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1. Introduction

A century ago, Elie Metchnikoff (1884) discovered phagocytosis and
recognized the importance of this phenomenon in the defense against
infections. In 1908, the Nobel Prize in Physiology and Medicine was
awarded jointly to Elie Metchnikoff and Paul Ehrlich who stressed
the role of humoral antibodies in immunity. The award closed a longlasting controversy between the supporters of humoral or cellular
factors in antiinfectious immunity, since it underlined the fundamental role of the two mechanisms and the importance of their cooperation in the defense against pathogenic microorganisms. Metchnikoff described two types of phagocytes, designated “microcytes”
and “macrocytes.” In mammals, phagocytic cells are now referred
to as polymorphonuclear leukocytes and macrophages. Whereas
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polymorphonuclear leukocytes play a chiefly peripheral role in antiinfectious defense, macrophages also operate as the central cells in the
genetic regulation of immunoresponsiveness.
It is clear today that the immune system is constituted by a coordinated network of perfectly integrated and interacting cells and molecules subject to strict cooperation in order to ensure the highest possible efficiency in antiinfectious immunity. A simplified scheme of the
immune system in higher vertebrates is represented in Fig. 1. The
enzyme equipment of macrophage phagosomes endows these cells
with bactericidal or bacteriostatic activity on ingested microorganisms
therefore constituting the first important mechanism in antiinfectious
defense. The metabolic activity of macrophages on engulfed antigens
also regulates the specific response of T and B lymphocytes through a
complex process of antigen handling and antigen presentation, estab-
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"Nothing in biology makes sense
except in the light of evolution"
Th. Dobzhansky

FIG. 1. Schematic representation of cellular and molecular interactions in the immune system of higher vertebrates.
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lishing a sort of symbiotic relationship between lymphocytes and
macrophages (Unanue, 1972, 1981).
The schematic representation of the immune system clearly indicates that there are two essential components in the immune response: one is specific and the other nonspecific. The specific response involves the stereospecific selective recognition, by molecular
receptors on the surface of T and B small lymphocytes, of the antigen
determinants presented by macrophages. This stereospecific recognition triggers the process of multiplication and differentiation producing the clone of the T-derived lymphocyte effectors of cell-mediated
immunity, and the clone of the B-derived plasmocytes responsible for
the production of humoral antibodies. The nonspecific aspect of the
immune response includes the handling of the phagocytized antigen
and the rate at which the process of multiplication and differentiation
of small lymphocytes takes place. These phenomena are essentially
nonspecific since all antigens, regardless of their specificity, must be
phagocytized and processed by macrophages in order to trigger the
process of multiplication and differentiation of specific T and B lymphocytes.
We have included Th. Dobzhansky’s sentence in Fig. 1since, in our
opinion, it is particularly relevant as far as the evolution of the immune system is concerned. I n fact the teleological function of the
immune system, which has directed its evolution, is to grant the best
protection to a genetically heterogeneous natural animal population
against all types of infections. This protection is produced by three
essential mechanisms which have emerged successively during evolution. The primeval mechanism, phagocytosis, is already present in
such primitive organisms as amoeba. It is devoid of specificity and
memory. The second mechanism, cell-mediated immunity, emerged
early in invertebrates. It is endowed with memory and a definite degree of discriminating specificity. The humoral antibody response, the
last mechanism produced by evolution in primitive fish, is also endowed with long-lasting memory. Different classes and subclasses of
antibodies which have extremely refined specificity emerged rapidly
afterward. Specific memory plays an extremely important role in immunity since it enables a quicker and stronger immune response to
previously surmounted infections. The protective effect of specific
vaccination is essentially based on immunological memory. The antibody molecules, according to their isotypes, play specialized defensive roles against various types of invading microorganisms, particularly in collaboration with the complement system, inducing
bactericidal or opsonizing effects.
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These three essential immune functions became perfectly integrated and optimally coordinated in primitive vertebrates and presented a remarkable evolutive invariance for hundreds of millions of
years thereafter. In fact, in its structure and functions, the immune
system in primitive fish is fundamentally similar to that of the present
mammals. It is obvious that the efficiency of antiinfectious protection
provided by the immune system is a character of extremely high selective value. The selective value of a given character has an evolutive
significance only at the level of a natural population constituted by
genetically heterogeneous individuals. In view of its high selective
value, the remarkable evolutive invariance of the immune system indicates that it is able to confer an optimum protection upon a natural
population of animals against all types of different pathogens present
in its ecological environment. The cause for this evolutive invariance
could erroneously be attributed to the genetic homogeneity of animal
species, at the level of the alleles regulating immunoresponsiveness,
i.e., the high selective value of this character might have only retained
the favorable alleles producing the strongest activity of the three operative functions of the immune system: phagocytosis, cell-mediated
immunity, and antibody responsiveness. In fact, this hypothesis does
not hold true since recent studies on the genetic regulation of immunoresponsiveness demonstrated the very large individual phenotypic variability of the principal immunologic parameters in the various mammalian species investigated. This large phenotypic
variability may result from either a large allele polymorphism at the
level of a single locus or from an additive effect of relevant alleles at
several independent loci. Quantitative polygenic regulation has been
demonstrated by our study on the genetic regulation of antibody responsiveness based on the selective breeding of high and low antibody responder lines of mice (Biozzi et al., 1979a, 1980; Ibanez et al.,
1980).
II. Genetic Regulation of lrnrnunoresponsiveness

A. SPECIFICANTIGEN-RESTRICTED
REGULATION

The most important development toward the understanding of the
mechanisms of evolution in the past 20 years has been the demonstration that each animal species constitutes an enormous reservoir of
genetic variability. The average of structure gene heterozygosity estimated by electrophoretic mobility of protein molecules is 6.6% in
vertebrates. The rate of genetic polymorphism in the mouse is close to
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29%of the gene pool. Each individual therefore presents a very large
number of discrete differences in the primary structure of a large
number of proteins. The immunogenicity of the antigenic determinants (epitopes) of a protein can be modified by small changes in the
primary structure. These changes alter either continuous antigenic
determinants formed by an array of contiguous amino acids, or discontinuous determinants formed by separated amino acids that are
brought into proximity by the tertiary folding of the chain. As a result,
the immune response to a given epitope in genetically heterogeneous
individuals of the same species should present a large variability due
to the phenomenon of cross-self-tolerance. Each single animal can
respond only to antigenic determinants not present in the “self.” The
high rate of polymorphism will therefore produce a large individual
variability in the response to the same epitope. It is clear that the
nonresponse due to cross-self-tolerance is specific for any given epitope. It is very likely that the genetic control of immunoresponsiveness operated by specific immune response genes (Ir genes) is due to
a cross-self-tolerance mechanism. In fact, specific Ir genes control the
immune response to synthetic polypeptides of restricted heterogeneity, to multideterminant natural proteins administered at threshold
doses (when only the most potent antigenic determinant operates), or
to alloantigens differing from those of the self only by details in the
molecular structure (McDevitt and Benacerraf, 1969). The reason why
the specific Ir genes are often linked to the Major Histocompatibility
Complex is that this chromosomal region is characterized by an extremely large allelic polymorphism. It is obvious that the quantitative
contribution of any structural locus to the regulation of individual
specific immunoresponsiveness by cross-self-tolerance is directly related to its degree of allele polymorphism.
The Ir genes control the specific immune responsiveness to epitopes through a complex mechanism of immunocyte interaction in
which macrophages play an important role (Benacerraf, 1980; Rosenthal et al., 1980).

B. GENERAL
REGULATION:
SELECTION
OF HIGHAND Low ANTIBODY
RESPONDER
LINES

We have undertaken the study of the genetic regulation of immunoresponsiveiess to natural multideterminant immunogens by the
method of bidirectional selective breeding of high and low antibody
responder lines of mice. Five selections have been carried out so far
using various antigens such as heterologous erythrocytes, bacteria
(Salmonellae), or purified heterologous serum proteins (Biozzi et al.,
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1979a).The quantitative antibody response to all these natural immunogens is subject to polygenic regulation operated by the additive
effect of alleles located at several independently segregating loci
(Biozzi et al., 1980).
The results reported in this review have been obtained in Selection
I which has been the most extensively investigated. Selection I was
initiated with a foundation population of 62 random bred albino mice.
The bidirectional selective breeding was carried out for maximal or
minimal agglutinin response to sheep erythrocytes for six generations.
Afterward the selective breeding was continued, alternating noncross-reacting pigeon erythrocytes and sheep erythrocytes at each successive generation in order to avoid the interference of maternal antibodies passively transmitted to their progeny (Feingold et al., 1976).
An optimal immunizing dose of heterologous erythrocytes was used
and the phenotypic character “agglutinin titer” was measured 14 days
after intravenous primary immunization when the interline difference
in antibody response is maximal. The selective breeding produced a
progressive divergence between the high and low responder lines
during 16 consecutive generations. The maximal interline separation
was then reached (selection limit) since the value of the interline
difference in Fl6 could not be increased by the continuation of the
selective breeding. The high and low lines at the selection limit were
therefore considered as homozygous at the level of all the loci controlling quantitative antibody responsiveness.
The modification in antibody response to sheep erythrocytes produced in Selection I is represented in Fig. 2 in which are shown the
agglutinin responses to sheep erythrocytes in the foundation population, high and low responder lines at selection limit (F16-F36), interline F1 hybrids, Fz interline segregant crosses, and both backcrosses (F1 X high) and (F1 X low). In all these populations, the
phenotype frequency distribution is close to a normal curve when
the agglutinin titer is expressed as the log 2 of the highest serum
dilution giving a positive agglutination.
The selective breeding resulted in a very large modification in antibody responsiveness to sheep erythrocytes. The mean agglutinin titer
of the high line is 230-fold higher than that of the low line. The mean
response of F1 hybrids is intermediate between that of high and low
lines with a small degree (0.27) of incomplete dominance of the high
response character. The mean phenotypic variance due to environmental effects in the three genetically homogeneous populationshigh, low, and F1 is 1.21. The variance of the genetically heterogeneous foundation population and that of Fz segregants is larger
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FIG.2. Frequency distribution of individual agglutinin titers in the foundation population, in high and low lines at selection limit, and in their hybrids. The theoretical
curves characterizing each population were established using the mean and the standard deviation (SD) of individual agglutinin titers measured 14 days after iv immunization with 5 x loRsheep erythrocytes. V, Variance = SD2.

