed which affect male-specific phage sen­
sitivity but have relatively little effeet on DNA transfer. In one case, these 
resembled. traD- mutants in that they were sensitive to QP and fd (related 
to ii) but resistant to MS2 (related to f2) (MEYNELL and AUFREITER, 1969). 
Since they were also slightly impaired in transfer they might be leaky traD­
mutants. The pill of these mutants were c1early abnormal as they showed an 
increased number of vesides (op. eit.) which have been shown by BRINTON 
(1971) to be degradation products. In a second case, BRINTON (personal 
communication) has also isolated two Tra+ male-specific phage-resistant 
mutants. These two, however, are resistant to all RNA male-specific phages 
tested even though they too show the increased veside formation. Mutants 
with similar male-specific phage sensitivities were previously described by 
SILVERMAN et al. (1968). Purified F-pill from one of BRINTON'S mutants were 
shown to contain three phosphates per monomer of the major pilus protein 
(BRINTON, personal communication) whereas the wild type has only two. 
Most interestingly, these mutants are complementable for male-specific phage 
sensitivity in crosses against mutants in all but one tra cistron: traA- mutants 
do not complement BRINTON'S male-specific phage resistant mutants and 
therefore they presumably affect the traA protein (BRINTON, personal com­
munication) . 

C. Speci1icity of ~a Cistrons 

WILLETTS (1971) has shown that the tra] and traI encoded proteins are 
plasmid-specific. Cells carrying R100-1 and a tra]- or traI- F42 mutant 
transfer the R100-1 element efficiently but not the mutant F42 element. 
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Since mutations in both cistrons are recessive in F42 X F42 crosses, the easiest 
interpretation of these results is that F- and R-faetors both make plasmid­
specific proteins which recognize only the corresponding DNA. Thus R10o-1 
would also make J- and I-proteins but these would not recognize F DNA and 
would not promote its efficient transfer. 

WILLETTS (1971) was also able to assign pilus specificity to tra cistrons. 
As mentioned above, F-pili and R-pili differ in a number of ways, one of 
which is the efficiency of plating of male-speeific phages. (R10o-1)+ cells give 
approximately 1 % as many plaques when used as an indicator lawn for M12 
(related to f2) infectian as do (F)+ cells (NISHIMURA et al., 1967). WILLETTS 
(1971) found that (F, R)+ cells carrying R100-1 and F42 Tra- mutants with 
mutations in any one of most of the tra cistrons gave the F -specific level of 
M12 plating efficiency while (F, R)+ cells carrying R100-1 and either a traA­
or tra]- mutant gave the R-specific level. The easiest interpretation is that 
traA and tra] gene products are both involved in the speeificity of F-pili. 
This does not however, imply that they code for either of BRINTON'S pilus 
protein bands since the relationship of these proteins to F-pilus specificity is 
not known. . 

WILLETTS (personal communication) has found that some of the Hfr 
deletion mutants with deletions extending from the right into traD (Fig. 3) 
are Sex+ (surface-exelusion proficient) while other deletions extending into 
traD and alllonger deletions are Sex-. Thus, he postulates the existence of· a 
cistron(s) essential for surface exelusion called traS which is located between 
traD and traG. Point mutants in this hypothetical cistron have not yet been 
isolated to my knowledge and it cannot be predicted whether traS- mutants 
would be affected in transfer efficiency. Mutations in the other tra cistrons, 
except one, do not affeet surface exelusion 6. The exceptional eistron is again 
tra] and all tra]- mutants are Sex- (ACHTMAN et al., 1972). The possible role 
of J-protein will be discussed separately below. 

VIIT. Physical Mapping and the Transfer Origin 
Different Hfr strains isolated after integratian of F into the chromosome 

may transfer chromosomal DNA with different genetie sequences (MATNEY 
et al., 1964; BRODA, 1967). JACOB and WaLLMAN (1961) proposed that DNA 
transfer always commences at a partieular point (or DNA nueleotide sequence) 
on F which is called the origin. However, it has not been elear until recently 
whether, in fact, any F DNA was transferred early in conjugation as predicted 
by this model. Also it has not been elear whether the intrachromosomal inte­
gration event always involved the same point on F (an attachment region) or 
depended on homology between different chromosomal DNA sequences and 
different F sequences. Recently, SHARP et al. -(1972) have reported physieal 

'5 A few exceptional mutants carrying nonsense mutations in various cistrons are 
partially Sex- (WILLETTS, personal communication) but this is probably due to polar 
effects on the postulated traS cistron. 
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t I 8.5 
ELrJ 0/945 

traD~ 89.7 - 88.9 
traG 85.3 
- 80.4 

~ 79.2 
traF, 
traC 72.9 

Fig. 5. Physieal map of F8. Distanees are presented in Kilobases (Kb) as determined 
from eontour length measurements. Position on F DNA is represented by normal numbers 
and positions on extraehromosomal DNA by primed numbers. The aneestral F1 DNA 

was 94.5 Kb in length (approximately 30 (10) (SHARP et al., 1972). The position 0 Kb on 
this map eorresponds to one end of the F1 DNA deleted in F42. F8 earries a deletion of 
F DNA from 8.5 to 15.8 Kb and in its place earries ehromosomal DNA of 26.6 Kb length. 
The tra cistrons are labelled aecording to ACHTMAN et al. (1972) and WILLETTS and 
ACHTMAN (1972). For the aeeording designation in the ÜHTSUBO (1970) system, see Fig.3. 

The figure is redrawn from SHARP et al. (1972) 

mapping of several F prime elements by electron microscopy. By comparing 
F8 and the Tra- F8 deletion mutants isolated by ÜHTSUBO (1970) they were 
able to deduce the physical map of F8 shown in Fig. 5. By comparison of 
various F prime elements to F and to a particularly useful mutant of F8 which 
carries an insertion and a duplication, they were able to show that F8 is lacking 
F DNA from 8.5 to 15.8 Kb (kilobases; seelegend to Fig. 5) on the map while 
F42 and F450 are both lacking F DNA from 0 to 3.0 Kb. The easiest ex­
planation of these results is that the Hfr strains, from which F42 and F450 
were isolated, arose by integration of F into different points on the chromosome 
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Fig. 6. Integration of F elements. Two types of integration are shown. That in (a) oeeurs 
by a single reciproeal reeombination event between the ehromosome and an area on 
F between the tra eistrons and the origin. That in (b) oeeurs by a single reciproeal 
reeombination event between the ehromosome and a different area on F between the 
origin and the tra cistrons. The Hfr formed in (a) will t ransfer the tra cistrons very late 

in eonjugation while the Hfr formed in (b) will transfer them very eady 

but using the same point on F. The F prime elements must then have been 
formed by exactly the same type I (Fig. 1) excision event. F8 however, must 
have arisen by integration at a different point on F and by a different type I 
excision event. In a different F element, whose origin is unclear, the region 
from 0 to 14.5 Kb is deleted. The authors concluded that the DNA of F in 
the region 0 to 15.8 is a silent region since these F prime elements lacking 
various parts of this region are Tra+ and replication-proficient. However, as 
mentioned above (p. 86) F8 does not show the same incompatibility pattem 
as other F prime elements and instead displaces F13 from transient (F8, F13)+ 
cells (ECHOLS, 1963). Thus it is equally possible that an incompatibility 
cistron(s) is located between 8.5 and 15.8 Kb. 

The fact that different Hfr strains arose by integration at different points 
on F implies that if JACOB and WOLLMAN (1961) were correct, then different 
Hfr strains might transfer different lengths of F DNA early in conjugation. 
This has been recently proven and it has finally been possible to demonstrate 
that some Hfr strains do transfer F DNA early in conjugation. BRODA et al. 
(1972) assayed the ability to complement tra- F42 mutants in transient 
heterozygotes as a measure of the early transfer of tra+ alleles by Hfr donor 
cells. With a few Hfr strains, all 11 tra+ cistrons were transferred early in 
conjugation. These strains could be assigned to two groups according to their 
integration site on the chromosome (one transferring argG+ early and thy+ 
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late in a eloekwise fashion and the second transferring thy+ early and his+ 
late, also in a elockwise fashion). Hfr strains with F integrated at fourteen 
other sites on the E. eoli ehromosome did not transfer any tra+ alleles early, 
regardless of whether the direction of transfer was eloekwise or anti-eloekwise. 
Thus, at least in some cases, some F DNA is transferred early in eonjugation. 

Neither the genetie nor the physical loeation of the origin is known. 
However, the results of SHARP et al. (1972) show that it is not within 0 to 
15.8 Kb. Similarly WILLETTS (personal communication) has shown genetically 
that the Hfr deletion mutants with deletions mnning from the right through 
traA but not into tra] (see Fig. 3) still possess the origin while longer deletions 
do not. Thus the origin must lie to the left of traA and probably does not lie 
within the tra dstrons. The resuIts of BRODA et al. (1972) deseribed above 
indieate that in most cases integration oeeurred somewhere in one large region 
between the origin and the tra dstrons while in two groups of Hfr strains it 
apparently oeeurred in a different large region between the tra dstrons and 
the origin as depicted in Fig. 6. 

IX. Map Locations of Other Cisttons 
No dstrons have yet been mapped other than the tra dstrons. However 

the existenee of the deletion mutants allows some statements about where 
replieation and ineompatibility dstrons eannot map. All the F8 deletion 
mutants deseribed by ÜHTSUBO (1970) are eapable of autonomous replleation. 
Sinee some of these deletions mn through the ehromosomal DNA region 
eounter eloekwise to 68.1 Kb (SHARP et al., 1972), any replieation genes 
earried by F must map between 15.8 and 68.1 Kb. Similarly WILLETTS 
(personal communication) has shown that the Hfr deletion mutants earrying 
deletions mnning from lae into tra dstrons still manifest incompatibility. 
Sinee F42, from whieh these mutants are derived, laeks F DNA from 0 to 
3.0 Kb (SHARP et al., 1972) ineompatibility dstrons must map between 3.0 
and 68.1 Kb. As mentioned above, one of these may possibly map between 
8.5 and 15.8 Kb sinee F8laeking this DNA also shows altered ineompatibility. 
Cistrons coding for female-spedfie phage restrietion (see below) must also 
map in the same general region as the ineompatibility and replieation dstrons 
sinee Hfr deletion mutants deleting the DNA between lae and tra] still 
restriet female-spedfie phages while some longer deletions do not (IpPEN­
IHLER et al., 1972). 

Unfortunately, none of the teehniques deseribed for eomplementation 
analysis of tra- mutations ean be applied to eomplementation analysis of 
replication/segregation mutants. F-like R-faetors do not complement F 
replieation/segregation mutants (MORRISON and MALAMY, 1970; HIROTA and 
NISHIMURA, dted in WILLETTS and BRODA, 1969) and eomplementation for 
replieation or segregation cannot be performed in transient heterozygotes 
sinee deteetion of such complementation depends on seleeting stable elones. 
The most obvious solution would be to use eells foreed to earry two F factors 
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(CUZIN and JACOB, 1965 a, 1965 b) both of whieh earry temperature-sensitive 
replieation mutations but this is to be avoided beeause such populations are 
very heterogenous due to ineompatibility, and often earry the sex faetors in 
the integrated state (MAAS and GOLDSCHMIDT, 1969). It would be diffieult 
to derive eonvineing evidenee that eomplementation was being measured 
from experiments with such eells. These eonsiderations do not mean that a 
eomplementation analysis of replieation-deficient mutants is impossible; 
rather they refleet my personal inability to visualize how it eould be satis­
factorily performed with the present state of the art. 

No theoretical problems exist in analysing ineompatibility mutants sinee 
stable eells earrying two different mutants should readily be isolatable when 
both earried mutations in the same ineompatibility cistron. However, no in­
eompatibility mutants of an F prime element have yet been deseribed despite 
searehes in severallaboratories. If such mutants eould be isolated, they would 
be extremely useful for genetic analyses of mutations in other F eneoded 
funetions as weIl as hopefulIy shedding some light on the ineompatibility 
phenomenon. 

x. Female-Specific Phage Restriction 
A number of baeteriophages give lower efficienees of plating on male 

strains (F+, F', Hfr) than on F- strains although this property is strain­
dependent (MONNER and BOMAN, 1970; WILLIAMS and MEYNELL, 1971). The 
phages ean readily be separated into two groups. Most of them, such as (JJrr 
(CUZIN, 1965) and T7 (MÄKELÄ et al., 1964) give immense plaques on F­
baeterial lawns and small, irregular plaques at approximately a 100fold lower 
frequeney on male strains. However, tau (HAKURA et al., 1964) is different in 
that it is a temperate phage whieh gives small plaques on F- strains and does 
not plaque at all on male strains. Furthermore, some of the Tra- mutants 
of F42 (ACHTMAN et al., 1971, 1972) and of F8 (OHTSUBO et al., 1970) have 
eoincidentally aequired sensitivity to tau but not to (JJrr or T7. Presumably 
the F42 mutants earry at least two point mutations, one mapping in atra 
cistron and the other mapping in a female-specifie phage restrietion cistron 
sinee most mutations in any one tra cistron do not affeet female-specifie phage 
sensitivity. (The F8 mutants had the properties of deletion mutants extending 
into the tra region.) However, the very existenee of these mutants indieates 
that infeetion by tau is restrieted, at least in part, bya meehanism different 
from that responsible for restrietion of phages such as (JJrr and T7. 

Reeent studies may have elucidated some of the meehanisms involved in 
restrietion of the T7/(JJn group of phages. Earlier studies (CUZIN, 1965; 
MÄKELÄ et al., 1964; WATANABE and OKADA, 1964) demonstrated that these 
phages adsorb normally to male eells (although the opposite was claimed for 
(JJI by DETTORI et al., 1961) and CUZIN (1965) reported that (JJn kills male eelIs 
_without produeing plaques. This (JJrr killing of male eelIs häs~-been confirmed 
by LINIAL and MALAMY (1970) who have also shown that host maeromoleeular 
syntheses are inhibited in the male eelIs within a few minutes after infeetion. 
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Furthennore, the phage DNA becomes membrane-associated but seems to 
be prevented from replication. STUDIER and MAIZEL (1969) had found three 
sequential elasses of proteins are synthesized upon T7 infection of F- eelis. 
In a further study, MORRISON and MALAMY (1971) have shown that the 
F-factor may block T7 infection by interfering with the translational control 
of phage development and resulting in the synthesis of only the first elass of 
proteins. They postulated that F makes two separate inhibitors of T7 trans­
lational control, one which prevents synthesis of the second group of proteins 
once the first group has been made and another which prevents synthesis of 
the third group of proteins once the second has been made. They have assigned 
the cistronic designations PiiA and PilB to the theoretical dstrons responsible 
for these two inhibitors. In apparent agreement with this postulate, they have 
isolated F mutants (MORRISON and MALAMY, 1971) which allow the second 
group of proteins to be synthesized but not the third, and double mutants 
which allow both groups to be synthesized. The fonner mutants are stiil 
somewhat female-specific phage-resistant with intermediate plaque size and 
intennediate plating efficiency while the double mutants give the same plating 
efficiency as F- strains. No genetic analyses of these mutants have yet been 
published and thus the conelusions about the number of cistrons involved 
must be considered premature. As there is stiil controversy on whether T7 is 
normally under a translational control system, these conelusions on the 
mechanism of female-specific phage restriction must also be regarded as 
unproven. 

XI. StiIl Other Cistrons 
So far I have described the existence of transfer, surface exelusion, 

replication/segregation, incompatibility, and female-specific phage restriction 
dstrons. It is not yet absolutely elear that these are ali totally independent. 
For example, traS, the postulated surface exelusion dstron, may also be 
intimately involved in transfer. Certainly traJ is involved in both transfer 
and surface exelusion. Similarly, to my knowledge, nobody has yet properly 
tested the temperature-sensitive replication/segregation mutants for incompati­
bility or female-specific phage restriction. It is obvious that much work 
remains to be done before a proper genetic analysis of all these cistrons has 
been accomplished. However, to add to the confusion, I would like to point 
out the possible existence of stiil more types of dstrons on F. 

F factors are specifically curable by treatment with acridine orange (HIROTA, 
1960) and it has been shown that under optimal conditions acridine orange 
exerts an absolute block on sex factor replication/segregation (HOHN and KORN, 
1969). Although it has generally been assumed that this acridine orange 
sensitivity simply reflects a peculiar attribute of the F replicationjsegregation 
system, it is not yet exeluded that some other mechanism independent of the 
nonnal replication dstrons is involved for which "acridine orange sensitive 
dstrons" are necessary. 
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It is also possible that F carries eistrons coding for recombination enzymes. 
Chromosomal mobillzation by an F prime strain is greatly reduced in a recA­
host (CLOWES and MOODY, 1966; CURTISS, CLARK, eited in WILLETTS and 
BRODA, 1969). Thus F does not encode a eistron which can replace the chromo­
somal recA. However, WILKINS (1969) has found that RecB- or RecC- strains 
newly infected with an F prime element can show up to 50 % of the chromo­
somal mobillzation of a Rec+ strain. He conc1uded that this implies that the 
recB and recC proteins are not needed for chromosomal mobilization. It seems 
equally likely that F can substitute its own encoded proteins for the recB or 
recC gene products. Furthermore, BRODA and MEACOCK (1971) have shown 
that the formation of Hfr strains by integration at a non-homologous site 
proceeds as effieiently in RecA- as in RecA+ strains. WILLETTS (1971) has 
demonstrated the occurrence of recombination between F42 and R100-1 in a 
RecA- strain. However, this form of evidence cannot be used in support 
of F encoded recombination enzymes and before such hypotheses can be 
considered proven, mutants of the sex factors must be isolated which no 
longer perform these recombination functions. This has not yet been ac­
complished to my knowledge and alternative explanations are stilI avai­
lable for all the examples mustered above, such as host-encoded recom­
bination enzymes different from those encoded by the c1assical recA, recB, 
recC eistrons (see review by CLARK, 1971) or recombination enzymes coded 
perhaps by undiscovered prophages present in the same cells. Thus the ques­
tion of whether sex factors encode recombination enzymes must stilI be con­
sidered an open one. 

