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PREFACE

History provides numerous examples of variable susceptibility of human
populations to viral, bacterial, and parasitic infections both during epidemics
and in the endemic areas of the world. Although the influence of environmental
factors must be considered in any explanation of such variability, it has recently
become clear, mainly on the basis of studying experimental infections in inbred
animals, that genetic factors play the decisive role in individual susceptibility.
Similarly, most tumor biologists believe that there are multiple mechanisms that
influence the growth and spread of cells transformed to the neoplastic state
and that most of them are, in a broad sense, genetically influenced.

In principle, the entire basis of susceptibility or resistance to infection and
malignancy is genetically determined but, because of the immense variety of
offenders and the complexities of host defenses, few common patterns of
resistance are discernible. Thus, we are compelled to study step-wise processes
affecting individual organisms and cancer cell types with the hope of extending
the studies to other infections and malignancies and to other hosts.

Genetic studies have, in the last few years, proved to be a most valuable tool for
analysis of host resistance processes This volume provides a review and
discussion of a large body of information on various models of genetic resistance
that have recently been discovered. Interaction of geneticists with investigators
studying mechanisms of host defense to infection and malignancy, such as
occurred at the symposium, that formed the basis for this volume, proves
mutually beneficial. Thus, several polymorphic systems controlling genetic
resistance among populations of inbred animals were defined by formal genetic
analysis and located on the chromosomal map. Similarly, well-defined defectsin
host defenses in certain animal sublines were traced to single mutations in the
genome of such strains. Another, perhaps more important, aspect of this
interaction is an understanding of the action of genes controlling host resistance.
In this case, genetic analysis is not the aim but serves to probe the processes that
lead to successful host defense. As yet, there is not a single case in which the
phenotypic expression of a host resistance gene has been identified at the
molecular level. However, the cellular mechanisms of their action are clearly
different from adaptive, specific immune responses and they mostly seem to fit
into the category of natural or noninduced resistance.
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XX Preface

It is apparent from this volume that systems of genetic resistance are all-
important, not only in the first-line surveillance of infections and tumors, but
also by their strong influence on the success of chemotherapy and immuno-
therapy. Thus, it is hoped that further analysis of these systems will lead to their
more successful manipulation in favor of the host.

Emil Skamene
Patricia A. L. Kongshavn
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RECOMBINANT INBRED STRAINS OF MICE: USE IN GEMETIC ANALYSIS
OF DISEASE RESISTANCE

Benjamin A. Taylor
The Jackson Laboratory
Bar Harbor
Maine 04609

Recombinant inbred (RI) strains are derived by system-
atic inbreeding beginning with the Fs generation of the
cross of two preexisting inbred (progenitor) strains (1).
From random pairings of F; mice, multiple independent stra-
ins are derived without selection (usually by brother-sister
inbreeding). Once inbred, such a set of RI strains can be
thought of as a stable segregant population. It is intuiti-
vely clear that each RI strain is expected to have received
one=half of its autosomal genes from each of the progenitor
strains. Thus, in a set of RI strains, half are expected to
become fixed for each of the two alleles at every differen-
tial locus. Unlinked genes are randomized in the F; genera-
tion and are therefore equally likely to be fixed in paren-—

tal or recombinant phases. Howewver, linked genes will tend
to become fixed in the same (parental) combinations as they
entered the cross. These properties of RI strains permit
several strong predictions: (a) for a phenotype under the

control of a single locus only the two parental phenotypes
are expected among the RI strains, and these are expected in
equal frequencies; (b) linked loci will exhibit an excess
of parental combinations, and the extent of the excess will
be a function of the recombination fregquency between the two
loci in question; (c) different phenotypes under the con-
trol of a single locus (pleiotropic effects) will exhibit
identical patterns of inheritance among the RI strains.
Thus sets of RI strains can be used to test whether a par-
ticular trait is under the control of a single locus, to
establish linkage (or independence), to estimate recombina-
tion freguency, to determine gene order, and to detect or
test for possible pleiotropic effects of genes.

The strategy then is to develop a set of RI strains
from the cross of two unrelated progenitors, and then to
type them for as many genetic markers as feasible. When new
genetic differences are discovered that distinguish between
the progenitor strains, the RI strains are typed to deter-
mine whether the inheritance is simple or complex, and to
evaluate potential linkage or pleiotropic relationships with
previously typed loci. The enormous advantage of this app-
roach is that the data are cumulative. Each RI strain needs
to be typed only once for a particular locus. Therefore the

Copyright © 1980 by Academic Press, Inc.
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discoverer cof a new wvariant needs only to type the RI
strains for that variant. The investigator can immediately
determine whether the "new" locus is independent of, closely
linked to, or possibly a pleiotropic manifestation of, any
previously typed locus.

$
s 1]

e

Fig. 1. Genetic consequences of BRI strain formation, show-
ing the result of a simulated example of ten RI strains de-
rived from hypothetical progenitor strains A and B. Solid
and open lines are used to depict chromosomal material in-
herited from the A and B progenitor chromosome (shown at
left), respectively.

Figure 1 illustrates the genetic consegquences of RI
strain formation using results obtained by computer simula-
tion. It shows the segregation and recombination of a sin-
gle autosome 100 centimorgans in length for ten RI strains.
Genetic material from the A and B hypothetical progenitors
is represented by solid and open lines, respectively, in
both the progenitors' chromosomes (shown at left) and ten RI
strain chromosomes. The traces of six loci are shown to
illustrate the fact that short chromosomal segments are us-
ually inherited intact, but that one or more genetic inter-
changes frequently separate more distantly linked loci. The
example also shows that it is not unusual for an RI strain
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chromosome to be derived principally from one of the proge-
nitor strains. The same processes of segregation and recom-
bination would occur independently for other chromosomes.
The length of the chromosome in this example is approxima-
tely equal to the longest mouse chromosome, Chromosome 1.

Since there may be multiple opportunities for genetic
recombination between 1linked genes during the inbreeding
process, an equation is needed that expresses the probabili-
ty of fixing a recombinant genotype in an RI strain (R) as a
function of the recombination freguency (r) in a “single
meiosis. For the case of brother-sister inh;eeding, R = 4r-
/(1+6x) (3). By solving for r, we obtain an equation which
can be used to calculate an estimate of the recombination
frequency {r} in terms of the cbserved frequency of RI stra-
ins with recmmblnant gentotypes [R] r = Rf{4—6ﬁ] (7). A de-
tailed exposition of the uses of RI strains for linkage ana-
lysis is published elsewhere (5).

The use of RI strains for linkage detection is best
illustrated by an example. Mishkin, et al. (4) found signi-
ficant interstrain differences in the mean level of the en-
zyme galactokinase in erythrocytes. Differences were noted
between the progenitors of two sets of RI strains: the AKXL
BRI strains, derived from AER/J and C57L/J; and the BHH RI
strains, derived from C57BL/6J and C3H/Hed. The RI strains
were tested and found to separate cleanly into the two par-
ental classes. The results are shown in Table 1. In tab-
ulating genotypic data for RI strains, we follow the conven-
tion of using a generic symbol to indicate the source of any
allele. Thus A, L, B, and H are used to designate alleles
inherited from AKR/J, C57L/J, C57BL/6J, and C3H/HeJ, respec-
tively. This convention facilitates the search for similar
patterns of inheritance. Such a search revealed a high de-
gree of concordance between the patterns for the galacto-
kinase locus (Glk) and esterase-3 (Es-3), a kidney esterase
electrophoretig—;ariant previously mapped to Chromosome 11
(Table 1). Only two recombinants were found among the 20
AKXL strains, and only one among the 14 BXH strains, for a
total of three recﬂmblnants among 34 RI stralns. Substitut-
ing 3f34 for R in the previcus equation r - Rf{q—ﬁﬂ}i we
obtain r = 0.0254. An estlmate nf the varlance of r is
given by the equation v{r] = r{1+2r}{1+5r} /4n, where n is
the number af RI strains used in estlmatlng 15 {Taylur et al.
1975) . v{r} = .000254. The standard error of r is the
sguare root of v{r}, or 0.0160. Therefore the estimated
recombination fIEquency is 0.025 * 0.016.

Table 2 lists some well established sets of RI strains
that are available at the Jackson ILaboratory. These RI
strains have been typed for numerous genetic loci, the ma-
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jority of which have been mapped. They have been used in a
wide wvariety of studies to define new genetic loci, to map
these loci, and in some cases to try to establish the nature
of the genetic difference. I have summarized the published
genetic information on these strains elsewhere (6). The
numerous other sets of RI strains which exist or are under
development are listed in the same reference.

There are several advantages of the RI strain approach
over conventional genetic analysis. Some of these are par-
ticularly relevant to the analysis of complex traits such as
disease resistance. The major advantage, as previously
mentioned, is that the data are cumulative. This not only
makes linkage analysis practical, but it also permits the
detection of pleiotropy. Thus evidence may be obtained to
suggest that resistance to two or more organisms are under
the control of a single locus, even though the different
tests are conducted at different places and times, by inde-
pendent investigators. Another situation in which RI stra-
ins are convenient, is that of genetic control by two loci,
one known (and typed already), and the other unknown. In a
hypothetical example resistance may be controlled by a major
gene, but modified by another gene, such as H-2. ©Previous
knowledge of the H-2 types of the RI strains would permit
the effects of the major gene to be seen in clearer focus.
Since RI strains are homozygous, genetic differences are
maximized, and the recessive genes of both progenitor stra-
ins can be expressed. A major advantage is that genotypes
do not need to be inferred from the phenotypes of individual
mice, Thus it is possible to work with statistical pheno-
types, where the terms resistant and susceptible may be rel-
ative, not absclute. Unusual gencotypes, such as rare recom-
binants, when detected in RI material, are immediately
available for confirmation and further characterization.

The major limitation of the RI approach is that
the strains are useful only if the progenitors of a set of
RI strains differ with respect to the trait of interest.
Another limitation is that the number of RI strains avail-
able in a particular set may be insufficient to discriminate
among different genetic hypotheses. Availability may be a
problem, particularly if large numbers of contemporary, age-
matched mice are needed. This problem is heightened by the
fact that some RI strains are poor breeders. Despite these
limitations, RI strains are being used to good advantage in
a wide wvariety of studies, including studies of disease re-
sistance.
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DISCUSSION

Taylor: The recombinant inbred strains that I decribed (in
Table 2) are available on order from Jackson Laboratory.
Breeding pairs can also be obtained on those five sets. A
number of other sets of strains are also being reared at
Jackson and elsewhere and these are summarized in ref. 6.






GENETIC CONTROL OF RESISTANCE TO PROTOZOAL INFECTIONS

David J. Bradley
Ross Institute of Tropical Hygiene
London School of Hygiene and Tropical Medicine
Keppel Street
London, England WC1E 7HT

An epidemiclogist in a meeting of laboratory scientists
must tread warily if he is not to be considered the idiot of
the family, and one may also wonder why the protozoa were
selected to be the first group of infections to be consider-
ed at this meeting. But there is a logic to selecting them
and having an epidemiologist with primarily African exper-
ience to introduce them. The research funds that are used
to breed and feed ocur rats and mice are usually given with
the dual objects of promoting scientific understanding and
human welfare. Human disease has provided two large quest-
ions in the genetics of resistance and both concern proto-
zoa. First, what enables the sickling gene, so deleteriocus
to survival in its homozygous form, to be so abundant in
many parts of Africa? Secondly, why is it that the indige-
nous inhabitants of West Africa are relatively untroubled by
malaria due to Plasmodium wvivax? Both gquestions involve
protozoal parasites in man, both inwvolve single genes, and
in each case there is considerable understanding at levels
from the human population down to molecular mechanisms.

It is therefore my intention to review briefly the
range of our knowledge of genetically determined mammalian
resistance to protozoan infections (with a glance also at
avian hosts) before discussing in greater detail the resist-
ance of mice to Leishmania donovani which has particularly
interested the Ross Institute group comprising particularly
Jennie Blackwell, Orysia Ulczak, Jacki Channon and Malcolm
Guy at present, and earlier involving Joan Freeman, Joseph
El-On, Wendy Smith, Jean Kirkley and Ann Zuill at wvarious
times. Few things would get completed without them, espec-
ially Jennie and a good number would not get started either!

The whole topic of genetics of resistance to parasites
was reviewed by Wakelin (1), and recently Blackwell (2) has
summarized data on patterns of mouse strain susceptibility
to infections, including the protozoan parasites.

There are many protozoa, comprising six main groups, of
which all the sporczoa, opalinates and cnidosporidia, and
some of the rhizopods, ciliates and flagellates are para-
sitic. Something is known of the genetic control of suscep-
tibility of invertebrates such as the mosquito vectors of
malaria, but I shall consider only the homoiothermic verte-

GENETIC CONTROL OF NATURAL RESISTANCE Copyright € 1980 by Academic Press, Inc,
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brates. Data is available on at least eight protozoan gen-
era. These include the malaria parasites of mammals, genus
Plasmodium, and another red cell parasitic group, Babesia.
Toxoplasma which has a stage in the intestine and a tissue
phase has been studied as has the intestinal parasite
Eimeria, the latter chiefly in chickens. Brief attention
has been paid to Entamoeba and much more to the three genera
of flagellates Trypanosoma, Schizotrypanum and Leishmania.

More precision has been obtained for the intracellular
than extracellular parasites. This may be a matter of
chance, but possibly there are fewer genes having a major
effect on the successful intracellular parasites - or to put
it conversely, perhaps a single gene change is more often
enough to produce a large effect on an intracellular than on
an extracellular species. More definitely, it is easier to
do tidy experiments with the intracellular parasites as the
milieu interieur of the cell is better regulated and buffer-
ed from environmental changes than is the extracellular
habitat, whether blood, tissue fluid or gut lumen.

MALARIA

It is convenient to start with the malaria parasites
and proceed through the other red cell parasites, other spo-
rozoa, and miscellaneous groups, to the flagellates.

The distribution of the sickling gene (S) in human pop-
ulation along with the sub-lethal character of the S5 geno-
type strongly suggested a selective advantage to the AS
heterczygous form and Allison (3) first marshalled substan-
tial ewvidence that falciparum malaria was the selecting
factor. Subsequent extensive epidemiological data has been
consistent with this. It was early shown that the protec-
tion was not against infection as such but against the con-
sequences of infection and wvery heavy, life-threatening,
infections.

Two main concepts exist for the mode of action of the
gene. One suggests that the parasitised AS red cell is
caused to sickle by being parasitized and is therefore
selectively destroyed in the spleen along with its contained
parasites. BAn alternative explanation, which has the adwvan-
tage of explaining why protection is confined to P. falci-
parum, and does not extend to the other malaria parasites of
man, has been put forward by Pasvol and Weatherall (4) and
Friedman et al. (5) independently. Both show that whereas
P. falciparium grows well in S5, AA and AS red cells under
relatively aerobic conditions, a drop in the oxygen tension
stops growth of the parasite in AS and SS cells, whilst
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leaving growth in AA cells at the aercobic rate. Since the
later stages of trophozoite growth and schizogony only in
P. falciparum take place in the deep tissues where oxygen
tension is relatively low, these observations explain both
the occurrence and specificity of the protection afforded by
the AS genotype.