because it is produced by both genetic and environmental factors. It
can be calculated that in a genetically heterogeneous natural mouse
population such as the foundation population, 53% of the total phenotypic variability is due to genetic factors and 47% is produced by
environmental effects.
The mean value of the realized heritability of the character in the
selective breeding is 0.20 0.08. Different methods of genetic analysis concorded in estimating that the quantitative antibody response to
sheep erythrocytes is a polygenic trait regulated by the additive effect
of about 10 independent loci (Biozzi et al., 197913). One of these loci is
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linked to the H-2 locus and another to the structure genes of immunoglobulins (Ig allotype) (Biozzi et at., 1979a).

C. PHENOTYPIC
EXPRESSION
OF THE SELECTED
GENES
The genes segregated in each line during the selective breeding are
expressed at the level of the immune system itself. In fact the antibody response of spleen cell cultures stimulated in v i t r o with sheep
erythrocytes is about 100-fold higher in the high than in the low line.
The in v i t r o response of high or low line lymphocytes supplemented
with macrophages of the opposite line indicates that the potentiality
of both cell types is modified by the selected genes (Doria et al.,
1978).
In vivo cell transfer experiments summarized in Fig. 3 also demonstrate that both lymphocyte and macrophage activities are affected by
the selective breeding.
The results in Fig. 3A show that spleen cells from high donors
produce a much more efficient restoration of antibody response in
irradiated immunosuppressed mice than spleen cells from low donors. Since the immunorestoration is, due to the radiosensitive small
lymphocytes, it is very likely that some of the alleles regulating anti-

FIG.3. Cell transfer experiment: restorationof responsiveness to sheep erythrocytes
in immunosuppressed recipients (950 rads given 24 hours before transfer). (A) Kinetics
of antibody production in irradiated outbred mice after iv injection of 4 x lo7 spleen
cells from high or low donors 3 x lo8 sheep erythrocytes. (B) Kinetics of antibody
production in high and low irradiated mice after iv injection of 4 x 107 spleen cells from
(high x low) FI donors t 3 x lo8 sheep erythrocytes.
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body responsiveness are expressed at the level of the lymphocyte.
Macrophage activity is also greatly affected by the genetic selection as
shown in Fig. 3B. This activity is known to be radioresistant. The
same number of spleen cells from intermediate responder F1 hybrids
produces a restoration of the antibody response to sheep erythrocytes
which is much more efficient when transferred into the irradiated
high line than into low line recipients. The most probable interpretation of these results is that high line macrophages are capable of inducing a stronger response of F1 lymphocytes than low line macrophage s.
The genes segregated in each line during the selective breeding
regulate the quantitative antibody response by operating on the rate of
multiplication and differentiation of antibody-producing cells. This
rate is much greater in the high than in the low line. The early antibody response to intravenously injected sheep erythrocytes takes
place essentially in the spleen (Biozzi et al., 1972a). The cytodynamic
study of the exponential phase of the immune response to sheep
erythrocytes has showed that the mean doubling time of antibody
producing cells in the spleen is 9 hours in the high line and 16 hours
in the low line. At the end of the exponential phase, the total number
of specific immunocytes in the spleen is 3,000,000 in the high line and
270,000 in the low line. The number of antibody-secreting mature
plasmocytes is 720,000 and 16,500 in the high and low line spleens,
respectively: a 44-fold interline difference.
111. Modifications of Macrophage Functions

Macrophages are characterized by two fundamental functions: high
phagocytic activity and active catabolism of the engulfed antigens.
Several findings have demonstrated that these two functions are subject to independent genetic regulations.
The phagocytic activity of the reticuloendothelial macrophages is
similar in the high and the low line whereas the catabolic function
differs greatly. The phagocytic function of liver and spleen macrophages can be measured from the rate of blood clearance of intravenously injected particulate material and expressed by the phagocytic
index K (Biozzi et al., 1953; Stiffel et al., 1970).
The value of the phagocytic index K was established in the high and
low lines of mice from the rate of phagocytosis of colloidal carbon
particles, colloidal macromolecular aggregates of bovine serum albumin (1251-labeledCA-BSA) and sheep erythrocytes (51Cr-labeled
SE) which is the antigen used for the Selection (Fig. 4).
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FIG.4. Phagocytic activity of liver and spleen macrophages in high and low lines.
Rate of blood clearance of colloidal carbon, heat-aggregated bovine serum albumin
('9-labeled CA-BSA) and Wr-labeled sheep erythrocytes. Blood concentrations are
expressed as percentage of initial concentrations.

No significant interline difference was observed in the rate of
phagocytosis of these three particulate substrates by liver and spleen
macrophages. The organ distribution of the phagocytized Wr-labeled
sheep erythrocytes, determined after complete blood clearance, was
roughly similar in the two lines: 90 and 91% in the livers and 7.4 and
6% in the spleens of high and low mice, respectively. High and low
antibody responsiveness in the two lines is not therefore dependent
on the amount of antigen phagocytized in the spleens.

A. PROCESSING
OF THE SELECTION
ANTIGEN
The fate of phagocytized sheep erythrocytes is very different in
high and low mice as demonstrated in Fig. 5.
In this experiment, the persistence of the immunogenicity of sheep
erythrocyte antigens in the spleens of high and low mice is estimated
from the capacity to induce an antibody response in primed recipients
challenged with irradiated homogenates of spleen removed from high
and low donors at appropriate time intervals after immunization. The
results show that the persistence of the antigen in immunogenic form
is much shorter in low than in high line spleens. The rate of breakdown of sheep erythrocyte immunogen is an exponential function of
time. The half-life of the immunogen is about five times longer in high
than in low line spleens. It can be calculated that in the high line 1.5%
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FIG.5. Persistence of immunogenicity of sheep erythrocytes in the spleens of high
and low mice. Agglutinin titers in groups of primed outbred mice receiving irradiated
homogenates of spleens removed from high and low donors at different times after
immunization. (Subimmunogenic priming dose of the recipients: 105 sheep erythrocytes iv. Donor immunization: 2 x lo9sheep erythrocytes iv. Spleen irradiation: 10,000
rads. Injection of spleen homogenates: 4 spleen equivalent per recipient ip. Antibody
titers in the recipients: measured on the twelfth day.)
of the injected antigen is still immunogenic after 5 months whereas a
comparable level is reached in about 2 weeks in the low line. The
persistence of the immunogen in the spleen is a very important factor
accounting for the interline difference in antibody responsiveness between high and low lines. It is very likely that the persistence of the
antigen in the spleen is related to the catabolic activity of spleen
macrophages, as clearly suggested by the results in Fig. 3B. In fact, as
will be reported later, there is a striking difference in antigen processing between high and low line macrophages (Wiener and Bandieri,
1974; Adorini and Doria, 1981).
The interline difference in the rate of antigen catabolism probably
accounts for the peculiar patterns of antibody response dynamics observed in the two lines under different immunization procedures. An
example is given in Fig. 6 which shows the response of the two lines
to increasing doses of sheep erythrocytes injected intravenously. Low
line mice require a larger threshold dose of antigen to give a detectable antibody response which moreover is of shorter duration than
that of the high line. A large increase in the antigen dose is needed in
the low line to obtain a substantial prolongation of antibody response.
From the complete study of dose-response relationships (from
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FIG.6. Kinetics of agglutinin production in high and low mice after iv immunization
with increasing doses of sheep erythrocytes.

threshold to maximal doses) it has been calculated that the dose of lo*
sheep erythrocytes is required in the low line to obtain the peak
agglutinin response induced by the dose of lo5 sheep erythrocytes in
the high line, i.e., a 1000-fold interline difference (Biozzi et al.,
1972a).
The effect of the persistence of antigenic stimulation on antibody
responsiveness is also clearly illustrated in Fig. 7 by comparing the
kinetics of agglutinin responses to sheep erythrocytes injected either
intravenously (Fig. 7A) or subcutaneously into the two hind footpaws,
emulsified in Freund's complete adjuvant (Fig. 7B). The intravenously injected sheep erythrocytes are cleared from the blood in less
than 1 hour, inducing a single pulse of antigenic stimulation in the
spleen (see Fig. 4). On the contrary, the antigen emulsified in
Freund's adjuvant persists a long time in the footpaws, producing a
long-lasting stimulation of the regional lymphoid system. The results
in Fig. 7 show that the interline difference in antibody levels in the
advanced phase of the response is much smaller after the subcutaneous immunization because the continuous release of antigen from the
local depot counterbalances to some extent the rapid breakdown of
the antigen inside the macrophages.
The direct evidence that the poor and short-lasting response in the
low line is due to inadequate immunogenic stimulation is given by
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FIG.7. Kinetics of agglutinin production in high and low mice after (A) iv injection
o f 2 x lo8sheep erythrocytes; (B) sc injection of 5 x lo7sheep erythrocytes (in 0.05 mi)
emulsified in complete Freunds adjuvant in each footpaw.

