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Introduction

Resistance to infection is the result of complex host-parasite 
interactions. The genetic aptitude of the host, for the various 
immune reactions playing protective roles, is an important component 
of the phenomenon and the field of multiple investigations.

The study of the genetic control of immune responses was 
carried out, in our group, by the method of bidirectional selective 
breeding of outbred mice for appropriate quantitative traits (Biozzi 
et a l . , 1980).

The model presently the most extensively studied is that of 
selections performed according to the phenotypic character "antibody 
production". In fact, the humoral response is the most sophisticated 
defence mechanism, the last that emerged in the evolution of the 
immune system.

In those selection experiments, the choice of the parents for 
independent upward and downward selection was based on individual 
merit, according to the peak antibody titer produced after optimal 
immunization with complex natural immunogens (two unrelated immu
nogens were generally alternately used to immunize consecutive 
generations in order to avoid the interference of maternal anti
bodies passively transmitted to the offspring (Biozzi et al., 1979a). 
The selective process, repeated at each generation, resulted in a 
progressive divergence of a high (H) and a low (L) antibody 
producing line. When the difference reaches its maximal value i.e., 
at the limit of response to selection, it may be assumed that all 
the favorable or the unfavorable alleles present in the foundation 
population have progressively been accumulated in H and L line 
respectively. These lines are therefore considered as homozygous 
for the locus regulating the character under selection.

The main data concerning five 
selection carried out for antibody 
are summarized in Table I. All the 
the resulting interline difference 
the antigens and the conditions of

independent experiments of 
production to various antigens 
selections were successful, and 
is extremely important whatever 
immunization used. There is also

* U  125 INSERM, ER 060070 CNRS, 
Biologie, 26 rue d'Olm, 75231

Institut Curie 
Paris Cedex 05

- Section de 
France

150



Table I . principal characteristics of the five selections carried out for antibody production

Antigens used for the Imiqunization Number of generations Interline difference Realized Number of
Selections selective breeding procedure required to reach in antibody response®^ Heritability independent

Selection Limit x t  s.d. locib)

Selection I Sheep erythrocytes 
Pigeon erythrocytes

Primary
response

16 220 fold 0.20 - 0.08 9-11

Selection II c)Sheep erythrocytes Primary
response

13 103 fold 0.21 - 0.05 2-8

Selection III
Salmonella typhimurium 
Salmonella oranienburg

Secondary
response 16 90 fold 0.20 - 0.04 4-7

(flagellar antigen)

Selection IV
Salmonella typhimurium 
Salmonella oranienburg

Secondary
response 12 85 fold 0.21 - 0.06 2-4

(somatic antigen)

Hyperimmunization
Selection V Bovine serum albumin 

Rabbit gamma globulin
with alum
precipitated
antigen

7 310 fold 0.22 - 0.06 2-4

x agglutinin tltre High line (measure<j at the peak of responses to optimal immunization) .
x agglutinin titre Low line
For details see Biozzi et al. 1979a
Range of different estimates
Time between weaning and immunization increased to permit elimination of maternal antibodies.

Table II. Serum Ig concentrations and spleen weights in normal and immunized H and L mice

Serum Ig concentrations Spleen weight

mg/ml mg/20 gr

Normal 14 days post Normal 4 days post

immunization * immunization * *

H mice 2.94 10.90 120 - 250

L mice 1.40 1.59 90 120

A  peak values of antibody titres after i.v. injection of 5.10** Sheep 
erythrocytes

AA peak values of spleen weight after i.v. injection of 5.10® Sheep 

erythrocytes
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a remarkable constancy in the realized heritability, h2 , a 
parameter which depends essentially on the frequency of the 
relevant alleles in the foundation populations and on the respec
tive role of additive genetic factors and environmental effects.
The number of locus given in the last column is a range of esti
mates obtained by different methods (Biozzi et al. , 1979b). The
interpretation of this estimate is subject to the limitations 
explained in Biozzi et al. (1979b). Anyhow, it clearly demonstrates 
that in H and L lines the antibody production to all the selection 
antigens is submitted to a polygenic regulation.