At the clinical level there is also strong evidence of
the relation of malaria to the AS polymorphism. BAmong chil-
dren severely ill from falciparum malaria, or with very high
pParasitaemias, there are very few with the AS genotype even
where the S gene is present in many of the population, so
that Martin et al. (6) found only one AS and 29 AA genotypes
among severe malaria cases in Nigeria while a control group
gave 8 AS, 1 55, 2 AC and 27 AR genotypes.

West Africans very rarely suffer from P. wvivax malaria,
nor do North Americans of West African pﬁ;E—EEEE;nt, The
key to understanding this remarkable phenomenon was the ob-
servation (7) that P. knowlesi had a similar host speci-
ficity when red cells were tested for invasion in vitro and
the correlation of this resistance with the Duffy negative,
Fy(a=b=), blood group determinants. This suggested that the
Duffy antigens acted as receptors for the P. knowlesi, and
susceptibility was removed by chemotrypsin treatment of
these cells prior to testing. However, the situation is
more complex than this in that trypsin treatment of the
Duffy negative cells renders them susceptible but does not
make them Duffy positive. In particular, P. knowlesi
attaches to Duffy negative red cells but does not make an
invagination of the red cell surface. Further evidence of
the Duffy-specific nature of the phenomenon was obtained
from wvolunteer experiments in which only the Duffy-negative
exposed people escaped infection (8) and from the unsuccess-
ful invasion in wvitro of red cells obtained from three of
the very rare Duffy-negative people of non-African descent
(two Cree Indians and a white Australian woman) (9). P.
falciparum on the other hand infects all human red cells ex-
cept for a proportion of those En(a-). The proteolytic
enzymes also affect sensitivity to P. vivax and P. falci-
parium differently (10).

What is known for the sickling gene has been asserted
for several other haemoglobins, and it is tempting to apply
similar reasoning to other red cell genes which are mainly
prevalent in areas of Africa holoendemic for Plasmodium fal-
ciparum. In the case of HbC and Npppp Friedman et al(5)
have shown experimentally that the red cells do not support
trophozoite growth, but for other genes the malaria hy-
pothesis may not apply. Martin et al (6) have re-examined
the relation of glucose-6-phosphate dehydrogenase deficiency

11
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to severe malaria and found, among severe clinical cases in
Nigeria, no fewer cases of G-6-P-D deficiency than in a con-
trol group from the local population. One earlier study was
consistent with this finding (both were somewhat short of
B-heterozygotes) and they point out that another had an ex-
cess of G-6-F-D controls rather than a scarcity of this
genotype among cases. The counter-evidence of Luzzatto,
Usang and Reddy (11) from observations on which cells are
attacked can be explained in part by the red cell age-pref-
erence of P. falciparum but this still leaves the elegant
correlations between malaria endemicity and G-6-P-D defi-
ciency frequencies in Sardinian villages (12) unexplained.

With the exception of the Duffy bloed category, red
cell surface antigens have not been shown to relate to
malarial infections. In particular, among 209 children with
heavy parasitaemia, with or without convulsions, who were
seen at two Nigerian hospitals, there was no difference of
antigen frequencies for the M,N,S,s,U system as compared
with controls (13) and the genotypes cDe and SYSY, part-
icularly seen in Africans, were not missing from the severe-
ly ill.

The responses to human malaria have been related to the
HLA complex in a study (14) of three willages in NE Tanzania
where 116 people were typed for HLA-A and B and the malaria
antibody level determined by indirect immunofluorescence.
There was a large excess of the A2, AW30 combination among
those with high antibody titres. Among those with a titre
above 1:2560 an observed gene frequency of 20.4% contrasted
with the expected 11.4%. The combinations A2,BW17 and AW30,
BW17 were also observed more frequently than expected. HNo
HLA gene taken singly was significantly related to the anti-
body titre. The finding is remarkable: possible mechanisms
are numerous and could include HLA determined antigen res-
ponsiveness, genetically controlled variation in responsive-
ness to the malaria B-cell mitogen (15) or B-cell levels,
but all are speculative, and data on the haemoglobin types
are not available.

Malaria susceptibility in mice may now be considered
with several principles in mind. The situations with sick-
ling and with P. wvivax above make sharp the distinction
between resistance to infection and resistance to disease,
to the consegquences of infection. Often the distinction is
much less sharp so that neither can be ignored, but if simp-
le genetic control is being sought then each step in the
natural history of infection and in pathogenesis should be
examined separately where feasible.

Again the broad distinction between innate or natural
resistance and acquired specific immune responses is clear,
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but many genes other than specific immune response genes may
have a non-specific effect on the induction of immunity or
on the effector processes by which immune responses affect
parasite populations.

In the case of, for example, intracellular parasites of
macrophages, it is possible that a single genetic character
may affect innate resistance, induction of immune responses,
and acquired effector mechanisms as well. Often the diver-
sity of possible genetic effects is so great and our know-
ledge so rudimentary that a review must look like stamp
collecting by beginners - but this is only the first stage
in genetic and biochemical analysis of the wvariation found
in different mouse strains.

The rodent plasmodia, particularly because of their use
in drug screening, have been investigated in inbred mice
from an early date (16), though some early work gave diffi-
culties due to the dependence of P. berghei on the nutrition
of the host, particularly its para-aminobenzoic acid intake.
The species P. berghei has subsequently been subdivided and
the strains vary in their pathogenicity for mice, while P.
chabaudi is increasingly also used in experimental work. e

A rather confusing picture emerges. In the early stud-
ies parasitaemia and mortality from infection were consider-
ed under separate genetic control. However, parasitaemia
was shown to be polygenically determined and was not analys-
ed in detail. A comparative table of the relevant papers
showing the relation between mouse strains and susceptibi-
lity shows great wvariation, reflecting both the changes in
methodology and genetic complexity (17,18). The Biozzi mice
of varying antibody responsiveness were more recently stud-
ied and the Ab/H and Bb/L strains found to be of comparable
innate response but the Ab/H strain was much more responsive
to wvaccination, both in terms of antibody production and
survival of challenge. Over three loci were considered in-
volved (19).

Recently, Eugui and Allison (20) showed that A/HeCre
mice were by far the most sensitive of five strains tested
with infections of Plasmodium chabaudi or with Babesia
microti. They suggested that this resulted from the wvery
low levels of natural killer (NK) cells in the A strain. A
better genetically defined difference is the X-linked re-
cessive immunological defect of the CBA/N mouse which reduc-
ed immunity to P. yoelii and B. microti (21). Babesia has
been shown to have a variable fate in other mouse strains by
Ruebush and Hanson (22).

TOXOPLASMOSIS AND AMOEBIASIS

The response of mice to Toxoplasma gondii has been
shown to vary with the mouse strain used (23) as assessed by
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time interval between infection and death. At low intraper-
itoneal inocula the DBA/2 mice were largely dead before any
mortality occurred in other mouse strains, with BALB/c,
C57BL/6J and SW the most resistant and B10.D2, DBAR/S1 and C3H
occupying intermediate positions. However, a 20x increase
in the inoculum not only raised mortality but also made
BALB/c the most susceptible strain. This finding is remini-
scent of some findings in rickettsial disease reported by
Groves at this meeting. Further observations on Toxoplasma
(24) showed survival differences in the B10. congenic resis-
tant series at low challenge doses. All B10.BR and B10.D2
mice survived while B10.Sr were most wvulnerable and B10.A
less so. Evidence was obtained of H-2 linked resistance and
alsc of resistance possibly linked to H-13, with some pheno-
typic complementarity between these loci.

The search for an experimental model for human amoebi-
asis had led Gold and Kegan (25) to attempt hepatic infect-
ions of 8 strains of mice and earlier workers to examine a
few strains. Results have been essentially negative so that
strain susceptibility has not been adequately detected.
However, when usual routes of infection were used, HNeal and
Harris (26) had found C3H/mg and CBA/Ca mice susceptible by
intracardiac injection. Most work with amoebae involves
larger mammals. However, Entamoeba histolytica can also be
grown in the chick egg and there are clear strain differ-
ences in suitability for this purpose (27).

TRYPANOSOMIASES

The trypanosomiases affecting man fall into two groups:
the African parasites of the genus Trypanosoma which give
rise to sleeping sickness, with related species causing
cattle trypanosomiasis or nagana, and affecting other
animals; and the American genus Schizotrypanum which give
rise to Chagas' disease. The African trypanosomes are pri-
marily extracellular parasites of the blood and tissue flu-
ids while S. cruzi has both aflagellate (amastigote) intra-
cellular and trypanosomal extracellular phases in mammals.

In Africa, several examples of what began as "epide-
miological anecdotes" have in recent years been put on a
firmer physioloical and sometimes genetic basis. The resis-
tance of N'dama and Muturu breeds of cattle to trypanoso-
miasis has been known for many years. It has been confirmed
in experimental infections (28) and the mechanism of resis-
tance asserted to be an increased immune response to infec-
tion in early life. These cattle are small, and the
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resistant breeds of sheep and goats to trypanosomiasis are
also small (29). Pigs from endemic areas are also relative-
ly resistant (30). The genetics have not been elucidated.

Morrison and his colleagues (31) have gone on to look
at variation in the course of T. congolense, a cattle try-
panosome, in mice. Their elegant work demonstrates the com-
plexity of the genetically controlled processes and the de-
cisions needed in selecting the variables for genetic analy-
sis, though with this system as with other blood parasites
repeated sampling from individual mice is possible. Among
the eight strains tested, AKR/A was by far the most resist-
ant when the height of the peak initial parasitaemia was
studied. But the polymorphic trypanosomes - T. brucei, T.
congolense and T. vivax - show a remittent parasitaemia due
to antigenic wvariation allowing escape from successive
immune responses, and on the third peak AKR/A was more
susceptible than most strains were at that stage, or
initially. Susceptibility corresponded to high levels of B
and null cells in the spleen.

In genetic studies Morrison and Murray (32) showed that
the H-2 complex played little role, as determined by early
parasite counts in congenic resistant strains of the B10.
series. In terms of time to death the b haplotype was of
longest surwviwval. In crosses of the most resistant C57BL/6
with the highly susceptible A strain, the F1 mice were re-
sistant, even more so than the parents, as assessed by time
to death, and were of intermediate susceptibility as judged
by the height of the first peak. The backcrosses were again
spread over the range of the parents. The separation of
parental counts was inadequate for assessment of segregation
while time to death in the backcrosses had a high variance.
An egually diffuse F1 and backcross pattern was seen in C3H
crosses with A and C57BL.

Other work on trypanosomes in mice has shown that the
relative resistance of strains is unaffected by the specific
T. congolense isclate used. HNude mice were always suscep-
tible. Earlier, 0Olisa and Herson (33) had found no appre-
ciable difference in susceptibility of BALB/c and C57BL mice
at low T. brucei gambiense inocula. Clayton (34) found str-
ain differences in T. brucei responses of different strains,
with C3H the most susceptible. Clarkson (33), comparing the
IgM response in 6 mouse strains found an early rise in
C57BL, intermediate wvalues in 4 strains, and almost no rise
in C3H/mg which was also the first strain to die of the in-
fection.

The true mouse trypanosome T. musculi shows a similar
strain response in that C3H/Bi is more susceptible than mice
of the B10. series as measured by the peak parasitaemia,
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though both recover. Interestingly, the peak parasitaemia
recorded by Jarvinen and Dalmasso (36) is slightly higher at
54,000 cu mm in the complement C4 deficient B10.D2/0ld str-
ain than in the congenic B10.D2/new strain where the count
was 40,000 at day 12.

Schizotrypanum cruzi combines the biological features
of the African trypanosomes and Leishmania, having both
blood and intracellular tissue phases. The ranking of 9
mouse strains by degree of resistance to this parasite clo-
sely resembles that seen in the polymorphic trypanosomes,
while congenic resistant strains demonstrate little effect
of the H-2 complex (37). Splenectomy, X-irradiation and
silica loading render the C57BL mice susceptible, and the
nu/nu mutant alleles in the BALE/c strain, usually of moder-
ate resistance, always lead to death. Cunningham et al (38)
found that the susceptible C3H and relatively resistant
C57BL/6 strains both developed comparable immunosuppression
to heterologous antigens during infection and this was tran-
sferable using serum. In studies of the different Biozzi
series of mouse strains with warying antibody responsive=
ness, Kierszenbaum and Howard (39) found the Ab/L strain
were more susceptible than the Ab/H strain.

LEISHMANIASIS

The situation for most major protozoan parasites that
will infect mice is becoming comparable. A range of mouse
strains has been screened: usually a few in detail and a
much larger number perfunctorily, for obvious reasons.
Where the assay of infection used requires some time delay
from inoculation, either to allow for parasite population
growth or because interest is focused on recovery, different
workers tend to obtain comparable but not identical results.
The choice of the time between infection and assay is often
crucial. Then later in the infection, the more complex the
genetic control, so that time to death is a particularly
difficult phenomenon to analyse. Experience with Leishmania
shows the advantage of genetic analysis of the early stages
of infection first, so that these genes can be standardized
in the study of subsequent more chronic phases.The walue of
mouse strains differing at a very limited number of loci is
apparent, not only for studies of the MHC - controlled
response.

In most of the above mouse studies the initial step has
been a screening of mouse strains. I do not know what prom-
pted this, except in the case of our own studies on Leish-
mania donovani which will now be discussed. Here genetic
screening was a last despairing resort rather than a planned
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beginning.

Leishmania donovani, a trypancsomatid flagellate, is an
intracellular parasite of the mononuclear phagocytes of man,
giving rise to visceral lesihmaniasis or kala-azar which is
usually fatal in a year or so if untreated. The liver and
spleen are greatly enlarged by parasite-stuffed macrophages,
so that the spleen may weight 3 kg. The infection is trans-
mitted by sandflies and may occur as high epidemics (especi-
ally in India) or as a sporadic zoonosis with dogs, foxes
and sometimes rodents as reservoirs of infection. A similar
progressive fatal infection is produced in hamsters, in
which the parasite is maintained in the laboratory.

Although infections in mice were documented in 1912
(40,41) and even then a variable response was noted, system-
atic studies wusing liver imprints for quantitative assess-
ment of the course of infection are due to Stauber (42) who
showed a rise in parasite numbers following intravenous in-
fection of mice, then a fall which lewvelled off to a prolon-
ged plateau level for some months before final recovery. It
was to investigate this apparent partial immunity that our
studies began. Although several hypothetical mechanisms in-
volved in this process were individually wverified, great
difficulty was encountered over 2 years in either getting
reproducible experiments or observing the course of infec-
tion described by Stauber. Only when concomitant infection
with Eperythrozoon, variables of amastigote preparation, and
host age and nutrition had been eliminated was strain vari-
ation in the mice investigated (43,44), with striking re-
sults in that within one month there was a 1600-fold differ-
ence in liver parasite burden between the most and least
susceptible strains. The mouse strain parasite counts at
two weeks after infection feel into two rather sharply sep-
arate categories and using the counts at this peint as an
assay some 25 strains were typed and still formed two dis-
crete groups (45). F1 hybrids were closer in counts to the
resistant strains and F2 and backeross generations showed
Mendelian ratios of resistant to susceptible mice indicative
of single gene, or tight linkage group, control.

In analysis of natural resistance to leishmaniasis, the
crucial role of the congenic resistant and recombinant in-
bred strains discussed by Taylor (this volume) is clear. At
the stage of a suggested linkage, the use of Robertsonian
translocations both excluded one hypothesis and strongly
supported the chromosome 1 location.