the experiments summarized in Fig. 8. Our previous cytodynamic
study of antibody responses to intravenously injected sheep erythrocytes in conventional mice has demonstrated that the exponential expansion of the specific immunocyte clone is abruptly stopped on the
fourth day postimmunization because of lack of persistent immunogenic stimulation. In fact an antigen supply given during the exponential phase is able to prolong the exponential increase of the specific
cell clone (Biozzi et al., 1968).We applied this experimental approach
to the high and low lines.
The results in Fig. 8 show that a second intravenous injection of
antigen given 4 days after the primary immunization greatly increases
the antibody response in the low line. This effect is only slightly
improved by giving four antigen injections. On the contrary, the similar repetition of two or four antigen injections in the high line only
produces a hardly significant increase in antibody response. These
findings show that in high responders, since the antigen catabolism in
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FIG.8. Effect of repeated sheep erythrocytes injections on the kinetics of agglutinin
production in high and low lines: 5 x lo8 sheep erythrocytes were injected iv on day 0
(1 injection), on days 0 and 4 (2 injections), and on days 0, 2, 4, and 6 (4 injections).

macrophages is slow, a single antigen dose induces a maximal stimulation of the immune system. They also demonstrate that the genetic
defect in antibody synthesis of low responders is related to a shortage
of antigenic stimulation. The above results (Figs. 6,7, and 8) converge
in pointing out that the rapid catabolism of antigens in macrophages is
an important factor determining the poor antibody responses of low
line mice. This deficiency can be at least partially compensated by
increasing the persistence of the immunogenic stimulation. This is a
clear example illustrating how a genetic defect can be corrected under
favorable environmental conditions.

B. PROCESSING
OF UNRELATED
ANTIGENS:NONSPECIFIC
EFFECTOF
THE SELECTION
The genetic modification of antigen catabolism inside the macrophages is also very probably responsible for a remarkable consequence of the selective breeding, namely its nonspecific effect. It has
been shown that the macrophage antigen processing constitutes a
nonspecific component of the immune system functions (Fig. 1).
Therefore the genetic regulation of antibody responsiveness in high
and low lines is not restricted to the heterologous erythrocytes used as
selection antigens but operates likewise upon the antibody responses
to many other immunogens of distinct specificity as shown in Table I.

MACROPHAGE I N REGULATION OF IMMUNORESPONSIVENESS

203

It is clear that the superiority of high line antibody responsiveness
concerns a large variety of antigens of disparate nature and specificity
such as heterologous erythrocytes, bacterial and viral antigens, heterologous proteins, haptens, and also synthetic polypeptides of restricted heterogeneity currently used for the detection of specific Ir
genes.
It is evident that the extent of the nonspecific effect, compared with
the interline separation of responsiveness to the selection antigens,
presents considerable variations. The modification of antibody response to some antigens such as human y-globulin, rabbit y-globulin,
and T4 bacteriophage is as large as that concerning the selection antigen. For the majority of the other antigens tested, the nonspecific
effect is of intermediate degree. It should be stressed that, though
very large, the nonspecific effect cannot be considered as general
since there are two exceptions, levan and dextran, which induce an
equivalent antibody response in high and low lines (Howard et al.,
1974; Biozzi et al., 1975). The extent of interline separation from the
data in Table I should not be considered as an absolute estimation
since it is largely dependent on the immunization procedure, the
physicochemical antigen nature, the route and number of antigen injections, and the use of adjuvants, which varied in the different experiments.
Another important finding arising from the study of responses to
various antigens is that the interline difference in antibody production
concerns all classes and subclasses of antibody: IgA, IgM, IgG,, IgGz,
and reagins (Biozzi et al., 1970; Prouvost-Danon et al., 1977; Andre
et al., 1977).
The importance of macrophage metabolic activity in the nonspecific
effect produced by the genetic selection appears clearly from the
results presented in Fig. 9 illustrating the kinetics of antibody response to bovine serum albumin (BSA) administered in two physical
forms.
Macromolecular aggregates of BSA obtained by controlled heating
(CA-BSA) (Biozzi et al., 1957a) injected intravenously are cleared
from the blood by liver and spleen macrophages in about 3 hours.
Consequently, the antibody synthesis is localized in the spleen and
results from a single pulse of antigenic stimulation. In low line mice
the resulting antibody response is low and transient because the antigen is rapidly catabolized whereas it persists in high line macrophages, producing a strong and long-lasting antibody response (Fig.
9A). When the BSA adsorbed on an alum gel is injected intraperitoneally, the very large initial interline difference in antibody levels de-

TABLE I
NONSPECIFIC EFFECTOF THE SELECTIVE
BREEDING:
ANTIBODY
TITERSIN HIGHAND Low LINESIMMUNIZED
WITH VARIOUS
ANTICENS’.’’
Mean antibody
response
High
line

Low
line

Sheep erythrocytes
Pigeon erythrocytes

116,000
1/11,OOo

1/25
1/32

Agglutination
Agglutination

Heterologous
erythrocytes

Rat
Man (Group A)

1/20,OOo
1/4,000

1/2w
1/60

Agglutination
Agglutination

Proteins

Human y-globulin
Rabbit y-globulin
Bovine serum albumin
Hemocyanin
Hen egg albumin
Hen egg albumin
Hen egg-white lysozyme
Ring-necked pheasant
egg-white lysozyme

1/m
1/2,000
111,000
112%
1/64
11512
4,655
9,318

1/20
118
1/20
<112
114
1/128
103
523

Passive hemagglutination
Passive hemagglutination
Passive hemagglutination
Passive hemagglutination
PCA reagins
PCA I&,
Plaque-forming cells
Plaque-forming cells

Haptens

Dinitrophenol (DNP-BGG)
Trinitrophenol (TNP-LPS)
Picryl chloride (skin painting)

12.5
112,056
30

1.5
1/64
4

Quantitative precipitation
Hemagglutination
Antigen binding

Selection antigens
Unrelated
antigens
(Nonspecific
effect of
the
selection)

Antibody test

Salmonella typhimurium:
flagellar antigen
Salmonella typhimurium:
somatic antigen
Brucella suis
Plasmodium berghei
Trypanosoma cruzi
Leishmania tropica
Herpes simplex virus
T4bacteriophage

112,300

1130

Bacterial agglutination

11500

1/20

Bacterial agglutination

Allo-antigen

H-2 histocompatibility antigen

112,000

1/20

Polysaccharides

Streptococcus A
Streptococcus C
Pneumococcus S 111
Dextran
Levan

6,800
1,300
1,500,OOO
11120

250
210

Bacteria,
viruses,
parasites

Synthetic
polypeptides

G.L.Phe
G.A.TIo
T.C. (A-L)
H.G. (A-L)

11320
1/10,000
11945
112,000
1/30
10

1/500

79
70

60
35

1/20
111,OOO
1/20
118
<114
0.01

63,OOO

1/40
11300
4
8

12
5

Immunofluorescence
Immunofluorescence
Passive hemagglutination
Passive hemagglutination
Neutralizing antibody
K phage neutralization

SO% cytotoxicity
Antigen binding
Antigen binding
Plaque-forming cells
Passive hemagglutination
Passive hemagglutination
Antigen binding
Antigen binding
Antigen binding
Antigen binding

The interline difference in antibody response involved all classes and subclasses of antibodies: IgA, IgM, IgCl, IgCp, and reagins.
The interline differences are significant: p < 0.001 except for dextran and levan ( p = n.s.).
Responses to Streptococcus A and C (from K. Eichniann, personal communication); responses to synthetic polypeptides (from P. H.
Maurer, personal communication); responses to some other antigens (from authors quoted in the text).

206
I4

GUIDO BIOZZI ET AL.