XTI. Relationship between Ditferent Sex Factors 

This topic has been excellently reviewed previously (MEYNELL et al., 1968) 
and I will only attempt to bring the information up to date. Early attempts 
at c1assification of sex factors were based on whether their transfer repressor 
affected the F factor or not. Those that repressed F-directed transfer were 
termed li+ (WATANABE et al., 1964) or i+ (EGAWA and HIROTA, 1962) while 
those not repressing F-directed transfer were termed li- or i-, respectively. 
This divalent system has the obvious disadvantage of lumping together sex 
factors which may be totally unrelated except in their inabillty to repress 
F transfer as well as those which are simple mutational variants of sex factors 
which were previously fi+ or i+. A much better system has been proposed by 
LAWN et al. (1967), who found that most sex factors tested could be c1assified 
as being F-like or I-like on the basis of whether the sex pill they produced 
resembled those of F or of Col I with respeet to the male-speeific phage 
sensitivity conferred. This system has the advantage of using positive pro-

6 I am indebted to MICHAEL Y ARMOLINKY for supplying this possible altemative ex­
planation. 



112 M. ACHTMAN: 

perties for identifieation (produetion of a speeific pilus type) and of being 
able to aceommodate new sex factor groupings. Thus a third type of male­
specifie bacteriophage, Ike, has reeently been deseribed (KHATOON et al., 1972) 
whieh defines a third group of sex faetors on the basis of sex piliation. This 
pilus-based classification system also has the advantage that most F-like sex 
faetors are ti+ or i+ while most I-like sex factors are ti- or i- (MEYNELL and 
DATTA, 1965, 1966) and the classification thus refleets differenees between 
transfer systems. However, I-like resistanee faetors have been deseribed whieh 
repress transfer by F (GRINDLEY and ANDERSON, 1971) and the F-like sex 
factors, F, CoIV2, and CoIV3 do not repress their own transfer systems or 
those of other sex faetors. Finally the F-like sex factor Co1B2 represses the 
transfer system of F but not that of an F-like R faetor (HAUSMANN and 
CLOWES, 1971). Thus, F-like and I-like should be reserved for referenee only 
to the male-specific phage sensitivity of the sex pili and cannot be taken to 
automatically imply anything else. 

A different form of sex factor classification comes from incompatibility 
studies (NOVICK, 1969). On this basis, as mentioned above (p. 89), F, ColV2, 
and CoIV3 form one incompatibility group with some hierarchical preferences. 
It is also believed that all F-like R factors which are fi+ form a second in­
compatibility group although the evidence is stili seanty (MITSUHASHI et al., 
1962; WATANABE et al., 1964). I-like R factors also probably fall into one in­
compatibility group but at least three other incompatibility groups exist 
among fi- R factors(DATTA and HEDGES, 1971). One of these, called N, 
corresponds to that group producing sex pili sensitive to the new phage Ike 
(see above) (op. eit.; KHATOON et al., 1972). The male-specific phage sensitivity 
of members of the two other incompatibility groups is not yet clearo The 
existenee of at least three incompatibility groups among fi- sex factors may 
also be inferred from earlier results (BOUANCHAUD and CHABBERT, 1969). 

In summary, sex faetors have been assigned to groups on at least three 
principles: whether or not they repress the F transfer system, what sort of 
sex pili they make, and ineompatibility groupings. The latter two seem the 
most meaningful and so far sex factors have been assigned to three pilus 
groups and six ineompatibility groups. Two of these incompatibility groups, 
the F group and the F-like R factor group, belong to the same sex pilus group 
sinee they specify similar sex pili whieh allow infection by the same male­
speeific phages. The two other incompatibility groups tested specify different 
sex pili. All of these, exeept the F incompatibility group, eneode transfer 
repressors and those of the F -like sex faetors repress F -eneoded transfer as 
well. 

It should be noted, however, that although the sex pili specified by F-like 
R-factors allow infection by F-speeific phages, they may allow a lessened 
efficiency of plating of these phages of up-to two orders of magnitude (NISHI­
MURA et al., 1967). Furthermore, the sex pili eneoded by F-like R-factors 
differ antigenieally from those encoded by F (LAWN et al., 1971) and have a 
different specific density from F-pili (BEARD et al., 1972). Despite this, the 
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pill subunits are similar enough that cells carrying both F and an F-like R­
factor produce phenotypically hybrid pill, carrying the antigenic specificity 
of both F- and R-pill (LAWN et al., 1971) and with a specific density inter­
mediate between the two (BEARD et al., 1972). 

XID. Transfer Regulation 
As mentioned above, many sex factors transfer inefficiently because of 

negative control exerted via a transfer repressor. In (F, R)+ heterozygotes 
where the R-factor is of the fi+, F-like type, the production of F-pill (NISHI­
MURA et al., 1967) and of surface exclusion (WILLETTS and FINNEGAN, 1970) 
are repressed but F-specific replication, incompatibillty, and female-specific 
phage-restrlction are unaffected (WILLETTS and FINNEGAN, 1970; MORRISON 
and MALAMY, 1970). 

A little is known about the genetics of transfer repression. EGAW A and 
HIROTA (1962) isolated a mutant of R100, R10o-1, which does not repress its 
own transfer system or that of F (NISHIMURA et al., 1967). It also does not 
repress surface exclusion (WILLETTS and FINNEGAN, 1970). A general method 
for isolating de-repressed mutant sex factors has since been published (ED­
WARDS and MEYNELL, 1968) and a large number of such mutants have been 
described (op. eit.; MEYNELL and DATTA, 1967; OHKI and OZEKI, 1968; HOAR, 
1970). These have been shown to fall into two groups on the basis that some 
mutants are resistant to transfer repression while others do not make the 
transfer repressor (MEYNELL and COOKE, 1969; FRYDMAN and MEYNELL, 1969; 
HOAR, 1970). In one case, this was shown by using repression of the F transfer 
system as an assay for the transfer repressor (MEYNELL and COOKE, 1969) and 
repression by a ColB factor, which is compatible with F-like R-factors, as an 
assay for repressor sensitivity. In the second case (HoAR, 1970) advantage 
was taken of the somewhat relaxed incompatibillty between R-factors: clones 
carrying two R-factors were maintained under constant selection for the 
presence of both. Recombination between the R-factors was prevented by 
using a RecA- host. The mutants were tested in such "hetero-R clones" for 
sensitivity to repression by a wild-type R-factor and were shown to fall into 
two groups: repressor-sensitive and repressor-insensitive. Two of the repressor­
insensitive mutants were shown by complementation tests to be able to 
repress the transfer system of other R factors and thus to still be producing a 
transfer repressor. These resuIts have been interpreted as supporting the model 
presented by NISHIMURA et al. (1967) that transfer repression is similar to the 
repression of the lae operon. Thus the transfer repressor-insensitive mutants 
have been referred to as OC and the mutants not synthesizing a transfer 
repressor as i-. 

A. F-Factor Mutants 

Despite the limited genetic evidence available, it is already clear that the 
above model wi1l not suffice. Mutants of F have be~n isolated which are 
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insensitive to transfer repression (FRYDMAN et al., 1970; FINNEGAN and 
WILLETTS, 1971). Genetic analysis of four of these mutants showed that they 
fell into two distinct classes (FINNEGAN and WILLETTS, 1971) as based upon 
their properties in heterozygous eelis transiently earrying R100, F57 and a 
repressor-insensitive mutant of F42. Two of them were repressed under these 
conditions and two were not. The former two are only repressed in the presenee 
of both R100 and F57 and not in the presenee of R100 alone. This implies 
that F57 (and presumably all other F-elements) synthesize a diffusible protein 
whieh is speeifie for F DNA and which interaets with the transfer repressor 
made by R100 to form a funetional transfer repressor that only then can aet 
on F. FINNEGAN and WILLETTS (1971) have assigned the cistron designation 
traP to the cistron on F eoding for this F-specifie protein. Presumably R100 
also has a traP cistron and synthesizes a P-protein. However the P-protein 
synthesized by R would be specifie for R DNA and eould not aet on F DNA. 
FINNEGAN and WILLETTS (1971) have also found that the onset of repression 
after entry of a repressible F into an (R100)+ celi takes a very long time. 
They have, therefore, suggested that either the synthesis of P-protein by F 
is slow or the interaetion of P-protein with repressor is slow. 

The other two F-mutants analyzed by FINNEGAN and WILLETTS (1971) 
were not repressible even in the presenee of F57 and R100 and thus earry 
cis-dominant mutations whieh may resemble OC mutations in the lae system. 
FINNEGAN and WILLETTS (1971) have therefore eoncluded that this cis­
dominant class carry mutations in still another cistron, traO. Since no genetie 
tests between the dominant and the reeessive mutants were performed, these 
two cistronic designation of traO and traP must be considered suspeet and 
premature. It is quite possible to have dominant and reeessive mutations in 
the same cistron and it is not even excluded that these mutations lie in one of 
the previously-defined tra cistrons. However, these results do make it clear 
that the lae operon is not an adequate mode! for transfer repression. 

How does the transfer repressor exert its effeet? FINNEGAN and WILLETTS 
(1971) have suggested that sinee the effeets of transfer repression on transfer 
and on surfaee exclusion are mimieked by traJ- mutations, the transfer 
repressor aets by preventing the traJ-eneoded J-protein from performing its 
normal funetion. Thus it mayeither inhibit synthesis of J-protein by aeting 
at the transeriptional or translationallevel, inhibit the J-protein directly, or 
interaet with the J-protein site of action. This only brings up the further 
question of what J-protein does. 

B. J-Independent Mutants 

As mentioned on p. 104, traJ- mutants have the same properties as traI­
mutants (plasmid specificity), traA - mutants (pilus speeificity) and the 
postulated traS- mutants (surfaee exclusion). Thus, traJ- mutants are pleio­
tropic negative mutants. BRINTON (1971) has suggested that the J-protein 
is the pilus-structural protein, thus adding even more tasks onto an already 
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over-burdened molecule. An alternative possibility is that J-protein is needed 
for synthesis or function of the other transfer proteins to occur. For example, 
J-protein might be a positive control factor regulating one or more tra operons. 
This idea of an operon structure for the tra eistrons is supported by the fact 
that some amber and frameshift tra- mutations give poor complementation 
with other mutations in different eistrons (traB with traC and traF, traH with 
traG) and that three other nonsense mutants (whose tra- mutations have not 
been genetically mapped) seem to give no complementation or only poor 
complementation with mutants mutated in traK, traB, traC, traF, traH and 
traG (ACHTMAN et al., 1972; WILLETTS and ACHTMAN, 1972). Furthermore, 
some of these mutants seem to be partially Sex- as if they were polar on traS 
(WILLETTS, personal communication). Referenee to Fig.3 shows that these 
eistrons are arranged in a block and might be ineluded in an operon. It is not, 
however, elear whether traA, traS (postulated), and tra! are all in the same 
operon or not, as no effects attributable to polarity have been seen to the left 
of traK or to the right of traG. This could be only coineidence or alternatively 
could indicate that traA, traS (postulated), and tra! lie in two or more different 
operons. 

The nature of action of the J -protein has recently been slightly elarified 
by my isolation of partial Tra+ revertants of an amber tra]- mutant (Genet. 
Res., in press). The partial revertants still carry the original amber mutation 
which is still suppressible and therefore these mutants carry J-independent 
mutations presumably located outside the tra] eistron. The mutants have not 
yet been analyzed genetically. However, their very existence is strong evidence 
against the possibility that the J -protein is the pilus-structural protein or any 
other structural protein and is in complete accord with a positive control role. 
The mutants have the very interesting property that they transfer at the 
same level in the presence or absence of R100 transfer repressor, which fits 
with the idea that the transfer repressor acts on J -protein synthesis or func­
tion and therefore does not affect J-independent transfer. It should be men­
tioned that the normal site of action of the J-protein is probably not altered 
since the mutants are stiIl sensitive to restoration of J -protein by amber 
suppression. Of the twelve J -independent mutants isolated, one has regained 
traA activity (pilus speeificity) and two have regained both traA and traS 
(surface exelusion) activity. 

c. Other Forms of Regulation 

Even if the J -promoted positive control model were true, it only begins 
to answer the question of what normally controIs transfer. BRINTON (1965) 
and NOVOTNY et al. (1969) have shown that new F-pili are synthesized within 
five minutes after shearing of pre-existing F-pili from the eeli. On this basis, 
they have suggested that F-pili are synthesized continuously and then fall 
off every five minutes. The result is that celIs normallyonly have approxi­
mately one F-pilus per celi while free F-pili accumulate in the medium. This 
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seems quantitatively unlikely sinee there are usually no mare F-pili free in the 
medium than are attaehed to eelis (BRINTON et aL, 1964; LAWN, 1966; NISHI­
MURA et al., 1967). If F-pili were being synthesized and falling off every few 
minutes, there should always be a great exeess of free F-pili over eelI bound 
F-pili. Instead it seems likelier that the eeli is sensitive to loss of its F-pilus 
and immediately synthesizes a new F-pilus. The loss might be due to a positive 
aet on the part of the eeli (see NOVOTNY and LAVIN, 1971) or might be due to 
natural eauses but the implieation of this model is that F-pili do not have a 
predetermined lifetime and that produetion of new F-pili is normaliy stimula­
ted by loss of old ones. This model thus implies that there is some form of 
regulation involved in the synthesis of F-pili. 

Similarly, it seems unlikely that eelis initiate the DNA transfer process 
itself until eontaet with an appropriate reeipient eeli is made. Again this 
eonstitutes a form of regulation. It is eoneeivable that bursts of J-protein are 
responsible for F-pilus produetion and that the bursts are somehow stimulated 
by the eeli's loss of F-pili. But if so, a different regulation meehanism must 
be involved during the transfer aet itself and it seems likely that there is some 
form of repression of either synthesis or funetion of transfer enzymes exeept 
during the transfer aet. These eonsiderations make it elear, that although 
R-faetor transfer repression and its site of action are beginning to be darified, 
the whole topie of transfer regulation is stiil obseure. 
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The term antigenic competition dates back as far as 1904 when it was 
introduced by LEONOR MICHAELIS in connection with the raising of antibodies 
to serum proteins. In 1902 he had shown that the main resuIt of injection of 
foreign serum into rabbits was the production of antibodies against globulins, 
and that in order to obtain anti-albumin it was necessary to inject the re1atively 
purified albumin aloneo He conc1uded that the. response to the serum globulin 

1 Part of the work deseribed here was carried out while the author was holder of a long 
term fellowship of the European Molecular Biology Organisation, in Rehovot. 
2 Department of Chemical Immunology, The Weizmann Institute of Science, Rehovot, 
Israel. 
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had inhibited the response to serum albumin. MICHAELIS put it thus in the 
terminology of the time: 

"Ein Haptin hindert also in diesem Fall ein zweites, gleichzeitig injiziertes, 
mit verschiedener haptophorer Gruppe versehenes Haptin an der Entfaltung 
seiner Antikörper erzeugenden Eigenschaften. Ich möchte dies das Prinzip 
von der Konkurrenz der Haptine nennen" (MICHAELIS, 1904). 

Another very early example is that described by FRIEDBERGER (1904), 
who found an analogous interference in the response of rabbits to cholera 
vibrios after immunization with mixtures of cholera vibrios and typhoid bacilli. 

In more reeent times, however, antigenic competition has not been sub­
jected to the same intense scrutiny as other aspects of the immune response, 
perhaps because the observations made with competing systems have often 
seemed random and even contradietory. There is, furthermore, an awareness 
that some of the present theories of the immune response fail to account 
easily for antigenic competition, while the phenomenon itself is of such wide­
spread occurrence that it cannot be simply ignored. The purpose of this 
review, therefore, will be to coordinate some of the current evidence for com­
petition, presenting in particular detail results obtained by means of systems 
with which the author has been associated. The early literature has been 
reviewed by ZLATOGOROFF et al. (1929) and ADLER (1959, 1964). 

Antigenic competition may be defined as the inhibition of the immune 
response to one antigen or antigenic determinant which is caused by the 
administration of another antigen or determinant. It is important to point 
out the criteria which may be used to distinguish competition from other 
conditions of poor response, such as genetic low responsiveness, tolerance, etc. 
In order to at tribute a particular low response to the effects of antigenic 
competition, itis necessary to show (a) that the potential to respond to the 
antigen exists and that a response can be elicited under certain conditions; and 
(b) that the lack of response to that antigen is the result of the presence of 
another antigenic molecule or determinant. As far as terminology is concemed, 
the terms "dominant" and "suppressed" have been introduced to refer to the 
antigens involved in competition, "dominant" referring to the antigen whose 
presence is inhibitory to another antigen, and "suppressed" to this second 
antigen. There are cases, however, where a clear-cut distinction between 
dominant and suppressed antigens cannot be made, for example, where mutual 
competition inhibits the responses to all the antigens involved. 

A further useful distinction is that between different types of antigenic 
competition. Competition is said to be "intramolecular" if the antigens 
involved are determinants or antigenic regions located on the same immuno­
genic molecule. "Intermolecular competition", on the other hand, occurs 
between the antigens of different molecules, either (a) when these are admin­
istered simultaneously as antigen mixtures, or (b) when one antigen is given 
a certain critical time before the other, an effeet which will also be referred 
to as "sequential competition". There is much evidence to suggest that these 
three different forms of antigenic competition have distinet underlying 
mechanisms. 
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II. Experimenta! Model Systems of Antigenic Competition 

A. Protein Antigens: Rabbit Fab and Fc 
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The immunogenicity of rabbit IgG and its Fab and Fc fragments in mice 
provides a particu1arly interesting example of antigenic competition, demon­
strating as it does all three types of competition-intramolecu1ar, intermolecu1ar 
with antigen mixtures, and intermolecu1ar with antigens given sequentially 
(TAUSSlG, 1971; TAUSSIG and LACHMANN, 1972). It is a very convenient 
system for study, since the relevant antigenic groups, Fab and Fc, may be 
studied as regions within the same molecu1e, IgG, and may also be readily 
obtained as separate fragments in a high state of purity. In the resu1ts to be 
described, the assumption is made that Fab and Fc are antigenically non 
crossreacting, and this is easily verified as far as the specificity of the humoral 
antibody response is concemed. However, it is lmown that there is a certain 
amount of homology in the amino acid sequences of Fab and Fc (SMITH et al., 
1971), and one cannot completely role out the possibility of crossreaction at 
some level of antigen recognition not manifested in the final antibody speci­
ficity. 

The main findings with this system were as follows. Rabbit IgG was im­
munogenic in mice when administered with adjuvant, similar resu1ts being 
obtained with either complete Freund's adjuvant or with alum precipitated 
antigen and pertussis vaccine. Antibody assays were carried out with suitably 
coated erythrocytes or modified bacteriophages (TAUSSlG, 1970). When the 
specificity of the primary antibody response to IgG was examined, most of 
the antibodies formed over the first 21 days were found to be anti-Fc, with 
very few anti-Fab antibodies (Fig. 1 a). Ii the purified Fab fragment itself 
was administered, however, a much higher and more rapid anti-Fab response 
was obtained (Fig. 1 b). These resu1ts indicated that Fc inhibited the immune 
response to Fab. Altemative reasons were first sought in features of the IgG 
molecu1e unrelated to Fc. Thus Fab determinants on IgG might be hidden 
or buried and inaccessible to cell-receptors. This seemed unlikely in view 
of the ability of anti-Fab antibodies raised to the Fab fragment to combine 
with IgG as completely as with Fab. A second possibility, suggested by work 
of HENNEY (1969) with human gamma globulin in guinea pigs, was that the 
early immune response was directed against configurational determinants 
of the IgG molecu1e, which would be absent from the isolated fragments, 
with anti-Fc and anti-Fab appearing only later. However, in the present case 
of rabbit IgG in mice, all the early antibodies cou1d be absorbed out or in­
hibited by a mixture of the purified fragments, so that the majority of anti­
genic determinants must really have been represented on purified Fab and Fc. 