Lsh was mapped (46) chiefly using the recombinant in-
bred strains BXD, BXH, and BRX58N, with smaller numbers of
four other RI strain series. It lies near Idh-1 on chromo-
some 1 and the precise site has recently become of great
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interest in relation to Ity which determines susceptibility
to Salmonella typhimurium and maps nearby. The location on
chromosome 1 was confirmed by linkage between Lsh and the
Robertsonian translocation Rbi1-Bnr which bears the Lsh
allele. A three-point backcross with typing of Lsh, Idh-1
and Pep-3 (the same as Dip-1) favoured that gene order with
Lsh nearest to the centromere. . This gave one double cross-
over as compared with three if the gene order were Idh-1,
Lsh, Pep-3, though the single recombination frequencies from
the RI strains were more consistent with that order.

The most interesting outcome of the mapping is its con-
vergence with similar activities by Plant and Glynn (47) who
showed that Ity determining susceptibility to Salmonella
typhimurium also lay on chromosome 1 fairly near to Lsh.
This strengthened the earlier suggestion (48), based on the
strain similarities in response to each parasite, that they
might be determined by the same gene. It is still not cer-
tain and some evidence has been accumulated suggesting that
Ity and Lsh are not identical. tn the other hand, if they
are separate this does not explain the concordant suscepti-
bilities of mouse strains not closely related. There would
be clear advantages to being able to test the same mouse
simultaneously for susceptibility to both organisms rather
than relying on different individuals of inbred strains.
Jenefer Blackwell and Janet Plant undertook to try this and
in their control initial experiments uncovered modified res-
ponses. The genetics of combined infections (polyparasi-
tism: 49) is a new field that may be experimentally confus-
ing yet shed light on the ewvolutionary processes acting on
the genetic control of natural resistance.

The Lsh gene is present in roughly half the laboratory
mouse strains tested (45); it is not a rare mutant. Since
these strains have a varied origin, the expectation is that
both alleles would be prevalent in wild Mus musculus popula-
tions. We have sought them in populations from parts of the
UK, Irag and elsewhere, both by direct testing of wild mice
and by testing the offspring of crosses with susceptible
laboratory stocks. So far we have not detected the LshS
allele in a wild mouse, though the UK lacks the sandfly vec-
tors of L. donovani. If the gene alsoc affects Salmonella
resistance this provisional finding is easier to explain.

The objective of genetic analysis may wvary, and know-
ledge at any level may be utilised. For the geneticist it
is an end in itself, and mapping may alsc allow conclusions
about similarity of mechanisms for different parasite spec-
ies. For the biochemist genetic analysis is a step towards
the molecular basis of innate resistance, and his findings
in turn may allow the biologist to cross the host species
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barrier and explain why some species may act as reservoirs
and others not.

The mechanism of action of Lsh is not known, though its
functions have been localised to certain cell populations,
and some possibilities disproved. Parasite uptake and
initial counts do not differ between resistant and suscepti-
ble strains, but within 3 days the tritiated thymidine
labelling indices differ, being <5% in two resistant strains
and >12% in susceptibles (50). T-cell deprivation does not
modify the parasite growth rate in resistant mice during the
first two weeks of infection. Treatment of the amastigotes
with serum from the resistant homozygous form prior to in-
jection into susceptible mice allows the growth rate to
remain high, and conversely, so that serum factors do not
seem involved.

In the mouse, the Lsh gene effect is expressed both by
the Kupffer cells of the liver and by the splenic macroph-
ages, but not in the peritoneal macrophages. In cell cult-
ures also the peritoneal macrophages of resistant and sus-
ceptible strains do not show differing parasite multiplic-
ation rates but, in spite of the difficulty of producing
satisfactory FKupffer cell cultures, these show differences
between the susceptible and resistant strains.

Mouse strains that were LshS LshS differed markedly
in the course of infection after two weeks. Some recovered
completely, with massive parasite destruction, extensive
lymphocyte infiltration, and areas of hepatic necrosis.
Others continued with increasing amastigote loads, extensive
plasma cell infiltration of the portal tracts, mononuclear
phagocytes distended with parasites, and a progressive anae-
mia with bone marrow infiltration by parasitised macrophages
{44). Initially, congenic resistant strains on the C57BL/10
susceptible background with diverse H-2 alleles were infect-
ed and clear differences found, with the progenitor strain
healing more rapidly even than NMRI (cure) and the B10.D2/
new strain carrying heavy parasite loads beyond 130 days
(non-cure)} (51).

When the C57BL/10 bearing H-2P/P and B10.D2/new bear-
ing H-23/4 were crossed, the F1 generation also failed to
cure, while in the F2 and backcross generations the recovery
pattern depended on the H-2 haplotypes which were individ-
ually determined using two NIH private specificity antisera
for each end of H-2. The d/d and b/d haplotypes failed to
cure while the EﬁE mice recovered: parasite counts were
approximately 500-fold greater in the non-cure mice by day
130.

Other congenic resistant strains of the B10 series gave
a range of responses, (Table 1) with g non-cure and E almost
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similar, and r and s both curing even more rapidly than the
C57BL/10 ancestral strain. When the experiment was carried
out using congenic resistant strains on a BALB background
the b haplotype BALB/B cured whilst the BALB/c with haplo-
Eype d failed to cure (51).

TABLE 1

Recovery of CR strains from L. donovani

Ancestral CR Strain H=-2 Recovery

Strain Haplotype

C57BL/10 C57BL/10 b cure +++
B10.D2/new d non-cure
B10.G/ola q non-cure
E10.M/01la f cure ++
B10.R III(7INS)/0la r cure ++++
B10.5/01la (= cure ++++

BALB BALB/B b cure ++
BALE/C d non-cure

CS57BL/10 x BE10.D2/new b/d non-cure

Thus the H-2 complex or a closely linked gene is a maj-
or determinant of recovery from mouse visceral leishmani-
asis. Non-cure is unexpectedly dominant, which would tend
to favour the hypothesis of an immune suppressor gene. The
pattern of apparent recessive immune responsiveness observed
differs in its haplotype distribution from other published
results, suggesting an undescribed gene which is named
Rld-1. Such evidence as is available favours a gene towards
the k end of the H-2 complex.

The early findings of wvarying recovery rates in con-
genic resistant strains on the C57BL/10 ScSn background
suggested that the MHC could act as a marker for genes
inaccessible to direct measurement that might affect the
prevalence of infection. Much leishmaniasis research has
been undertaken as a model of leprosy. It was already clear
that HLA-A, B, C did not determine who would have leprosy in
the community and therefore family studies were carried out
in South India. Before they were completed De Vries and
colleagues had published their early results from Surinam
(52), and elegant method of analysis which we followed (53).
This interplay between experimental work and human field
studies, which characterizes the Plasmodium wvivax work also,
is needed also in leishmaniasis and the other infections
being considered at this meeting.

Observations on the early healing phase of L. donovani
in mice (54) have suggested that other genes linked to Ir-2




Genetic Resistance to Protozoa

and H-11 may be involved.

Analysis of the genetic basis of resistance has been
made more difficult by confounding of the effects of innate
susceptibility (narrowly defined), specific acquired immu-
nity, and non-specific factors affecting the latter, which
occurs in many acute bacterial and wviral infections. In
general, protozoa have a less rapid replication rate than
bacteria in wvivo, and Leishmania amastigotes are among the
slower multiplying parasitic protozoa. The consequent pro-
longed course of infection and the slow effects of the
acquired specific responses lead to a temporal separation of
immediate and acgquired responses, which facilitates their
separate analysis. Features of experimental leishmaniasis
such as the 3-5 month course of an experiment, which render
it unacceptable to many workers are those which make genetic
analysis of host resistance tractable, without the need for
ablation of the acguired responses experimentally.

Our understanding of genetic control of mouse suscepti-
bility to Leishmania donovani and L. tropica (senulato) may
be usefully compared. More is known about the genetics buy
less about the immunology of the former in precise terms
than about L. tropica although the latter has been more ex-
tensively studied by a larger number of competent workers.
This show the importance of a parasite assay, to measure the
number of amastigotes, and of also a parasite growth rate
assay, using thymidine labelling. In L. tropica until re-
cently one has been restricted to measuring the size of a
lump, which comprises largely host response, and thus at a
loss to dissect out the component processes constituting re-
sistance to infection and the disease processes, and also to
measuring immunological responses without being able to con-
trol for parasite mass or actiwvity.

Nevertheless comparative studies using L. tropica show-
ed a spectrum in 12 mouse strains of lesion size and healing
which related to the degree of delayed hypersensitivity de-
veloped to leishmanial antigen (55). Susceptible mice
either failed to become hypersensitive or lost their reacti-
vity. Observations by other workers have given similar
though not completely identical results (56,57,58) and all
have concurred in finding BALB/c by far the most susceptible
strain. It is also completely clear (Table 2) that the sen-
sitivity patterns of mouse strains to L. tropica and L.
donovani differ. Susceptibility to, and recovery from,
closely related parasites may not be under the same genetic
control.

Recent L. tropica work has made great progress and
James Howard has kindly encouraged me to refer to some of
his work which has yet to be published. This demonstrates,
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firstly, that in L. tropica, mice of the B10 series of con-
genic resistants do recover regardless of their H-2 haplo-
type. Second, and again in contrast to L. donovani, L. tro-=
pica in the BALB/B or BALB/C mouse pursues an inexorable
course with severe non-healing lesions. BALB/K does not
heal either, but its course is very slow. In general, the
notable susceptibility of the BALB/series of mice appears to
be under single dominant gene control and is associated with
the production of immune suppressor cells.

TABLE 2

Relative susceptibility of mouse strains to Leishmania

species
Mouse Strain & E E_ D E i G
A/Crc R
A/Jax = 24
A R
AKR RR R 21
CBA E E R R R
C3H/He R E 24 R
C57BER R R
C57L R
A2G I 34
DEAR/2 S s R I R
ASW I
CH7BRL R I R R I =
C57BL/10 S Cure
DBA/ 1 ] S
NMRT ER I o Cure
B10.D2 S Not
BALB/c S8 = 55 55 = S MNot
BALB/B 58
R resistance I intermediate, S susceptible
Terms broadly interpreted from the papers.
A L. tropica Howard, Hale and Chan-Liew, personal
comminication
B L. tropica Behlin, Mauel and Sordat (57)
C L. mexicana Perez, ILabrador and Torrealba (58)
D L. tropica Nasseri and Modabber (58)
E L. tropica Preston, Bebehani and Dumonde (55)
F L. donovani Bradley (45)
G L. donovani Blackwell, Freeman and Bradley (51)

(chronic)
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It is clear that the detailed analysis of particular
parasite systems is now proving very fruitful and that close
interaction between studies of the genetics and the mecha-
nisms of resistance is specially important, while it is
necessary for those wishing to understand acquired resis-
tance to do so in strains controlled for innate resistance
if confusion is not to result.

Even the ‘'stamp collecting' is now rewarding since
there is a spectrum of host strain responses for each para-
site studied so far, and new studies can be matched against
these. Thus the similarities and differences in the res-
ponse spectra of mice to L. donovani, L. tropica and S.
typhimurium raise numerous questions susceptible to precise
and almost certainly interesting analysis, while the accumu-
lated and wunanalysed results of strain-typing of hosts
against parasites provide ample material for the immunoclo-
gist, biochemist and geneticist to study in collaboration.

This paper may have strayed from the more focused in-
terests of many present at this meeting. An obituary of a
psychologist of the older school described him as someone,
who 'could never settle down with a nice cozy rat' - this,
if meant as praise, was overdeing it. The present vigour of
our subject is largely due to settling down with some cozy
mice of good pedigree, and thus being even more dependent on
those who, like Dr. Taylor, have looked after the welfare of
inbred mice for so many years. But we should also balance
that work with an occasional glance towards the outbred
world outside.
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DISCUSSION

Poulter: Would Bradley give us his wviews on some of the
possibilities raised by his overview? One can forsee that
genetic control of natural defenses would eventually affect
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the character and magnitude of specific immune responses.
Following the phase of natural resistance, prior to the
mounting of immune response, there would be rather consider-
able variations in the number of surviving parasites and
their distribution in wvarious host sites, thus presenting a
variable antigenic load for triggering immune responses.
Could, therefore, the interpretation of Howard's data
(genetic control of resistance to L. tropica is expressed at
the level of suppressor T cells), discussed by Bradley, be
that different levels of suppressor T cell activity in
various mouse strains infected with L. tropica are simply a
reflection of wvariations in parasite load and distribution,
resulting from operation of natural resitance mechanisms,
rather than being an expression of differences in genetic
control of immune response?

Bradley: Although you are correct in stating that the level
of natural resistance would affect the quality and gquantity
of specific immune response by virtue of the differences in
parasite load and presentation, it is equally obvicus that
there are distinct genetic systems which control specific T
cell responses to parasites. Our approach was to study acg-
uired responses to L. donovani in mouse strains selected to
express comparable levels of their Lsh gene-controlled
natural resistance. In that situation H-2 linked genetic
systems, presumably influencing T cell responses, were shown
to play a major role in recovery from wvisceral leishman-
iasis.

Poulter: It is unlikely that identification of genes con-
trolling resistance to parasitic infection in inbred mice
would be terribly relevant to the human situation until you
pinpoint the factors controlled by such genes. That being
the case, what can be said about our present knowledge of
any of these?

Bradley: We think these factors are in the area of macro-
phage biochemistry. I agree entirely with your wview that,
only when one finds the biochemical mechanism responsible
for natural resistance, can one cross species barriers. The
Lsh gene is expressed primarily in Kupffer cells and their
equivalent in spleen. Presently the insuperable problem is
that these cells cannot be isolated, cultured and approp-
riately studied. Analogous work on peritoneal macrophages
as counterpart cells is not acceptable, for, ewven though
they do belong to the moncnuclear phagocytic system, they do
not express the Lsh gene. The other possibility is that the
genetic factor controlled by the Lsh gene acts on the envir-
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onment in which macrophages operate. They could well lose
their resistance upon removal from such an environment.
Poulter's comment on the limited value of inbred mice
as a model for the study of genetic control of resistance in
outbred populations is pertinent. Wild mice, which we have
studied extensively, all appear to be resistant to Leish-
mania although one would expect that the overall population

should include a proportion that is genetically suscept-
ible*.

Skamene: I was intrigued by your statement that the genetic
resistance to malaria in the case of P. chabaudi may be
caused by the high level of NK cell acti;ziy. How would you
visualize the NK cell dealing with malaria?

Bradley: I do not visualize it at all. I was only trying
to cover what had been published. I was referring to recent
work (20) stating that one strain of five studied was sus-
ceptible and also manifested wvery low NK cell activity.
Just how NK cells would do this, I do not know. One needs
to look at a lot more strains before getting beyond "stamp
collecting"” in that particular situation. It was not a
formal linkage study.

Wyler: For the record, there are obserwvations suggesting
that certain Indian tribes that are highly inbred populat-
ions, living in endemic areas, are resistant to Ieishmania
tropica. The point is that even within human populations
some patterns are being discerned.

Perez: Bradley's overview emphasized strongly the import-
ance of the genetic contribution of the host in the final
result of host-parasite encounter. However, Leishmania

parasites are very complex organisms, and one could also
conceive a role for the genetic constitution of the parasite
population.