-

A

( u -

--2

0,

0

10-

I/lpOO

.c
.-CC

5

6:

2-

I ,,
3 7 14 21

days

35

,

,

5 7 14 21

40

75

i

h Y S

100

FIG.9. Kinetics of antibody response to bovine serum albumin (BSA) administered
in two physical forms to high and low mice (antibody titration by passive microhemagglutination). (A) CA-BSA, heat-aggregated BSA, iv, 5 mg. (B) BSA-Alum, BSA adsorbed
on alum gel, ip, 1 mg.

creases progressively because the continuous antigen supply released
from the alum gel compensates for the more rapid catabolism of BSA
in low line macrophages (Fig. 9B). The meaning of this experiment is
similar to that in Fig. 7 which concerned responses to sheep erythrocytes.
The study of dose-response to BSA immunization also gives results
which are analogous with those concerning sheep erythrocytes (see
Fig. 6), namely the threshold immunizing dose is remarkably lower in
the high than in the low line. The interline difference is 10,000-fold
for CA-BSA and 100-fold for alum-adsorbed BSA (Heumann and
Stiffel, 1978).
The experiments previously reported on the modification of the rate
of antigen catabolism in high and low responder mice concern the
gross phenomenon of overall immunogen degradation. As a matter of
fact, it is well known that a special form of processed antigen located
on the macrophage surface plays a crucial role in the macrophagelymphocyte interaction initiating the specific immune response.
Wiener and Bandieri’s study (1974)has brought to light the possibility of discriminating between the catabolism of radiolabeled keyhole
limpet hemocyanin (KLH) and its persistence on the surface of peritoneal macrophages. The antibody response to this antigen is much
stronger in the high than in the low line (see Table I). As it occurs for
the other antigens, the degradation of radiolabeled KLH into trichlo-
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FIG.10. Persistence of membrane-bound KLH on high and low macrophages. Cultures of peritoneal macrophages were incubated with 'Wlabeled KLH for l hour at
37"C, washed, and treated with trypsin. Membrane-bound '"I-labeled KLH was measured as the difference between the macrophage '251 content in control and trypsin
treated cultures. (From Wiener and Bandieri, 1974.)

roacetic soluble fragments is much more rapid in low than in high line
macrophages. Besides, a larger amount of antigen persists longer on
the outer membrane of high line macrophages (Fig. 10).The amount
of membrane-bound antigen decreases rapidly in low line macrophages: after 5 hours, only 5%of the ingested antigen is left, whereas
it is only slightly decreased in high line macrophages.
Well-designed experiments by Adorini and Doria (1981)have emphasized the importance of the regulatory role of high and low macrophages on in vivo antibody response and i n vitro T lymphocyte proliferation to hen egg-white lysosyme. The antibody response to this
antigen was about 50-fold higher in high than in low mice (see Table
I). The antigen proliferative response of lymph node cells is strong in
the immunized high line and in F1 hybrids and very small in the low
line (Fig. 11A). Further experiments compared the responses of
lymph node cells from in vivo primed F1 hybrids, stimulated in vitro
by antigen-pulsed macrophages from high and low mice. High line
macrophages induced a strong antibody response in terms of plaqueforming cells whereas low line macrophages were ineffective (data
not shown in Fig. 11).
Similarly, as shown in Fig. 11B, lysozyme-pulsed macrophages of
high mice have a better efficiency in inducing T proliferative response of F1 hybrids' cells than low line macrophages. However, the
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FIG.11. Antigen-specific proliferative response to hen egg-white lysozyme (HEL).
(A) T-proliferative response of in uiuo immunized high, low, and F1 hybrids. Mice were
primed with 1 pg HEL emulsified in complete Freund's adjuvant. Eight days later,
regional lymph node cells (4 x lo5 cells/well) were cultured with 100 pg/ml of HEL for
5 days and pulsed 18 hours before harvest, with 1pCi tritiated thymidine. (B) Capacity
of HEL-pulsed peritoneal macrophages from high and low mice to induce antigenproliferative responses of lymph node cells from primed F1 hybrids. Hybrids were
immunized as in A. Eight days later, lymph node cells were cultured with high or low
macrophages unpulsed or pulsed with increasing concentrations of HEL. Thymidine
incorporation was measured as in A. (From Adorini and Doria, 1981.)

defect at the level of antigen presenting cells can be at least partially
compensated by increasing the antigen concentration used to pulse
the macrophages. The in uitro results obtained by Adorini and Doria
are in total agreement with our in uiuo results presented in Figs. 7,8,
and 9 underlining the major role of the macrophage antigen metabolism on the regulation of immunoresponsiveness.
Investigations on the antibody response of high and low lines to Tindependent polysaccharide antigens carried out by Howard et al.
(1972) have also greatly contributed to the demonstration of the cen-
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tral role played by macrophage activity. These polysaccharide antigens are pneumococcal polysaccharide S I11 and levan. As shown in
Table I the antibody response to S I11 is stronger in the high than in
the low line whereas levan induces similar antibody responses in the
two lines (Howard et al., 1974). These findings are explained by the
macrophage processing of these two antigens. In fact the fate of levan
is similar in high and low line macrophages whereas that of S I11 is
quite different (Wiener and Bandieri, 1974).
The genetic selection modified other macrophage characteristics
such as motility and enzyme equipment (Wiener and Bandieri, 1974).
The peritoneal macrophages from high responder mice cultured for 18
hours spread out multiple extended pseudopods and stick to the glass
surface, their nucleus and organelles are clearly discernible. On the
contrary low line macrophages do not adhere to the glass and remain
in a spherical shape without emission of pseudopods, their cytoplasm
is refractile, and the nucleus is hardly visible. The concentration of
three acid hydrolases in macrophage lysosomes is higher in low than
in high line as shown in Table 11.
The finding of the more potent enzyme equipment of low responder
macrophages is coherent with the faster breakdown of immunogens
reported above and with the bactericidal activity reported in the following section.

C. BACTERICIDAL
ACTIVITY
When living bacteria enter the organism, the first nonspecific defense mechanism is phagocytosis and the bactericidal or bacteriostatic
capacity of the phagocytic cells. Nonpathogenic microorganisms are,
as a general rule, killed by the bactericidal activity of phagocyte enzymes. Pathogenic microorganisms may be roughly divided into two
categories: one includes microorganisms which are poorly phagocytized unless they are opsonized by antibody and complement, but once
engulfed they are easily killed. Pneumococcus constitutes a typical
example of these bacteria. The pathogens of the other category behave
like Salmonella, which are easily phagocytized but can survive and
multiply inside the phagocytic cells. Microorganisms are usually
designated as extracellular or intracellular pathogens according to
whether they belong to the first or the second category, respectively.
Humoral antibodies, either natural or induced by vaccination, constitute the major defense mechanism against extracellular pathogens
whereas the bactericidal or bacteriostatic activity of phagocytic cells
plays the principal role in the protection against intracellular pathogens.

TABLE I1
ACIDHYDROLASE
CONTENTS
IN LYSOSOMES
OF NORMAL
AND THIOGLYCOLLATE-INDUCED
MACROPHAGES
FROM
HIGHAND Low ANTIBODY
RESPONDERMICE=
Peritoneal macrophages
Normal

Thioglycollate induced
Difference

Lysosomal enzymes

High line

Low line

Acid phosphataseb
P-N-Acetyl-glucosaminidaseb
Acid proteaseC

38 2 2
17 f 2
13 f 3

46 2 2
26 5 2
17 5 3

From Wiener and Bandieri (1974).
Enzyme unitlmg protein.
pg protein released/minute/mg protein.

21
53
31

High line

Low line

Difference
(%)

47 2 5
2522
17 f 6

59 2 14
3421
24 2 11

26
36
41

21 1
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FIG. 12. Rate of killing of thermosensitive mutants of (A) Escherichia coli and
(B) S. typhirnuriurn by high and low spleen macrophages. Spleens were removed at
successive times after iv injections of lo8 bacteria. Log,, dilutions of spleen homogenates were plated on nutrient agar and incubated overnight at 24°C. The number of
viable bacteria per spleen was expressed as the percentage of the initial count found
immediately after bacteria blood clearance.

A typical example of the behavior of a nonpathogenic microorganism is given by the T4 bacteriophage. This virus is inactivated much
faster in low than in high line liver and spleen macrophages (Howard
et al., 1972). Consequently the level of antibody response is much
higher in the high than in the low line (Table I) (Howard et al., 1974).
Another assay of microorganism survival in spleen macrophages is
presented in Fig. 12.
In order to avoid concomitant intracellular bacterial multiplication,
the experiment was carried out using temperature sensitive (TS) mutants of Escherichia coli and Salmonella typhimurium (Hooke et al.,
1978). These mutants can grow at 24°C but not at 37°C. The rate of
their in vivo killing by the spleen macrophages is therefore an unbiased measure of the bactericidal activity of these phagocytes. The
strain of E . coli used is completely nonpathogenic for the mouse.
S . typhimurium is a mutant of an highly pathogenic strain of which it
has retained the surface antigens. These two TS microorganisms are
cleared from the blood by the liver and spleen macrophages at the
same rate in high and low lines though this rate is 5-fold higher for
E . coli than for S . typhimurium.
Both TS bacteria were killed inside the spleen macrophages according to an exponential function of the time. The half-life of their sur-
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viva1 can be easily calculated. TS E. coli are killed twice as fast in low
as in high line macrophages whereas the half-life of TS S. typhimurium is similar in both lines. These findings show that the genetic
difference in the bactericidal activity of macrophages which is evident
for the nonpathogen E. coli is not observed for the virulent S. typhimurium able to multiply inside the macrophages.
The rate of bacterial growth in the spleens of high and low mice
infected with a virulent strain of S. typhimurium is shown in Table
111.It is evident that the bacteria multiply much faster in the high than
in the low line. The low antibody responders are much more resistant
to S. typhimurium infection than high responders in both terms of
bacterial growth and mortality rate. The comparison of the results in
Table I11 with those in Fig. 12 suggests that the genetic difference
between high and low line macrophages is essentially expressed at
the level of the control of bacterial growth (bacteriostatic activity)
rather than at the level of the killing of ingested bacteria (bactericidal
power).
The stronger bacteriostatic activity of low line macrophages is not
restricted to Salmonellae but has also been demonstrated for other
typical intracellular pathogens such as Brucella (Cannat et al., 1978),
Mycobacterium tuberculosis BCG strain (Lagrange et al., 1979), Listeraa monocytogenes (R. Fauve, personal communication), and
Chlamidia psittaci (Fuensalida-Draper, 1980). A similar behavior is
probable for Leishmania parasites (Hale and Howard, 1981).
These results and those in Sections II1,A and B demonstrate that
low mice macrophages have a stronger activity than high mice macrophages for both antigen catabolism and control of bacterial growth. It
TABLE 111
VIABLE
COUNTS
IN THE SPLEENS
OF HIGHAND Low MICE INOCULATED
WITH VIRULENT
S. typhimurium
Days after infectionn
6

10

Mortality

High line
Low line

30

Mortality

V.C.b

(%)

V.C.