In view of the role of the Ir genes at the H-2 locus in the 
regulation of immune responses, the participation of this locus in 
the polygenic control of high and low characters was investigated 
in the five selections by comparing the responses of F2 hybrids 
homozygous for the H-2 phenotype of the parental H and L lines. The 
participation of H-2 linked genes in the control of the interline 
difference is not mandatory. It was observed for the responses to 
Sheep erythrocytes in selection I ,* to Salmonella typhimurium 
antigens in selection IV and to the two proteinic antigens used in 
selection V. The H-2 effect is then only a part (14 - 26 %) of the 
interline difference produced by the additive effect of all the 
involved locus. More detailed studies, concerning various antigens 
in selection I, have shown that the H-2 effect may vary according 
to antigen dose, conditions of immunization, sex and genetic back
ground (Mouton et al., 1979; Bouthillier et al., in.press).

The study of the immunological characteristics of H and L 
lines is presently under way in the five selections. It is nearly 
achieved in selection I which has also been the most used for 
evaluation of resistance to infections. Therefore, except when 
mentioned, the following results will exclusively concern selection I.

I. Immune characteristics of H and L mice
Transfer experiments and "in vitro" experiments have demon

strated that the high and low characters are mainly determined by 
differences at the level of the immunocytes (Biozzi et al., 1975; 
Doria et a l ., 1978).
General modification of antibody production: "non specific effect"

The comparison of Ig concentrations in the serum of H and L 
mice shows, even in non immunized mice, a significant difference in 
favor of H mice which is greatly amplified after immunization 
(Table I I ) : the large increase of Ig values in immunized H mice 
concerns all classes whereas in L mice the Ig level is scarcely 
modified. A similar observation is made concerning the weight of 
the spleen, the organ mainly responsible for antibody production 
after intravenous immunization. These two findings suggest that the 
selection has modified antibody production at a general level.

In fact, the H and L lines have been immunized against many 
antigens unrelated to those used during selective breeding (Biozzi 
et al., 1979a).The results have demonstrated that the genetic con
trol of high and low characters includes the responsiveness to all 
the antigens tested whatever their specificities or chemical struc-
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tures:proteins, haptens, bacteria, transplantation antigens (Biozzi 
et al., 1979a) with the exception of levan and dextran (Howard et al., 
1974). During the experiments on resistance to infection, it has 
been found that antibody responses to bacterial or parasitic anti
gens were constantly higher in H than in L mice,either during the 
course of infection, or following specific vaccination.
Modification of macrophage activities

The effect of selection is mainly "non specific", therefore 
the macrophage activities were investigated in H and L mice since 
these cells process antigens irrespective of their specificities. 
The results have demonstrated that the phagocytic activity is 
similar in both lines but that the fate of ingested antigens 
strongly differs in H and L macrophages: the antigen handling or 
presentation is more favorable to antibody production in H than in 
L mice. This was demonstrated for various antigens, and by differ
ent experimental procedures.
a) The catabolism of the antigen is much more rapid in L than in 
H macrophages: the immunogenic fraction of Sheep erythrocytes is 
detectable in the spleens of H mice for more than 10 days after 
immunization, and up to 4 days only in L mice (Biozzi et al., 1975).
b) The percentage of membrane bound KLH does not significantly 
decrease during a 5 hour lasting experiment in H macrophages while 
it drops to less than 10 % in 2 hours in L macrophages (Wiener et 
a l . , 1974).
c) The amount of HEL necessary to pulse macrophages for stimu
lation of a proliferative "in vitro" response in primed (HxL)Fj 
cells is 50 fold higher for L than for H macrophages (Adorini et 
Doria, 1981).

These results stress the general defect of macrophages of L 
mice concerning antigen handling or presentation of many antigens.
This defect was not observed for dextran and levan which induce 
similar responses in the two lines (Howard et al., 1974). The rapid 
catabolism of antigens in macrophages of L mice is an important 
factor determining the poor antibody response of these mice since 
antigen shortage was recognized as a negative regulatory mechanism.