The resu1ts which further established the ability of Fc to suppress the 
antibody response to Fab were obtained by the injection of mixtures of the 
purified fragments. When Fc and Fab in various molar ratios were administered 
as mixtures in the same adjuvant it was found that the response to Fab was 
inhibited at a small molar excess of Fc over Fab (3/1) (Table 1). Identical 
results were obtained with mixtures of Fab and IgG. It shou1d be noted 
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Fig. 1 a-d. Antigenic competition between rabbit Fab and Fc in mice. a Primary anti­
rabbit Fc (_x) and anti-rabbit Fab (~) responses in BALBJc mice after inocula­
tion of SO p.g rabbit IgG in FCA. b Primary anti-rabbit Fab responses in BALBJc mice 
after inoculation of SO p.g rabbit IgG (~) in FCA or 35 p.g rabbit Fab (.--.) in 
FCA. e Primary anti-rabbit Fab responses after inoculation of BALBJc mice with SO p.g 
rabbit IgG in FCA (0---0); SO p.g rabbit IgG in FCA with 25 p.g anti-rabbit Fc ad­
ministered passively (0--0); 50 p.g rabbit IgG in FCA with 100 p.g anti-rabbit Fc 
administered passive1y (4--4); or 35 p.g rabbit Fab in FCA (_.). d Primary anti­
rabbit Fab responses after inoculation of SO p.g rabbit IgG in normal BALBJc mice 

(~) or in BALBJc mice tolerant to rabbit Fc (4-4) 

that with an equimolar ratio of Fab and Fc, a good primary antibody response 
was obtained to both fragments. This illustrates a general feature of antigenic 
competition, namely, a marked dependence on the relative amounts of the 
antigens administered. The conclusion that rabbit Fc inhibited the response 
to rabbit Fab, and that this was an example of both intramolecular (IgG) 
and intermolecular (Fc/Fab mixtures) competition was therefore justified. 

Fc also successfully inhibited the response to Fab when administered at 
various times before Fab. The competitive influence of Fc continued for about 
7 days. On the other hand it was possible to interehange the roles of dominant 
and suppressed antigens by administering Fab a short time before Fc, which 
resulted in significant reduction of the anti-Fc response. The optimal time­
period for this sequential competition was 4-6 days. This effect is obviously 
similar to those found with heterologous erythrocytes (Section II.C), and 
illustrates another common feature of competition, namely, the dominance 
of the first of two antigens given in series. It is interesting to note the similar 
time-course of the suppressive effect obtained for such dissimilar antigenic 
stimuli as proteins and red cells, indicating perhaps that the time of the 
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Table 1. The dose-dependence of intermolecular competition 

Day Molar ratio Fc/Fab 

12 
17 
22 

3/1 

Anti-Fc titer anti-Fab titer 

6.6(±0.7) 
8.6(±0.7) 

10.0(±0.6) 

2.6(±0.3) 
4.1 (±0.4) 
6.9(±0.6) 

1/1 

anti-Fc titer 

6.3 (±0.5) 
8.9(±0.8) 

H.6(±0.6) 

anti-Fab titer 

6.0 (±ü.5) 
7.8 (±ü.5) 

10.3(±0.7) 
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Anti-Fc and anti-Fab titers of groups of BALB/c mice immunized (on day 0) with 
mixtures of rabbit Fc and Fab in different molar ratios (in comp1ete FREUND'S adjuvant). 
Results as mean 10gB agglutination titers; 10 mice per group. (Data from TAUSSIG, 1971). 

peak immune response is not the deciding factor in the optimal time for 
sequential competition. 

A question of obvious interest is how far the recognition of an antigen, 
and the subsequent response made to it, are important for its dominance 
in competition. Competition between Fc and Fab was therefore studied under 
two conditions designed to reduce the immune response to Fc, namely, (a) pas­
sive administration of anti-Fc antibody, and (b) the state of tolerance to 
Fc (TAUSSIG and LACHMANN, 1972). In both these cases, antigenic competition 
was abolished, and the response to Fab correspondingly enhanced, though 
only in the case of tolerance to Fc was the anti-Fc response significantly 
reduced. Intramolecular competition could be abolished by relatively small 
amounts of passively administered mouse anti-Fc serum (Fig. 1 c); the resulting 
increase in the anti-Fab response was found to be dependent on the amount 
of anti-Fc administered. However, in these particular experiments the amount 
of anti-Fc was not sufficient suppress the response to Fc itself, which con­
tinued at a normallevel. Thus conditions were obtained under which optimal 
responses to both Fab and Fc occurred simultaneously. This result has im­
plications for the mechanism of competition, since it shows that the response 
to Fc cannot take up all the available essential metabolites, etc. and does not 
simply " crowd out" the response to Fab by occupying all the space in lymphoid 
issue, as was once envisaged as the explanation of competition. There are 
various ways in which antibody might interfere with antigenic competition; 
for example, by improving the localization of antigen in lymphoid follieles, 
or by interfering directly in the recognition of the dominant antigen by sensitive 
cells (see Sect. III, D for further discussion). Whatever the explanation, this 
may constitute an important control mechanism under physiological condi­
tions, as first suggested by BRODyet al. (1967), who have described similar 
effeets in hapten competition (Sect. II, D). Thus, during the primary response 
to complex antigens, the antibody formed early in the response will be direeted 
towards the dominant antigens on the molecule or partiele. The effect of this 
antibody will tend both to limit the response to the dominant antigens, and 
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simultaneously to enhanee that to other determinants by abolition of eompeti­
tion. Such' spreading' of the response may be partieularly important Ü, for 
example, the first-formed antibodies are not effective in removing a pathogen. 

The effects of passive anti-Fc on intermolecular competition, with mixtures 
of Fc and Fab, have been less thoroughly investigated, though here again 
it was possible be abolish competition with large amounts of anti-Fc (250 (.Lgm 
per mouse). 

The induetion of tolerance to Fc was found to have a marked effeet on 
both intramolecular and intermolecular competition. Tolerance was induced 
by a single injeetion of 100 (.Lg particle-free Fc. On challenge with either IgG 
or mixtures of Fc and Fab, there was no evidence of antigenic competition, 
as shown by the rapid development of high anti-Fab titers. (In the case of 
challenge with IgG, there was also no evidence of breakage of tolerance to 
Fc.) These results are clearly analogous to the effeets of anti-Fc, with the 
difference that here the improvement of the anti-Fab response is associated 
with the lack of response to Fc. The absence of competition in tolerant animals 
also has important implieations for the site of competition, underlining as it 
does the importanee of recognition processes, or of active steps following 
antigen recognition, in competition. Such steps must be absent in the tolerant 
animal. One possible site of competition which seems to be ruled out by 
these observations is the macrophage, since the uptake of labelled antigen 
by macrophages, as weIl as their functioning in general, seems to be unaf­
feeted bytolerance (HUMPHREY and FRANK, 1967; MITCHISON,1969a).However 
it is not a universal finding that tolerance abolishes competition, and different 
results will be discussed in Sect. III, A. 

An interesting facet of the antibody response to IgG, is that the very 
poor response to Fd determinants also seems to be aresult of antigenie com­
petition by Fc, rather than inaecessibility of Fd (TAUSSIG and LACHMANN, 
1972). By inhibition of anti-Fab serum with free light chains, it was found 
that the anti-Fab produced in response to IgG was mainly direeted towards 
light chain determinants. When Fab itself was injeeted, however, antisera were 
only marginally inhibited by light chains, and must therefore have contained 
a high proportion of anti-Fd. A possible explanation is that the Fd deter­
minants in particular were hidden in the IgG molecule, but became more 
accessible after enzymatic digestion. However, it was found that the abolition 
of intramolecular competition, whether by passive administration of large 
amounts of anti-Fc or tolerance to Fc, considerably enhanced anti-Fd pro­
duction. Thus the poor anti-Fd response to IgG in normal mice is probably 
aresult of competition by Fc, more effective than against the light chain. 
This raises the possibility that the lack of response to other so-called "im­
munosilent" determinants on other moleculecules may in fact be aresult of 
unsuspeeted antigenic competition. Table-2 summarizes the findings on com­
petition between Fab and Fc. 

Mention may be made here of other observations of eompetition with 
protein antigens. ADLER (1964), for example, has given a detailed description 
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Table 2. Summary of Antigenic Competition between Rabbit Fc and Fab 

1. Both intramolecular competition (with IgG as immunogen) and intermolecular com­
petition (with mixtures of Fc and Fab) demonstrable. Fc was the dominant and 
Fab the suppressed antigen. Both anti-light chain and anti-Fd were suppressed by Fc. 

2. Intermolecular competition was dependent on the relative amounts of Fc and Fab 
in the mixture. 

3. Competition could be abolished by anti-Fc serum without suppressing the response 
to Fc. 

4. Competition was abolished by toleranee to Fc. 

of intermolecular competition between ferritin and bovine gamma globulin. 
The work of BARR and LLEWELLYN-]ONES (195}a, b, 1955), WEIGLE and 
HIGH (1967) and others will be described in later sections. 

B. Synthetie Polypeptides as Antigens 

1. Multichain Polypeptides 

In many respects the multichain synthetic polypeptides are highly suitable 
immunogens for the study of antigenic competition. They each possess a 
relatively restricted number of antigenic determinants, of defined chemical 
structure and composition, yet there is considerable scope for controlled 
variation of antigen structure (SELA, 1969). It is possible to follow the antibody 
responses to separate immunopotent regions located either on the same or 
on different molecules (MOZES et al., 1969a, b), which is important for the 
comparative study of intramolecular and intermolecular competition. Further­
more, there is a great deal of background knowledge on the genetic control 
of the immune response to these antigens, and on the cellular basis of this 
genetic control (MCDEVITT and BENACERRAF, 1969; SHEARER et al., 1971 a). 
The following study of competition between the (Phe, G) and Pro-L regions 
of synthetic polypeptide antigens illustrates how these factors may be brought 
to bear on the problem of competition. 

The synthetic polypeptides used, one of which is illustrated in Fig. 2, consist 
of a backbone of polY-L-lysine to which are attached side-chains of either 
polY-DL-alanine, or polY-L-proline, forming the series denoted as A-L or 
Pro-L respectively. Short, random sequences of L-tyrosine and L-glutamic acid 
(T, G), or L-phenylalanine and L-glutamic acid (Phe, G), 4-6 amino acids in 
length, are attached to the ends of the side-chains. The polypeptides thus 
formed are denoted as (T, G)-A-L and (Phe, G)-A-L in the A-L series, and 
as (T, G)-Pro-L and (Phe, G)-Pro-L in the Pro-L series (SELA et al., 1962; 
FUCHS and SELA, 1964; ]ATON and SELA, 1968; MOZES et al., 1969a, b). 
As far as immunological properties are coneemed, in the two strains of mice 
studied (C}H/He] and DBA/1), neither (T, G) nor A-L is effectively immuno­
genic, so that the immunopotent regions under study are (Phe, G) and Pro-L. 
(Phe, G) may be regarded as essentially haptenic, and both Pro-L and A-L 
act as 'carriers'. 
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L-Glutamie acid 

L-Phenylalanine 

+- PolY-L-proline 

Jt' PolY-L-lysine 

Fig. 2. Sehematie diagram of the strueture of a multichain synthetie polypeptide 
(phe, G}-Pro-L 

Both intramolecular and intermolecular competition between (Phe, G) and 
Pro-L were found to occur; in most cases Pro-L was the dominant antigen 
and (Phe, G) the suppressed one (TAUSSIG et al., 1972a). Table 3 shows that 
C3H/HeJ mice responded well to both (Phe, G)-A-L and (T, G)-Pro-L when 
these molecules were administered separately to different groups of animals, 
and, as pointed out there was no response to either A-L or (T, G) under these 
conditions. However, when (phe, G)-Pro-L was the immunogen, the primary 
response to (Phe, G) was very poor while that to Pro-L was as good as to 
(T, G)-Pro-L (Table 3). Once again, the possibility that the (phe, G) deter­
minants were in some way hidden in the (Phe, G)-Pro-L molecule, was excluded 
since another strain (DBA/1) was able to respond well to (Phe, G) on Pro-L. 
Also there is no doubt that Pro-L is well able to act as a carrier for haptenic 
groups. This, therefore, is another example of intramolecular competition, 
in which the response to (phe, G) is inhibited by the response to Pro-L. 

Moreover, as with the Fab/Fc system, intermolecular competition was also 
demonstrated when mixtures of (Phe, G)-A-L and (T, G)-Pro-L were ad­
ministered. Once again there was a striking dependence on the relative doses 
of the antigens in the mixture. A molar excess of (T, G)-Pro-L over (Phe, G)­
A-L of 5/1 in the immunizing mixture led to competition and suppression of 
the response to (Phe, G). In contrast, inoculation of mixtures composed of 
equimolar amounts of the antigens, or an excess of 5/1 of (Phe, G)-A-L, 
resulted in good responses to both (Phe, G) and Pro-L. Finally, with a large 
excess of (phe, G)-A-L of 25/1, the competitive situation was reversed: the 
response to Pro-L was now inhibited by (Phe, G)-A-L. These effects are 
detailed in Table 3 (see also Fig. 4a). The interpretation of this dose-dependence 
of competition is discussed in Sec. V.B. -

Intermolecular competition was also found to inhibit priming for a secondary 
response, and in one case immunological memory (Table 4; see also Fig. 4b, c). 
C3H/HeJ mice which had received primary inoculation with mixtures of 
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Table 3. Antigenic competition between the (Phe, G) and Pro-L regions of synthetic 
polypeptides in C3HJHeJ mice. Data. from TAUSSIG et al., 1972) 

Competitive situation 

(i) Intt'amoleculat' 
Immunogens: 
Primary responses (phe, G)-A-L 

(T, G)-Pro-L 
(Phe, G)-Pro-L 

Secondary responses (Phe, G)-A-L 
(T, G)-Pro-L 
(Phe, G)-Pro-L 

(ii) Intst'moleculat' 
(a) Molar ratio (T, G)-Pro-L/(Phe, G)-A-L: 

5/1 
Primary responses i/i 

1/5 
1/25 

(b) Molar ratio (T, G)-Pro-L/A-L: 
Primary responses 1/5 

1/25 

Logs antibody titer 

anti-(Phe, G) 

4.2(±0.7) 

0.9(±0.3) 
7.4 (±0.8) 

0.6(±0.3) 

0.4(±0.3) 
3.4(±0.6) 
3.9(±0.7) 
4.6(±0.7) 

anti-Pro-L 

6.7 (±0.6) 
6.9(±0.5) 

8.3 (±1.0) 
8.6(±0.9) 

5.7(±0.8) 
5.9(±0.6) 
4.2(±0.7) 
0.55(±0.3) 

4.9(±0.5) 
0.6(±0.4) 

(ResuIts areexpressed as logs haemagglutination titers, ± S.D., with 10 mice per group.) 

Table 4. Intermolecular competition: effect on priming and memory 

Primary immunizing Secondary Anti-(Phe, G) Anti-Pro-L 
mixture immunogen 
(T, G)-Pro-L/ 
(Phe, G)-A-L 
(molar ratio) 

5/1 (a) (Phe, G)-A-L 2.5 (±0.4) 
(b) (T, G)-Pro-L 6.4 (±o.s) 

1/1 (a) (Phe, G)-A-L 1.9(±0.3) 
(b) (T, G)-Pro-L 6.8(±0.7) 

1/5 (a) (Phe, G)-A-L 5.8(±0.6) 
(b) (T, G)-Pro-L 5.7(±0.7) 

1/25 (a) (Phe, G)-A-L 8.3 (±0.7) 
(b) (T, G)-Pro-L 1.6 (±0.4) 

Groups of 20 C3HJHeJ mice received mixtures of (T, G)-Pro-L and (Phe, G)-A-L 
in different molar ratios as a primary inoculation in complete FREUND'S adjuvant. After 
3 weeks, mice from each group were challenged with either (Phe, G)-A-L or (T, G)­
Pro-L separately (given in saline). Sera were taken 10 dayslater and titrated by passive 
haemagglutination. Results as means of 10, ±S.D. 

(T, G)-Pro-L and (Phe, G)-A-L were challenged later with either (T, G)­
Pro-L or (Phe, G)-A-L separately. It was found that where competition had 
caused inhibition of a primary response to one of the antigens, no priming 
for a secondary response to this suppressed antigen had resulted. This indicates 
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that competition probably inhibits the very early stages of the response to the 
suppressed antigen. Moreover, in the group of animaIs which had received 
an equimolar mixture of (T, G)-Pro-L and (Phe, G)-A-L in the primary in­
oeulation, immunological memory to (Phe, G)-A-L was not established despite 
an apparently normal primary response to (Phe, G). Thus, the establishment 
of memory may be more suseeptible to antigenic eompetition than is the 
primary response itself. 

It has been noted above that an excess of (Phe, G)-A-L could inhibit the 
primary response to (T, G)-Pro-L by intermoleeular competition. An im­
portant subsequent finding was that A-L itself was as effeetive as (Phe, G)­
A-L as a eompetitor against (T, G)-Pro-L, even though A-L was very poorly 
immunogenic (Table J). In fact, in the conditions used, i.e. excess of A-L 
over (T, G)-Pro-L of 25/1, the response to Pro-L was suppressed, but almost 
no antibody formation against A-L was detected by haemagglutination. It 
thus appears that immunogenicity, in terms of antibody formation, is not a 
prerequisite for dominanee in intermoleeular competition. However, this does 
not mean that antigen reeognition itself is also unneeessary; A-L, for example, 
is very probably reeognized as an antigen sinee it is able to act as a carrier 
for haptenic groups. Indeed the earrier aspect of an antigen may be the impor­
tant feature causing it to compete successfuliy in intermolecular competition. 
There are clearly important implications to be drawn for the celiular meehanism 
of eompetition, and these wiIl be discussed in See. V.E. 