Bradley: This is true; the parasite variations in differ-
ent forms of leishmaniasis are enormous. We have restrict-

*Editor's Comment (E.S5.): This may well reflect a high
degree of preselection in nature where only the resistant
ones survive. This may be especially pertinent vis-a-vis
the finding of the possible identity of the Lsh gene and of
the Ity gene controlling natural resistance to Salmonella.
One can wvisualize that resitance to many other infections
may well be controlled by this locus on the 1st chromosome.
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INTRODUCTION

Injection of an infective dose of Leishmania tropica to
different strains of mice produces various forms of leish-
maniasis (1). Some strains recover from the infection
(healers) and others retain a persistent lesion (nonheal-
2rs). Healer strains may become nonhealer when injected
with higher doses of the organism (2,10). We observed that
the injection of 1-2x10" promastigotes of L.tropica major
produced a wvisceral and lethal infection with metastatic
lesions in BALB/c mice (9). Weintraub and Weinbaum (15),
Smrkovski and larson (13), and Bjorvatn and Neva (3) have
also reported the same in BALB/c mice. The visceral disease
in the BALB/c seems to be independent of the infective dose
and the mice can not produce a strong DH reaction to leish-
manin {2x105 phenolized organisms) during the course of in-
fection. Other strains of mice (A/J, C57BL/6, C3H, CBA,
AKR/Cu) similarly infected recovered from the infection and
mounted a DH reaction (8). It therefore seemed that DH and
susceptibility to visceral leishmaniasis in mice are inter-
related and genetically controlled.

Bradley and colleagues have analyzed the genetics of
innate susceptibility of mice to L.donovani (4,5,6, this
volume). In this system, the line between "susceptible" and
"resistant” traits is very clear. The gene responsible for
the susceptibility was shown to be located on chromoscme 1
and was designated "Lsh".

Handman et al. (7) and Behin et al. (2) have shown a
correlation between the growth of L.tropica in macrophages
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of different mouse strains and their relative susceptibi-
lities to cutaneous leishmaniasis (healing and nonhealing).
Preston et al. (10) also observed a range of susceptibility
in various strains and similar to Behin et al. (2) described
a spectrum of different forms of the cutaneous disease with
inCrE&EiI‘Ig doses.

To evade some of the complications of genetic analysis
of a spectral disease, which undoubtedly involves many phe-
nomena, we chose to study the genetic susceptibility of
visceral leishmaniasis in the BALB/c model.

In this paper we report the form of infection in F; and
their backcrosses tc BALB/c (S) and A/J (R) parental strains
the relationship of DH reaction to resistance, and attempts
to modify the immune response by levamiscole (lev) and cyclo-
phosphamide (CY¥) in order to study the mechanisms res- pon-
sible for the generalization of L.tropica infectien in BALB-
/c mice. All procedures were the same as described before
(8).

SUSCEFTIBILITY IN F; AND BACKCROSSES

All F; hybrids of BALB/cxA/J (males and females) were
susceptible and had < 1.0 mm 48 hr DH reaction similar to
that of BALB/c. Susceptibility is defined as a generalized
infection with metastatic lesion leading to death. Death is
independent of the dose of inoculum provided an initial
lesion is produced. (Note: Monhealing localized lesion,
i.e. in DBA/2 mice infected with 1-2x%10 E,troEica does not
fit this description and must be considered separately). A
dose of 1-2x10"  promastigotes (used routinely) killed 70-80%
of BALB/c, B/JxBALB/c and F;xBALB/c in 4 months. in the re-
sistant backcross (F xA/J), 13 out of 65 survived beyond 6
months after infection at a time when 100% of BALEB/c, A/Jx-
BALB/c and F)xBALB/c were dead with signs of generalization
(Fig. 1). Of the surviving 13, 4 seemed to have controlled
the disease and had signs of recovery. Hence the suscepti-
bility seems to be dominant and under a multigenic control
system.

DH REACTION IN BACKCROSSES

The DH reaction of F;xA/J and F;xBALB/c 70-80 days post
infection is shown in Table 1. Fifty one percent of the
backcross-resistant mice showed a positive reaction (> 1.0)
in contrast to 21% of the backcross-sensitive mice. The
extent of DH reactions in backerosses in relation to the
time of death is shown in Fig. 2.
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Fig. 1. Mortality rates of backcross strains.

Table 1. 48 hr DH reaction to leishmanin in infected
backcross hybrids.
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Fig. 2. Relationship of DH and time of death.

Generally, the animals with a positive DH reaction (> 1.0mm)
had a longer survival time. However, there were animals of
both backcrosses with positive DH reactions (> 1.4) which
died in 6 months and animals with low or negative reactions
which survived longer (4 surviving F;xA/J mice had: 0.4,
0.8, 1.4 and 1.6 mm reactions). The mean DH reaction for
FixA/J mice which survived > 6 months was 1.23%0.3, and for
those that died was 1.03%0.71 and hence not significantly
different.

Levamisole (Lev) considerably reduced the rate of in-
fection in A/J mice and prolonged the incubation period of
BALB/c (Tabkle 2). However, it did not prevent a wvisceral
disease in BALB/c in spite of enhancement of DH reaction on
day 30 (Table 3).

THE EFFECT OF CY (200 mg/kg BODY WEIGHT)

In a preliminary experiment, an injection of 200 mg/kg
body weight (IP) at the time of inoculation delayed the on-
set of antibody production of both BALB/c and A/J. However,
the rate of infection in A/J mice was increased (from 53 to
100%) but that of BALB/c was reduced (from 100 to 83%).
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Table 2. Effect of Levamisole (25 mg/kg monthly) on the
rate of infection in A/J and BALB/c mice

Days after Afd BAL B

INFECEION |75+ ed| Control| Treated|Cont rol

20 5 5 20 32
40 5 36 62 a0
00 5 37 80 10
80 10 57 U 100
125 2 T8 100 100

167 3 78 100 {0

——r e e e e T A s T . e Rt e . R

Mice received the first injection of Lev. (IP) at the time
of infection. HNumbers are % of mice with lesion.

Table 3. Effect of levamisole (25 mg/kg monthly) on 48 hr
DH reaction

Foot pad swelling (mm)
Days alter inoculation BALE/c Afd
treated (20) (untreated (10)|treated (19) |untreated (11)

15 0.5 £ 1 0.5 = 0.1 0.4 = 0.1 0.5 2 0.1
30 1.4 = 0.2 0.6+ 0.2 1.7 = 0.1 2.4

18 1.2 + 0.2 1.0 + 0.2 1.4 0.2 2.0 + 0.4
1y 0.7 2 0. + 1.6 2 0.2 1.4 + 0.4

*Leishmanin_ = 1.2x10° phenolized organisms, the rest tested

with 2.4x10°.
** Only 15 surviving mice were tested.

0Of interest was the observation that 2 out of 12 CY-treated
BALB/c recovered from the infection. One of them only pro-
duced a nodule but the other had a small lesion. Both had
low antibody titres on day 120 (1:80 and 1:160). This pre-
liminary experiment indicates that manipulation of the
immune response may prevent the visceral disease.



34 F. Z. Modabber er al.

DISCUSSION

Murine leishmaniasis produced by L.tropica is a "spect-
ral" disease (10,11) as is leprosy and human leishmaniasis
(14); and the immune responses are regulating the course of
infection. Therefore genes regulating various immune react-
iens play a role in the control of this disease. Cn the
other hand the Lsh locus which regulates the acute rate of
growth of L.donovani must play a role in the L.tropica in-
fection, since both organisms grow primarily in the macro-
phages. The isolation of parasites from the spleen of vari-
ous strains of mice (R and S) injected subcutaneously with
L.tropica supports this notion (Leclerc et al., unpublish-
ed). Hence, it is understandable to find mouse strains
which are either resistant (i.e. C3H), or susceptible (i.e.
BALB/c) to both parasites. These mice do not give a spec-
tral disease with different doses of organisms. On the
other hand there exist strains of mice (i.e. C57BL/6) which
lack ILsh® gene but are relatively resistant (7,8), how-
ever, can give rise to nonhealing lesions in some of the
animals with higher doses (2). In these animals another set
of genes responsible for acqguired immune responses regulate
the form of infection. At low parasite load they recover
and at high doses they are unabkle to control the infection.
Suppression of in wvitro stimulation of lymphocytes by L.-
tropica (12) supports this notion.

Although there are contradictory reports from different
labs (generalized infection in BALB/c, dose effect in CBA),
and this may be a reflection of differences in parasite
strains, there is a general agreement that the susceptibi-
lity of mice to L.tropica 1s under a multigenic control
system. Our data of F; and backcrosses support this notion.

Although delayed hypersensitivity per se was shown not
to be sufficient to confer resistance, in its absence, the
host is highly susceptible. It is therefore not surprising
to find that many genes are involved in the regulation of a
given form of the disease. The Lsh gene regulates the
innate immunity but a host of other genes regulating various
macrophage functions, the antibody response and the response
of various T-cells interplay in the overall outcome of the
infection.
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DISCUSSION

Nacy: Two points deserve comment in discussing mechanisms
responsible for genetic resistance to leishmaniasis in
implicating macrophages as the effector cells. First of
all, a mouse strain with a recognized macrophage defect
(P/J) initially manifests no lesions after infection with
L. tropica. Later, however, enormous lesions develop pro-
gressively and do not resclve with time, as do lesions in
other mouse strains mounting effective macrophage responses.
The second point deals with the age-dependence of genetic
resistance to L. tropica which resembles other age-dependent
systems of natural resistance. For instance, CS57BL/6 mice
infected at & weeks of age do not develop lesions, whereas

35
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animals infected at 12-16 weeks of age manifest enormous
lesions which subsequently resolve¥*,

Kirchner: I would like to ask Modabber about the details of
the cyclophosphamide protocel? I was concerned that he may
have used too high a dose of cyclophosphamide which would
not be selective for suppressor T cells.

Modabber : The data that Kirchner refers to was obtained
with 200 mg/kg body weight and was essentially designed to
suppress the antibody response. It was given either prior
to, or at the time of, the infection, more or less in the
fashion that Turk used cyclophosphamide to suppress the
antibody response. However, we have also used lower doses,
up to a maximum of 20 mg/kg body weight where we sought to
block the suppressor T cells. Here the lesions displayed by
the animals were much smaller, but this study is not yet
completed. In the high dose cyclophosphamide group, it is
noteworthy that these animals do develop delayed hyper-
sensitivity responses, but whether that is related to the
lack of antibody or to elimination of suppressor cells is
not established.

Kirchner: Could it be that one is simply destroying the
target cells of initial parasite replication?

Modabber: The parasites seem to replicate in macrophages.
We all know that. In practical terms it is impossible to
eliminate macrophages or even to substantially reduce their
number. Cyclophosphamide-treated mice eventually develop
lesions and, since the parasite cannot live and replicate
outside the macrophage, it is thus inconceivable that macro-=
phages have been eliminated, but it is possible that they

*Editor's comment (E.S.): The formal evidence for macro-
phages expressing the phenotype of genetic resistance to
Leishmania was recently provided by Handman et al. (Aust.J.-
Exp.Biol.Med.Sci. 57:2, 1979) and by Behin et al. (Exp.-
Parasitol. 48:81, 1979). HNon-specifically induced periton-
eal macrophages from a Ieishmania-resistant mouse strain
destroyed ingested parasites in vitro while analogous macro-
phages from a sensitive strain were unable to kill the in-
tracellular parasites. They did so only after sustained
activation by lymphokines in wvitro. These results suggest
the threshold of activatiaﬁ_ﬁecessary to kill Leishmania is
higher in macrophages of genetically susceptible mice than
in those of resistant mice.
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have been biochemically compromised. It is noteworthy that
there have been reports of macrophage activation with cyclo-
phosphamide at dose levels of 200 - 300 mg/kg body weight.

Wyler: In any of these experiments, I would emphasize that
when one inoculates parasites, be it promastigotes or amas-
tigotes, one is dealing with heterogeneous populations. One
can certainly manipulate in wvitro, promastigotes at least,
in terms of altering their susceptibility. For example, L.
tropica does not grow at 37°C, but if one passages them and
adapts them, very often they can be gotten to grow very
nicely at 37°C. Presumably what happens is that one 1is
simply selecting out subpopulations that have different
temperature limits. I cannot help wondering whether some of
these susceptibility studies may also relate to selecting
out, from the heterogeneous population inoculated, parasites
that can survive or cannot survive within that milieu, but
it immunologic or biochemical. So one experiment that would
be interesting and important would be to backcross the para-
site, in the sense that parasites would be isoclated from the
resistant host for infection of the sensitive animal and
vice versa. Has Modabber done that?

Modabber: Yes, it was done, by taking the isolates from
Balb/c sensitive host, and injecting them into A/J and
various other resistant strains. The course of infection
has not been altered by this procedure, i.e., the animals
continue to behave as resistant. Therefore, I do not see
this as involving a selection of organisms.

Wyler: But, I would expect that the organisms from the re-
sistant animal would be more revealing, in as much as the
Balb/c mouse is so permissive for the growth of parasites
that one may have effected very little selection.
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Leishmania tropica major is a causative agent of cutan-
eous leishmaniasis in man and certain wild rodents. The
parasites are obligate intracellular parasites of macro-
phages and usually produce self-limiting, ulcerating cutane-
ous lesions in a susceptible host. Previous reports (5)
suggest that infections in mice with L. tropica show certain
similarities to data reported on mirine infections with
Leishmania donovani (2,3,4). Further data generated on
genetic control of cutaneous leishmaniasis, when compared
with that on visceral leishmaniasis, should prove to be most
interesting.

A series of inbred mouse strains were injected intra-
dermally at the base of the tail with 10° promastigotes of
Leishmania tropica. Infected mice were examined on a weekly
basis for the development of ulcers and metastatic lesions.
The criteria of lesion size, ulceration and persistence of
cutaneous lesions were used to divide the mice into two
groups: a highly susceptible group including BALB/cJ and
SWR/J, and a relatively resistant group that included all of
the other strains studied (Table 1). O0f all the strains
studied, only BALB/cJ and SWR/J developed extensive ulcerous
lesions that failed to show signs of resclution. Approxima-
tely 50% of the mice of each of these two strains had died
within 16 weeks, often with lesions of over 20 mm in diam-
eter. This SWR/J mouse appeared to develop a deeper ulcer
than BALB/cJ, but only the BALB/cJ mice developed metastatic
lesions.

Within the resitant group, the NZB/BINJ mice appeared
to be the most refractory but nevertheless developed small
distinct ulcers by 7 weeks with resolution and healing by
11 weeks post infection. Highly significant differences in
the time of appearance or extent of ulcers and time of re-
solution were not noted among most of the other strains
studied. It should be noted, however, that the strains A/J
and DBA/2J have been previously shown to be somewhat more
susceptible to wvery high parasite doses (1). All of the
strains in the resistant group resolved their infections by
week 16.
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Table 1. Mean diameter (mm) of primary cutaneous lesions in
inbred and congenic resistant mouse strains infected
intradermally with 10° L. tropica promastigotes.