When the engulfed antigens are live bacteria, the genetic 
difference between H and L macrophages results in a different 
control of bacterial growth. Again, this characteristic is a 
general feature not restricted to a given pathogen. The results 
obtained, in different laboratories, using various micro-organisms 
are summarized in Table III. In all cases, the number of viable 
micro-organisms in the target organ is much higher in H than in L 
mice, the difference may reach up to 4 logjo- These results are 
observed in the initial phase of the infections; later on, in the 
case of non lethal infections, the difference decreases due to more 
efficient immune elimination of micro-organisms in H mice. In fact, 
a stronger antigenic stimulation is produced in H mice, in which a 
faster initial growth of the pathogens is observed. It must be 
noticed that these data do not permit to discriminate between the 
control of bacterial multiplication and the bactericidal power of 
macrophages. This study is in progress using temperature sensitive 
mutants of bacterial strains.
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Table m . Fate of ingested micro-organisms in macrophages of H and L mice

Micro-organisms
Dose and 
route

Organ
examined

Days after 
Inoculation

Number of viable 
micro-organisms/organ 
H mice l mice

Authors

Salmonella
typhimurium

103 s.c. spleen 10 3xl07 103 Plant and Glynn,1980

Brucella 
abortus suis

2x105 i.v. spleen 7 8xl02 2x102 Cannat et al., 1978

BCG 4.8xl06
in foot pads

draining 
lymph node

10 3.2xl04 1.2xl04 Lagrange et al., 
1979

BCG 3xl06 i.v. spleen 21 1.2x105 ^  9x103 Lagrange et al. 
1979

Chlamydia
psittaci

103 i.v. spleen 6 l.lxlO5 l.lxlO4 Fuensalida-Draper, 
1980

Table IV. Skin allograft rejection in H and L mice

Number
of

mice

Time for complete graft rejection 
(days)

Antibody cytotoxic for cells of 
skin donors

(after complete rejection)

H mice recipient
of L skin 27 12.6 - 2.9 1/50

L mice recipient 
of H skin

30 10.4 * 2.4 <  1/3

Table V, Outcome of P. berghei and T, cruzi infections in H and L mice

Mortality (%)
H L

. 88 94
P. berghei

active •vaccination
5 84

- 12 100

T. cruzi active
vaccination A

- 100

passive
immunization ** 0

154

• repeated injections of irradiated parasitized erythrocytes 
A two injections of killed parasites 
AA transfer of serum from immunized mice



Intensity of T cell mediated immune reactions

On the whole, the experiments on T mediated reaction have 
demonstrated that the genes regulating antibody responsiveness have 
no effect -on the T mediated immunity. As an example, the data 
reported in Table IV summarize an experiment of skin graft exchange 
between H and L partners. L mice are as efficient as H mice at 
rejecting allogeneic skin grafts meanwhile they are unable to 
mount a humoral response to the transplantation antigens of the 
skin donors. Delayed type hypersensitivity (DTH) reactions induced 
towards various antigens were measured in H and L mice. No inter
line difference was observed in DTH reactions to picrylchloride 
after skin sensitization,to melitin in the course of Brucella 
infection (Cannat et al. 1978) and to Leishmania antigens (Hale 
et al. 1981), also in infected mice. A small superiority of H mice 
reactivity was only noticed in DTH induced to Sheep erythrocytes 
in cyclophosphamide treated mice (Lagrange et al. 1980). H and L 
mice have also similar GVH reactivity, equivalent level of thymic 
hormone and give identical lymphoproliferative response to PHA 
(reviewed in Biozzi et al., 1979a).

All these results stress the independence, in H and L mice, 
of the genetic control of humoral and cellular immune responses. 
This is in agreement with the observations that genetic defects in 
animal species and in humans are often restricted to one or the 
other of these two immunity functions.

These animals defective for immunity function are often used 
to clarify the role of each immune mechanism in the defence against 
infections. The advantage of H and L mice, in this respect, is that 
the modification of antibody production in these lines is a general 
feature. It is under polygenic control, largely independent of 
antigenic specificity and involves all the Ig classes. Moreover, 
the H and L lines have been obtained from a common foundation popu
lation and have therefore a close genetic background. This, however 
does not exclude the possibility that genes unrelated with immune 
function, but important for resistance, were fixed by chance or 
close linkage in the H or L line during the selection. This will be 
verified by repeating infection experiments in H and L lines 
obtained by independent selections. The probability of a similar 
genetic drift in distinct selections will be relatively low.