The miee used in the above studies, C3H/He], are potentially good re­
sponders to both (Phe, G) and Pro-L moieties. DBA/1 mice, on the other 
hand, while they are also high responders to (Phe, G), are low responders to 
Pro-L. The genetie eontrol of the ability to respond to Pro-L has been studied 
in detail (MOZES et al., 1969a, b; SHEARER et al., 1971 a, b). A single auto­
somal, dominant gene, termed Immune Response (Ir)-J is the controlling locus, 
and is not linked to the major histoeompatibility (H-2) locus, in eontrast 
with the Ir-1 gene which controIs the response to (Phe, G), (His, G) and 
(T, G) (McDEVITT and BENACERRAF, 1969). The cellular basis of eontrol over 
the Pro-L response has been studied by limiting dilution analysis, and the 
inability to respond to Pro-L in DBA/1 mice has thereby been eorrelated 
with a reduced number of antigen-sensitive eelis available for Pro-L in this 
strain compared with high responders (MOZES et al., 1970; SHEARER et al., 
1971 a, b; MOZES and SHEARER, 1971; SHEARER et al., 1972). Of particular 
importance was the finding that it was the bon e marrow-derived (B) and not 
the thymus-derived (T) ceIl population that was affected. Unprimed DBA/1 
mice had only approximately one fifth as many available B cell precursors as 
a high responder strain, and the differences in primed animaIs were much 
greater (twenty five-fold), whereas the T eeIl population in DBA/1 was as 
for high responderso (While the high responder strain studied by these workers 
was in fact S]L, there are good grounds for the assumption that S]L and 
CJH/He] are identieal in respeet of the numbers of T and B precursors for 
Pro-L). A comparison of antigenie competition between CJH/He] and DBA/1 



Antigenie Competition 135 

TabIe 5. Antigenie eompetition between (Phe, G) and Pro-L regions of synthetie poly­
peptides in DBA/1 mice. Data from TAUSSIG et al., 1972b) 

Competitive situation 

(i) Intramolecular 
Immunogens : 
Primary responses 

Seeondary responses 

(ii) Intermolecular 

(Phe, G)-A-L 
(T, G)-Pro-L 
(Phe, G)-Pro-L 
(Phe, G)-A-L 
(T, G)-Pro-L 
(Phe, G)-Pro-L 

Molar ratio (T, G)-Pro-L/(Phe, G)-A-L: 
Primary responses 5/1 

1/1 
1/5 
1/25 

Loga antibody titer 

anti-(Phe, G) 

3.9(±0.3) 

3A(±0.4) 
6.8(±OA) 

6.0(±0.3) 

0.6 (±0.2) 
4.3(±OA 
4.5 (±0.4) 
3.8(±0.3) 

anti-Pro-L 

2.6(±0.3) 
2A(±0.3) 

2A(±0.2) 
3.2(±OA). 

2.1 (±0.2) 
2.3 (±OA) 
1.9(±0.3) 
1.4 (±OA) 

Intermolecular competition only is demonstrable. (ResuIts are expressed as 10gB 

haemagglutination titers ±S.D., with 5 mice per group). 

strains was therefore made, not only to determine the importanee for com­
petition of the level of the response to Pro-L, but also to correlate competition 
with one or other cell popuIation (TAUSSIG et al., 1972b). 

DBA/1 mice were immunized with (Phe, G)-A-L, (T, G)-Pro-L or (Phe, G)­
Pro-L, separately, and the resuIts are shown in Table 5. It will be seen that 
the response to (Phe, G) was as good with (phe, G)-Pro-L as the immunogen 
as with (Phe, G)-A-L. This is, of course, in strilang contrast to the resuIts 
described in C3H/HeJ (Table 3), and indicates that intramolecuIar competition 
between (Phe, G) and Pro-L does not occur in the low responder strain. 
Clearly, for intramolecuIar competition the level of the antibody response 
to the dominant antigen is a very important factor. On the other hand, when 
intermolecuIar competition was examined in DBA/1 mice by inocuIation of 
mixtures of (Phe, G)-A-L and (T, G)-Pro-L in different ratios, no significant 
difference from C3H/HeJ was found. The relatively small excess of (T, G)­
Pro-L over (Phe, G)-A-L of 5/1 caused suppression of the response to (Phe, G), 
despite the very poor response to Pro-L (Table 3). This result is very similar 
to the ability of A-L to be dominant in competition without provoking a 
deteetable antibody response. Thus, in intermolecuIar competition, in contrast 
with intramolecuIar competition, the level of the response to dominant antigen 
is apparentIy irrelevant to its ability to be successfuI in competition. 

The low response of DBA/1 mice to Pro-L may be "correeted" by the 
-polyribonucleotide, polyadenylic-polyuridylic acid (poly A: U) ; injection of this 
after the immunogen restores the response to the level of that of the high 
responders (MOZES et al., 1971; BRAUN et al., 1971; SHEARER et al., 1971 a). 
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Table 6. Effeets of poly A:U on antibody responses to (Phe, G) and Pro--L regions of 
synthetic polypeptides. (Data from TAUSSIG et al., 1972b) 

Immunogen Without poly A: U With poly A: U 

anti-(Phe, G) anti-Pro--L anti-(Phe, G) anti-Pro--L 

(Phe, G)-A-L 6.8(±O.4) 7.3(±O.5) 
(T, G)-Pro--L 204(±O.2) 604 (±Oo4) 
(Phe, G)-Pro--L 6.0(±O.3) 3.2(±O.4) 2.1 (±O.3) 6.9(±Oo4) 

Poly A: U restores both the response to Pro--L and intramoleeular eompetition 
between Pro--L and (Phe, G). (Results, whieh are secondary responses, are expressed as 
log2 haemagglutination titers ±S.D., with 5 mice per group). 

The effeet of poly A: U shows a degree of detenninant and strain specificity, 
and in DBAJ1 it improves the response to (T, G)-Pro-L without influencing 
the response to (Phe, G)-A-L. At the eeliuIar level limiting dilution analysis 
has shown that poly A: U specifieally increases the number of B-eeli preeursors 
available for (T, G)-Pro-L, while the number of sensitive eelis in the T popuIa­
tion is unaltered (SHEARER et al., 1971 a; MOZES et al., 1971). The influenee 
of poly A: U on the response to (Phe, G)-Pro-L was examined with these 
points in mind to determine whether the improvement in the response to 
Pro-L wouId affeet the response to (Phe, G). The resuIts of this experiment 
were striking and clear-eut, as shown in Table 6. When (Phe, G)-Pro-L was 
injeeted into DBAJ1 mice, foliowed after 24 hours by 300 !Lg poly A:U, the 
response to Pro-L was enhaneed, but that to (Phe, G) was eoneomitantly 
depressed. In other words, intramoleeular eompetition between Pro-L and 
(phe, G) was restored at the same time as the response to Pro-L was improved. 
This resuIt was eonfirmed by the subsequent finding that two other proeedures 
whieh also eorreet the low response to Pro-L, namely, injeetion of maerophage­
associated antigen and antigen eomplexed to methylated BSA, also restored 
the ability of Pro-L to compete against (Phe, G). The number of antigen­
sensitive eelis available for Pro-L in the B population was again specifically 
inereased in these cases (SHEARER et al., 1971 a). 

These results provide clear indications of the eelI types involved in anti­
genic eompetition. It appears that the ability of an antigen to compete against 
others present on the same moleeule is related to the number of preeursors 
available for it in the B eeli population. Clearly, therefore, intramoleeular 
eompetition wili in many cases be related to the level of the antibody response 
to the antigens involved, insofar as this is dependent on the number of B eelis 
available for eaeh antigen. On the other hand, intermoleeular eompetition 
between mixtures of antigens is probably aT-eeli effeet, and is often unrelated 
to the level of the antibody response to the antigens involved. Thus, the 
dominanee of (T, G)-Pro-L over (Phe, GJ-A-L in antigen mixtures showed 
no differenee between C3HJHeJ high responders to Pro-L and DBAJ1 low 
responders, whieh eorrelates with the near identity in the numbers of Teelis 
available for Pro-L in the two strains. This is very similar to the ability of 
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Table 7. Summary of antigenic competition between (Phe, G) and Pro-L regions of 
synthetic polypeptides 

1. In C3HJHeJ mice [high responders to both (Phe, G) and Pro-L], both intramole­
cular competition [(Phe, G)-Pro-L] and intermolecular competition [(Phe, G)-A-L 
and (T, G)-Pro-L] occured. In general Pro-L was dominant and (Phe, G) sup­
pressed 

2. Intermolecular competition was dependent on the relative amounts of (Phe, G)-A-L 
and (T, G)-Pro-L in the mixture 

3. A large excess (25/1) of a non-immunogenic molecule, A-L, suppressed the respone 
to (T, G)-Pro-L 

4. In DBA/1 mice [high responders to (Phe, G), but low responders to Pro-L], intra­
molecular competition was absent, but intermolecular competition was stiil present 

5. Intramolecular competition restored in DBA/1 by poly A:U 

A-L to compete against Pro-L in C3HjHeJ without stimulating antibody 
production. Both Pro-L in DBAj1 and A-L in C3HjHeJ are molecules for 
which T eelis are avallable, as shown by limiting dilution analysis and by their 
ability to act as carriers for haptenic groups in thymus-dependent immune 
responses, and both can be dominant in intermolecular competition while 
provoking only a poor antibody response. 

These observations are summarized in Table 7 and are discussed further 
with reference to models for antigenic competition in See. V. 

2. Linear Polypeptides 

Several interesting examples of competition between synthetic linear 
polypeptides have been described; in many cases the polypeptides are used 
as haptens on protein carriers. SCHECHTER and SELA (1967), for example, 
compared the antibody responses in rabbits to PolY-L-alanyl, PolY-D-alanyl 
and poly-DL-alanyl proteins. Immunization with PolY-L-alanyl or POlY-D-alanyl 
proteins gave rise to non-crossreacting antibodies speeific for the stereoisomers. 
On the other hand, immunization with POlY-DL-alanyl proteins led predo­
minantly to production of anti-polY-D-alanine, with very little anti-poly­
L-alanine. This was a general phenomenon, occurring also with polY-DL-phenyl­
alanyl and polY-DL-tyrosyl proteins. There was no doubt that POlY-DL-alanine, 
for example, contained sequences of both POlY-D- and PolY-L-alanine, since 
these were available for reaction with speeific antibody. Also, there was no 
predominance of D-alanine at the ends of POlY-DL-alanine chains, which could 
have led to preferential production of anti-polY-D-alanine. Clearly, therefore, 
this is an example of intramolecular competition between sequences composed 
of D and L amino acids, with the D sequences bemg the dominant determinants. 
Very little antibody speeific for DL-sequences was produced on immunization 
with polY-DL-aminoacyl proteins, and it may be that such antibody was also 
suppressed by the D-sequences. 
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SCHECHTER (1968) also examined the possibility of intennolecular com­
petition by immunizing with a mixture of polY-L-alanyl-HSA and poly­
D-alanyl-HSA. No competition was found, though no attempt was made to 
vary the relative amounts of the immunogens in the mixture. 

The question of whether the intramolecular competition between D- and 
L-sequences would continue in animals made tolerant to polY-D-alanine was 
studied by TARRAB et al. (1971). Although there was no increase in anti-poly­
L-alanine production in rabbits tolerant of polY-D-alanine and immunized with 
polY-DL-alanyl proteins, there was a significant increase in the amount of 
antibodies reacting specilically with DL-sequences. The effeets of toleranee 
on competition are thus rather ambiguous in this case. 

An example of intennolecular competition in which the nature of the 
protein carrier played a particularly critical role was described by SCHECHTER 
(1968). PolY-DL-phenylalanyl (poly-Phe-) protein conjugates were found to 
inhibit the antibody response to polY-DL-alanyl (poly-Ala-) proteins, but only 
when the protein carriers were the same or related molecules. For example, 
poly-Phe-RSA suppressed the response to poly-Ala-RSA or to poly-Ala-HSA, 
but not to poly-Ala-RNase. Similarly poly-Phe-RNase was dominant in com­
petition against poly-Ala-RNase, but did not affeet the response to poly­
Ala-HSA. An important finding was that poly-Phe-RSA was as good a com­
petitor in rabbits made tolerant to it as in nonnal rabbits. It will be noted 
that in these experiments the competition only occurred between crossreacting 
immunogens, even though the crossreaction was at the level of the carrier 
molecule only. In view of the important role of the recognition of carrier 
deterrninants in the response to hapten-carrier conjugates, it is reasonable 
to interpret these results as competition between crossreacting (or identical) 
carrier determinants rather than between the polypeptides themselves. One 
could assume for example, that the affinity of a carrier-recognition site might 
be slightly higher for poly-Phe conjugates than for poly-Ala conjugates with 
the same type of carrier, leading to the success of the fonner in competition. 
This interpretation assumes a rather high degree of crossreaetivity at the 
carrier level between poly-Phe-RSA and poly-Ala-HSA; the finding that 
poly-Phe-RSA suppressed the response to both poly-Ala and HSA would, 
however, support this. The fact that toleranee did not prevent poly-Phe­
RSA from competing against poly-Ala-RSA and poly-Ala-HSA could be 
explained il toleranee to the crossreaeting carrier detenninants was not 
complete. 

A further case of competition involving polY-DL-alanine may be inferred 
from the results described by BAUMINGER et al. (1967). The response to poly­
DL-alanyl proteins in rabbits was found to be mainly directed towards the 
haptenic polY-DL-alanine, with a relatively poor response to the protein carrier. 
However, in rabbits rendered tolerant to p01Y-DL-alanine by neonatal injection 
of A-L and subsequently immunized with polY-DL-alanyl proteins, the response 
to the protein was much enhanced. This may, therefore, be regarded as an 
example of intramolecular competition between hapten and carrier, in which 
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the hapten is the dominant detenmnant, and in which competition is abolished 
by toleranee to the otherwise dominant POlY-DL-alanine. These results are 
very similar to those of ROELANTS and GOODMAN (1970), (See. V.A), and 
once more affirm the absence of competition in tolerant animals. 

Antigenic competition between synthetic polypeptides has also been ex­
amined by BEN-EFRAIM and LIACOPOULOS (1967a; 1967b; 1969; 1970). Their 
results show that in many cases delayed hypersensitivity is as much influenced 
by competition as is antibody production. In one study (BEN-EFRAIM and 
LIACOPOULOS, 1967a), the importance of immunogenicity in competition was 
examined using very weakly immunogenic D-polypeptides. It was found that 
the delayed response to the random copolymer polY-L-(Tyr, Glu, Lys), which 
is immunogenic in its own right in guinea pigs, could be inhibited by the very 
poor immunogen POlY-D-(Tyr, Glu, Lys). A high ratio of the antigens was 
used (60/1 of the D/L polypeptides). Since the D-isomer is known to be slightly 
immunogenic, their interpretation was that it behaved as an "abortive" 
antigen; although it was a recognizable immune detenmnant, it could only 
rarely induee any but the first stages of a response. Competition would oceur 
at these early stages. 

Another interesting example described by the same authors relates anti­
genic competition to genetic control of the immune response (BEN-EFRAIM 
et al., 1970). The control of the response to DNP-polY-L-lysine (DNP-PLL) 
in guinea pigs has been studied in great detail. The random-bred population 
contains both responder and non-responder animals, and the ability to respond 
is controlled by a single dominant gene linked to the histocompatibility loeus 
(BENACERRAF et al., 1971). In inbred lines, strain 2 are responders while strain 
13 are non-responders. At the cellular level, it appears that the control is 
exercized at the level of recognition of PLL carrier detenmnants. Thus, non­
responders can be made to respond to DNP-PLL when this is complexed 
to BSA; in this case, antibody production but not delayed hypersensitivity 
results. In terms of the cell populations, the defeet is presumed to be in the 
helper cell (T) population, rather than the antibody-forming cell (B) popula­
tion. The ability of DNP-PLL to compete against poly-(Tyr, Glu, Ala) and 
poly-(Tyr, Glu) was studied in responder and non-responder animals. It was 
observed, significantly, that DNP-PLL could indeed compete and was dominant 
even in non-responder guinea pigs, but that the threshold dose required to 
show this competition was much higher in non-responders than in responderso 
This result is important because it is again possible to relate competition to 
a eertain cell population. The implieation is that the ability to compete is 
the result of reeognition of DNP-PLL by T eells. Beeause such recognition is 
impaired in the non-responders, a much higher dose of DNP-PLL was required 
to show competition, presumably in order to stimulate the available T cells 
effeetively. This result is very mueh in keeping with those described for com­
petition by A-L and Pro-L in the absence of good antibody responses to these 
antigens, where the eonclusion was also drawn that intermoleeular competition 
is a result of reeognition of antigen by T cells. 
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c. Heterologous Erythrocytes 

When two antigens are injected in sequence with a suitable time-interval 
between them, it is often found that the response to the antigen given second 
is suppressed (' sequential competition '). This phenomenon, which is very 
general, has most often been studied with heterologous red cells from different 
species used as the competing antigens (ALBRIGHT and MAKINODAN, 1965; 
RADOVICH and TALMAGE, 1967; EIDINGER et al., 1968; DUKOR and DIETRICH, 
1970; HANNA and PETERS, 1970; MÖLLER and SJÖBERG, 1970, 1971; WATER­
STON, 1970; GERSHON and KONDO, 1971 a, b), but it occursequallywell between 
protein antigens (BARR and LLEWELLYN-JONES, 1955; TAUSSIG, 1971) and 
also when the first stimulus is a graft-versus-host reaction (HOWARD and 
WOODRUFF, 1961; LAWRENCE and SIMONSEN, 1967; MÖLLER, 1971). It is 
c1early a form of intermolecular competition, since the competing antigens 
are of necessity on different molecules or particles, but it differs in many 
respeets, and probably also in causation, from the intermolecular competition 
which occurs when antigens are administered simultaneously as mixtures. 
Indeed, antigens which compete vigorously when administered sequentially 
will very often not compete at all when given together. The precise time 
which must elapse between administration of the antigens in order to show 
maximal competition and also the degree of suppression produced, are depend­
ent, however, on two features familiar from other forms of competition, i.e. 
the immunogenicity and the doses of the antigens involved. In general, the 
more immunogenic the first antigen and the higher its dose, the more profound 
the suppressive effeet of competition, which will also occur more rapidly. 
By the same token, the response to a poor immunogen, or to a small dose, 
is more easily suppressed by sequential competition than that to a good 
immunogen or a larger dose. 

Among the first to examine sequential competition using erythrocytes as 
antigens were ALBRIGHT and MAKINODAN (1965), and RADOVICH and TALMAGE 
(1967). Although the basic observations of the two groups were the same, 
their interpretations were very different. ALBRIGHT and MAKINODAN injected 
mice first with 2 X 109 sheep RBC, and thereafter with 2 X 10S rat RBC. 
The antibody response to rat RBC injected within seven days of sheep RBC 
was significantly depressed, the maximal effeet (95 % suppression) occurring 
when the time interval between injections was 15 hours. This observation 
was used as evidence for the multipotentiality of antigen-sensitive eelis, since 
it was argued that if these eelis were pre-committed to one specificity, non­
crossreacting antigens would not interfere with each other. It was further 
found that the secondary response to rat RBC could not be inhibited by prior 
injection of sheep RBC. This was taken to mean that memory cells, in contrast 
with the immature precursors, were relatively differentiated. RADOVICH and 
TALMAGE (1967) used a similar system to test the suggestion that precursor 
eelis were pluripotential. They showed that sheep RBC and horse RBC would 
compete with each other, maximal inhibition occurring if a four-day time 
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interval separated the injection of the antigens. Minimal crossreactivity between 
the antigens was detected by plaque assay. The authors contended that because 
competition was maximal when the interval was four days, corresponding to 
the peak of the response to the first antigen, "it seems unlikely that ... anti­
genic competition is in faet competition for anything". A competitive event, 
it was suggested, would be most likely to occur when the antigens were injected 
together. Since this was not so it was concluded that competitian was probably 
mediated by humoral, inhibitory factors. Although mare reeent work also 
points to a role for inhibitory faetors in sequential competitian, this particular 
argument by no means proyes the case. In faet, many of the explanations 
invoking competitive events would predict that the antigen given first in time 
would be certain to acquire an advantage, by pre-empting multipatent precursor 
eelis, by occupying limited sites of antigen presentation or processing, or by 
preferentially taking up space in lymphoid tissue, etc. However, RADOVICH 
and TALMAGE also developed a critical experimental design to probe the ques­
tion of whether competitian was for a multipatent precursor eeli. Heavily 
irradiated (1000 r) mice received transfers of either 10 X 106 or 50 X 106 normal 
spleen eelis; on the same day as transfer, horse RBC were also injected and 
sheep RBC were given four days later. It was argued that competitian for 
a multipatent cell should be most noticeable with the lower number of trans­
ferred cells. The experimental result showed, on the contrary, that com­
petition was mare marked at the higher cell concentration. This was taken as 
further evidence that competitian was the result of the production of a humoral 
inhibitor by the response to the first antigen, which suppressed the response 
to the second antigen. Although this experiment indeed tends to rule out the 
multipatent cell hypothesis, it is worth noting that other interpretations of 
competitian, such as competitian for space, metabolites, etc., also predict a 
greater effeet with higher cell numbers. 