(%I

104
3 x 10'

12
0

5 x lo6

50

103

Infecting dose: lo3 bacteria sc.
V.C., viable counts per spleen (in surviving mice).

0

V.C.

-

<101

Mortality
(%)
100
0
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is very likely that the two phenomena are regulated by the efficiency
of enzyme equipment which is genetically determined.
In recent investigations on the genetic control of resistance to S .
typhimurium infection, Plant and Glynn (1982) counted the number
of viable S. typhimurium per spleen in high and low lines, F1 interline hybrids, and in the two backcrosses. In Fig. 13, the mean
viable counts in the spleen (from Plant and Glynn’s data, 1982) are
plotted against the mean agglutinin response to sheep erythrocytes
established independently in populations of mice of equivalent genetic constitutions (see Fig. 2).
The least-squares linear regression demonstrates a high correlation
coefficient ( r = 0.96, p < 0.001) between the two parameters investigated. In other words, the higher the antibody responsiveness of the
population, the faster the growth of bacteria in the spleen macrophages. This correlation, of course, does not definitively demonstrate
but only strongly suggests that both characters are subject to at least a
partially common genetic regulation.

‘1
g 4

5

I0
15
20
25
number of viable S.typhimunum (log21

3b

FIG.13. Correlation between the mean number ofviable S. typhimurium recovered
from the spleen of infected mice and the mean anti-sheep erythrocytes agglutinin
responses established independently in equivalent populations of high and low lines
and their hybrids. Viable bacteria were counted in the spleen 10 days after sc inoculation of lo3 virulent S. typhimurium. (From Plant and Glynn, 1982.) Agglutinin titers
were measured 14 days after iv immunization with 5 x 10s sheep erythrocytes.
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Plant and Glynn (1982) measured the resistance to S . typhimurium
infection and the antibody responses to the somatic antigen in high
and low lines as well as in BALB/c and CBA strains, and in F1 hybrids
between high and low lines and either BALB/c or CBA strains. These
two inbred strains were chosen since BALB/c carry the susceptibility
allele and CBA the resistance allele at the Ity locus on chromosome 1
which was shown to have a major role for resistance to Salmonella
infection in inbred strains (Plant and Glynn, 1976, 1979). Fig. 14 is set
up on Plant and Glynn’s data, i.e., the viable counts of S. typhimurium
in liver and spleen 10 days after infection and the antibody titers on
the tenth day after immunization with an avirulent S. typhimurium
strain. The least-squares linear regression represented in Fig. 14 indicates a significant correlation coefficient between the number of viable S. typhimurium in either spleen or liver and the level of serum
antibody response to the somatic antigen of S . typhimurium. The
identical behavior of liver and spleen macrophages suggests that the
genetic regulation operates at the level of their common precursors.

0 .

(low x B a l W ) F4
10

15

20

number of vioble S. typhimurium

(log 2)

25

FIG. 14. Correlation between the mean number of viable S . typhimurium recovered
from livers and spleens and the mean antibody response to the somatic antigen of S .
typhirnurium in high and low lines, BALB/c and CBA strains, and interline FI hybrids.
Viable bacteria were counted 10 days after sc inoculation of lo3 virulent S . typhimurium strain C5 in livers (triangles) and spleens (circles). Anti 0 antibody titer was
measured by the ELISA test 20 days after sc immunization with lo6avirulent S . typhimurium, strain LT2. (From Plant and Glynn’s data, 1982.)
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The data in Fig. 14 were obtained in homogeneous populations of
mice of distinct genetic constitutions, nevertheless they present
strong experimental evidence in favor of the hypothesis that there is
an inverse relationship between antibody responsiveness and bacteriostatic activity of macrophages.
The general conclusion of this section is that there is a common
genetic regulation of the rate of antigen catabolism and the bacteriostatic activity of macrophages. Moreover high macrophage activity is
responsible for low antibody synthesis whereas low macrophage activity favors high antibody responsiveness.
IV. Cell-Mediated Immunity in High and Low Antibody Responder Lines

The schematic representation of the immune system shown in Fig.

1 illustrates the two essential components of specific immunity, the

humoral one, mediated by antibody molecules, and the cellular one
operated by T-derived lymphocytes. We have been surprised by the
finding that the genetic selection for antibody responsiveness, which
so drastically modified this character, did not alter the expression of
cell-mediated immune responses.
A simple demonstration of the dissociation between the genetic
regulation of humoral and cellular responses is given by the results of
skin graft exchange between mice of high and low lines (Fig. 15). The
two lines differ at the level of histocompatibility antigens. The H-2
haplotype of high line is dq and that of low line is s (Colombani e t al.,
1979). Therefore the exchanged skin grafts are rapidly rejected by
both recipients. As shown in Fig. 15, the mean time of skin graft
Low line

High line

1

1
1

rejection time of
skin graft (days)
12.6 t 2.9
10.4 ? 2.4

1

c 1/3

cytotoxic antibody titer
after skin rejection

1/50

FIG.15. Mean time of skin graft rejection in high and low recipients of interline graft
exchange. Serum titers of antibody cytotoxic for the lymph node cells of the donors were
measured after complete graft rejection. Antibody titers are expressed as mean serum
dilution giving 50%cytotoxicity in presence of guinea pig C'.
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rejection is slightly but significatively shorter in low responder recipients ( p = 0.02). Humoral antibody responses measured in the recipient after graft rejection by the serum cytotoxicity on isolated lymphoid
cells from the skin donors is much higher in high than in low responder mice (Liacopoulos-Briot et al., 1972). Therefore the genetic
selection produced a marked effect on the humoral response to H-2
locus antigens without an analogous modification of the T cell-mediated reaction which is the principal mechanism responsible for skin
graft rejection. The short prolongation of graft survival in high responders may be due to the facilitating effect of humoral antibodies. A
higher production of facilitating antibodies in H mice has been suggested by previous results on tumor growth (Biozzi et al., 1972b).
Graft-versus-host reaction (GVH) is another expression of transplantation immunity mediated by T lymphocytes. No significant difference
was demonstrated in the potentiality of spleen cells from high or low
adult donors to induce GVH reaction in neonatal recipients, measured
by spleen weight index (Byfield and Howard, 1972).
In experiments reported in Fig. 3A, in which high and low spleen
cells were transferred into X-irradiated recipients, we also observed
an earlier mortality of low spleen cell recipients due to a more severe
GVH reaction (Biozzi et al., 1975). These results, in agreement with
those reported in Fig. 15, demonstrate a clear-cut dissociation between the genetic control of humoral and cellular immunity responses
of the same specificity in high and low line mice.
Delayed-type hypersensitivity (DTH) is another T cell-mediated
immune response. The intensity of in vivo DTH reactions to microorganism antigens such as the melitin antigen of Brucella (Cannat et al.,
1978) or the Leishmania antigens (Hale and Howard, 1981) is similar
in high and low responder lines. A slightly stronger DTH reaction was
observed in the high line, to some antigens: picryl chloride (Mouton
et al., 1974), sheep erythrocytes (Lagrange et al., 1980), and tuberculin (Lagrange et al., 1979). However several experimental findings
concerning mechanisms interferring with DTH expression may explain these results: namely concomitant antibody production, intensity of nonspecific inflammatory reaction, and rate of in vivo bacterial
multiplication.
Another aspect of cellular immunity is the release of lymphokines
by sensitized T lymphocytes. An important effect of these lymphokines is the stimulation of macrophage activity. BCG inoculation produces a strong stimulation of the phagocytic activity of liver and
spleen macrophages, measured in terms of rate of carbon particle
phagocytosis (phagocytic index K) (Biozzi et al., 1954). The modifica-
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TABLE IV
STIMULATION
OF PHAGOCYTIC
ACTIVITY
OF LIVER
AND SPLEEN
MACROPHAGES
BY
Myobacterium tuberculosis (BCG STRAIN)

Line

Number
of mice

Phagocytic
index
K x 1000e

Spleen weight
(md20 9)

Controls

High
Low

44
44

41 f 12
45 2 15

96 f 16
63 f 13

7 days after BCGb

High
Low

20
20

142 f 44
144 f 59

185 2 30
99 f 20

14 days after BCGb

High
Low

32
33

179 f 71
182 f 65

428 k 109
231 f 59

a

Dose of colloidal carbon: 8 mgllOO g body weight iv.
BCG, 4 x 106 viable units idmouse.