1 1 • Innate and acquired resistance to infections in H and L mice

The resistance of H and L mice to various infections was 
estimated in our laboratory and also by several investigators. In 
some infections the mechanisms responsible for the host resistance 
are already known. In others, it has not yet been established 
whether the main role is to be attributed to specific antibody or 
to macrophage function and the results obtained in H and L mice 
help to identify the most effective defence factor.
Antibody-dependent immunity

The results summarized in Table V concern the outcome, in H 
and L mice, of two parasitic diseases: Plasmodium berghei infection 
and Trypanosoma cruzi infection. The Plasmodium berghei challenge
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is severe and provokes a high mortality in both lines in a few 
days. However, after vaccination by repeated injections of irra
diated parasites, most of H mice are able to survive the infection. 
In contrast, no protection is obtained in L mice. The specific 
antibody titres, after vaccination are, as usual, much higher in H 
than in L mice (5.8 and 2.4 log2 respectively). Moreover, it has
been shown that in interlines hybrids (Fj, F 2 and backcrosses), 
the degree of resistance to challenge is positively correlated 
with the antibody level produced after vaccination. It must be 
mentioned that these results have b e e n ‘confirmed in H and L mice 
of Selection II (Heumann et al., 1979).

The infection provoked by intraperitoneal inoculation of 
Trypanosoma cruzi is less severe and a clear interline difference
in favor of H mice is observed in the degree of innate resistance 
(Table V) (If the challenge is given by the subcutaneous route, 
the infection is more harmful and 100 % of H and L mice die). In 
contrast with the results obtained in outbred mice, active immu
nization fails to protect L mice. The deficiency of L mice for 
antibody production is responsible for the lack of protective 
effect of vaccination since passive administration of specific 
antibodies from vaccinated mice is able to ensure the survival of 
all the L mice (Kierszenbaum and Howard, 1976). These data demon
strate that the advantage of H mice in surviving these two infec
tions is in relation with the major protective role of antibodies.

A stronger efficacy of vaccination in H than in L mice of 
selections III and IV was also observed in rabies virus infection. 
This effect is correlated to the level of virus neutralizing anti
bodies (Nilsson et al . , 1979).

The role of antibodies in the resistance to Nematosporoldes 
dubius has recently been confirmed by results, obtained in 
selections I and II which show that, though H and L mice are 
equally susceptible to the primary infection, a higher degree of 
resistance to a second or a third re-infection is constantly 
•observed in the H lines (Jenkin and Carrington, 1981).

Finally, H and L mice have been submitted to oral infection 
with Trichinella spiralis. During the primary infection, a better 
control of larvae multiplication is achieved in H mice probably in 
relation with high IgE specific antibody responses. However, after 
reinfection, the number of larvae in the muscle increases in H mice 
only, suggesting a different protective mechanism in innate and 
acquired immunity s.ince the antibody titres remain higher in H mice 
(Perrudet-Badoux et al., 1978).
Macrophage-dependent immunity

Opposite results are observed when the resistance of H and L 
mice is assessed against pathogens which are able to survive 
inside macrophages. L mice are then more resistant than H mice due 
to the higher capacity of their macrophages to control the growth 
of ingested micro-organisms (Table III). The results reported in 
Table VI concern Salmonella typhimurium infection, a natural
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Table VI. Resistance of H and L mice to S, typhimurium infection

Dose and route H mice L mice
of infection Treatment Mortality Mean survival Mortality Mean survival

% time (days) % time (days)

5xl02 s.c. - 100 10.3 50 14.6

5xl02 i.p. - 100 5.4 100 8.7

5x10^ s.c. Specific 
vaccination *

100 8.6 10

5x102 i.p. Non specific 100 11.9 0
vaccination A

• Live non virulent strain given 30 days before 
a Live BCG 4xl0^u.v./mouse given 14 days before

Table VII. Summary of results on resistance of H and L mice to various infections

Degree of resistance

Infection Innate resistance Acquired resistance

H L H L

P. berghei +++ +
T. cruzi +++ _

Antibody deDendent N. dubius - - +++immunity Rabies virus * - - +++ +
T spiralis ++ + ++ ++

S. typhimurium + ++ + ++++
Macrophage dependent Y. pestis .+ ++ + ++++

immunity B. abortus suis + ++ ++ ++++
L. tropica + +++ n.d. n.d.
S. mansoni + ++ +++ +++

• Experiments carried out in Selections III and IV
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pathogen of the mouse.