MÖLLER and SJÖBERG (1970, 1971) have also examined competition between 
sequential injeetions of horse RBC and sheep RBC and attempted to prove 
that competition does not decrease the number of preeursors available for 
the second, suppressed antigen. Spleen cells were removed from miee preim­
munized with horse RBC and transferred, together with sheep RBC, into 
recipient mice irradiated with 350 r. The transferred cells were only marginally 
less competent than normal cells in their response to sheep RBC. Assuming 
that there was no host contribution to the response after what was a relatively 
low level of irradiation, the result shows that there is no competition for 
immunocompetent eelis. A further experiment indieated that the environment 
within animals preimmunized with one antigen was inhibitory to antibody 
production by transferred normal cells. N ormal spleen cells, or eells primed 
to sheep RBC, were mixed with sheep RBC and transferred into irradiated 
(350 r) hosts whieh had been injeeted with horse RBC four days prior to irra­
diation. A very significant suppressian of the antibody response of the trans­
ferred eells was observed. This result has been confirmed by W ATERSTON 
(1970) and is good evidence for a suppressive milieu in animals undergoing 
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sequential eompetition. By analogy with the known ability of T eelis to produee 
humoral effeetor substanees, the authors suggest that Teelis responding to 
the first antigen produee agents, non-speeifie in their effeet, whieh suppress 
the proliferation of B eelis, henee giving rise to the observation of antigenie 
eompetition. 

GERSHON and KONDO (1971 a) have shown that the presenee of Teelis 
is indeed essential to the meehanism of sequential eompetition. In irradiated 
mice reeonstituted only with bone-marrow eelis, a thymus-independent re­
sponse to e.g. horse RBC was demonstrated. This response, whieh was mainly 
IgM, eould not be inhibited by the prior injection of non-erossreaeting sheep 
RBC. The addition of T eelis both improved the response to horse RBC and 
also restored the competitive effect of prior injection of sheep RBC. Increasing 
the number of T eelis from 1.5 X 107 to 6 X 107 further improved the com­
petitive effect of sheep RBC without inereasing the antibody response to 
sheep RBC. These observations speeifically implieate T eelis in sequential 
eompetition. Moreover, sinee the eompetition was greater when higher numbers 
of Teelis were transferred, it is unlikely that eompetition was for the eom­
mitment of multipotent Teelis (foliowing the arguments of RADOVICH and 
TALMAGE above). Once again, the indication is that T eells, onee speeifically 
stimulated by antigen, produce inhibitors which are non-specifie in their action. 

A rather unusual situation has been described by WATERSTON (1970). 
Sequential eompetition was demonstrated in vivo between pig and sheep RBC, 
with much the same results as found by others. However, when an in-vitro 
system of the type described by MISHELL and DUTTON (1967) was used to 
compare the responsiveness of spleen eells from normal animaIs with those 
from animaIs immunized with pig RBC, the latter were found to be enhanced 
in their ability to mount a primary response to sheep RBC. The improvement 
was shown to result from the increased size of a non-adherent eeli population, 
presumably of Teelis, sinee no erossreaction in PFC was found. It is likely, 
therefore, that the antigens share some t carrier speeificity' not expressed 
at the serum antibody level. Although the author suggests that the eompetition 
in vivo resulted from the presenee of a minut e amount of erossreacting sup­
pressive antibody produeed in response to the first antigen, it seems more 
likely that it is eaused by the non-speeific inhibitory factors postulated above. 
These would be diluted out in vitro, where instead enhancement would, result 
from the inereased number of Teelis reeognizing crossreacting carrier deter­
minants. 

In summary, sequential eompetition appears to be the result of the pro­
duetion of non-speeific inhibitory factors by T cells in resp ons e to the first 
antigenic stimulus. These faetors may well serve the important function of 
limiting the extent of the immune response, and thus complement the sup­
pressive, regulatory action of antibody itself. Their action is probably to inhibit 
the proliferation of both T and B cells; they would thus be selflimiting in 
production, and should only be present while an immune response continues. 
Any other antigen given during this period is therefore introduced into an 



Antigenic Competition 143 

inhibitory environment, with the resuIt that antibody production to it will 
be relatively suppressed. Sequential competition may thus be seen as a side­
effeet of the regulation of the immune response. For further discussion, see 
Sect. V.C. 

D. Haptens 

Several studies have been descrlbed in which conventional haptens were 
used as the competing determinants (AMKRAUT et al., 1966; BRODY et al., 
1967; BRODY and SISKIND, 1969, 1972; SCHWARTZ and LESKOWITZ, 1969; 
FAUCI and JOHNSON, 1971 a, b; TAYLOR and IVERSON, 1971). AMKRAUT et al. 
(1966) found that competition between the 2, 4 dinitrophenyl (DNP) and 
arsanilic acid (RAzo) groups only occurred in the intramolecular situation, 
i.e. with both haptens on the same carrier molecuIe. The type of carrier used 
had an important effeet on the resuIts. For example, rabbits which were 
immunized with the haptens coupled to keyhole limpet haemocyanin­
RAz~2DNP19 KLH-produced anti-DNP, but no anti-RAzo. Animals which 
received, on the other hand, the same haptens on bovine serum albumin­
RAZ024DNPsBSA-produced good anti-RAzo as weIl as anti-DNP titerso Since 
both conjugates had similar haptenjhapten and hapten/protein ratios, it is 
possible that the higher immunogenicity of KLH compared with BSA had a 
role in suppressing the response to RAzo. It was also shown that intramolecular 
competition was dependent on the ratio of the haptens coupled. Thus, with 
the conjugate RAZ024DNP25BSA, the response to RAzo was suppressed by 
competition; no such competition occurred with the conjugate RAZ024DNPs 
BSA. There is a possibility that sterle hindrance was a contrlbuting factor in 
the first case. 

BRODYet al. (1967) have also examined competition between DNP and 
arsanilic acid (RAzo) coupled to rabbit gamma globulin (RGG). Rabbits were 
immunized separately with either RAz012RGG or DNP28RGG, and the 
responses compared with those to a mixture of the two conjugates, or to the 
doubly conjugated molecuIe RAZ~5DNP27RGG. Mutual competition was found 
to occur in both the intermolecuIar and intramolecuIar situations, leading to 
a 60% reduetion in anti-DNP and 90% reduction in anti-RAzo produced. 
Passively administered anti-DNP both suppressed the response to DNP and 
at the same time reduced the effects of intermolecuIar competition, i.e., the 
response to the RAzo group administered simuItaneously on a separate carrier 
molecule was enhanced. Anti-DNP had no effeet on intramolecuIar competi­
tion-when DNP and RAzo were present on the same molecule, anti-DNP 
suppressed the response to DNP but neither suppressed nor enhanced that 
to RAzo. The same resuIts were obtained with anti-RAzo administered passively. 
This effect of antibody on antigenic competition is discussed further in 
Sec.III.D. In a later paper (BRODY and SISKIND, 1969) the affinity of the 
antibody produced to suppressed antigens during antigenic competition was 
compared with that formed to the same antigens under optimal immunizing 
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conditions, and no significant differences were found. This tends to rule out 
partial toleranee as a cause of competition, since this would be expected to 
lead to a decrease in average affinity. Nor is there likely to be a restriction in 
antigen avallable for sensitive cells in this case, for example as a result of 
competition during macrophage processing, because an increase in antibody 
affinity would then be expected. Another interesting feature of competition 
between these haptens was the requirement that they be injected into the 
same site, both when given at the same time (BRODY and SISKIND, 1969) and 
when administered sequentially with an interval of 1-2 weeks between in­
jections (BRODyand SISKIND, 1972). If a soluble inhibitor is involved in this 
case, its local concentration must be critical. The result with sequential 
competition differs from that between heterologous erythrocytes in mice, 
where the relative site of injection of the antigens was not important in 
competition (EIDINGER et al., 1968; O'TooLE and DAVIES, 1971). 

SCHWARTZ and LESKOWITZ (1969) described intermolecular competition 
in the development of de1ayed hypersensitivity to arsanilic acid. Awbenzene­
arsonate-N-acetyl tyrosine (RAzo-tyr), when injected in complete Freund's 
adjuvant, regularly induced a state of hapten-specific hypersensitivity which 
could be elicited with RAzo-insulin. When mixed with 100 !Lg bovine gamma 
globulin (BGG), sensitization by RAzo-Tyr was inhibited. The induction of 
toleranee to BGG prevented this competitive effect. Furthermore, intra­
molecular competition also seemed to occur, since RAzo coupled to poorly 
immunogenic carriers gave rise to hapten-specific sensitivity, while RAzo on 
more highly immunogenic ~arriers falled to do so, suggesting competition 
between carrier and hapten. Induction of toleranee to the immunogenic carrier 
protein again restored hapten-specific responsiveness in some cases. 

ID. Antigenic Competition and Other Immunological Phenomena 
A. Toleranee 

1. Competition in Tolerant Animals 
The question of whether antigenic competition can still occur in animaIs 

made tolerant to the antigen which would normally be dominant in competition 
is an important one. In general, it seems that toleranee to the dominant antigen 
abolishes its ability to compete in both the intermolecular and the intra­
molecular situations. Some examples have already been quoted. Thus competi­
tion between rabbit Fc and Fab, both within the IgG molecule and with 
antigen mixtures, did not occur in mice rendered tolerant of Fc (TAuSSIG and 
LACHMANN, 1972, See. II.A). Intramolecular competition between poly­
y-D-glutamic acid (PGA) and its carrier, methylated BSA, was abolished 
when toleranee to PGA was induced (ROELANTS and GOODMAN, 1970, 
See. V.A), and a siInilar example has been -described in the work of BAUMINGER 
et al. (1967) on competition between poly-DL-alanine and its protein carrier 
(See. II.B.2). WEIGLE and HIGH (1967) described the inhibition of the antibody 
response to ovalbumin (OA) as aresult of competition by haptenated BSA or 
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thyroglobulin; once again, toleranee to these dominant antigens prevented 
competition and improved the response to OA. Similarly, SCHWARTZ and 
LESKOWITZ (1969) showed that neither intramolecular nor intermolecular 
competition between the arsenilic acid group and BGG, which results in 
suppression of delayed hypersensitivity to arsenilic acid, occurred in animaIs 
tolerant of the dominant BGG. 

The effeets of toleranee on three related competitive situations involving 
rabbit IgG and the multichain synthetic polypeptide (T, G)-Pro-L have 
recently been studied (TAUSSlG, 1972). The results are shown in Fig. 3. Mice 
immunized with a mixture (in adjuvant) of (T, G)-Pro-L (1 mg) and rabbit 

.. Anti-FoI1 liler 
lZl Anti-IgG tiler 
D Anti-fT.GI·Pro--L liler 

Fig. 3. Absence of Antigenic competition in tolerant animaIs. Group (i) : Anti-rabbit Fab 
and anti-(T, G) -Pro-L titres 2 weeks after injection of a mixture containing 35 (Lg 
rabbit Fab and 1 mg (T, G)-Pro-L in FCA, in normal C3HJHeJ mice. Group (ii): As (i), 
but in mice tolerant to (T, G)-Pro-L. Group (iii): Anti-rabbit IgG and anti-(T, 
G)-Pro-L titres 2 weeks after injection of a mixture containing 1 mg rabbit IgG and 
1 mg (T, G)-Pro-L, in FCA, in normal C3HJHeJ mice. Group (iv): As (iii), but in mice 
tolerant to rabbit IgG. Group (v): Antirabbit IgG and anti-(T, G)-Pro-L titres 2 weeks 
after sequentiaI administrationofthe antigens [1 mg (T, G)-Pro-Lin FCA, followed 4 days 
later by 1 mg IgG in FCA] in normal C3HJHeJ mice. Group (vi): As (v), but in mice 

tolerant to (T, G)-Pro-L 

Fab' (35 (Lg) responded weil to (T, G)-Pro-L, but the response to Fab' was 
suppressed by intermolecular competition [Group (i)]. In animaIs rendered 
tolerant by a single injection of 2 mg (T, G)-Pro-L in saline, however, this 
competitive effeet did not occur, and the results in the tolerant Group (ii) 
are thus a reversal of those in Group (i). In competition between(T, G)-Pro-L 
and rabbit IgG itself, conditions were found where IgG was the dominant and 
(T, G)-Pro-L the suppressed antigen, namely, injeetion of a mixture con­
taining equal amounts of each antigen [Group (iii)]. Once again, IgG ceased 
to be dominant in mice tolerant to it [Group (iv)]. Finally if (T, G)-Pro-L 
was injected a few days before rabbit IgG, the response to the latter was 
suppressed in normal mice [Group (v)] but not iIl mice tolerant to (T, G)-Pro-L 
[Group (vi)]. 

As noted in See. ILB.2, a different result was obtained by SCHECHTER 
(1968), who found that polY-L-phenylalanyl-RSA suppressed the antibody 
response to polY-DL-alanyl-RSA in rabbits tolerant to poly-L-phenylalanyl-
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RSA as well as in normal rabbits. Reasons for regarding this as a speeial case, 
however, have already been discussed. 

It thus appears that, in general, antigenic competition will not take place 
in an animal which is tolerant to an otherwise dominant antigen. It is prob­
able, therefore, that antigen recognition and the proliferative events following 
this recognition in a normal animal are an important part of antigenic com­
petition. These results make it unlikely that nonspeeific antigen handIing, 
particularly by macrophages, is relevant to the mechanism of competition, 
espeeially since this is probably not affected by toleranee (HuMPHREY and 
FRANK, 1967; MITCHISON, 1969a). Also there is clearly a difference between 
antigens to which a state of aequired toleranee exists and those which are 
inherently poor immunogens. Several cases in which the latter can indeed 
be dominant in eompetition have been described, so that reeognition and the 
other events necessary for eompetition must stilI occur in the case of these 
antigens, even though antibody production itself may not. 

2. Can the Process 01 Toleranee Induetion lead to Competition? 

A provocative observation made some time ago by LIACOPOULOS et al. 
was that the induction of toleranee with very large doses of antigens resulted 
in a temporary inability to respond to other, unrelated antigens (LIACOPOULQS 
et al., 1962; LIACOPOULOS and NEVEU, 1964). This threw some doubt on the 
speeifieity of toleranee induction and the monopotentiality of antigen-sensitive 
eells, though the non-speeifie effect was only be demonstrable for a few days. 
However, it is now known that during the induetion of high-zone toleranee, 
a passing phase of antibody production may exist (MITCHISON, 1968) and it 
seems reasonable, therefore, that antigenie competition may occur as aresult. 
There is also a great deal of apparently nonspeeific eell proliferation and 
y-globulin production during toleranee induced by overIoading, and this may 
have an inhibitory, competitive influence on antibody production of later 
stimuli. Recently, LIACOPOULOS et al. (1971) have shown that the induction 
of low-zone toleranee may also inhibit antibody production to unrelated 
antigens. The most significant finding was that toleranee induced by repeated 
injection of 0.1 !lg ESA was inhibitory to the immune response to OA. However, 
this effect was only found during the first few days after eommencement of 
the tolerance-indueing schedule; that is, the competitive events oecurred long 
before toleranee eould be said to be complete. This may indicate a sirnilarity 
between some of the earIy events of both immunity and toleranee induction. 

3. Is there a Competitive Step in Toleranee Induction? 

A reeent study has examined whether antigens whieh compete for the 
induction of immunity will also compete for the induction of toleranee (TAUSSlG, 
1972). It was hoped that this would be useful not only in defining better the 
nature of antigenic competition, but would also indicate the essential differ-
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Table 8. Induction of tolerance to rabbit Fab in C3HjHeJ mice, under varions "competi-

Dose of 
Fab (J.l.g) 

10 
25 

100 

a 50 J.l.g Fc. 
b 500 J.l.g Fc. 

tive" conditions 

Antigens Adminstered 

Fab Fc a Fc b IgGC 
±Fab ±Fab 

7.5 (0.6) 8.3 (1.1) 8.6(0.3) 7.1(0.5) 
2.1 (0.4) 1.5 (0.8) 2.6(1.0) 2.0(0.5) 
1.8(0.7) 0.9(0.9) 3.0(0.7) 1.8(0.7) 
0.9(0.8) 2.7 (0.5) 2.5(0.3) 1.7(0.8) 

C Contained amounts of Fab specified in left hand column. 
d 1 mg (T, G)-Pro-L. 
e 1 mg (T, G)-Pro-L given 4 days before Fab. 

(TG)PLd TG(PL)e 
+Fab +Fab 

9.2(0.8) 8.7(1.1) 
2.7(0.3) 2.1 (0.9) 
1.1 (0.4) 2.0(1.0) 
1.0(0.3) 2.5 (0.3) 

Different amounts of rabbit Fab were administered either mixed with, linked to, 
or after other antigens, as indicated. All antigens were partic1e-free and administered 
in saline. 10 days later, ehallenge of 35 J.l.g Fab in complete FREUND'S adjuvant was given. 
The results showanti-Fab titers of sera taken 21 days after ehallenge. (Logs haemagglu­
tination titers with S.D. in parentheses, 10 animaIs per group). Induetions of toleranee 
to Fe and (T, G)-Pro-L was eonfirmed in the appropriate eases. 

enees between the pathways of immunity and toleranee. The experimental 
approaeh was to determine the threshold doses for toleranee induetion to 
purified antigens given either alone or together with other, eompeting, antigens. 
The latter were known to dominate in eompetition for antibody produetion, 
but all the antigens were administered in a paralytogenie dose and form. 
The resuIts indieated that it was not possible to affeet the threshold of toleranee 
by administration of other tolerogens. For example, Table 8 shows that the 
threshold of induetion of toleranee to rabbit Fab' was the same (1-10 (l.g per 
mouse) whether it was administered alone, or in the form of IgG, or mixedwith 
Fc or (T, G)-Pro-L (all as particle-free antigens in saline). Thus, tolerogens 
apparently do not compete with eaeh other, indieating that there is no com­
petitive step in toleranee induetion. 