tion of the phagocytic index K produced by inoculation of living BCG
in high and low lines is shown in Table IV. No significant interline
difference is found in normal K values. This confirms the results previously reported in Fig. 4 for various substrates. What is important to
underline is that the degree of stimulation of macrophage phagocytic
activity produced by BCG is identical in high and low lines. This
finding suggests that T lymphocytes of both lines release an equivalent amount of macrophage stimulating lymphokines after BCG administration. A roughly comparable increase in spleen weight also
occurs in the two lines, taking into account the initial differences
observed in control mice.
Another evidence of the equivalent potentialities of T lymphocytes
in both lines is the similar in vitro blastogenic response to the T
mitogen: phytohemagglutinin (PHA) (Liacopoulos-Briot et al., 1974).
The fundamental independence of the genetic regulation of T cell
responsiveness and of antibody synthesis was also demonstrated in a
different experimental model. Two lines of mice were produced by
selective breeding for strong or weak in vitro response to PHA: Hi/
PHA and Lo/PHA lines, respectively (Stiffel et al., 1977). Only slight
differences have been observed between these two lines for antibody
responsiveness to T-dependent antigens though T cell-mediated responses such as mixed lymphocyte reaction and graft-versus-host reaction were much stronger in the Hi/PHA than in the Lo/PHA line
(Liacopoulos-Briot et al., 1979, 1981; Mouton et al., 1981).
The overall results reported in this section converge upon the important conclusion that the intensity of humoral and cellular immunity
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TABLE V
MODIFICATIONS
OF THE PRINCIPAL
IMMUNITYPARAMETERS
RESULTING
FROM
SELECTIVEBREEDING
Humoral antibody
response
High line
Low line

+++

+

THE

Macrophage catabolic
activity

Cell-mediated
immunity

+

++
++

+++

responses is subject to distinct and independent quantitative genetic
regulations. On the basis of the results described in Sections 11, 111,
and IV, the modifications of the principal immunity parameters
induced by the selective breeding can be summarized as shown in
Table V.
V. Modifications of Innate and Immune Resistance to Infections in High and Low
Antibody Responder Lines

The immune system is the principal instrument of antiinfectious
immunity. Important changes could therefore be expected concerning
resistance to infections as a result of the marked modifications in the
immunity parameters induced by the selective breeding. As already
mentioned, antibodies play the principal defensive role against infections caused by extracellular pathogens whereas, in infections due to
intracellular pathogens, macrophage activity constitutes the principal
defense mechanism.
From the data in Table V it could be predicted that the high line
should be more resistant than the low line against extracellular pathogens. The opposite outcome should occur for intracellular pathogen,
namely a stronger resistance of low antibody responder mice due to
the higher bactericidal or bacteriostatic activity of their macrophages.
A few classical models of infection produced by these two categories of pathogens have been tested and the results obtained so far are
in agreement with the prediction just mentioned. A third category of
infections should also be considered in which pure T cell immunity,
without lymphokine-induced modification of macrophage activity, is
the principal immunity parameter. High and low lines should present
a similar degree of resistance to this category of infections. No clearcut examples of such infections have been studied yet.
The interline difference in antiinfectious immunity may concern
either innate or vaccination-induced resistance. When the infection is
not too fulminant and when the animal survives long enough to mount
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FIG.16. Kinetics of agglutinin production against flagellar and somatic antigens of
S. typhimurium in high and low lines after an ip injection of 3.3 x lo8 killed S. typhimurium.

an immune response, the interline difference is generally observed
for innate and immune resistance as well.

A. MACROPHAGE-DEPENDENT
IMMUNITY
Macrophage-dependent immunity has been evaluated in high and
low mice against the following intracellular pathogens.

1 . Salmonella typhimurium
The results presented in Fig. 16 show the nonspecific effect of the
selective breeding on antibody responsiveness to both flagellar and
somatic antigens of S . typhimurium. The agglutinin response against
killed microorganisms is much higher in the high than in the low line.
The interline difference in terms of peak titer ratios if 80-fold and 25fold for antiflagellar and antisomatic responses, respectively.
Living virulent S. typhimurium is a natural pathogen in the mouse.
In spite of their stronger antibody response, high line mice are much
more susceptible to this infection than low line mice. As previously
shown, the multiplication rate of the pathogen is in fact inversely
correlated with the natural resistance of the host (Table 111)and with
the level of antibody response (Figs. 13and 14). A comparison of both
the innate resistance and the protective effect of specific and nonspecific vaccination against S. typhimurium infection in high and low
lines is reported in Table VI. The most striking interline difference is
observed after a subcutaneous challenge which produces the mildest
disease. Ten microorganisms produce 100% mortality in the high line

TABLE VI
INNATE
AND POSTVACCINAL
RESISTANCE
TO S. typhimurium INFECTION IN HIGH AND Low LINES

Vaccination
-

-

-

Specific

Nonspecific

1

Low virulence
S . typhimurium
S. typhimurium
extract

Living BCG"

4 x 106 viable units, iv.

Time interval
between
vaccination
and challenge

Number of
bacteria

Route

-

10'
5 x 104
5 x 102
103

sc
sc
iv
iP

100
100
100

30

103

7
7
14
7
14
14

Challenge

5x
5x
5x
5x

Low line

High line
Mortality
(%)

Mean survival
time (days)

Mortality

(70)

-

100

12.0
8.6
5.4
5.0

100

12.1
8.7

iP

100

8.6

10

-

103

iP

100

8

10

-

102
102

iv
iv
sc
sc
iP

100

7.2
14.6
12.0
14.3
11.9

102

102
103

80
100
100

100

0
26
92

Mean survival
time (days)

70

56

-

22
30

30

-

0
0

-

-
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whereas 74% of low line mice survive the inoculation of 5 x lo4
bacteria. The intravenous inoculation produces a more severe infection; only a small percentage of low line mice is able to survive. The
most acute infection is produced by the intraperitoneal challenge
which is fatal to all mice in both lines. In this case the stronger resistance of the low line appears only in terms of mean survival time
prolongation.
The interline difference in innate susceptibility to S . typhimurium
infection between high and low lines is remarkable. Plant and Glynn
(1982) have established the dose of virulent microorganisms required
to kill 50% of the mice after subcutaneous challenge: the LD50 is < l o
in the high line and 3 x lo6 in the low line. These authors have
compared the differences in resistance to S . typhimurium between
high and low lines and susceptible and resistant inbred strains differing at the Ity locus. The differences are roughly similar in terms of
LD50, however, in terms of bacterial growth in liver and spleen, the
difference between high and low lines is much larger than that due to
the Ity gene (2-3 logs more). Moreover low mice organs become sterile after 20 days whereas Ity' strains are still carriers of living microorganisms 8 weeks after infection. The specific vaccination by either a
low virulence strain of living S . typhimurium or a protective extract of
a virulent strain induces a strong protection in the low line against the
severe intraperitoneal challenge, enabling 90% of the mice to survive
whereas no survival is observed in high mice. The protective effect of
nonspecific vaccination by the living BCG strain of M . tuberculosis
also differs in high and low responder lines. It is well established in
conventional mice that the maximum degree of nonspecific protection
against virulent Salmonella infection occurs 14 days after intravenous
injection of BCG (Howard et al., 1959). At that time the stimulation of
the phagocytic function of liver and spleen macrophages reaches the
maximum level. This nonspecific protection is also very powerful in
the low line, enabling 100% of the mice to survive the severe intraperitoneal challenge, whereas the mild infection produced by the
subcutaneous route still kills 100% of BCG-treated high responder
mice.
The protective effect of BCG against Salmonella infections is not
due to the stimulation of macrophage phagocytic activity but to the
increased ability of these cells to control the intracellular bacterial
multiplication. However both macrophage functions are activated by
T cell-released lymphokines. The equivalent stimulation of macrophage phagocytic activity produced by BCG in high and low lines
(Table IV) has been interpreted as suggesting that a similar amount of
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lymphokines is released in both lines. On the contrary, the results in
Table VI show the absence of protective effect of BCG vaccination in
the high line. This could be due to a genetic macrophage defect restricted to the bacteriostatic function responsible for anti-Salmonella
immunity which does not affect the phagocytic activity. This conclusion implies that the phagocytic and catabolic functions of the macrophages are subject to distinct genetic regulations.
The results of our previous investigations are in agreement with this
view. A marked increase in the phagocytic function of macrophages
was obtained by the administration of glycerol trioleate or of estrogens
(Stuart et al., 1960; Biozzi et al., 195713). However this stimulation was
not accompanied by any modification in antibody responsiveness or in
resistance to Salmonella typhimurium infection (Biozzi et al., 1963;
Mouton et al., 1976). These two immunity parameters remained also
unchanged in the two lines of mice selected for high or low macrophage response to glycerol trioleate stimulation, in spite of a large
interline difference in the macrophage phagocytic activity (Mouton et
al., 1975, 1976).

2 . Yersinia pestis
A stronger resistance in favor of the low line was also observed
against another intracellular pathogen, Y . pestis. This microorganism
produces a very severe infection in mice. The subcutaneous inoculation of 1000 virulent bacteria killed 100% of the mice in both high and
low lines with a mean survival time of 5 and 7.7 days, respectively.
Against such an acute infection, the stronger innate resistance of low
line mice is only revealed by a significant prolongation of the mean
survival time ( p c 0.01). This interline difference is amplified by the
specific vaccination with a protective extract of Y. pestis prepared by
A. Dodin at the Pasteur Institute. In low responder mice, the vaccination enables 100% of the mice to survive this severe infection whereas
100% of vaccinated high line mice die within the same time as the
nonvaccinated controls (Dodin et al., 1972; Biozzi, 1972).