The antibody response to both somatic and flagellar antigens 
of Salmonella typhimurium is higher in H than in L mice (Sant.'Anna 
et a l . , 1979). However, L mice are naturally more resistant than 
H mice to Salmonella typhimurium infection. The L D50 established 
by Plant and Glynn (1980) is ^20 and 3.10° respectively in H and L 
mice (subcutaneous route). In table VI the higher resistance of L 
mice is observed in terms of survival after the subcutaneous 
challenge and in terms of prolongation of survival time after the 
more severe intraperitoneal challenge. The interline difference is 
remarkably increased after vaccination. The specific vaccination 
permits the survival of 90 % of L mice to a subcutaneous inocu
lation of Salmonella typhimurium. The non specific vaccination, by 
live BCG administration, totally protects L mice against the 
lethal intraperitoneal challenge. No beneficial effect is observed 
in H mice except a slight delay in mortality after BCG treatment. 
This is due to the inability of macrophages of H mice to control 
the growth of Salmonella typhimurium (see Table III). In fact, 
antibodies have been shown to play a role in the resistance to 
Salmonella typhimurium, only in the mice in which a late mortality 
is observed (survival > 10 days) because their macrophages have 
an intermediate efficacy at controlling bacterial growth (O'Brien 
et al., 1980). in L mice the enhancement of resistance after 
vaccination results from an activation of macrophage activity since 
the antibody response is very low compared to that of H mice.

Similar results were obtained in H and L mice infected by 
Yersinia pestis.

Resistance to Leishmania tropica is generally attributed to 
macrophage function. Therefore it is not surprising to find out 
that H mice are very susceptible and L mice very resistant to local 
inoculation of the parasite. All L mice survive the infection, 
after healing of relatively small lesions. In H mice the cutaneous 
lesions do not heal but ulcerate, and about a 30 % mortality occurs. 
(Hale and Howard, 1981).

It has already been mentioned that macrophages of L mice 
resist more efficiently than those of H mice to the growth of 
Brucella abortus suis (Table III). The resistance in L mice is 
increased by vaccination. A possible facilitating effect of anti
bodies in H mice has been ruled out. In contrast, a favorable 
effect of passively transferred antibodies has been obtained in L 
mice, against Brucella abortus suis which is a facultative intra
cellular parasite (Cannat et al., 1978).

A stronger resistance of L mice has been reported also against 
infection by Schistosoma mansoni. However, after reinfection, an 
increased resistance is observed in both H and L lines (Blum and 
Cioli, 1978).

The results obtained on resistance of H and L mice to the 
various infections summarized in Table VII deserve several comments.

There is a striking concordance between the efficiency of H 
and L mice for antibody production and macrophage activity respec
tively, and their resistance to those infections which are mainly 
counteracted by these mechanisms.

158



The lack of interline difference at the level of innate 
resistance to some infections is probably only due to the severity 
of the challenge. In fact, there are examples of infections for 
which the interline difference decreases or disappears if the 
route of inoculation or the pathogen dose increase the severity 
of the disease. In contrast, the difference of resistance is 
clearly demonstrated in H and L mice challenged after specific 
vaccination.

In most infections, the line which is spontaneously the more 
resistant is also the better protected by vaccination. This is also 
generally observed when the vaccination effect is compared in 
resistant or susceptible inbred strains of mice (Medina et al., 
1975). Two exceptions, in the data of Table VII concern T. spiralis 
and S. mansoni: the interline difference observed at the level of 
innate resistance disappears after reinfection. This argues for a 
different mechanism operating in the innate and acquired immunity 
to these parasites. Similar examples have been reported in the 
literature for resistance to Plasmodium yoelii in CN mice 
(Jayawardena et al.,1979) and to Plasmodium gallinaceum in chickens 
(Rank and Weidanz, 1976).