The inability to show eompetition between tolerogens may mean either 
that the processes involved in toleranee induction eannot give rise to eompeti­
tion, or alternatively, that they are not suseeptible to the influenee of eom­
petition. The resuIts of LIACOPOULOS et al. (1971) deseribed above have shown 
that at least the sequential form of eompetition ean be eaused even if the first 
antigen is administered in a toleranee-inducing regimen. One interpretation of 
the absenee of eompetition between tolerogens is that toleranee induction is a 
simpler proeess than immune induction, and that the latter involves additional 
events whieh may give rise to or be affeeted by_antigenie eompetition. A fuller 
understanding of the eelluIar processes involved in eaeh, therefore, wouId 
probably indieate the sites or meehanism of eompetition. For example, some 
of the early events whieh might be unique to immune induetion eouId include 
the presentation of antigen to lymphoeytes by maerophages (FREI et al., 1965 ; 
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DRESSER and MITCHISON, 1968), cooperation between lymphocytes of different 
origins (MÄKELÄ et al., 1971), and the trapping of antigen by dendritic cells 
in the follicIes of lymph node and spleen (ADA et al., 1964; NOSSAL and ADA, 
1971), quite apart from the proliferative events which will occur mainly in 
immunity. On this basis, antigenic competition Inight then involve any or all 
of these, depending on the antigens and the conditions. 

B. Genetic Control of Immune Responsiveness 

At a time when detailed studies are being made of the genetic control of 
the ability to respond to complex antigens, or to individual deterIninants of 
simple antigens, it is important to note that antigenic competition may give 
rise to effects superficially similar to those of genetic control. Previous sections 
have already shown how competition may vary among different strains of 
imbred mice and guinea pigs. The main point is that a genetically controlled 
ability to respond to certain doIninant antigens on a multideterIninant molecule 
can influence, for better or worse, the response to other deterIninants on the 
same molecule. (The same is of course true of antigen mixtures, but these are 
not usually the objeet of genetic studies.) It is easy to see that in some circum­
stances this could give rise to false concIusions. For example, if the ability 
to respond to the (Phe, G) deterIninant had been studied in different strains 
of mice using (Phe, G)-Pro-L as the only immunogen, it would have been 
found that C3H/HeJ were low responders while DBA/1 were high responders 
to (Phe, G). In fact, both strains are capable of a high response to (Phe, G), 
as is shown when (Phe, G)-A-L is used as the immunogen. The genetic differ­
ence which does exist between these strains does not control the response to 
(Phe, G) but the ability to respond to Pro-L, and it is the level of the anti-Pro-L 
response which in turn influences the response to (Phe, G), being inhibitory 
in C3H/HeJ but not in DBA/1 (See. II.B.1). The criteria which should be 
applied to distinguish competition from true genetic control have been 
indicated in the Introduction. 

C. Cross-Reacting Antigens: OriginaI Antigenic Sin 

The phenomenon of original antigenic sin, which occurs when animals 
immunized with one antigen are stimulated with a crossreacting antigen, has 
some interesting features in common with antigenic competition. Examples of 
antigens used for the study of original antigenic sin incIude crossreacting 
influenza viruses (FAZEKAS DE ST. GROTH and WEBSTER, 1966a, b; FAZEKAS 
DE ST. GROTH, 1967), mutants of p-galactosidase (CELADA, 1971; CELADA et al., 
1971), and cIosely related haptens (EISEN et al., 1967). Extensive studies have 
been performed by FAZEKAS DE ST. GROTH and WEBSTER (1966a, b) with 
different strains of influenza viruses in man and experimental animals. The 
following are representative of their main findings. A particular virus pair 
studied, SW and FM1, crossreact to a degree of approximately 10-20%; that 
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is, only 10-20 % of the antibodies raised to either one will be cross-absorbable. 
This crossreacting fraction has a higher affinity for the inducing virus than for 
the crossreacting virus. It may be assumed that the two viruses possess some 
determinants which are similar, but not identical, and others which are distinet 
for each. The original antigenic sin phenomenon is seen when animaIs are 
primed with SW, for example, and boosted with FM1. In time of appearance 
and affinity the antibodies produced are characteristic of those of a secondary 
response to SW, and accordingly reaet better with SW than with FM1. 
Moreover, these antibodies are totally cross-reacting since they can be com­
pletely absorbed by either virus, and are more homogeneous than a normal 
primary or secondary response. The interpretation suggested is that the FM1 
boost cross-stimulates a part of the population of eelis which was raised in 
response to SW; a secondary response to the latter therefore occurs at the 
expense of the expected primary response to FM 1. This latter point brings 
out the analogy between original antigenic sin and intramolecular competition. 
In the terminology of competition, the cross-reacting determinants are the 
dominant groups; the response that is suppressed is the normal primary 
response to the virus used for boosting. 

These effeets may be seen as the result of a competition for antigen between 
different eeli populations. The population expanded by the first stimulus 
contains a relative1y large number of eelis of cross-reacting speeificity and 
high affinity for both viruses. At the time of the second, cross-reacting antigenic 
stimulus, it therefore captures antigen preferentially, thus effectively prevent­
ing the normal primary response. This hypothesis is supported by the finding 
that when a low dose of SW was used for priming and a high dose of FM 1 for 
boosting, only the early antibody was totally cross-reacting of the original 
antigenic sin type, while later antibody was of primary anti-FM1 type. Further­
more, when eeli populations against both SW and FM1 were raised by priming, 
original antigenic sin could not .be demonstrated on boosting. 

Another example of original antigenic sin, perhaps even more closely 
related to intramolecular competition, has been described by CELADA et al. 
(1971). The antigens are two forms of ,8-galactosidase, the wild-type enzyme 
'z' and an inactive mutant 'AMEF'. Antibody raised against Z preeipitates 
both Z and AMEF, and also has the ability to activate the inactive AMEF. 
Anti-AMEF, on the other hand, although it also preeipitates both forms, 
cannot activate AMEF, but in fact competitively inhibits the activation of 
AMEF by anti-Z. There is good evidence that the two forms of the enzyme 
differ in a single amino aeid residue, and it is suggested that Z and AMEF 
differ in a single determinant, the correct conformation of which (as in Z) is 
essential for enzyme activity. Both anti-Z and anti-AMEF can combine with 
the determinant as it exists in AMEF, but only anti-Z has the property of 
changing the enzyme conformation in such a way as to activate AMEF. It is 
clear that the degree of immunological cross-reaetion between Z and AMEF 
is very much greater than in the case of the influenza viruses, and that the 
difference is in fact restricted to a single crossreacting determinant. The 
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advantage of the system is that the aetivation assay provides a straightforward 
method for following antibody produetion to that single determinant. 

The main experimental finding was that preimmunization of rabbits and 
mice with AMEF inhibited the produetion of activating antibody in response 
to a later injeetion of Z. This inhibitory effeet eould be obtained up to two 
years after the inoeulation of AMEF (in rabbits). The produetion of precipi­
tating antibody in response to Z, however, was not inhibited by prior exposure 
to AMEF. It must be remembered that anti-AMEF competitively inhibits 
activation by anti-Z, so the produetion of a little activating anti-Z might not 
be detected. However, the interpretation offered by the authors at the eellular 
levels is that preimmunization with AMEF raises a population recognizing 
the critical determinant in its inaetive eonformation. When Z is given later, 
this population is eross-stimulated and eompetes for antigen with naive anti-Z 
eells. Activating antibody is thereby effeetively suppressed, while anti-AMEF 
is stimulated. This explanation, however, limits itself to the eross-reacting 
determinant. A more eomplete hypothesis would be that injection of AMEF 
raises a large population of memory eells direeted against all the determinants 
whieh are identical on the two enzymes, together with a smaller population 
against the critical, cross-reaeting determinant. When Z is then injeeted, it is 
eaptured by both these populations, and mainly by the first sinee it is the 
larger, with the result that insufficient antigen is available to stimulate a 
primary response to Z determinants which would lead to aetivating antibody. 
This situation is therefore a combination of eross-stimulation and intra­
moleeular eompetition very similar to the virus pair described aboveo Onee 
again the inferenee for intramoleeular competition is that sinee antigen­
sensitive eells compete for antigen, the determinants for whieh the greatest 
number of immunoeompetent cells (or alternatively eells of highest affinity) 
are available should be dominant in eompetition, beeause of their preferential 
capture of antigen. This is indeed exactly the case in intramolecular eompeti­
tion between the (Phe, G) and Pro-L regions of (Phe, G)-Pro-L (See. II.B.1); 
several other observations are also in direet agreement with this mode!, which 
is developed further in See. V.A. 

D. Suppression and Enhaneement by Antibody 

Antibody may exert two apparently opposing influences on an immune 
response, suppression and enhaneement, effeets which are believed to play 
an important part in the eontrol of the immune response under physiological 
eonditions. Of several possible meehanisms for antibody-mediated suppression, 
the most likely seems to be that antibody competes for antigen with eell­
bound reeeptors, thereby blocking eellular reeognition. Suppression should 
therefore be specific for those determinants against whieh antibody is direeted, 
a predietion which has often been confirmed (reviewed by SCHWARTZ, 1971). 
The enhancing influence of antibody, on the other hand, may take one of two 
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forrns. In some cases antibody apparently enhances the response to the whole 
molecule or partide against which it is direeted (HENRYand JERNE, 1968; 
DENNERT et al., 1971). Alternatively the response to some deterrninants on 
a molecule may be specifically suppressed by antibody, while the response to 
others on the same molecule is non-specifically enhanced (PEARLMAN, 1967; 
McBRIDE and SCHIERMAN, 1970). Two mechanisms may account for antibody­
mediated enhancement. The first envisages an improved localization of antigen, 
implying that antibody may enable antigen to be presented more effeetively 
to antigen-sensitive cells, perhaps by causing trapping of antigen on the surface 
of macrophages or dendritic cells. This type of enhancement mechanism is 
most effectively mediated by IgM, although IgG may exert a similar effect. 
A second cause of enhancement is the abolition of antigenic competition. The 
preferential production of antibodies towards some determinants on a complex 
molecule or partide, as in intramolecular competition, is most probably the resuIt 
of competition for antigen between B-cell populations of different specificities 
(Sec. V.A). The populations which are largest in number or bear the highest 
affinity receptors will capture antigen preferentially, with the resuIt that 
antibody forrnation may be triggered for only some of the deterrninants on 
the molecule. According to this model, antibody against the dominant deter­
minants would impair their recognition by specific B cells to a degree depending 
on the amount and affinity of the antibody administered, and the probability 
of interaetion of other determinants on the same molecule with antigen­
sensitive B cells should thereby be increased. One would therefore expect a 
loss of competition and concomitantly the enhancement of the response to 
determinants other than those against which the antibody was specifically 
directed (see Fig. 5 a, b). Suppression of the response to some determinants 
will therefore be accompanied by enhancement to others. The amount of 
antibody needed to enhance the response should be less than that required to 
cause suppression. 

These considerations provide an interpretation of many cases of suppression 
and enhancement by antibody. Examples with protein antigens have been 
described by PINCUS and NUSSENZWEIG (1969), PINCUS et al. (1971) and 
TAUSSIG and LACHMANN (1972). As described in See. ILA, intramolecular 
competition between the Fc and Fab regions of rabbit IgG in mice could be 
prevented by relatively small amounts of mouse anti-rabbit Fc serum (TAUSSIG 
and LACHMANN, 1972). The resuIt of administration of anti-Fc was, therefore, 
enhancement of anti-Fab (Fig. 1 c). This took place without detectable sup­
pression of the anti-Fc response, i.e., the threshold antibody dose required for 
enhancement was lower than that for suppression. A similar case was deseribed 
by PINCUS et al. (1971), in whieh rabbits were immunized with guinea pig Y2 
immunoglobulin and received rabbit antiguinea pig F(ab')2 serum passively. 
Their response to guinea pig F(ab')2 determinants was thereby suppressed, 
but that to Fe determinants was increased. With one partieular dose of rabbit 
anti-F(ab') 2' enhancement of anti-Fc was obtained without suppression of 
anti-F(ab'h (ef., results of TAUSSIG and LACHMANN). A further signifieant 
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point was that F(ab'h fragments of the rabbit antibody administered were 
suffident to bring about suppression, but enhancement required the action of 
the whole antibody molecule. It is therefore likely that enhancement depends 
on a combination of improved localization of antigen, which would probably 
be Fc dependent, and abolition of competitive effects, while suppression only 
requires blocking of determinants. Another case described by PINCUS et al. 
(1971) is that of the response of rabbits to human secretory IgA. The response 
to the "secretory eomponent", a component absent from serum IgA, was 
enhaneed by passive administration of antibodies against serum IgA. 

Simultaneous enhaneement and suppression have also been found with parti­
eulate antigens. PEARLMAN (1967), for exarnple, studied the effect of anti­
SRBC antiserum on the response of rabbits immunized with a DNP-SRBC 
eonjugate. The anti-DNP and anti-SRBC responses were folIowed separately. 
Depending on the eonditions it was possible to suppress anti-SRBC production 
and enhanee the response to DNP; alternatively, both anti-SRBC and anti­
DNP eould be enhanced; finally, if large arnounts of anti-SRBC were adminis­
tered, both anti-SRBC and anti-DNP eould be suppressed. In general, however, 
suppression only affected the response to those determinants against which 
the antiserum was directed, whereas enhancement oceurred to both hetero­
logous as weIl as homologous determinants. Moreover, the amount of anti­
SRBC required to enhance anti-DNP was less than that required to suppress 
anti-SRBC production. Onee again a reasonable interpretation is that anti­
SRBC antibody improves the ability of anti-DNP B eelis to combine with 
the DNP-SRBC conjugate by inhibiting the eombination of anti-SRBC B cells 
with the antigen. 

Another interesting situation involving erythroeyte antigens has been 
described by McBRIDE and SCHIERMAN (1970). They have studied the response 
in chiekens to ehieken red eells (CRBC) bearing the isoantigenic groups A 
and B. In the GB-1 line of ehiekens, the B isoantigen acts as a carrier for the 
A isoantigen, i.e. the birds respond poorly to CRBC bearing group A as the 
only foreign antigens, but respond well to both A and B when injected with 
CRBC carrying both groups. They will also respond to CRBC earrying B 
antigens only. Thus the B antigens are both immunogenie and act as earriers 
for the hapten-like A antigens. When GB-1 chickens were injected with 
erythrocytes carrying both A and B (abbreviated as AB eells), the response 
to B was in general more rapid, and the anti-A response began to rise only 
after anti-B had reached a peak. One important observation was that the 
anti-A response to AB carrying cells was enhaneed either by passive pre­
immunization with anti-B serum, or by injection of the eomplex of AB cells 
with anti-B. The anti-B response under these conditions was simultaneously 
suppressed. Enhancement of anti-A could also be obtained if ehickens were 
hyperimmunized by repeated injection of eelIs carrying Bonly, prior to the 
injection of AB cells. Finally, the cooperative effeet of B helping A eould not 
be abtained in birds naturally tolerant of B; nor did passive immunization 
with anti-B enhance the response to A in these birds. 
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The following interpretation (which is not that suggested by the authors) 
would account for these observations. (Note: in this paragraph the designation 
'B' refers to the isoantigenic group, rather than to 'bone marrow or Bursa­
derived celIs'.) Since A is essentially haptenic and B acts as its carrier, injec­
tion of AB erythrocytes willlead to the presentation of A to its specific anti­
body-producing cell precursors by thymus-derived helper ceIls recognizing 
group B determinants. In addition to the facilitation of the anti-A response 
by B, a certain degree of intramolecular competition is assumed to exist 
between A and B, and in this B acts as the dominant antigen. The action of 
anti-B antibody is therefore both to suppress the response to B, and at the 
same time to abolish competition, thereby enhancing further the response to A. 
This also explains why in normal animals injected with AB ceI1s, the anti-A 
response does not occur until a certain amount of anti-B has built up in the 
circulation, since this is required to inhibit the competition between A and B. 
The effect of preimmunization with B-carrying red ceIls would be expected to 
have two antagonistic effeets. On the one hand a pool of anti-B antibody would 
be produced, as well as an increased number of anti-B helper cells, both of 
which should improve the response to A; on the other hand, the increased 
population of Bursa-derived ceI1s with anti-B specificity should make the 
competition between B and A more marked. Since the overall effect is en­
hancement of anti-A, the former factors are probably decisive. Finally, in 
B-tolerant chickens the poor response to A is due to the lack of T-helper 
ceI1s recognizing B, rather than to competitive effeets. There is therefore no 
enhancement of anti-A by passive immunization with anti-B. It should be 
noted that the explanation given by McBRIDE and SCHIERMAN for their 
results is a different one involving the conversion of haptenic groups into 
carriers by combination with antibody. 

A tacit assumption which has been made throughout this discussion is 
that suppression by antibody prevents the recognition of antigen by bone­
marrow- or Bursa-derived ceIls (henceforward referred to as B cells) more 
effectively than it does recognition by helper-T cells. This would be reasonable 
if T cells possessed higher afinity receptors for antigen than B cells, or had a 
lower threshold for stimulation. Support for this preferential action of antibody 
on B cell reeognition comes from the results of KAPPLER et al. (1971). They 
showed that doses of anti-SRBC serum which suppressed the plaque-forming 
response to SRBC in vivo failed to suppress the helper activity of spleen cells 
from mice immunized with SRBC when the latter was assayed in an in-vitro 
system. Also the relative insensitivity of cellular immunity to antibody (UHR 
and BAUMANN, 1961), and the finding that rosette-forming (T) eeIls are less 
easily inhibited by antiserum than are plaque-forming (B) eells (GREAVEs et al., 
1970), further support this hypothesis. Therefore, sinee antigenic competition 
of the sequential type seems to be a result ofT-celI stimulation (See. II.C), 
it should be more diffieult to inhibit than antibody produetion. This is indeed 
what was been found by GERSHON and KONDO (197ib). Injection of SRBC 
suppressed the response to HRBC given 4 days later, by sequential eompeti-
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tion. Passive immunization with an anti-SRBC serum diluted 1/10 caused 
suppression of the antibody response to SRBC, but did not affeet competition, 
which continued even in the absence of antibody produetion to the dominant 
antigen. Larger amounts of the anti-SRBC serum (1/4 dilution) suppressed 
both anti-SRBC produetion and antigenic competition, which would be ex­
peeted since a large amount of antibody should successfulIy prevent antigen 
recognition by both T and B eelIs. 