Time (weeks)

Mouse 1

Strain 3 712 11 16
SWR/.J 4.4 14.0 15.8 19.0
BALB/cJ 3.8 10.2 13.9 18.1
ASJ 7ol 4.8 3.8 1.0
DBA/ 1] 1.2 4.5 3.0 0
DBA/ 2J 0 i 0 0
AKR/J 0 1.5 0 0
CBA/J 2.3 4.0 0 0
C3H/HeJ 2.5 S 20k 0
NZB/BINJ 300 5.0 3.2 0
C57BL/6J 0 3.2 2.1 0
C57BL/10Sn 1.6 4.6 2.4 -4
B10.D2 123 4.5 1.1 0
B10.129(10M) 3.9 5.0 2.0 0
B10.CE (30NX) 2.2 5l L5 5

From the data it should be apparent that all mouse
strains could be considered innately or acutely susceptible
to L. tropica since all strains developed a cutaneous ulcer
within a few weeks. Since resolution occurs anywhere from 2
to 3 months post infection, it is likely that healing is
immunologically mediated. Along these lines, it is inte-
resting to note that only BALB/cJ and SWR/J fail to develop
a delayed hypersensitivity to E:_ tropica antigens (Table
2). BRll other strains resolved their lesions and developed
positive delayed hypersensitivity reactions.
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Table 2. Delayed hypersensitivity responsel of inbred and
congenic resistant mouse strains 15 weeks after intradermal

infection with 10" L. tropica promastigotes

Mouse strain 24 hours 48 hours
SWR/J 0.09 + 0.10 0.00 + 0.06
BALB/cJ = =

VA 0.33 + 0.12 0.41 + 0.01
DBA/1J 0.31 + 0.10 0.19 + 0.09
DBA/ 2] 0.30 # 0.07 0.50 + 0.28
AKR/J 0.48 &+ 0.03 0.33 + 0.10
CBA/J 0.45 + 0.06 0.51 + 0.03
C3H/HeJ 0.25 + 0.14 0.15 + 0.10
NZB/BINJ 0.45 + 0.15 0.50 + 0.13
C57BL/6J 0.24 + 0.10 0.35 + 0.14
C57BL/105n 0.38 + 0.14 0.51 + 0.21
B10.D2 0.33 + 0.17 0.51 + 0.08
B10.129(10M) 0.16 + 0.10 0.23 + 0.19
CBGF,/J 0.29 + 0.22 0.21 + 0.19

lRﬂspﬂnses were measured as increased footpad thickness in
comparison to saline injected controls in mm (mean * S.D.)
24 and 48 hrs after injection of 0.025 ml leishmanin.

Because of the probability of immune response gene con-
trol over the developed resistance, the possibility of H-2
haplotype influence should be considered. However, BALB/cJd,
which is highly susceptible, and NZB/BINJ, which is highly
resistant, are both H-29. 1In addition, SWR/J, also highly
susceptible, and DBA/1, which is resistant, are both H-24.
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Analysis of the course of infection in the F) hybrid of
BALB/cdQ X C57BL/6J O (synonym CB6F;/J) indicated the hybrid
to be less resistant than the C57BL/6J (synonym B6) parent
but with a tendency toward resolution of the lesion at or
beyond 16 weeks (Figure 1).

NEOUS LES LN (mm)

HEAN DIAMETER OF CUTA

TIME (weeks)

Figure 1. Mean diameter of primary cutaneous lesions in
inbred mouse strains infected intradermally with 10 million
L. tropica promastigotes. (O———0) NZB, iC?————‘ﬂﬁlBEf
(@——@)SWR, (B—M)BALB/c, (@©—®)CB6F]; (+) time of
appearance of metastatic lesions; (-) time of death of in-
dividual mice; 6 mice per group.

The F; hybrid also showed positive delayed hypersensitivity
to L. tropica antigen (Table 2) If a single gene were
found to control resistance, the trait in the F) hybrid
would simply be considered one of incomplete or partial
dominance.

An F; generation of 54 animals was also infected with
L. tropica. As early as 8 weeks post infection the mice
could be divided inte three groups. Twenty-eight percent
developed ulcers over 6 mm in diameter with depressed cent-
ers and raised borders similar to corresponding BALB/c cont-
rol mice while 17% were highly resistant and pinpoint
lesions similar to the B6 controls. The remaining 55% show-
ed ulcerous lesions between 3 and 5 mm in diameter resembl-
ing the appearance of the lesion in the CB6F)/J hybrids.
Chi-square analysis indicates the data to be in conformity
with a 1:2:1 ratio {x2=2.ﬂ, P>.30) indicating that resis-
tance may be under control of a single gene.
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DISCUSSION

Ali-Khan: We know that Balbk mice are high producers of
gamma G; but that all the other strains used in this work
are low producers of gamma G; antibody. I would like to
know if De Tolla has any data on the humoral immune re-
sponse with respect to these antibodies.

DeTolla: We have begun to use the data on antibody levels
but we really have not tabulated it. However, there are
reasons for coming to the general conclusion at this time
that antibody does not seem to play any notable role in
acquired resistance to this parasitic disease. This con-
clusion is based on the work of many investigators whose
findings show clearly that cell-mediated immunity is the
principle mode of acguired immunity to leishmaniasis.

ali-Fhan: The point that I was seeking to make is the
modulating effect of high producers of gamma G; antibody on
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the cell-mediated immune response*.

Cudkowicz: There seems to be a presumption in the commu-
nications given by the speakers on this topic that resis-
tance is based on the absence or presence of a certain form
of immune response. Has anyone tested this in nude mice or
in mice having the genetic B cell defect?

DeTolla: Studies have indeed been made on nude mice. It
was found that, whereas normal CBA mice were resistant to
L. tropica, the CBA-nude manifests continually expanding
lesions and dies of the infection.

Cudkowicz: Then the CBA-nude is as susceptible as the
Balb/c?

DeTolla: Yes, it seems to be.

Cudkowicz: Again, referring to the nude mouse, from what I
understood during this session, the susceptibility of Balb/c
mice should be attributed to the lack of delayed hyper-
sensitivity response; 1in that case the results on nude mice
would be supportive. But it was also said that the Balb/c
mice may be susceptible because they generate suppressor T
cells. However, in that case, the data with the nude mice
would not be supportive - the nude mouse would not hawve the
source of suppressor cells.

*Editor's Comment (E.S5.): Acquired immunity has not been a
principle issue of this conference except for situations
where it might reflect variations originating at the level
of genetically controlled resistance. BAs far as the role of
Leishmania antibodies in resistance to this parasite is con-
cerned, it is common knowledge that specific antibodies can
routinely be found in hosts infected with Leishmania: more-
over, the development of immediate hypersensitivity often
coincides with the onset of healing. Critical experiments,
however, have yielded mixed results; although specific
antibody can clearly inhibit the growth of Leishmania pro-
mastigotes in wvitro, the transfer of such antibody (conva-
lescent serum) does not confer protection in normal animals.
The antibody may not be effective in wvivo in a host whose
final effector mechanisms of resistance (macrophages, pre-

sumably) are genetically unable to handle even well-opsconiz-
ed parasites.
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Howard: It is particularly interesting that if you use a
conventional thymectomized, irradiated and marrow-repopulat-
ed Balb/c mouse, it actually heals its lesions, not all of
them, but all will show a retardation of progression of the
lesions and some of them heal. You can also see this with
sublethal iradiation prior to the infection. All these
animals will show a restoration of delayed hypersensitivity
and also have some antibody. So I think this is a differ-
ential effect. If you try to use nudes they all die anyway
because of the problem of keeping them alive long enough to
do the experiments.

Perez: I would point out that in leishmaniasis, the ability
to develop delayed hypersensitivity reactions and the abil-
ity of the host to resist and eliminate infection are prob-
ably two quite separate, unrelated, events. We should re-
member, for example, the muco-cutaneous form of BAmerican
leishmaniasis, where we may see delayed type hypersensitiv-
ity responses and still have a chronic infection. In our
experimental system, the DBA/2 mice infected with L. mexi-
cana develop persistent infections (non-healing) even with a
low dose of parasites. However, they develop pronounced de-
layed type hypersensitivity responses to the parasite and
also protective immunity. Accordingly, I wonder whether the
delayed type hypersensitivity is not related more to protec-
tive immunity than to host ability to eliminate infection.

DeTolla: That is a possibility; one has to look at all
sides of the issue in deciding what are proper conclusions.
We do not have any examples of mouse strains, however, that
heal their lesions but fail to develop delayed hypersens-
itivity reactions. Nor do we hawve any correlation from
human data that positive delayed hypersensitive skin test is
present, but lesions are not healing¥*.

*Editor's Comment (E.S.): Genetic analysis provides a use-
ful means for resolving this issue. It has been shown by
Modabber et al. (this volume) that there may be a dissocia-
tion of resistance to Leishmania (measured as survival) and
DTH (footpad reaction) to Leishmania antigens among the seg-
regating population of F; (A/J x Balb/c) x A/J backcross
mice. Sewveral individual mice were sensitive (died) while
having strong DTH, whereas others survived despite insignif-
icant DTH. DTH and resistance should, therefore, be wviewed
as two phenomena which, in the natural course of infection,
are temporally and guantitatively associated; but there is
possibly no cause-effect relationship between DTH and resis-
tance.
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American cutaneous leishmaniasis (ACL) displays a di-
verse range of clinical manifestations. These have been re=
lated to variations in the host's response (3,13) to a di-
versity in the pathogenicity and infectivity of Leishmania
parasites (5). Different strains of mice show dissimilar
patterns of infection after the inoculation of 19“ amasti-
gotes of L. mexicana. C3H, CBA, AKR and C57BL/& are resist-
ant whereas DBA/2 and BALB/c are susceptible (9 and Pérez
unpublished data). Hybrids from the cross between resistant
and susceptible mice showed a level of resistance similar to
that of the more resistant parents (9). These results have
suggested that in the mouse susceptibility to L. mexica is
under genetic control. Moreover, comparison between the
courses of infection with two strains of ILeishmania, one
isolated from a case of diffuse cutaneous leishmaniasis
(DCL) and the other from a non-complicated case of ACL, in
C57BL/6 and BALB/c mice revealed that patterns of infection
were largely determined by the host (8). However, other
factors such as the host's nutritional status and the number
of infecting parasites, profoundly modify the response of
resistant mice to L. mexicana (10,12).

As a safe vaccine for ACL has not yet been developed,
therapeutical treatment remains as the most effective avail-
able mean to control the infection. Glucantime (N-methyl-
glucamine antimoniate) is one of the drug of choice for the
treatment of ACL. It is usually very effective for the non-
complicated form of ACL, it is unsatisfactory for the treat-
ment of mucocutaneos leishmaniasis and it is totally ineff-
ective for DCL.

The lack of efficacy of glucantime in DCL, where spec-
ific immune responses are depressed (2,3), has opened the
question of whether the activity of the drug is related to
cooperation between the drug and the host's immune response
to the parasite. It was attractive, therefore, to explore
the response of resistant and susceptible mice infected with
L. mexicana to therapeutical treatment with glucantime.
EFﬁg was administered subcutaneously between the shoulder-
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blades at the dose of 250 mg/kg/day. Infected mice receiveg
20 injections within 7-34 days after the inoculation of 10

amastigotes of L. mexicana. The results from these experi-
ments made it evident that glucantime at the dose schedule
used was not sufficient to eliminate the parasite. However,
in resistant C57BL/6 mice which are capable to develop cell-
ular and humoral responses to leishmanial antigen and pro-
tective immunity to a challenge infection with L. mexicana
(9,11), early chemotherapy markedly diminished the severity
of lesions. However, time of healing was about the same for
both treated and untreated C57BL/6& mice (Fig. 1) «
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Figure 1. Course of infection, as measured by lesion size,
in control, (O) and treated (@) C57BL/6 mice infected with
10" amastigotes of L. mexicana. Drug treatment administered
within 7-34 days of inoculation of parasites. (H) Ulceration
and (O) cicatrization of lesions. Mean * SD.
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In contrast, in BALB/c mice which show impairment of both in
vivo delayed hypersensitivity (DHR) and in wvitro lmphacyte
reactlvlty to leishmanial antigen (1,9) early treatment with
glucantime although inhibiting the initial development of
lesions it did not significantly affect the course of the
infection. At 16 weeks of infection lesions of treated and
untreated BALB/c mice showed similar sizes (Fig. 2).

SIZE OF CUTANEOUS LESIONS (mmx 107")

TIME (WEEKS)

Figure 2. Course of infection i?; contrel (Q) and treated
(@) BALB/c mice infected with 10° amastigotes of L. mexi-
cana. Drug treatment administered within 7-34 d.ays of in-
oculation of parasites. (M) Ulceration of lesions. Mean %
SD.
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C57BL/6 mice infected with 10° - 107 amastigotes of L.
mexicana develop a chronic infection (12). A further series
of experiments were designed to study the effect of glucan-
time in chronically infected CS57BL/6 {1U5 amastigotes) and
BALB/c (10" amastigotes) mice. At 20 weeks of infection
mice were given 20 daily injections of glucantime at the
dose of 250 mg/kg/day. In chronically infected BALB/c mice
therapeutical treatment only had a marginal effect and at 26
weeks of infection (3 weeks after the last injection of
glucantime) treated and untreated BALB/c mice did not show
significant difference in the size of their cutaneous
lesions (Fig. 3).

SIZE OF CUTANEOQUS LESIONS (mmx107")
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Figure 3. Effect of treatment with glucantime in C57BL/6
mice infected with 10  amastigotes of L. mexicana. Drug
treatment administered within 20-23 weeks of inoculation of
parasites. Control (Q) and treated (@) mice. Mean * SD.
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In chronically infected C57BL/6 mice treatment with glucan-
time had a marked effect, treated mice showed a rapid re-
duction in the size of their cutaneous lesions and at 26
weeks of infection (3 weeks after the last injection of
drug) mice showed resolved lesions (Fig. 4).
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Figure 4. Effect of treatment with glucantime in BALB/c
mice infected with 10° amastigotes of L. mexicana. Drug
treatment administered within 20-23 weeks of inoculation of
parasites. Contreol (O) and treated (@) mice. (M) Ulcerat-
ion and (0O) cicatrization of lesions. Mean * SD.
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Interestingly, chronically infected BARLB/c mice which
failed to respond to treatment showed suppressed specific
and non-specific immune responses and evidence suggested the
activation of suppressor cells in the spleen of these mice
(1,8).

The effect of glucantime in chronically infected C57BL-
/6 mice could be related to a reduction in the parasite load
which allowed these animals to recover their capability to
contrcl the infection. This is suggested by the fact that
at 26 weeks of infection (3 weeks after the last treatment)
treated mice showed intensive DHR to parasites antigens
whereas untreated C57BL/6 mice showed depressed DHR (data
not shown).

Our experiments suggest that the efficacy of glucantime
in the tretment of experimental cutaneous leishmaniasis may
require cooperation between the drug and the host's immune
response.

In vitro evidence suggest that immune mechanisms and in
particular intracellular destruction in macrophages are in-
volved in resistance to cutanecus leishmaniasis (6,7). A
successful response to therapeutical treatment may result
from a two-step mechanism. In the first step parasites are
affected by the drug and in the second step damaged paras-
ites are easily destroyed by the host immune response. In
the absence of the immune mediated step (in non-responder
hosts) the infection persists.