3. Brucella suis
The outcome of B . suis infection in high and low lines was carefully
studied by Cannat et al. (1978). Brucella is a facultative intracellular
parasite, and there is a general consensus in the literature that the
major resistance factor against this infection is the macrophage capacity to control the intracellular bacterial growth whereas humoral antibodies play an ancillary role in innate and postvaccinal resistance.
The humoral antibody response to B . suis is as expected stronger in
the high than in the low line. Seven days after intraperitoneal immu-
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nization with killed bacteria, the serum antibody titer measured by an
indirect immunofluorescence assay is 1/320 in the high line and 1/20
in the low line, whereas the cellular immunity reaction measured by
DTH to melitin is of similar intensity in the two lines.
Intravenously injected virulent B. suis are cleared from the blood in
30 minutes and phagocytized by liver and spleen macrophages at the
same rate in the high and the low line. The innate resistance to infection measured by the counts of living B. suis in the spleen is stronger
in the low line. Seven days after infection the number of viable bacteria per spleen is 1300 in the high line and 200 in the low line. This
interline difference is amplified by specific immunization with formalin killed B . suis: the viable counts per spleen are then 160 and 10 in
high and low line, respectively.

4 . Mycobacterium tuberculosis
Lagrange et al. (1979)reported that the BCG strain of M . tuberculo-

sis multiplies more rapidly in the regional lymph nodes of high than

in those of low line during the first 10 days after subcutaneous inoculation. This finding indicates a stronger innate resistance of the low
line. The faster BCG growth in the high line produces a stronger
degree of immunization, consequently both the DTH reaction
to tuberculin and the protective effect of BCG vaccination against
virulent M . tuberculosis challenge are stronger in high than in low
mice.
In collaboration with M. Gheorghiu from the Pasteur Institute, we
have confirmed that the multiplication of BCG in the spleen during
the first 2 weeks post-iv inoculation is more rapid in the high than in
the low line. Afterward the BCG counts drop rapidly and 12 weeks
after inoculation fewer viable bacteria are found in high than in low
line spleens. This kinetics suggests that the initial phase of rapid BCG
multiplication in the high line is due to innate macrophage defect.
This defect results later on in the induction of a degree of immunity
higher in high than in low mice.

5. Listeria monocytogenes and Chlamydia psittaci
A stronger resistance of low mice was observed for these two intracellular pathogens: L. monocytogenes (Lagrange et al., 1979) and C .
psittaci (Fuensalida-Draper, 1980).
6. Leishmania tropica
The higher susceptibility of the high line described above for intracellular prokaryotes was also observed for intracellular eukaryotes by
Hale and Howard (1981).
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L. tropica is a strict obligatory intracellular parasite of macrophages.
The innate resistance to L. tropica inoculated subcutaneously was
estimated by measuring the extension of the local lesions. In high
mice large ulcerated nonhealing lesions develop rapidly. Their size
increases progressively during 4 months. In some mice the parasites
eventually disseminate, producing a fatal generalized infection. In
sharp contrast only minimal cutaneous lesions are produced in low
mice, even with large parasite inoculum. The lesions, characterized
by a small local swelling without ulceration, completely heal within 2
months in 100% of low mice. The difference in innate susceptibility
between high and low lines is extremely important. In the high line
the dose of 2 x lo3 L. tropica produces small lesions comparable in
size and duration to those induced in low mice by 3 x lo7 parasites.
The susceptibility of interline F1 hybrids is intermediate between
those of the two parental lines.
The antibody response to L. tropica antigens, measured by an agglutination assay, is barely detectable over the titer of natural antibody in the low line. The high line on the contrary produces a rapid
and progressive antibody response reaching a serum titer of 1/2000 2
months after inoculation. The intensity of the cell-mediated immune
response measured by the degree of DTH reaction to Leishmania
antigens is similar in the two lines. No consistent interline difference
was demonstrated so far in the in vitro survival of Leishmania parasites inside peritoneal macrophages but it has been noticed that in
vivo liver macrophages (Kupffer cells) of the high line were susceptible to Leishmania whereas those of low mice were resistant (unpublished results mentioned in Hale and Howard, 1981).
In conclusion, the higher susceptibility of the high line to all the
above mentioned intracellular pathogens in spite of stronger antibody
responses is essentially due to a genetic defect affecting macrophages.
This genetic defect is phenotypically expressed by a poor innate bacteriostatic activity and/or a lack of activation by T cell-released lymphokines. Another mechanism which might contribute to the interline
difference in susceptibility is the enhancing effect of facilitating antibodies which, produced in larger amounts in the high line, could
reduce the efficiency of the T cell-mediated immune response (Biozzi
et al., 1972b).
B. ANTIBODYMEDIATED
IMMUNITY
We have studied three infections so far, one due to prokaryote and
two to eukaryotic organisms, against which it is generally considered
that antibodies play a predominant defensive role.
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I . Streptococcus pneumoniae
Virulent capsulated Pneumococcus is poorly phagocytized unless
opsonized by specific anticapsular polysaccharide antibodies but once
ingested it is easily killed. It is classically recognized that the degree
of resistance in vaccinated animals is directly correlated with the level
of polysaccharide antibodies produced or passively administered.
Howard et al. (1972)demonstrated a marked superiority of the high
line to mount a humoral antibody response against pneumococcus
polysaccharide. The serum antibody titers measured by passive
hemagglutination after intravenous immunization with optimal doses
ranging from 5 to 50 pg of S I11 polysaccharide were 1/200 in the high
line and <1/2 in the low line.
Mice are extremely susceptible to a virulent pneumococcus which
produces a fulminant infection, lethal in less than 48 hours. No difference in innate resistance against such severe infection is expected
between the high and the low line. Experiments which are under way
at present indicate that immunization with pneumococcus polysaccharide induces a better protection in high mice due to their stronger
antibody response.

2 . Trypanosoma cruzi
The innate susceptibility to T . cruzi infection and the protection
induced by vaccination were investigated by Kierszenbaum and
Howard (1976).The antibody response to T . cruzi antigens was significantly stronger in the high than in the low line. The mean serum
antibody titer in mice infected with a sublethal dose of trypomastigotes is 1/945 and 1/20 in high and low lines, respectively. Two strains
of T. cruzi were used: the predominantly myotropic Y strain and the
highly reticulotropic Tulahnen strain. The innate resistance to each
strain is very different in the high and the low line: low line mice are
much more susceptible. The LDmestablished by intraperitoneal challenge is 108,700 and 3670 for Y strain and >100,000 and 1000 for
Tulahnen strain in high and low lines, respectively. The inoculation
of 72,000 trypomastigotes of Y strains induces 100%mortality in the
low line and 12%only in the high line.
A vaccination procedure using killed T . cruzi, which induces a complete protection in terms of survival in random bred Swiss mice, also
protects 100%of high mice whereas it fails to reduce the 100%mortality in low mice. The crucial role of antibodies in immunity against
T . cruzi has been demonstrated by passive antibody transfer which
produces 100% survival in low line mice whereas the low control
mice, treated with an equivalent amount of normal serum, die.
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3. Plasmodium berghei
Innate and immune resistance of high and low lines against P .
berghei infection was studied in our laboratory (Heumann et al., 1979,
1983).
The antibody response in vaccinated mice is stronger in the high
than in the low line. Intraperitoneal hyperimmunization with parasitized mouse erythrocytes irradiated with 60,000 rads produces a serum antibody titer (immunofluorescence test) of 1/10,000 in the high
line and 1/1000 in the low line.
No significant interline difference is noticed in innate resistance to
P . berghei infection whereas the protective effect of vaccination is
quite different: the mortality in vaccinated high and low lines is 5 and
85%,respectively. Similar results were obtained in high and low lines
of Selection 11. Moreover a significant correlation coefficient ( r =
0.88) is found in vaccinated mice between the mean titer of serum
antibody and the percentage of mice surviving the infection in groups
of mice from high line, low line, (high x low) F1 crosses, and (F1 X
high) and (F1 x low) backcrosses. These results strongly suggest that
the protection induced by P . berghei vaccination is principally due to
the antibody response.

4 . Miscellaneous Infections and Tumors
The innate or immune resistance of high and low lines was investigated in various viral infections by Floc’h and Werner (1978)and also
in diseases produced by metazoal parasites such as Schistosoma mansoni (Blum and Cioli, 1978), Trichinella spiralis (Perrudet-Badoux et
al., 1975, 1978), and Nematospiroides dubius (Jenkins and Carrington, 1981). The results obtained provide additional data to clarify
the respective role played by the different immunity functions, which
is not yet completely understood in these infections.
The incidence of both carcinogen induced and spontaneous tumors
is notably lower in high than in low line (Biozzi et al., 1972b; Covelli
et al., 1978). The mechanism responsible for this important interline
difference in antitumor immunity is unknown. In this connection it
should be mentioned that the life span is much longer in high than in
low line mice.
VI. Considerations on the Genetic Control of Antiinfectious Immunity

Natural history provides many examples of the large variability in
susceptibility/resistance to infectious diseases among the genetically
heterogeneous individuals constituting a natural animal population.
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Extremely large differences are also observed between populations of
the same animal species located in separate geographical regions.
Such differences result from both immunological and nonimmunological factors. In this review we are dealing only with the immunological ones. It has been clearly demonstrated that the principal functions of the immune system are subject to polygenic quantitative regulation since they can be drastically modified by bidirectional selective
breeding (Biozzi et ul., 1980). This genetic regulation should operate
in such a way as to ensure an optimal defense of an animal population
against all types of infectious diseases because the level of antiinfectious immunity is a character of very high selective value (Biozzi et
al., 1982a,b).
The fundamental role of the genetic factors in antiinfectious immunity was experimentally demonstrated many years ago by the selective breeding of lines of mice susceptible or resistant to various infections. These experiments, reviewed by J. W. Gowen (1963), suggest a
polygenic regulation of the resistance/susceptibility character. However, as said before for antibody responsiveness, there are two possibilities to explain the large individual phenotypic variability within a
heterogeneous population. The two possibilities are either that the
character is determined by the additive effect of several independent
loci, or that there is a large allelic polymorphism at a single locus. The
former hypothesis is more probable though the second may also contribute to the phenotypic variability. Whatever the operating genetic
mechanism, it is evident that the method of selective breeding for
resistance/susceptibility to infections operates on both immunological and nonimmunological factors. On the contrary, the modifications
in resistance/susceptibility resulting from the selective breeding for
immunological parameters are predominantly due to immunological
factors.
More recent research essentially based on results obtained in inbred strains of mice have confirmed the importance of genetic factors
in antiinfectious immunity (reviewed in Skamene et al., 1980).
The use of inbred strains, with some advantages, has several drawbacks. The two principal ones are the following:

1. The random purposeless genetic constitution of inbred strains
increases the probability of detecting differences due to single locus
effects. On the contrary, quantitative characters under polygenic regulation present small interstrain variability. In fact the antibody response to complex immunogens such as microorganisms are very similar in the various inbred strains of mice. Therefore the study of
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resistance to infections in inbred strains is a model that makes manifest either nonimmunological monogenic factors or immunological
differences under monogenic control such as the effect of Ir genes. Ir
genes are often linked to the Major Histocompatibility Complex
(MHC), which is on chromosome 17 in the mouse. Very few examples
of a relevant effect of the MHC locus in resistance to infections have
been reported whereas important modifications in this character have
been shown to result from the effect of single genes located on chromosome I of the mouse (Plant and Glynn, 1976; Skamene et d.,
1982).
No clear rule of this locus in the regulation of immune response has
been demonstrated so far.
2. The genetic homogeneity of inbred strains reduces the extent of
interaction between polymorphic alleles which is a very important
source of individual variability in outbred populations.
This is clearly shown by the contrasting results obtained in Fz and
in recombinant inbred mice infected with T . cruzi. While 100%of F2
between two inbred lines are resistant to T . cruzi, A of recombinant
inbred strains derived from these F2 are susceptible to the infection
(Trischman and Bloom, 1982).The reduction of gene interaction due
to background homozygosity occurs also in the lines obtained by prolonged selective breeding as a consequence of increasing consanguinity arising in closed colonies.
In the light of the preceding considerations, it is clear that the
results obtained in inbred strains can only provide a simplified view
of the complex genetic regulation occurring in natural populations
constituted by genetically heterogeneous individuals. A typical example illustrating this point is given by s. typhimurium infection in
mice. As already mentioned, the resistance to this infection differs
between inbred mouse strains according to the allele of the single Ity
gene (Plant and Glynn, 1979). Plant and Glynn, analyzing the resistance to S. typhimurium in our high and low lines, reached the conclusion that the character was determined by the interaction of several
independent loci (polygenic regulation). This finding is in agreement
with the previously mentioned data showing that the difference in
resistance is much larger between high and low lines than between
susceptible and resistant inbred strains. We attempted a variance
analysis using the data obtained by Plant and Glynn in high and low
lines and in interline hybrids. The result of our calculation is compatible with the hypothesis that the resistance to S. typhimurium infection is controlled by the additive interaction of about four independent loci.
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FIG.17. Normal distribution of resistanUsusceptible phenotypes determined by the
inverse polygenic regulation of antibody responsiveness and macrophage activity.

Our approach to the study of the genetic control of antiinfectious
immunity is quite different. We have investigated this character in
lines of mice genetically selected for antibody response, which is the
last immunity function emerged during species evolution. Such a selective breeding produced profound changes in the principal functions of the immune system (see Table V). It is therefore more likely
that the modifications in the resistance or susceptibility to infections
in high and low lines are principally due to immunological factors.
However, the intervention of nonimmunological factors cannot be
completely ruled out. Each selected line constitutes a closed colony
in which consanguinity can induce a random drift fixation of genes
unrelated with those regulating immunoresponsiveness. In spite of
these restrictions, the congruity between the modifications of the immunity functions (Table V) and the changes in the resistance/susceptibility to various infections described in Section V encouraged us to
formulate an attempt of a general theory of immunity (Biozzi et al.,
1979a, 1982a; Biozzi, 1982) which is schematized in Fig. 17.
This theory accounts for several characteristics of antiinfectious immunity observed in natural animal populations and particularly:

1. The optimum protection of a natural genetically heterogeneous
animal population against all types of endemic and epidemic infections.
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2. The remarkable evolutive invariance of the immune system
based on the preservation, by stabilizing selection, of the polymorphism of the alleles regulating immunoresponsiveness.
3. The very large variations in sensitivity to different infections in
geographically isolated populations of the same animal species.
The character “antibody production” is subject to polygenic control
(Biozzi et al., 1980). About 10 independent loci regulate the responsiveness to heterologous erythrocytes in Selection I (Biozzi et d.,
197913). The individual phenotype distribution in Fz interline segregants should therefore follow the bell-shaped curve of the theoretical
frequency of normal distribution represented in Fig. 17. On the other
hand, since the macrophage activity is causally inversely correlated
with antibody responsiveness, the phenotype distribution of this trait
will also be normal but inversely oriented. The opposite vectors of
these two parameters are indicated in the abscissas in Fig. 17. The Fz
segregant population is constituted by genetically different individuals. Their phenotype distribution should therefore be similar to that
of random mating natural animal populations. In fact, the distribution
of the Fz segregants is close to that of the foundation population of
outbred mice used to initiate the selective breeding (see Fig. 2).
For simplicity’s sake, we have considered rather artificially that
animal populations are confronted with two categories of infections,
one due to intracellular pathogens counteracted chiefly by macrophage-dependent immunity, the other due to extracellular pathogens
in which antibodies play the principal defensive role. This model
postulates that each type of pathogen can induce either mild endemic
infections or severe epidemic bursts. The endemic pathogens are in
permanent ecological equilibrium with the population resistance,
therefore they produce mild infections. The episodic epidemic bursts,
on the contrary, are characterized by high virulence infections. The
opposite phenotype distribution of the two immunity parameters
schematized in Fig. 17 confers on the whole population the best possible protection against either epidemic or endemic infections produced by both intracellular and extracellular pathogens. The majority
of individual phenotypes, close to the modal frequency distribution,
are endowed with a median degree of both macrophage activity and
antibody responsiveness. They are therefore well protected against
any mild endemic infection. The endemic intracellular and extracellular pathogens will therefore choose their victims among the small
number of individuals placed in the two distribution tails. Individuals
in the left side tail are susceptible to extracellular pathogens whereas
those in the right side tail are susceptible to intracellular pathogens.
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In the occurrence of high virulence epidemic infections one or the
other distribution tails will be extremely resistant against extracellular
or intracellular pathogens. Thus in any case a fraction of the population will be apt to resist, so ensuring the population survival.
The continuous amputation of both distribution tails operated by
the two types of endemic pathogens acts as a stabilizing selection. It
eliminates the phenotypes approaching homozygosity and thus maintains the genetic polymorphism of the population. This stabilizing
mechanism is probably responsible for the remarkable evolutive invariance of the immune system structure and function. The coexistence of advantages and disadvantages for the genotypes approaching
the homozygosity, in relation to the diversity of the pathogens in the
environment, explains how the population polymorphism has been
maintained during evolution even for a character of such a high
selective value as general resistance against infections.
Several epidemiologic phenomena may be explained by this general theory, namely the large variations observed in resistance to different infectious diseases in geographically isolated populations. In
fact, a disequilibrium between the intracellular and extracellular endemic pathogens impinging on an isolated population, or the repetition of the same type of severe epidemic bursts, can produce an effect
of directional selection which modifies the genetic constitution of the
population. Consequently the resistance of the population to some
pathogens increases together with its susceptibility to others.
We are aware that this theory is schematic since it only considers
the principal immunity mechanisms operating in each infection,
while in fact, other secondary processes contribute to the final outcome. The theory is also incomplete since it does not take into account
the possibility of pure T cell immunity operating without the intervention of lymphokine-activated macrophages. In spite of these deficiencies we think that our theory may constitute a sound framework
which will be completed and refined by future investigations.
VII. Conclusion

As a general conclusion to the results presented in this review, we
would like to stress some aspects involving the epidemiology of infectious diseases in natural populations. An infectious disease is due to
an environmental agent (pathogenic microorganism) acting on a given
phenotype.
Individual phenotypes are themselves determined by the interaction of genotypes and the past and present environment. The individual variability of resistance/susceptibilityto each pathogen is ex-
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tremely large. For instance, as shown previously, a small number of
virulent S. typhirnuriurn is lethal for high line mice whereas low line
mice resist several millions of the same pathogen. A huge difference
in resistance against S. t y p h i infection is also found in human populations. Hornick et al. (1970)reported that 28% of human healthy volunteers became ill when infected with lo5 microorganisms whereas 5%
resisted a dose of lo9 S. t y p h i . There is no doubt that a large part of
this individual variability is due to genetic factors. It has been shown
that under natural occurrence, the infecting dose of S. t y p h i is usually
very low (Collaborative report, 1965). Obviously, under these circumstances only the most susceptible individuals contract the infection.
In a natural genetically heterogeneous population submitted to ordinary risks, the individual genetic constitution plays the determinant
role in the onset and the outcome of infections as well as in the prophylactic efficacy of vaccination. Therefore, in terms of epidemiologic
risk, natural infections should be considered as causally related with
genetic defects.
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