Another extension of this argument is that if intramolecular competition 
is aresult of competition between B eelI populations for antigen, whereas 
intermolecular competition is rather a side-effect of T-celI stimulation, then in 
a system in which both forms of competition occur, intramolecular competition 
should be more sensitive to inhibition by antibody than intermolecular com­
petition. Experiments reported by BRODY et al. (1967) seem to contradict this 
prediction. As described in See. II.D, they demonstrated mutual competition 
between DNP and arsenilic acid (RAzo) both when the haptens were linked 
to the same carrier molecule (RAzo-DNP-RGG) and when they were admin­
istered on separate carrier molecules (RAzo-RGG and DNP-RGG). When 
anti-RAzo antiserum was given, the specific antibody response to RAZO was 
suppressed, but the response to DNP was enhanced only when the haptens 
were on separate camerso In this ease intermoleeular competition was appar­
ently more easily abrogated by antiserum than was the intramoleeular form. 
However, large amounts of antibody were administered, so that in the intra­
moleeular situation steric hindranee by anti-RAzo antibody may also have 
had a partially inhibitory effeet on the reeognition of DNP groups on the same 
moleeule, eounteracting any enhaneement. 

Finally, the importanee of simultaneous enhancement and suppression by 
antibody in the eontrol of the antibody response should be reeognized. With 
multideterminant antigens, the first-formed antibody wilI often be direeted 
only against a eertain range of the antigenie groups available, the dominant 
determinants. This antibody will have the effeet of limiting its own production 
by its specific inhibitory feedbaek influenee. At the same time it will eause 
the response to be spread to other initialIy suppressed determinants by the 
abrogation of antigenic competition and by improved antigen localization. It 
is easy to visualize situations in the control of infeetions or in "immune sur­
veillanee" where the resulting increase in the diversity of the response wilI be 
beneficial. 

E. Cooperation of Antigenic Deterrninants 

Cooperation of antigenic determinants present on the same immunogenic 
moleeule is an important event in the induction of an antibody response to 
many immunogens (RAJEWSKY and ROTTLÄNDER, 1967; RAJEWSKY et al., 
1969; COHN et al., 1969; IVERsoN, 1970; McBRIDE and SCHIERMAN, 1970; 
MITCHISON et al., 1970; LINDENMANN, 1971; MÄKELÄ et al., 1971). The typieal 
cooperation situation is that of a hapten linked to its earrier, and one of the 
results of cooperation is the earrier-effect, in whieh the hapten must be coupled 



Antigenic Competition 155 

to its original carrier in order to provoke a secondary response (SALVIN and 
SMITH, 1960; OVARY and BENACERRAF, 1963; MITCHISON, 1967; MITCHISON, 
1971 a). In studies designed to demonstrate that cooperation involves the 
separate recognition of both hapten and carrier, an experimental procedure 
has been used in which animals receive a hapten-carrier complex at the same 
time as a second, unrelated protein; later the animals are boosted with the 
hapten now conjugated to the second protein. The increased response to the 
hapten in these animals, compared with controIs which are not primed with 
the second carrier protein, has been considered to be a measure of cooperation 
of carrier and hapten in the secondary response. Such experiments have indeed 
successfully demonstrated cooperation in rabbits (RAJEwSKyet al., 1969), and 
guinea pigs (KATZ et al., 1970), but in mice it has been necessary to transfer 
primed cells into irradiated recipients to demonstrate the effect (MITCHISON, 
1971 b). Antigenic competition has been suggested as a possible reason for the 
failure of this type of experiment in normal mice (MITCHISON, 1971 b) and 
one can envisage two possible ways in which competition could interfere with 
the cooperation design. The first is intermolecular competition when mixtures 
of antigens are given together, or at too elose an interval, in the priming stage, 
since this could inhibit the development of the cell populations to either 
carrier or hapten. The second possibility is intramolecular competition in the 
secondary response, in which the response to the heterologous carrier could 
inhibit rather than help the antibody response to the hapten. This might arlse 
if the sizes, or affinities for antigen, of the cell populations recognizing hapten 
and carrier were significantly different. 

An experiment to test the first of these possibilities has been described by 
TAUSSIG et al. (1972c). They found that competition arising in the primary 
response can indeed interfere with later cooperation. The immunogens used 
were again the synthetic polypeptides (Phe, G)-A-L, (T, G)-Pro-L and 
(Phe, G)-Pro-L, and for the sake of simplicity (Phe, G) was regarded as a 
haptenic group and A-L and Pro-L as carriers. A marked carrier effeet was 
found when C)H/HeJ mice were primed with (Phe, G)-A-L and boosted with 
(Phe, G)-A-L or (Phe, G)-Pro-L; a secondary anti-(Phe, G) response only 
occurred with the homologous boost. Mice were then primed with mixtures of 
(Phe, G)-A-L and (T, G)-Pro-L in order to raise populations of anti-hapten 
(Phe, G) and anti-carrier (Pro-L) cells. A previous section has described how 
the immunizing ratio of (T, G)-Pro-L/(Phe, G)-A-L is critical to the devel­
opment of the primary response and immunological memory to (Phe, G) and 
Pro-L. The results are summarlzed in Fig. 4, and reference to this shows that 
the optimal immunizing ratio of (T, G)-Pro-L/(Phe, G)-A-L was 1/5. With 
other ratios, either the primary response or immunological memory to (Phe, G) 
was impaired (5/1, 1/1; Fig. 4a, c), or the response to Pro-L was suppressed 
(1/25; Fig.4a, b). When mice primed with '(T, G)-Pro-L and (Phe, G)-A-L 
were later boosted with (Phe, G)-Pro-L, a cooperative effeet, as judged by 
anti-(Phe, G) titers, was obtained, but only in the group of animals primed 
with a 1/5 ratio of the antigens, i.e., where no competition had occurred during 
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Fig.4a-d. Antigenic competition and cooperation of antigenic determinants. a Inter­
molecular competition in the primary response. Primary responses of C3HJHeJ mice 
after inoculation of mixtures of (T, G)-Pro- L and (Phe, G)-A-L in different molar ratios. 
b Effect of competition on memory and priming. Secondary anti-Pro-L responses of 
C3HJHeJ mice after priming with mixtures of (T, G)-Pro-L and (Phe, G)-A-L in 
different molar ratios and boosting 3 weeks later with (T, G)-Pro-L alone. e Effeet of 
competition on memory and primingo Secondary anti (Phe, G) responses of C3HJHeJ 
mice after priming with mixtures of (T, G)-Pro-L and (Phe, G)-A-L in different molar 
ratios and boosting 3 weeks later with (Phe, G)-A-L alone. d Effeet of competition on 
cooperation of antigenic determinants. Anti-(Phe, G) and anti-Pro-L responses of 
C3HJHeJ mice primed with mixtures of (T, G)-Pro-L and (Phe, G)-A-L in different 

moIar ratios and boosted with (Phe, G)-Pro-L 

pnmmg (Fig.4d). The finding that cooperation could be demonstrated in 
intact mice without adoptive transfer of celis is in itself significant. These 
results show that in a system sensitive to antigenic competition, the conditions 
of priming may be critical since competition may restrict the sizes of celi 
populations stimulated. Giving the antigens in separate primary injections 
spaced by about 30 days should overcome this possibility. 

The failure of this cooperation design in normal mice in other systems is 
not, however, so easily explained. For exampIe, MITCHISON (1971 b) has 
described experiments in which mice were immunized with NIP-BSA with or 
a mixture of NIP-OA and BSA, and were then boosted with NIP-BSA. 
Cooperation could not be demonstrated in these animaIs, but could be shown 
to occur if spleen cells from the same animals-were transferred into irradiated 
hosts which were challenged with NIP-BSA. Celi popuIations adequately 
primed to both NIP and BSA therefore existed. Leaving aside the contribution 
of circulating antibody, these results raise the possibility that in the normal 
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animals intramolecular competition between BSA and NIP occurred twith 
BSA the dominant antigen) and that such competition had a much less 
pronounced inhibitory effect with the transferred population in irradiated 
hosts. The hypothesis that competitian is between different cell populations 
for antigen would in fact predict such a situation. With the relatively lower 
numbers of sensitive cells in the transferred population compared with the 
whole animal, intramolecular competition should occur to a much lesser extent. 

A related example in which competition interfered with cooperation is that 
described by TAYLOR and IVERSON (1971). These authors found that skin­
painting mice with oxazolone (Ox) enabled it to compete against rather than 
cooperate with DNP in a secondary response to Ox-DNP-BSA in animaIs 
primed with DNP-BGG. The point was made that skin-painting is generally 
a good means of raising a helper-cell population, as evaluated by cell-transfer 
experiments. The competition experiments reported, which were carried out 
without cell transfer, may be taken as further evidence that competition is 

.. more effective in intact animaIs than in irradiated recipients of transferred 
cells. 

Another similar experimental situation re1ating cooperation and competi­
tion is one where animals are prepared for a response to a hapten by prior 
injection of carrier alone, in the expectation that carrier-primed eelIs will help 
the response when the hapten-carrier complex is given later. In some cases the 
enhanced anti-hapten response is seen (SALVIN and SMITH, 1960; KATZ et al., 
1970; McBRIDE and SCHIERMAN, 1970; LINDENMANN, 1971), but in others 
there is instead suppression of the primary response to the hapten (DUBERT, 
1956; eOE and SALVIN, 1964; ASHLEY and OVARY, 1965; RITTENBERG and 
AMKRAUT, 1966; RAJEwSKyet al., 1969). In these latter cases, intramolecular 
competition may be responsible, and may be interpreted as successful competi­
tion for limiting antigen by a large population of carrier-specific memory eelIs 
against the smaller, unprimed population of cells recognizing hapten. 

F. Immune Surveillance 

A possibility which has received little attention until now is that antigenic 
competition may have an influence on tumor initiation and development. The 
central role of the immune system in preventing the appearance of tumors is 
well established (SMITH and LANDY, 1970), and factors which interfere with 
the efficiency of recognition of tumor-specific antigens would be expected to 
improve the chances of tumor growth. Examples which may be attributable to 
antigenic competition have been described. METCALF (1961), for example, 
showed that the incidence of reticular tumors was increased in mice subjected 
to prolonged antigenic stimulation by Salmonella adelaide flagellar antigen or 
BSA. SIEGEL and MORTaN (1966) found thaf injection of BSA in adjuvant 
into BALB/c mice increased the infectivity of Rauscher leukaemia virus 
given shortly after. In these instances the immunosuppression caused by the 
first antigenic stimulus may well have facilitated tumor initiation. 
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Another possibility is that the immunosuppressive effeet of many oncogenic 
viruses themselves is also related to sequential competition. PETERSON et al. 
(1963), for example, have described the suppressive effect of Gross passage A 
virus on the immune response to T2 baeteriophage; DE NT et al. (1965) showed 
that C3H mice injected with the same virus failed to reject skin graf ts across a 
non-H2 barrier. SALAMAN and WEDDERBURN (1966) observed that Friend 
virus suppressed the response to SRBC if given before, but not after SRBC. 
In this case, aetive virus was necessary for the suppression, and a non-oncogenic 
virus (Riley) had no immunosuppressive effeet. Some of these results resemble 
sequential competition, in which the virus would provide the first antigenic 
stimulus. On the other hand, if virus-induced immunosuppression is to contri­
bute to oncogenesis, it would probably have to be more effeetive than the 
known examples of antigenic eompetition. By analogy with the postulated 
release of inhibitors by thymus-derived eelis as the cause of sequential com­
petition, it may be suggested that similar inhibitors are released in quantity 
by virus-infected eelis, leading to non-specific immunosuppression. An alter­
native suggestion is that infection of precursors with virus renders them 
refraetory to antigenic stimulation, so that in effeet virus and antigen would 
compete for the same eelis. This is indicated, for example, by the reduction in 
the number of antigen-sensitive eelis in mice injeeted with Friend virus 
(FRIEDMAN and CEGLOWSKI, 1968). 

IV. Antigenic Competition and Theories of the Immune Response 

Antigenic competition has been considered a eontroversial subjeet mainly 
beeause of the interpretation that antigen-sensitive eelis are multipotential 
in their ability to recognize and respond to antigen. If eells are preeommitted, 
it has been argued, there should be no interference by one antigen in the 
response to another (e.g. JERNE, 1967; BUSSARD, 1970). The papers by LAW­
RENCE and SIMONSEN (1967), AL BRIGHT and MAKINODAN (1965), and ALBRIGHT 
et al. (1970) contain the main points of the argument. LAWRENCE and SIMONSEN 
(1967) used antigenic eompetition as part of a general argument, derived 
initially from a concept of antigenic strength, against elonal seleetion. Anti­
genie strength was postulated as being a funetion of the number of cells 
available to respond to a partieular antigen, with strong antigens being able 
to engage all available antigen-sensitive eells, and weak antigens being re­
eognized by only a few cells. Supporting evidence for this was that graft­
versus-host (GvH) reaetivity could be improved by preimmunization for weak 
but not for strong antigens. Subsequently, it was shown that the number 
of cells able to respond in a GvH reaetion against strong histocompatibility 
antigens of animals of the same species is very much higher than would be 
expected from a random distribution of reaetivity (SIMONSEN, 1967; NISBET 
et al., 1969). From this it was supposed that eells engaged in a vigorous immune 
response to one antigen would show reduced responsiveness to other antigens, 
that strong antigens should be better competitors than weak, and that the 
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ability of weak antigens to compete should be improved by preimmunization. 
These predietions were bome out by the results obtained by LA WRENCE and 
SIMONSEN. Irradiated F 1 hybrids were inoculated with parental lymphoid 
eelis; subsequently SRBC were injected and the PFC response measured. 
It was found that the response to SRBC injected 7-10 days after parental 
eelis was strongly inhibited, which is interpreted as antigenie competition 
of the sequential type in whieh the GvH reaetion is the first antigenic stimulus. 
The response to SRBC given 3 days after parental eelis, however, was not 
suppressed. Weak GvH reactions were much less suppressive than strong 
ones, but the competitive effect of weak reactions was enhanced by priming. 
Furthermore, the secondary response to SRBC was also easily inhibited by 
a GvH response, which suggested that memory eelis were a1so multipotential. 

Before interpretation of these experiments is attempted it must be recogni­
zed that the Gv H reaction is mediated by T celis, and that the antibody 
response to SRBC is T-dependent. Therefore arguments of multipoteney need 
apply only to T eelis and not to B eelis (see also TALMAGE et al., 1971). Further, 
it is possible that the antigen-sensitive eeli population does indeed eontain a 
very high percentage of celis recognizing allogeneic histoeompatibility antigens 
while maintaining genetic precommitment of each celi to a single antigen 
specificity (or at most 2 specificities). This hypothesis was proposed by JERNE 
(1971) and ineorporates the findings of SIMONSEN into the donal seleetion 
theory. Even the experimental findings of LAWRENCE and SIMONSEN are not 
always eompatible with multipotentiality. Thus 3 days should be sufficient 
time to commit eelis to a GvH reaction, yet competition only became manifest 
after 7-10 days. The inferenee that memory eelis are no more committed 
than naive eelis is also unattractive in view of the specificity of immunologieal 
memory. An altemative hypothesis to eeliular multipotentiality to aecount 
for sequential antigenie eompetition is that the first response results in the 
release of inhibitors by T celis whieh both control the extent of the response 
in progress and inhibit the initiation of responses to antigens given subsequent­
ly. The evidenee for this now seems quite strong. MÖLLER (1971), for example, 
performed experiments similar to those of LA WRENCE and SIMONSEN, inducing 
GvH reaetions by injection of parental eells into untreated F 1 hybrids. The 
response to SRBC given 7 days later was inhibited. Sinee the hosts were 
not irradiated, this inhibition extended to both host and donor eelis, a finding 
which was not due to destruetion of host eelis. A signifieant result was that 
F1 hybrids whieh were irradiated after being subjeeted to a GvH reaction 
would not support anti-SRBC production by transferred, normal parental 
or F 1 eelis. It therefore appeared that the environment within the recipient 
had become inhibitory and would not allow the initiation of other immune 
responses. This 'inhibitor hypothesis', diseussed further in See. V.C, not only 
accounts sueeessfully for most of the observations of sequential competition, 
induding those of LAWRENCE and SIMONSEN, but does so within the widely 
accepted framework of donal seleetion. In these circumstances, antigenie 
eompetition seems rather a weak building block for a theory of eeliular multi­
potentiality. 
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V. The Mechanisms of Antigenic Competition 

From the account of antigenic competition given here, one may conelude 
that the term covers three distinet phenomena which very probably have 
different mechanisms. They have been termed intramolecular competition, 
intermolecular competition with antigen mixtures, and intermolecular com­
petition with sequential administration of antigens (sequential competition). 
It is quite clear that one model wi1l not suffice to account for all the observa­
tions, and it appears that three distinet mechanisms exist. 

A. Intramolecular Competition 

The model proposed to account for the competition between antigens 
present on the same molecule for the immune response has already been 
outlined in previous sections. It is an extension of the theory that during 
the induction of the immune response cells are selected by antigen. This 
theory and the evidence for it have been described by SISKIND and BENACER­

RAF (1969), and it accounts successfully for many features of the immune 
response. In brief, cells are assumed to be genetically precommitted to the 
production of antibody of one type and specificity; antigen is presumably 
recognized by cell-bound receptors identical to the antibody secreted by the 
cell; and a range of cells able to bind a particular antigen wi1l therefore exist, 
those bearing the highest affinity receptors being the rarest. When antigen 
is introduced it acts as a selective pressure which becomes greater as its 
concentration falls. The result is that with respeet to every antigenic deter­
minant there wi1l be competition between antigen-sensitive cells, in which 
those cells bearing receptors of best fit (highest affinity) for that determinant 
wi1l be progressively more successful as the antigen supply becomes more 
limiting. This hypothesis of cell-selection by antigen explains the maturation 
of the immune response (increase in antibody affinity with time), the effects 
of antigen dose on the amount and affinity of the antibody produced, the low 
affinity of the antibody found in a state of partial toleranee, and the sup­
pression of antibody production, and selection of higher affinity antibody, by 
passively administered antibody. 

These arguments may be adapted to the case of intramolecular competition 
il it is bome in mind that an antigen bearing several determinants of different 
specificities wi1l be recognized by an equivalent number of di#erent populations 
of specific antigen-sensitive cells. Whenever antigen is limiting in amount, 
a competition wi1l be set up between cell populations of different specificities 
for antigen. If some of these populations are of higher cell number than others, 
or if they have a higher average affinity for antigen, they wi1l capture antigen 
preferentially. The result wi1l be that antibody production against certain 
of the determinants on a complex antigen- wi1l predominate, at the expense 
of antibody production against others. The dominanee of certain determinants 
In intramolecular competition is therefore the result of the greater number 
of cells bearing receptors for those determinants, or their greater affinity, 
compared with the number and affinity of cells bearing receptors for other 
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determinants on the same molecule. There may be several reasons why there 
should be more precursor celis available for some regions of a molecule than 
for others, for example some immunopotent areas may be antigenically more 
eomplex than others, genetic control of the ability to respond will specifically 
lirnit the number of precursors avallable for certain determinants, and prior 
eontact with another, erossreaeting antigen may have resulted in immuno­
logical memory to some deterrninants. Thus there is no basie contradiction to 
the elonal selection theory, whieh postulates a random distribution of antigen­
sensitive celis arising by processes of somatic mutation. 