An alternative explanation 1is that in susceptible mice
drug is not properly metabolized. Further work is required
to elucidate the relationship between the immune response
and the activity of leishmanicidal drugs.
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INTRODUCTION

The fact that individuals or strains of a species may
show variation in the degree of which they are infected by
worm parasites, or to which they suffer from the effects of
infection, has been known for a comparatively long time.
The first well-documented reports concerned parasites of
domestic stock (1,9,24,37) where the recognition of waria-
tion was facilitated by the existence of defined breeds of
host. These early reports not only described the phenomenon
but demonstrated the heritability of resistance and confirm-
ed its genetic control. Analysis of the basis of such var-
iation has been limited, until recently, by the paucity of
information about the mechanisms which underlie host resist-
ance. However, advanced in this field (28), coupled with a
realization that understanding wariation in resistance would
have important applications in disease management and con-
trol, have led to greatly increased research activity and in
the last few years significant progress has been made with a
number of experimental and field systems.

It is understandable that workers in this area should
look to comparable studies with other infectious organisms.
Indeed, there are rewarding parallels to be drawn, but hel-
minths, and the host responses they elicit, have character-
istics which may necessitate rather different approaches.
Not only, as metazoans, are worms antigenically complex in
themselves, but during their life cycles they pass through a
series of developmental stages which may differ antigeni-
cally from one ancother. These stages may occur within dif-
ferent sites in the host and quite different mechanisms of
resistance may operate against them. The size of helminths
renders them less susceptible to the cellular mechanisms of
natural resistance which protect against smaller organisms,
thus in the majority of cases resistance is mediated through
both specific (immune) and non-specific effector mechanisms.
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ANALYSIS IN EXPERIMENTAL SYSTEMS

1. General Considerations

Variations in host resistance have been described for a
number of the helminths that can be maintained in the labo-
ratory. However, for many there are limitations which rest-
rict their usefulness as models for detailed analysis. The
most obvious of these is species of host, as such analysis
involves the use of well-defined and readily available stra-
ins. At present only the mouse satisfies both requirements.
A further limitation is the extent to which the mechanisms
of resistance operating within a system have been analysed.
In only a few cases have these mechanisms been sufficiently
well defined to permit genetic analysis. A less obvious
limitation may be the status of the host-parasite relation-
ship concerned. Although a number of experimental systems
represent natural relationships, in that the parasite is
maintained in a host in which it accurs in nature, many are
unnatural and the laboratory host is merely a convenient
species in which development is possible. Though genera-
lization is difficult, it may well be that the range of
variation in resistance necessary for analytical work will
be most often encountered in natural relationships. For
example, mouse strains show a wide spectrum of immune-medi-
ated resistance to primary infections with Trichuris muris,
a natural parasite (26). Much less variation, in terms of
worm recovery and survival, is seen in mice infected with
Schistosoma mansoni (7,23), although, intriguingly, wide
variation is apparent after stimulation of the host with BCG
(6).

2. Heritability of Variations in Resistance

Resistance, as assessed by the time taken to expel
worms from the intestine (e.g. Trichinella spiralis, T.
muris, Trichostrongylus colubriformis, Hymenolepis citelli)
or by the prevention of establishment of larval stages
(e.g. Taenia taeniaeformis), appears most often toc be inhe-
rited as a dominant characteristic and one contrclled by re-
latively few genes (14,22,26,30,35). In two systems, T.
miris in the mouse (27) and T. colubriformis in the guinea
pig (22) selective breeding from outbred stock has allowed
the separation of distinct resistant and susceptible lines
within a few generations.

3. Expression of Genetic Control in Resistance

In relatively few cases 1is resistance to helminths
mediated solely through the immune system. One such case
concerns the cestode T. taeniaeformis, whose larval stages
occur in mice. Resistance is associated with the production
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of IgG anti-worm antibody, and particularly of complement-
fixing isotypes (13,14,16), and passive transfer confers

high levels of protection. Susceptible and resistant
strains of mice differ primarily in the rate at which pro-
tective antibody is produced (14); in the former adequate

titres do not appear until after the larvae have acquired an
anticomplementary actiwvity (10) which renders them insus-
ceptible to antibeody activity.

Although it is probable that such direct, immunologi-
cally-mediated resistance occcurs in all helminth infections,
the more obvious expressions of resistance appear to derive
from the activity of non-specific effectors, such as myeloid
cells, which are brought into play by immune mechanisms.
This type of response is seen in the antibody-and comple-
ment-mediated destruction of larval schistosomes (5) and
larval nematodes (11,12), in which granulocytes, and partic-
ularly eosinophils, play a major role. Non-specifically
acting immune-mediated effector mechanisms are also impli-
cated in the expulsion of intestinal nematodes from the host
(28) and the remainder of this paper will be concerned with
one such nematode, Trichinella spiralis.

CONTROL OF RESISTANCE MEDIATED THROUGH NON-SPECIFIC EFFECTOR
MECHANISMS

Trichinella spiralis has a life cycle unique among nem-
atodes in that all stages occur within the body of one host
organism (Fig. 1). Moderate to heavy infections are patho-
genic, and pathogenicity is associated primarily with migra-
tion of new-born larvae and their establishment within mus-
cles. Resistance to infection is expressed a) by reduction
of adult worm size and fecundity, b) by expulsion of worms
from the intestine, c¢) by parenteral destruction of migrat-
ing larvae and is manifest both during primary infection and
after challenge.

Much is now known about resistance operating against
intestinal stages and it is clear that there is a complex
interplay between a variety of specific and non-specific
effectors (Fig. 2). Recent evidence suggests that, although
related, the expressions of resistance derive from two dist-
inct mechanisms, one a T-cell mediated, intestinal inflamma-
tory response, which results in worm expulsion, the other a
T-cell dependent and probably antibody-mediated response
which affects growth and reproduction (30,31,32). Any or
all of the components involved in these responses may show
genetically controlled variation, but it is possible to
measure the expression of this variation only by the limited
parameters of worm expulsion, reduced growth and fecundity.
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Figure 1. Life Cycle of Trichinella Spiralis.

Inbred mice differ markedly in the degree of resistance
they express during a primary infection. For convenience
strains can be divided intoc rapid and slow responders, using
the arbitrary criteria of whether worm expulsion is complet-
ed before or after day 12 of infection and whether fecundity
is maintained beyond the 8th day. The status of a number of
strains is shown in Table 1, from which it is apparent that
rapidity of response is not associated with H-2 haplotype,
despite the fact that all the rapid-responder strains in-
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cluded are H-29. The data from B10 congenic mice indicat-
es that slow response is a non H-2 characeristic; all B10
background mice had a slow expulsion pattern, although de-

tailed analysis suggests some H-2 influence on other para-
‘eters of resistance.
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Release of antigen Mucosnl damoge

B cells T ullls

Ant  body Hast :t!ls Em:tnnphila '[.:cr{a-ph1gc: Heutrophil
Iz E

Igh -’H!n-e release Emwm 'm-d; snluhle factors

tfﬁple e
'i"l. llous atrophy

1'.:1.1r. rmr[rnn—w-nl: alters

Horm lus viable
Drop inm fecumdice

EXPULSION

Figure 2. Summary of responses in intestine associated with
resistance to Trichinella Spiralis

TABLE 1

Response of inbred strains of mice to infection with
Trichinella spiralis (Data from Wakelin, 1980)

Rapid Response Slow Response
NIH a-29 B10 (C57BL/10) H-2P
DBA; H-29 B10.G H-29
SWR H-29 B10.BR H-2K
B10.D2 H-24

Non H-2 control of the speed of worm expulsion could be
exerted through the immunologically-specific component of
the response, through the intestinal inflammatory component,
or both. Reciprocal adoptive transfer experiments, using
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the histocompatible NIH and B10.G strains were performed and
the results are summarized in Table 2.

TABLE 2

Trichinella spiralis in inbred mice: adoptive transfer of
immunity with mesenteric lymph node cells  in the
histocompatible rapid- and slow-responder NIH and B10.G
strains

Expression of immunity agaigst
challenge worms in recipients

Lowered hccelerated
Strains of mice fecundity of expulsion
Donor Recipient female worms of worms
3
Mone NIH = =
Hone B10.G = =
MIH NIH + +
B10.G B10.G + .
B10.G NIH + +
NIH B10.G - =

lcells taken from donors infected with 300 larvae 8 days
previously. Recipients given 2-4 x 10 cells and challenged
with 300 larvae on the same day.

2Recipients killed 8 days after challenge.

3Expulsion of worms had occurred by day 12.

It is clear that the slow response of B10.G mice is not de-
termined by the rate of development of the immunologically
specific component, as day 8 B10.G cells transferred immuni-
ty to NIH mice as effectively as did HIH cells. (Other ex-
periments showed B10.G mice had competent cells as early as
4 days after infection). In contrast, NIH cells failed to
bring about significant expulsion of worms from B10.G mice
within the time - 8 days - that they were able to do so in
NIH mice. This result implies that the rate-limiting factor
in the slow expulsion from B10.G mice and thus the point of
non H-2 genetic control, is the development of the intesti-
inal inflammatory changes in response to the specific immune
component. This is supported by the fact that when NIH mice
are reconstituted with B10.G bone marrow after lethal irrad-
iation, their response to adoptive transfer of NIH immune
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cells resembles that of B10.G mice (Table 3).
TABLE 3

Trichinella spiralis in inbred mice: adoptive transfer of
immunity with mesenteric lymph node cells (MLNC) from rapid-
responder NIH mice  into NIH mice reconstituted with syn-
geneic bone mrrow (BM), or BM from histocompatible slow-
responder B10.G mice, after 850 rad irradiation

Worm recoveries 8 days after

Group of mice challenge
Fecundity
BM MLNC Mean 5.D. larvae/female/h
1 - = - 102.3 30.2 2.8
2 = = + 46.0 26.9 0.8
3 + NIH + 40. 1 26.8 not done
4 + B10.G + 118.9 18.0 1.4

IEElls taken from donors infected with 300 larvae B8 days

previously. Recipients given 3 x 107 cells and challenged
with 300 larvae on the same day.

Pgar - 2 - 7 :

Mice irradiated and given 1 x 10 EM 90 days before infect-
ion.

At present it 1is not possible to identify which compon-
ent of the inflammatory response is under non H-2 control.
An attractive possibility centres around the involvement of
mast cells and reaginic antibody as a central initiating
effector mechanism. Although this concept has been current
in immuncparasitelogy for several years, with experimental
data both for and against (19), the recent ideas of Askenase
(2) on the involvement of amine-containing cells in inflamm-—
atory responses has once more focussed attention on this
mechanism. Certainly in rapidly-responding mice such as
NIH, there is a dramatic rise in intestinal mast cells dur-
ing a primary infection (Alizadeh and Wakelin, unpublished)
and it is also known that inbred mice do vary in their cap-
acity to form IgE and IgG; antibodies during infection with
T. EEiraliE (20). Recent work with Nippostrongylus brasili-
ensis (3,18) has shown that the rise in mast cells during
infection can be accelerated by transferring immune lymph-
ocytes and there is preliminary evidence that this is true
also in the case of T. spiralis in mice. A working hypothe-
sis, therefore, is that non H-2 genes control the production
of a lymphocyte-mediated intestinal mastocytosis and/or the
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production of the reaginic antibody necessary to mediate
amine release. Whereas much is presently known about
genetic control of reagin production, little or nothing is
known about that of mast cell responses. However, it is in-
teresting to note that marked strain differences occur in
the mast cell responses of rats infected with N. brasilien-—
sis and in the increased gut permeability that accompanies
infection (17,18).

Although it appears that the overall speed of response
to T. spiralis is under non H-2 control, it remains to be
shown whether H-2 linked genes also play a major role. It
is sugestive that the rapidly-responding inbred strains so
far studied, using ( I) UDR to label mesenteric node blast
cells, do show that mice carrying this haplotype have a more
rapid cellular response to infection. This is true both of
rapid-responders (NIH) and of slow-responders (B10.G); B10
mice, in contrast. show a slower cellular response (Wakelin,
unpublished). Wassom et al (35) have shown a clear influ-
ence of H-2 linked genes on overall resistance and have con-
firmed that haplotype H29 confers greater resistance to
T. spiralis.

There is no doubt that present concepts of the genetic
control of resistance to T. spiralis are oversimplified and
incomplete. The work of Bell and his cclleagues (4) has
shown that in rats the different stages of infection elicit
specific responses in the host; in complete infections the
overall characteristics of resistance therefore represent
the summation of several component parts. It is not impos-
sible that each could be under independent genetic control.
Some support for this view is given by Despommier et al. (8)
who reported that in certain rat strains expression of re-
sistance against the intestinal phase of infection included
both reduction of fecundity and worm expulsion; in others
expulsion occurred without prior effects against reproduc-
tion.

In addition, little is yet understood, either at the
level of mechanisms or control, of factors operating against
the parenteral stages of infection. Recent work has shown
that new-born larvae can be killed in wvitro by antibody-
mediated eosinophil activity (11,12); other studies suggest
that a similar mechanism may operate in vive (15). No sys-
tematic study has yet been carried out to test whether there
is strain variation in ability to express resistance against
parenteral stages. Some workers (25) have assessed strain
variation by comparing the numbers of muscle larvae recover-
ed after a standard infection, but such data do not take
into account the fact that differences may occur in repro-
ductive output from adult worms, because of variation in a)
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establishment, b} level of fecundity attained, c¢) duration
of fecundity and d) survival. These difficulties can be
overcome by the expedient of direct, intravenous injection
of new-born larvae. MNot only would this approach provide
useful information about host resistance to this stage of
T. spiralis, but such information may well prove relevant to
understanding the nature of responses to the parenteral
stages of nematodes, such as filariids, that are of much
greater medical significance.

CONCLUSION

Despite the complexity of the responses elicited by
helminths, genetic control of resistance may still be ex-
erted in a simple and direct manner. This is because, with-
in the complexity, there are relatively few responses that
contribute to protection and of these even fewer may act as
rate-limiting factors. This fact gives some optimism for
the application of genetic studies to the problems of chron-
ic helminth infections, particularly those of domestic
animals. If it can be shown that parallels exist between
experimental models and field infections then there is scope
for the application of controlled vaccination procedures to
boost deficient components of the response (discussed by
Mitchell et al. 14). there is also the prospect of select-
ing for resistance within existing stock or of hybridising
with native stock to introduce resistance genes into the
gene pool. Several workers have demonstrated breed differ-
ences in sheep 1in their responses to intestinal nematode
parasites (reviewed in 29) and research into selective
breeding for resistance is actively being pursued. Similar-
ly, differences in resistance to infection have been demon-
strated between imported and native strains of sheep in
areas where nematode infection is endemic (21). As far as
parasites of medical significance are concerned application
of genetic studies is at present a remote prospect, though
there is undoubtedly an urgent need to identify the factors
responsible for the apparent failure of resistance in many
human helminth infections. Perhaps in the short term it may
be more profitable to concentrate on genetic factors rele-
vant to pathological processes in infections. As Class and
Deelder (7) have shown, mice of similar susceptibility to
infection with Schistosoma mansoni may show very different
patterns of morbidity and mortality. If genetic studies
could contribute towards a means of reducing pathology in
this and similar infections in man, substantial benefits
would accrue.




64

9.

10.

11.

12.

13.

14.

15.

16.

17,
18.

19.

20.

21.

22.

23.

24.

25.
26.

Derek Wakelin

REFERENCES

Ackert, J.E. J.Paasitol. E§;1, 1942.