The results in Table VII clearly illustrate the fact that the 
selection for antibody production has not resulted in a general 
advantage in terms of resistance to infections, of one or the other 
of the selected lines since both H and L mice are highly susceptible 
to certain type of infections. This remark is important from the 
point of view of domestic animal breeding. It stresses the failure 
of increasing by selection the resistance to infection in a multi
directional way. Moreover, it emphasizes the risk of obtaining by 
selection for resistance to certain types of infection, a strain of 
animals highly susceptible to other diseases considered as relative
ly harmless in unselected animals. It is very likely that the

capacity of macrophages of H and L mice to control intra
cellular pathogen growth is correlated with their ability for 
antigen processing. If so, high antibody production is controlled by 
genes which are also responsible for low macrophage activity whereas 
low antibody production is inherited together with a high macrophage 
activity. Therefore, each selected trait has a favorable and a 
deleterious consequence with regard to resistance to infections.

On the basis of the results obtained in H and L lines of 
selection I, a theory has been proposed to explain the host-parasite 
interactions during evolution, as illustrated in Fig. 1 (Biozzi et 
al., 1979a). The investigated character being under polygenic regu
lation, the F2 hybrids between homozygous H and L mice would present 
a normal frequency distribution of phenotypes for immune mechanisms, 
as shown in the figure. A similar distribution is expected in 
genetically heterogeneous natural animal populations. The axes for 
antibody production and for macrophages activity have inversed 
directions. Therefore each distribution tail is constituted by 
individuals which are simultaneously particularly efficient for one 
mechanism but deficient for the other. These individuals will be 
either extremely resistant or highly susceptible to a severe epi
demic infection according to the defense mechanism which is able to 
ensure protection against the occuring infection. Consequently, in 
the population, at least a small number of individuals will survive
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ail type of mild endemic infections

Schematic representation of host-parasite interaction in 
genetically heterogeneous populations, according to the 
inverse polygenic control of antibody production and 
macrophage activity.

any burst of severe epidemic infection. The majority of individuals, 
between these two extreme situations, have intermediate genes 
distribution which confer a median efficacy at the level of both 
antibody production and macrophage activity. Those individuals will 
resist all types of mild endemic infections which will eliminate 
the two distribution tails and therefore maintain the genetic poly
morphism in the population by stabilizing natural selection. This 
schema does not take into account the distribution of phenotypes 
for T mediated immunity which is also under independent multigenic 
control and has a role in defence against infections. Even in this 
simplified form, the model proposed in Fig. 1 fits with two sound 
experimental findings: the persistence of polymorphism and the 
heterosis advantage.

SUMMARY

The resistance to infections was investigated in lines of 
Mice genetically selected for high or low antibody production (H 
and L lines respectively). In these lines, the modification of 
antibody responsiveness, submitted to polygenic control, include 
all the antigens tested and all the immunoglobulin classes. The 
macrophage activity is very different in the two lines: L mice
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macrophages are deficient for antigen processing but are more 
able than H mice macrophages to control the growth of ingested 
micro-organisms. Therefore H and L mice are either very resistant 
or very susceptible to infections according to the efficacy of 
antibodies or of macrophages, to ensure the defence of the host 
against each pathogen. As a general rule vaccination increases the 
interline difference observed at the level of innate resistance.

RESUME
La capacite de resistance envers diverses infections a ete 

evaluee chez les lignees de souris selectionnees genetiquement 
pour le caractAre "production d 1 anticorps": lignee bonne produc- 
trice (BP) et mauvaise productrice (MP). Le rdsultat de la selec
tion est une modification, sous contrdle polygenique, de la pro
duction d'anticorps envers tous les antig§nes, et concernant 
toutes les classes d 'immunoglobulines. De plus, 1"activity des 
macrophages est trSs differente chez les deux lignees: les macro
phages de MP catabolisent plus vite et presentent moins bien les 
antlgAnes que les macrophages de BP. Par contre, ils controlent 
mieux la croissance des microorganisme.s ingSres. De ce fait, les 
souris BP et les souris MP sont soit tr£s resistantes, soit tres 
sensibles envers diverses infections, selon que le mdcanisme 
protecteur efficace est la production d'anticorps, ou bien le 
pouvoir des macrophages de s'opposer a la croissance des micro- 
organismes. Les differences observdes entre BP et MP au niveau de 
la resistance naturelle sont fortement augmentSes apres vaccina
tion.
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