Predictions arising from this hypothesis inelude the foliowing. (i) Intra­
molecular competition is a function of antigen dose and is more pronounced 
at low antigen concentrations than at high. Furthermore, since competition 
depends on the ratio of antigen-sensitive celis to antigen, it varies with total 
celi number. This relationship will be demonstrable by eell transfer into 
irradiated recipients. (ü) Where intramolecular eompetition occurs, it will 
be possible to demonstrate differenees in the numbers of cells available for the 
competing deterrninants, for example, by limiting dilution analysis, or differen­
ces in the binding affinities of antibodies raised to the separate deterrninants. 
(üi) Where the cell populations recognizing certain deterrninants have been 
enlarged by prior immunization, the response to those deterrninants will in 
many cases be dorninant and suppress the response to others on the same 
molecule. A secondary response will therefore be more effeetive in intramole­
cular competition than a primary response. (iv) Insofar as toleranee and passive 
antibodyadministration impair the reeognition of or response to specific 
deterrninants, they will also prevent the competitive effect of dorninant deter­
minants. Passive antibodyadministration would therefore be expected to have 
both suppressive and enhancing effects on antibody production (see Sec. IILD.) 
(v) Intramolecular competition will occur with both thymus-dependent and 
independent antigens. Many of these predictions have been confirrned by the 
results described in preceding seetions. 

It is possible to predict the role of different cell types in intramolecular 
competition from theoretieal considerations. For thymus-dependent antigens 
let us assume for the sake of simplicity that all deterrninants are equally 
capable of cooperating with others on the same molecule, and that, in coopera­
tion, trapping of antigen through recognition of one deterrninant will present 
all other deterrninants equally well to B cells (with the restriction that two 
different specificities must be present for immunogenicity (RAJEWSKY et al., 
1969). If this is correct, then competition between T eelis for antigen should 
not lead to preferential antibody production to any partieular determinant. 
The cell-type involved in intramolecular competition must therefore be the 
antibody-forrning cell precursor or B cell. One possibility, illustrated in Fig. 5 
(a) is that competition between B eell populations takes place after antigen 
has been localized at the surface of T cells, dendritic cells, or macrophages 
(MITCHISON et al., 1970; NOSSAL and ADA, 1971). The requirement for antigen 
localization and presentation may in this way contribute to the limitation of 
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antigen supply. Alternatively, B eelis could compete for circulating antigen, being 
triggered to antibody production by later contact with T eelis, as suggested 
by KRETH and WILLIAMSON (1971). Completely T-independent antigens could 
then also be expected to show intramolecular competition. These arguments 
apply to competition for antibody production. Competition for antigen between 
T eelis should, on the other hand, lead to the finding of inhibition of celiular 
reactions in the same way. Intramolecular competition in delayed hyper­
sensitivity is in fact known to exist. 

This hypothesis, that B eelIs of different specificities compete for antigen, 
is supported most directly by the experiments with competition between 
the (phe, G) and Pro-L regions of (Phe, G)-Pro-L described in Sec.ILB. 
Pro-L was the dominant region in a high responder strain, C3HJHeJ but not 
in the low responders DBAJ1. The poor response in the latter was shown to 
be correlated with a reduced number of precursors responsive to Pro-L in the 
B population (and not in the T population). Furthermore, procedures which 
eorreeted the low response in DBAJ1, such as administration of poly A:U, 
were shown both to increase the numbers of B precursors available for Pro-L 
and to restore the dominance of Pro-L in intramolecular competition. The 
experiments of ROELANTS and GOODMAN (1970) also directly support the role 
of antibody-forming eeli precursors in competition. Helper eelis for poly­
r-D-glutamic acid (PGA) are apparently absent in rabbits, since PGA is non­
immunogenic unIess complexed with methylated (m)BSA, cannot act as a 
carrier for haptens, and cannot give rise to delayed hypersensitivity. Never­
theless, PGA was dominant in competition against mBSA when the PGA­
mBSA complex was injected. Toleranee to PGA abolished its ability to compete. 
It is difficult to see how in this case competition could have oceurred other 
than by activity of B eelIs. 

A schematic diagram of the competition envisaged between B eelis, and 
the effects of antibody, is given in Fig. 5 a, b. It is interesting-and encourag­
ing-to note that since this hypothesis was formulated, an extremely similar 
model has appeared (DUTTON, 1972), which, although based on quite different 
observations, also proposes that B eelis compete for localized antigen. 

B. Intermolecular Competition: Antigen Mixture 

This form of competition is perhaps the most difficult to interpret. As­
suming the genetic precommitment of antigen-sensitive eelis, antigens which 
are not linked together should be recognized separately. The existence of 
intermolecular competition, on the other hand, implies a common event in the 
recognition or response to different antigens. One way of reconciling these 
ideas is to invoke an antigen-handling system through which many antigens 
pass. This has generally been taken to mean macrophage processing of antigen, 
and some authors have argued that this could be a rate-limiting stage at 
which direet competition between antigens could occur (BRODY and SISKIND, 
1969). However, there is strong evidence against this view, the principal ob-
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Fig. 5a and b. Amodel for intramolecular competition. a Competition between bone 
marrow derived (B) eelis of different specificities for antigen. An antigen composed of a 
carrier • bearing two haptenic groups t and 9 is shown presented at the surface of a 
thymus-derived (T) eeli (thou gh this could also be a macrophage or dendritic eeli). The 
antigen forms a multivalent bridge across to B eelis. B eelis for the t specificity are 
present in Iarger numbers (or bear higher affinity receptors) than those for the 9 speci­
ficity and are therefore more successful in competing for limited antigen. t is thus the 
dominant determinant and antibody production to 9 is suppressed. b Abolition of 
intramolecular competition by antibody against the dominant determinant. Antibody V 
against the determinant t specifically blocks the combination of that determinant with 
B eeli receptors. B cells bearing receptors for the initialiy suppressed determinant 9 are 
now able to combine with antigen. The resuIt is suppression of antibody formation 

against t and enhancement of that against 9 

jection being that intermolecular competition is often abolished by toleranee 
to the dominant antigen, whereas uptake of antigen by macrophages is ap­
parently unaffected by toleranee (See. IILA). Another possibility is that the 
recognition of the dominant antigen results in the release of non-specific 
inhibitory agents which would act to suppress the response to other antigens. 
Although this type of explanation adequately accounts for sequential inter-
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molecular competition, it is difficult to see why such agents should inhibit the 
response to one antigen rather than the other when antigens are given simultan­
eously. 

Two models may be suggested to account for this type of competition. 
In the first a common presentation mechanism for all antigens is proposed, 
namely, the surface of reticular dendritic eelis of the follic1es of lymph node 
and spleen. The evidence that this does play an important role in antigen 
localization and presentation in vivo has been extensively reviewed (N OSSAL 
and AnA, 1971). The model, described by TAUSSIG and LACHMANN (1972) 
assumes that antigen is localized in the first place by a "co-operating anti­
body" (also termed IgX) which is directed against carrier-specific determinants. 
The existence of antibody of a speeial c1ass produced by T eelis to mediate 
cooperation has been discussed by several authors (BRETSCHER and COHN, 
1968,1970; MITCHISON, 1969b; MITCHISON et al., 1970; NOSSAL andADA, 1971). 
The present model proposes that initial recognition of antigen by T eelis results 
in the release of IgX, which becomes attached to dendritic eeli membranes and 
thereby presents antigen to specific B celis. If the number of sites for attach­
ment of IgX is limited, a competition for sites will occur between cooperating 
antibodies directed towards different antigens. An excess of IgX directed 
against one antigen will therefore competitively inhibit the presentation of 
other antigens. The production of IgX is assumed to be dependent on antigen 
dose, in order to account for the dose effects of competition. The model is 
presented schematically in Fig.6a. 

This scheme was originally proposed to account for all forms of competition, 
but it is now c1ear that it could only apply to the intermolecular case. It has 
a specific advantage, namely, the suggestion that cooperating antibody may 
also act as an inhibitor of the immune response. In this role it would c1early 
have the semi-specific properties implied in this type of competition, in that 
while specifically promoting the response to the antigen which induced it, 
it would non-specifically inhibit that to other antigens. This scheme however, 
also has certain disadvantages. It is difficult for example to envisage that 
sites on dendritic eelis for presentation of antigen should be so limited that 
competition for them could easily occur. Their function as a presentation 
device would seem unnecessarily restricted if this were the case. In some 
instances the localization of antigens in follic1es during competition has in 
fact been followed and shown not to be significantly decreased (HANNA and 
PETERS, 1970; RHODES and LIND, 1971). A variation on this model may 
therefore be suggested which retains the semispecific properties of IgX as an 
inhibitor. This proposes that, after its release by T eelis, IgX becomes attached, 
not to the dendritic eeli, but directly to the B eeli, by way perhaps of receptors 
for its Fc portion. In this way it would _aid the capture and 'focussing' of 
antigen by B eelis specific for the antigen in question, and would temporarily 
block the IgX site of other B eelis (Fig.6b). Fc receptors for conventional 
antibodyand antigen-antibody complexes have been demonstrated (DUKOR 
et al., 1970; BASTEN et al., 1972), and it is interesting that PARASKEVAS et al. 
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Fig. 6a and b. Models for intermolecular competition. a Intermoleeular competition. 
between two antigens i and 0 each composed of a carrier ., 0, bearing a hapten t, ((. 
Specific thymus-derived (T) celis recognize carrier determinants and release specifie 
"cooperating antibodies" X and ~. These in tum become attached to sites on the surface 
of macrophages or dendritic celis and thereby present antigen to specific bone marrow­
derived (B) eelis. II these sites for antigen presentation are limited in number, cooperating 
antibodies will compete for them as shown. b In this model for intermolecular competi-
tion, cooperating antibodies ~ and ~ (specific for the antigens ~ and 6), after their 
release by specific T celis, become attached to sites on the B celi surface recognizing 
their Fc portion. There they trap and" focus" antigen, which must also be recognized by 
specific B celi receptors, as shown in (i). Competition arises when the two antigens are 
administered together, and the cooperating antibody for one antigen occupies Fc sites on 

B celis bearin/?, specific receptors for the other antigen, as shown in (ii) 

(1972) have demonstrated Fc receptors on lymphocytes which become in­
accessible for a certain period soon after antigen administration. 

Either of these models suggesting competition by cooperating antibody, 
although admittedly speculative in nature, would adequately explain two 
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of the key characteristics of this type of competition, namely, (i) a dependence 
on the relative amounts of the antigens involved, and (ii) a lack of dependence 
on antibody production to the dominant antigen. The dose-dependence would 
be related to the numbers of antigen sensitive T cells stimulated by different 
antigen concentrations. The T cell causation of the competition is suggested 
by the ability of non-immunogenic molecules, such as Pro-L in DBA/1 mice, 
or A-L, in C3H/He], to take the dominant role in competition. These mole­
Cules can act as carriers for haptenic groups, suggesting that they can be 
recognized by T cells; this T cell recognition would then lead to competition. 
Both models would also make the prediction that intermolecular competition 
should not affeet the response to T-independent antigens, although such 
antigens may be capable of stimulating T cells and thus could be dominant 
themselves in competitive situations. It should be noted that both models 
would easily accommodate B cell competition, as proposed for intramolecular 
competition in the preceding section. 

C. Intermolecular Competition: Sequential Competition 

Many of the effeets found when antigens are administered in sequence 
can be explained by a hypothesis which postulates the production of non­
speeific inhibitors of the immune response. The main findings this hypothesis 
has to account for are the following (for references see See. II and IV): (i) The 
antigen administered first in a sequence generally behaves as the dominant 
antigen, and suppresses the response to other antigens given within approxi­
roately the following 10 days. Very often these antigens do not interfere with 
each other when administered together. (ii) The time during which the com­
petitive effect occurs is not always related to the peak of the immune response 
to the first antigen. For example, a similar time-course may apply to inhibi­
tion by prior injection of heterologous erythrocytes or of protein antigens. 
(iii) A secondary antigenic stimulus generally has a more marked effect than 
does a primary. (iv) In general it is not necessary to inject the antigens at the 
same site. (v) In cell-transfer systems, competition by the dominant antigen 
increases with the number of the cellS transferred, suggesting that it is not 
not for the commitment of multipotent cells (RADOVICH and TALMAGE, 1967). 
(vi) The involvement of T cells in sequential competition has been demon­
strated (GERSHON and KONDO, 1971 a). Cellular immunity, involving mainly 
T cells, can interfere with the development of antibody production and cell­
mediated responses to unrelated antigens (HOWARD and WOODRUFF, 1961; 
LAWRENCE and SIMONSEN, 1967; LAPP and MÖLLER, 1969; MÖLLER, 1971). 
Antibody produetion can also inhibit cell-mediated responses such as homograft 
rejection (EIDINGER et al., 1968). (vii) The internaI environment of animaIs 
receiving antigenic stimulation remains inhibitory even after irradiation (MÖL­
LER and SJÖBERG, 1970; MÖLLER, 1971). (viii) Sequential competition may 
be abolished by antibody against the dominant antigen, but the threshold 
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amonnt of antibody required to inhibit competition is higher than that to 
specifically suppress antibody produetion (GERSHON and KONDO, 1971 b). 
This is the opposite of the finding with intramolecular competition, but is 
in keeping with a T-cell causation of sequential competition. 

The hypothesis for sequential competition is that shortly following the 
recognition of antigen by T lymphocytes, the stimulated cells release factors 
which are inhibitory to cell stimulation and division. It is envisaged that 
these inhibitors serve the important funetion of regulating the extent of the 
response by their effect on cell proliferation. This would supplement the feed­
back control exerted by antibody. Although secreted specifically by T cells, 
the inhibitors would act on both T and B cells. When a second antigen is 
injected a certain critical time after a first antigen, it is thus introduced into 
an already inhibitory milieu, with the result that the suppression observed 
as sequential competition occurs. Several authors have described inhibitors 
obtained from normal or immune sera, or culture supernatants including an 
«-globnIin described by MOWBRAY (196,3) and COOPERBAND et al. (1968), an 
inhibitor found by AMBROSE (1969) in stimulated lymph node cultures, and 
one found in normal and immune mouse serum by VEIT and MICHAEL (1972). 
Whatever the nature of the inhibitor, the hypothesis explains many of the 
observations of sequential competition. The effeet would be expected to a 
general one, involving many unrelated antigens, which it does in fact seem 
to be. The antigens involved in sequential competition would not necessarily 
compete when administered together, although a certain mutual inhibition 
might be expected in some cases. A secondary response would be both a 
more effective competitor and more diffieult to inhibit by competition. Further­
more, since the inhibitors would circulate, the relative sites of injection of 
the antigens would not be an important consideration, which has often been 
confirmed in sequential competition (EIDINGER et al., 1968; O'TOOLE and 
DAVIES, 1971) and contrasts with the local nature of the competition with 
antigen mixtures (BRODY and SISKIND, 1969). It would also be predicted 
that antigens that do not stimulate T cells would not be able to give rise to 
sequential competition. On the other hand, the response to T -independent 
antigens would be inhibited by sequential competition, and the limited results 
available suggest that this is probably the case (MÖLLER, 1971; KERBEL and 
EIDINGER, 1971). This prediction also differs from that for competition between 
antigen mixtures (See. V.B). 

The assumption has been made here that the inhibitors responsible for 
sequential competition would be totally non-specifie in their effect. In this 
case the response to the same antigen given for a second time shortly after its 
first inoculation would be expected to be inhibited. OTOOLE and DAVIES (1971) 
have in fact observed this; they showed that intraperitoneal injection of either 
sheep RBC or horse RBC to mice inhibited the response to sheep RBC given 
subcutaneously up to 10 days later. However, it is not certain that' preemp­
tion', as the effeet was termed, by the homologous antigen is of the same 
origin as antigenie competition. For example, the preinjection of sheep RBC 
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had a mueh more rapid effeet than horse RBC, and it seems likely that trap­
ping of speeific eells in the spleen as a result of the first injeetion of sheep 
RBC also eontributed to the suppression. 

An altemative theory whieh might be mentioned here has been put forward 
by KERBEL and EIDINGER (1971). They noted a eorrelation between the ability 
of an antigen to compete, and an inerease in spleen size eoupled with a reduetion 
in the proportion of eells bearing the theta antigen at the time of maximal 
eompetition. It was suggested that the response to the first antigen 'diluted 
out' T and B eells, interaetion of whieh was essential for the response to the 
second antigen, and henee eaused suppression of the latter. A predieition was 
made that T-independent antigens would not be affeeted by eompetition, and 
it will be noted that this is the opposite of what is expeeted in the action of 
inhibitors. However, the model presented by these authors has several weak­
nesses, not the least of whieh is the treatment of the spleen as merely a re­
pository of different interaeting eell types, presenting a very misleading over­
simplification of the processes involved in immune induetion. More important 
is the faet that the predietions of the model are not bome out in praetice. 
For example, sequential eompetition is not eonfined to the site of response 
to the first antigen, as the model would suggest. Nor is a secondary response, 
whieh was found to eause less splenie enlargement than a primary, less able 
to compete sueeessfully than a primary response, as the authors' data suggest 
it should be; indeed the opposite has often been shown to be true. 

VI. Practieal Aspeets of Competition 
One of the important praetieal aspeets of antigenie eompetition is its 

relation to human vaecination. The studies of BARR and LLEWELLYN-]ONES 

(1953a, b, 1955) investigated some of the faetors to be taken into aeeount 
when toxoids and vaeeines are administered either in sequenee or as mixtures. 
Their maiu eoncIusions, whieh should be bome in mind in devising immuniza­
tion sehedules for babies and adults, were the following. (i) When several 
inoeulations of different vaeeines, toxoids, etc., are to be given in aseries, 
it is important to leave an interval of at least 30 days between injeetions 
in order to avoid the possibility of sequential eompetition. (ü) In the desire 
to eut down the number of injeetions in a vaeeination programme to a minimum, 
it is now usual to administer mixtures known as "eombined prophylaetics" . 
Probably the best known is the triple vaeeine (diphtheria and tetanus toxoids 
with pertussis vaeeine). It is obviously neeessary to ensure first that such 
mixtures are 'balaneed', so that optimum immunization against all eom­
ponents is aehieved, and to avoid the suppression of the response to any 
eomponent by interrnoleeular eompetition. Furthermore, if there is pre-exisit­
ing immunity, it should apply equally to all the eomponents of the mixture, 
otherwise there is the danger that a secondary response to some eomponents 
will inhibit the primary response to others. Is should be note that a previous 
infeetion may be eqmvalent in effeet to vaecination. Suitable sehedules for 
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multiple vaccinations have been recommended (PARISH and CANNON, 1962). 
Further discussion of these points can be found in an International Symposium 
on Combined Vaccines (1967) and in ÜAKLEY (1968) and COCKBURN (1969). 
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