Askenase, P.W. Progr.Allergy 23:199, 1977.

Befus, A.D., and Bienenstock, J. Immunology 38:95,
1979.

Bell, R.G., McGregor, D.D., and Despommier, D.D.
Exp.Parasitol. 47:140, 1979.

Butterworth, A.E. Amer.J.Trop.Med.Hyg. 26:29, 1977.
Civil, R.H., and Mahmoud, A.A.F. J.Immunol. 120:1070,
1978.

Class, F.H.J., and Deelder, A.M. J.Immunogenet. 6:167,
1979.

Despommier, D.D., McGregor, D.D., Crum, E.D., and
Carter, P.B. Immunology 33:7979, 1977.

Gregory P.W., Miller, R.F., and Stewart, M.A. J.Genet.
39:391, 19240.

Hammerberg, B.,, and Williams, J.F. J.Immunol.
120:1033, 1978.

Kazura, J.W., and Grove, D.I. MNature (Lond.) 274:588,
1978.

Mackenzie, ¢C.D., Preston, P.M., and Ogilvie, B.M.
Nature (Lond.) 276:826, 1978.

Mitchell, G.F., Goding, J.W., and Rickard, M.D.
Aust.J.Exp.Biol.Med.Sci. 55:165, 1977.

Mitchell, G.F., Rajasekariah, G.R., and Rickard, M.D.
Immunology, 1980 (in press).

Moloney, A., and Denham, D.A. Parasite Immunol. 1:3,
1979.

Musoke, A.J., and Williams, J.F. Immunology 28:97,
1975.

Nawa, Y. Int.J.Parasitel. 9:251, 1979.

Hawa, Y., and Miller, H.R.P. Cell.Immunol, 42:225,
1979.

Ogilvie, B.M., and Jones, V.E. Prog.Allergy 17:93,
1973,

Rivera-Ortiz, C-I, and Nussenzweig, R. Expl.Parasitol.
39:7, 1976.

Preston, J.M., and Allonby, E.W. Vet.Rec. 103:509,
1978.

Fothwell, T.L.W., I Jambre L.F., BAdams, D.B., and
Love, R.J. Parasitology 76:201, 1978.

Sher, A., MacKenzie, P., and Smithers, S.R. J.Inf.Dis.
130:626, 1974.

Stewart. Mula, Miller, ReF.,; and Douglas, JeFa
J.Agric.Res. 55:923, 1937.

Tanner, C.E. J. Parasit. 64:956, 1978.

Wakelin, D. Parasitology 71:51, 1975,




Conirol of Resistance to Helminths

27. Wakelin, D. Parasitology 71:377, 1975.

28. Wakelin, D. Mature (Lond.) 273:617, 1978,

29. Wakelin, D. Adv.Parasitol. 16:219, 1978.

30. Wakelin, D. Parasite. Immunol. 1980 (in press).

31. Wakelin, D., and Wilson, M.M. Immunology 37:103, 1979.

32. Wakelin, D., and Wilson, M.M. Exp.Parasitol. 48:305,
1979.

33. Wakelin, D., and Wilson, M.M. Int.J.Parasitol. 1980
(in press).

34. Wakelin, D., and Donachie, A.M. Parasite Immunol. 1980
(in press).

35. Wassom, D.L., DeWitt, C.W., and Grundmann, A.W.
J.Parasit. 60:47, 1974.

36. Wassom, D.L., David, .S., and Gleich, G.J.
Immanogenet. 9:491, 1979.

37. Wwhitlock, J.H. Cornell Vet. 45:422, 1955.

DISCUSSION

Eisenstein: Can Wakelin describe the response to infection
with regard to mast cells? Where does he see them; in the
micosa? Is it a Jones-Mote type of reaction? Is it immuno-
logically mediated?

Wakelin: Mast cells appear initially in the lamina propria,
at the level of the crypts and, as the infection progresses,
the mast cell numbers reach a peak and migrate towards the
intra-epithelial position. There is a lot of dispute at the
moment as to whether intra-epithelial, eosin-blue staining
cells are mast cells or some other type of cells. As far as
the nature of the response is concerned, it is assumed to be
reagin-mediated, but there is really no experimental evi-
dence. Assessment of the role of mast cells should be based
on a dynamic footing rather than a static situation which
typifies past studies. We need to know something of the
rate of mast cell turnover, as absolute numbers can obscure
many changes*.

65

*Editor's Comment (E.S.): The exact functional role of
mucosal mast cells in the immunopathological response to in-
testinal nematode parasites 1is controversial. Genetic

studies cast a doubt on decisive effector role of mast cells
in this situation and consign it, probably, to the long list
of immunological epiphenomena: W/W¥Y mice have a point
mutation resulting in the lack of mast cells. They, how-
ever, have nematode parasite rejection comparable to +/+
controls, in the absence of any muicosal mast cell response.
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Skamene: I would comment on some conceptual similarities
between the models of genetic resistance to Trichenella as
presented by Wakelin and to Listeria as studied by our group
(Kongshavn et al. this wvolume). There are similarities in
the strain distribution of Trichinella-resistant and
Listeria-resistant animals among inbred mice and the genetic
control of resistance is exerted, in both instances, by
genes that map outside H-2 and that do not express them-
selves in the T-cell resﬁazge. The results on resistance to
Trichinella and Listeria of radiation bone marrow chimeras
created between the sensitive donor + resistant host and
vice versa show, in both models, that the gene product ex-=
presses itself as a radio-resistant factor in the host's
environment. In the Listeria model, we see it as a regula-
tor of the bone marrow-derived macrophage response to this
infection. However, we always notice the ceontribution of a
variety of other leukocyte types (neutrophils, basophils,
eosinophils) accumulating together, with macrophages, at the
sites of infection or inflammation. Although the effector
mechanisms in resistance to Trichinella and Listeria are
ultimately different, the gene product which is responsible
for their activation may be similar or even identical. This
hypothesis is yet to be verified experimentally by formal
linkage analysis on segregating populations.

Bradley: One of the complicating factors of working with
these parasites is that some of the intestinal nematodes can
alter the ability of the host to mount an immune response to
parasite antigens and also to other antigens. I wonder if
you have examined the immunosuppressive ability of this par-
asite in the Trichinella-resistant and -sensitive strains?

Wakelin: The answer 1s no. Trichinella is known to exert
powerful immunosuppressive effects. It struck me very re-
cently that it would be rewarding to look at the genetic
control of the ability to suppress as well as the ability to
mount resistance, but up to now I have not done that.
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Infections with the nematode, Trichinella spiralis are
terminated by the expulsion of the parasite from the intes-
tine. 1In rats, three separate immune responses lead to worm
expulsion. They have been defined as follows: Anti=-adult
immunity; terminates the primary infection (2). Anti-pre-

adult immunity; has a minor role in eliminating secondary
infections (2). Rapid expulsion (RE) eliminates from 90-99%
of a secondary infection within 24 hours (2,13,15). In ad-

dition, the reproductive capacity of T. spiralis is control-
led by two more immune responses. Anti-fecundity restricts
newborn larvae production (7,8) and systemic anti larval re-
sponses 1inhibit the implantation of larvae in mascle. Elim-
ination of primary infections in rats begins on days 9-10
and is usually complete by days 12-14. Secondary infections
persist for 6-7 days although >90% of the challenge is ex-
pelled within 24 hours. This pattern of response is chserv-
ed in both inbred and randomly-bred rats (2,10,13).

The enteral history of T. spiralis infections in mice
varies from one that is essentially identical with that des-
cribed for rats (1,7,9,17) to a pattern characterized by the
slow elimination of a primary infection and a weak or absent
secondary response (5,6,11,12,14). Technical differences
may account for some strain wvariation, but the degree of
genetic influence cannot be estimated until systematic in-
terstrain comparative studies are undertaken.

This report examines strain wvariation is protective
ability by submitting mice to standardized immunization
regimes with T. spiralis. The response to challenge infec-
tion is compared to guantitatively demonstrate strain dif-
ferences and to examine the immunological basis for these
differences.

Effect of Enteral Immunization on Worm Expulsion

Enteral immunization consists of exposing the host to
T. spiralis worms derived from orally administered muscle
larvae. Infections of sewven or ten days duration are term-—
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inated by injecting methyridine (300 mg/kg) subcutaneously.
Worm reproduction is inhibited by feeding mice diets con-
taining 0.05% thiabenadzole from day 3 until termination.
This procedure sterilizes the female but does not impair
worm longevity in the intestine (2). In rats, this is a
powerful immunization regime that primes for RE, anti-pre-
adult immunity, anti-adult immunity and anti-fecundity re-
sponses (2).

Table 1. Response of Inbred Mice to a Challenge Infection
After Exposure to Enteral T. spiralis for 7 days

Intestinal T. spiralis
9 days after the chal-
lenge infection
(200 muscle larvae)

Mouse

Strain Immune Non Immune Probability
CBA + 11 74 + 18 <. 0005
C3H W 94 + 28 <.0005
SJL 10 + 10 121 + 29 <. 0005
DBA/2 34 + 31 139 + 45 <.01
A/He 97 + 38 140 + 9 <.05
Cs57B1 117 + 18 139 + 18 N.S.

Mice immunized by exposure to T. spiralis for 7 days
then challenged with 200 muscle larvae (Table 1) show wide
interstrain wvariation in their ability to eliminate the
challenge infection. The CBA, C3H and SJL strains respond
strongly and eliminate most of their intestinal worms by 9
days after challenge. In contrast C57BL mice fail to elim-
inate worms during this period. Two strains (A/He, DBA/2)
show intermediate responses. The observed differences in
worm burdens in the various strains, and between normal and
immune mice cannot be ascribed to the wvariation in infec-
tivity, because such animals harbored approximately the same
number of worms 24 hours after challennge (data not shown).
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Table 2. Response of B10 Congenic Mice of Stage-specific
Immunization

Intestinal worms
14 days after

Strain Immunization type challenge with 600 M.L. Muscle Larvae
B10°D, preadult (1 d) 23,440 + 6,094"
adult (7 d) H.D. 43,866 + 11,207

combined enteral (14 d) 5,310 + &,942%

= 33,920 + 4,959

B10O-ER preadult (1 d) 24 + 24 22,560 + 14,402
adult {7 d) 40 + 17 40,750 + 15,740

combined enteral (14 d) i+ 4+ 1,970 + 2,505+

- 36 + 21 28,680 + 5,880

+Significantly different from contreol value.

To analyze the response of the C57BL mouse in more
detail the foregoing experiment was repeated using a 14 day
enteral exposure to both preadults and adults; a 7 day ex-
posure to adult worms alone, or exposure (24 hours) re-
stricted to preadults. The latter two regimes induce anti-
adult and anti-preadult responses respectively. Experimen-
tal animals were members of the congenic B10.BR and B10.D2
strains. Protection was analyzed by guantitation of muscle
larvae burdens as this assesses overall protection. The re-
sults (Table 2) showed that B10.BR and B10.D2 mice did not
respond to 7 day adult immunization and only weakly to pre-
adult immunization, although the B10.D2 group were signifi-
cantly protected. Combined enteral immunization (comprising
the natural infection of preadult and adult worms) produced
a much stronger immunity than exposure to either preadults
or adults alone. It is evident from the intestinal adult
worm counts that protection in this group was primarily med-
iated through adult worm expulsion, although other factors,
(anti-fecundity) cannot be excluded. Since exposure to pre-
adults is guantitatively similar during both the preadult
and complete enteral regimes, the difference in effective-
ness may be due to enhanced anti-adult responses. This in-
terpreation is consistent with the reduction in adult worm
burdens.
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Variations in the ability of mice to expel a challenge
infection within 24 hours

Table 3. Worm persistence 24 hours after a Challenge
infection intrdHFRfH, NFS/N and CFW mice

Worms 24 hours after
challenge with

500 T. spiralis

Strain Immune Non Immune Probability
NFR/N T3 o 423 + 76 <.0005
NFS/N 16 + 15 396 + 131 <.0005

CFW 27 + 34 414 + 54 <.0005

Priming infection 400 muscle larvae, mice were placed on
thiabendazocle at day 3 and taken off at day 14 (no methyrid-
ine was given). Challenge infection of 500 per os given 21
days after the priming infection.

The RE reaction in rats has specificity for preadult
T. spiralis (3,4). Because of this specificity it is not
surprising that mouse strains that are weakly responsive to
preadult worms do not express RE, e.g. the B10 mice. How-
ever, the inability of other more immunologically competent
strains (CBA, C3H, SJL, Table 1) to promptly expel challenge
infection is more unexpected. A survey was conducted to
determine whether mice of any strain were capable of expel-
ling a significant portion of a challenge infection within
24 hours. Only three strains of the 12 tested consistently
rejected challenge worms within 24 hours after enteral stim-
nlation (Table 3). Two strains were inbred (NFR/N and
NFS/N) and one randomly bred (CFW), the HNFR/N and NFS/N
strains are closely related as they were derived from the
same NIH stock.

To determine whether the response of the inbred mice
was kinetically similar to that of the rat a group of NFR/N
& mice were infected with 40 T. sEiralis, and fed thiabenda-
zole from day 3 on. The infection was terminated by methy-
ridine injection at days 10 and 11. Rats subjected to this
regime and rechallenged at 14 days expel 95-99% of the chal-
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lenge infection by 24 hours, with the remainder of the worms
being expelled from days 4-7. The effect of this immunizat-
ion regime on a challenge infection in NFR/N mice (Table 4)
is very similar to RE in rats.

Table 4. Fate of a challenge infection in NFR/N mice
exposed to an abbreviated infection

Tite after Number of Worms

challenge Immune Non Immune Probability
1 day 2+ 4 404 + 110 <.0005
2 days Sy - -
3 days 2k 2 300 + 44 <.0005
4 days 0.1 + 0.4 - =
5 days 25k 2 340 + 52 <.0005
6 days 0.3 +1 = =
7 days 0.4 +1 419 + 56 <.0005

Inheritance of the capacity for 24-hour expulsion of
challenge worms in mice

The unusually restricted strain distribution of 24-hour
expulsion of challenge T. spiralis suggested a genetic com-
ponent. To examine this NFR/N mice were crossed with C3H
and B10.BR mice. Both the B10.BR and C;H mice fail to expel
challenge T. spiralis within 24 hours, however, the C3H
mouse mounts a strong slow response (days 5-9) and the B10.-
BR strain mounts weak anti-preadult responses and is poorly
protected against challenge infections. The strong reactiv-
ity of the F; resulting from crosses between ﬁ‘03H x @ NFR/N
or B10.BR x ¥ NFR/N is shown in Table 5. From these results
it is evident that 24-hour expulsion in mice can be inheri-
ted as a dominant characteristic. Strong reactivity is con-
ferred upon two non-reactive strains irrespective of the
capacity of either strain to mount slow or anti-preadult
protective responses.
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Table 5. Twenty-four hour Response of F; hybrids to
challenge T. spiralis
Worm Burden

Cross Immune Non Immune Probability
C,H x NFR/N 46 + 34 364 + 46 <. 0005
d'?f offspring
B10:BR x NFR/N 36 + 31 372 + 65 <.0005
dFuffﬂpring
B10-BR x NFR/N 25 + 31 322 + 76 <, 0005
QQ offspring

In contrast to rats, extreme heterogeneity is evident
in the ability of inbred mouse strains to respond to infect-
ions with T. spiralis, this parallels similar findings in
mice infected with Trichuris muris (16). Unresponsiveness
is evident both in the failure of 'slow' worm expulsion as
well as the inability of many inbred mouse strains to reject
challenge infections with T. spiralis within 24 hours.
Crosses made between 24-hour expulsion responder strains
(NFR/N) and non-responder strains (B10.BR and C3zH) have
shown a transfer of responsiveness in the F; thus unequivo-
cally demonstrating a dominant genetic component.
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MHC-LINKED GENETIC CONTROL OF THE IMMUNE RESPONSE TO
PARASITES: TRICHINELLA SPIRALIS IN THE MOUSE

Donald L. Wassom, Chella S. David and Gerald J. Gleich

From the Departments of Medicine and Immunology
Mayo Clinic and Foundation
Rochester, MM 55901

Experiments conducted in a variety of host-parasite
systems have confirmed that genetically contrclled factors
operate to influence the host's response to parasitic in-
fection (2). Little is known, however, of the role played
by MHC-linked genes in contributing to these genetic differ-
ences. To properly evaluate the role played by MHC-linked
genes in controlling the immune response to parasites it is
necessary to study congenic strains of hosts which are
genetically identical, or nearly so, except for genes within
or closely linked to the MHC. When H-2 congenic strains of
mice are used for such experiments any measurable difference
in the host response between the different strains can be
related directly to the H-2-linked gene(s) by which they
differ (1). Likewise, if one wishes to ewvaluate the role
played by non-H-2-linked genes, strains of mice which share
common H-2 haplotypes but express different genetic back-
grounds can be studied. Taking such an approach we have be-
gun to investigate the genetic difference in the host res-
ponse expressed by different inbred strains of mice when in-
fected with the helminth parasite Trichinella spiralis. We
have shown that levels of resistance to infection with this
parasite are influenced by several genes mapping within the
H-2 complex and by one or more genes mapping outside the
major histocompatibility complex (3).

In all experiments to test for strain susceptibility,
age matched male mice were infected by esophageal intubation
with 150 infective muscle larvae prepared by acid pepsin di-
gestion of infected C3HeB/Fed mice. Strain susceptibility
was assessed by determining total body larwval counts 30 days
post-infection. Larval counts from 8-10 mice per experiment
were used to calculate a mean worm count value for each
strain. In early experiments the strain B1U.BR[§:§kl was
shown to be highly susceptible to infection and the strain
B1H.S{E:EEJ shown to be highly resistant. The strains
BE10.BR and B10.5 were therefore included in most experiments
as susceptible and resistant controls. Mean larval counts
for the strains B10.BR and B10.S were then used along with
the mean worm counts for each strain tested to calculate a
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resistance index for each strain according to the formula
shown in Table 1.

Table 1. Distribution of Resistance in Strains Expressing
Independent Haplotypes

Resistance
Strain Haplotype Index”
B10.BR k 0
B10.P p -22
B10.RIII n 33
B10 b 68"
B10.S 5 100"
B10.M it 104
B10.0Q q 105"

(mean count H—Ek}—[mean count H-27)
Resist.index = x100
(mean count H-2K)-(mean count H-25)

an index of 0 = highly susceptible; 100 = highly resistant
tSignificantly more resistant than B10.BR

Using this formula, a strain showing a mean larval count
identical to the susceptible H-2k haplotype is assigned an
index of 0 and a strain shcﬁiﬂh' resistance equal to the
H-2% haplotype will have an index of 100. Strains of mice
harboring more miscle larvae than the B10.BR {susceptible)
control are assigned a negative index wvalue while strains
more resistant than the B10.5 control are assigned indices
higher than 100. BAn infection with 150 muscle larvae gener-
ally results in approximately 30,000 larvae encysted in the
muscle of B10.BR mice whereas the more resistant B10.S
strain harbors approximately 15,000.

To determine whether or not genes within the H-2 com-
plex influence susceptibility to infection with T. spiralis,
congenic strains of mice expressing different independent
haplotypes, but sharing the C57BL/10 genetic background,
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have been tested for levels of resistance. The resistance
index of each strain is given in Table 1. The strains
B1D.BREH-2k] and B10.P(H-2P) are the most susceptible of
the strains tested while the strains B10.S(H-2%), B10.M-
(#-2F) and B10.Q(H-29) are the most resistant.  The
strains B10.RIII(H-2FY) and B1G{E:EP} show dintermediate
levels of resistance. Because these strains of mice differ
only a gene loci within the H-2 complex, it can be concluded
that H-2-linked genes are responsible for the differences in
levels of resistance observed. 1In a separate experiment we
tested whether or not genes outside the H-2 complex might
also influence resistance to infection. Five strains of
mlce differing in their genetic backgrounds but sharing the
B 2 haplotype and another grouping of three different
strains sharing the H-29 haplotype were infected with T.
spiralis and total hndy larval counts determined 30 days
later.

Table 2. Role of Non-H-2 Genes in Determining
Susceptibility or Resistance

H-Z2 Haplotype Strain Mean Larval*Count SEM p¥
k C3HeB/Fed 4264423604 e
k CBA/J 3366344035 NS
k RF/J 25813+1065 p<0.001"
k AKR/J 2337042255 p<0.001"
k c58/4 2195642548 p<0.001"
q DBA/1J 1967542758 S
a SWR/J 1450041926 NS
q BUB/BnJ 133444605 p<0.05

77

*Mann Whitney rank sum test
tCompared to larval counts for C3HeB/FeJ
{Compared to larval counts for DBEA/1J.
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Table 2 shows that of the E:Ek mice the strain C3HeB/FelJ
was significantly more susceptible to infection than were
the strains RF/J, C58/J, C58/J and AKR/J. Furthermore, the
DBA/1J mice were more susceptible than the strains SWR/J and
BUB/BnJ. These results demonstrate that genes outside the
MHC may also act to influence resistance to infection with
T. spiralis and clearly point out the need to use congenic
strains of mice in studies directed at evaluating the role
played by H-2-linked genes in this host-parasite system.

Having established that H=2-linked genes influence re-
sistance to T. spiralis, we have begun testing H-2 recombi-
nant strains of mice to map the genes invelved. At present
at least two and probably three H-2-linked genes controlling
resistance to this parasite have been identified.

Table 3. Mapping of Gene(s) Associated with Resistance to

T. spiralis
Haplotype
_ Strain _ KO 1 NE R B s D HER
B10.BR k k k k k ke k k ]
B10.4 k k k k k d d d -4
B10.M(17R) k k k k k d d T ]
B10.S(ER) k k k s s s 3 s -uy
B10.TL 3 k k k k k k d 6
B10.3(9R) s s 7 k k d d d 219
B10.HTT s s 8 s k k k d 2
B10.3 3 5 8 3 8 3 3 s 100

*Registance index, see Table 1
O=highly susceptible, 100=highly resistant

Table 3 shows the resistance indices of several congenic
recombinant strains of mice chosen to demonstrate the invol-
vement of a gene in I-A or I-B subregion of the H-2 complex.
Strains carrying the susceptible k alleles in the I-A or I-B
subregions are uniformly more susceptible to infection with
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T. spiralis than strains expressing the resistant 8 alleles
in these regions.

Table 4. Evidence for the Role of D-End Genes in Resistance

to T. spiralis
Haplotype Mean Larval

Experiment Strain K A B JEGC S D CounttSEM RI® p'

1 E10.BR k k k k k k k k 30286+1291 0 =i
B10.A k k k k k d d d 2868042485 11 NS
B10.TL 3 k k k k k k d 29300+2564 ‘6 NS
B10.5 8 3 3 3 3 3 s 3 15050+1024 100 ——-—-
B10.S5(TR} s s s 3 s s s d 23U89+1549 s  p<0.002
B10.M It £ f f 1575051394 95 ===
BIO.M(11R) £ £ £ £ £ £  d 20301+1793 66 p<0.05

2 B10.DA q 9@ 9 9 q q q s 1968042221 —eem  —---
B10.T(6R) q g9 9@ g9 q g9 q d 3310042382 --- p<0.003

*Resistance index, see Table 1
tMann Whitney rank sum test

Results shown in Table 4 shows that a gene on the D end of
the H-2 complex is also important. The presence of a da
allele in the D region of the H-2 complex results in in-
creased susceptibility of the otherwise resistant haplotypes
8, g and f yet has no effect when combined with the suscep-

tible k-alleles at other loci.
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Table 5. Heterogeneity Among H-2 D-End Recombinant Strains
of Mice in Resistance to T. spiralis

Haplotype Mean Larval
Experiment _ Strain A B J EC S D _Count'SEM p*
1 B10.5(7R) = & s s s 3 d 27210+3367 ——
B10.S(24R) 8 5 3 3 5 8 d 17400+2336 pﬂﬂ.ﬂﬂBt
2 B10.5(TR) 5 35 5 8 38 3 d 2623042500 -—--
B10.5(23R) 8 8 8 3 3 3 d 17538+2109 pﬁﬂ+ﬂET
3 B10.S(TR) s 3 8 38 s s d 23489+1549 ——
B10.S(24R) a 5 8 a 3 3 d 138331283 pﬁﬂ.UﬂEj
B10.S(23R) 3 8 8 3 8 s d 17260+1961 p{ﬂ.UIET
B10.S s s s s s s s 15050+1024 p<0.002!

*Mann Whitney rank sum test
tCompared to larval counts for B10.S(7R)

Rdditionally, there are indications that a third gene,
perhaps mapping between the S and D regions, may influence
the outcome of infection. Table 5 shows that the strains
B10.5(7R), B10.5(23R), and B10.5(24R), which were each de-
rived from a recombination between the s and a haplotypes
and appear to be genetically identical by methods thus far
employed to test them, show consistent differences in resis-
tance to T. spiralis. B10.5(7R) is always more susceptible
than the other two strains which show levels of resistance
comparable to those of the strain B10.S. The most likely
explanation for this finding is that the B10.S5(7R) mice
differ from the other two strains in the point of crossover
between the S and D regions.

Thus far we have shown that several H-2-linked genes
play important roles in controlling resistance to T. spiral-
is infections in the mouse. We have also demonstrated that
one or more genes mapping outside of the H-2 complex are
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involved in determining the outcome of these infections. We
do not know, however, whether the several genes identified
interact or complement one another in any way nor do we know
the mechanisms whereby these genes operate to manifest their
effect. Future studies will be directed at answering these
questions.
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DISCUSSION

Williams: Have you looked at backcrosses that have been
typed to verify that the phenomena are under genetic con-
trol?

Wassom: We have not done any backcross experiments, but
have concentrated exclusively on the recombinant strains.

Karre: 1Is it known whether these larvae can incorporate H-2
material from the host on their surface?

Wassom: We are presently exploring this matter. Despommier
has indicated that muscle larvae, even after acid-pepsin-
digestion, still retain a membranous structure that very
likely is of host origin. We know little about the anti-
genic make-up of that structure, nor do we know whether the
parasite picks up H-2 components while migrating through
tissues. This could, I suppose, have a very important bear-
ing on how the host responds to the parasite initially. It
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might have a bearing on the development of H-2 mediated
suppression, depending on the particular antigens taken up.
We ourselves have no data indicating that this is the case.
I should mention that it does appear to be important where
the larvae come from, in terms of how well they subseguently
establish themselves in the host. If outbred animals are
utilized as a source of larvae, it becomes difficult to get
reproducible results, whereas inbred strains as a source of
larvae yvield nicely reproducible results.

Karre: So all the results presented here were from which
hest?

Wassom: All the larvae in these experiments were taken from
C3H mice, which express the .E:Ek haplotype. It may be
more than coincidental that the k haplotype strains are the
susceptible ones under these circumstances.

Amos : Anytime you implicate the D region as exerting the
control of a given trait you have to consider an involvement
of Q region (QA) in such a control. There are a number of
recombinants involving the genetic material to the right of
the D region which would be suitable for precise mapping of
the locus under consideration.

Wassom: We have not examined the resistance to Trichinella
of any of the QA recombinants. However, the congenic stra-
ins we have studied were all derived from progenitors exhi-
biting recombinaticon between the s and a haplotypes.



IMMUNOMODULATION AND ALTERED RESISTANCE TO INFECTION IN
DIFFERENT MOUSE STRAINS INFECTED WITH NIPPOSTRONGYLUS
BRASILIENSIS

Ann C. Vickery, Thomas W. Klein
and Herman Friedman

University of South Florida College of Medicine
Tampa, Florida

In the laboratory, Nippostrongylus brasiliensis (Nb) is
one of the most extensively studied nematodes. This par-
asite has proven to be an invaluable tool in the elucidation
of mechanisms inveolved in IgE production (5) as well as in
the study of host resistance to intestinal nematodes (4).
In this laboratory, Nb is being utilized to examine in depth
parasite-mediated modulation of the host's immune respon-
siveness to heterologous antigens.

Although the brown, or Norway rat (Rattus norwegicus)
is the natural host of Nb, the parasite can be adapted to
mice by continuous passage through this host (8). In the
mouse, Nb is highly immunogenic, stimulating thymus-depend-
ent antibody and cell-mediated immune response which led to
expulsion of the host's intestinal worm burden (1). BAcquir-
ed resistance to subsequent reinfection can be recognized by
decreased numbers of adult worms in the small intestine of
the host and by their more rapid expulsion.

Very little is known about variation in the host's re-
sistance to Nb. Both inter- and intra-strain differences in
the response of mice to Mb have been ocbserved (4), but ex-
tensive investigation of this phenomenon has not thus far
been attempted. Because failure to recognize such intra-
specific wvariability in the host's responsiveness to a par-
asite can complicate the interpretation of experimental re-
sults, the resistance of four strains of mice to infection
with MNb have been compared.

The intestinal worm burdens of infected outbred Swiss
mice, maintained in this laboratory for parasite passage,
have been compared with those seen in infected inbred BDF);
mice and their two parental strains, the DBA/2 and CS57BL/6.
A mouse adapted strain of Nb (kindly supplied by Dr. Norman
Reed, University of Montana) was used for experiments.

Comparison between the life cycle kinetics of outbred
Swiss and inbred BDF; mice showed that the former strain is
more susceptible to Nb infection (Fig. 1 and 2). Although
the initial worm burden is not significantly larger in the
Swiss mice, expulsion of the adult parasite is incomplete at
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the time when BDF; mice have completely erradicated the in-
fection. The Swiss mice are also more susceptible to rein-
fection. Swiss mice show greater variations in worm numbers
than do the inbred BDF]; mice. An initial examination of the
intestinal worm burdens of inbred DBA/2 and CS57BL/6 mice
showed that these strains lack the resistance to Wb apparent
in the BDF} hybrid. As does the outbred Swiss mice strain,
these inbred strains fail to expel a primary infection by
day 13 post infection (Fig. 3).

The variations in levels of resistance to infection ob-
served among the four strains of mice suggest that parasite-
mediated modulation of the host's ability to respond immuno-
logically to heterclogous antigens could also vary with the
mouse strain. An initial comparison of the splenic direct
(IgM) plagque forming cell response (PFC) to the T-dependent
antigen sheep red blood cells (SRBC) in Nb infected and
normal Swiss and BDF; mice showed such variation (Table 1).
Following an intraperitoneal injection of SRBC on wvarious
days after infection, both mouse strains showed first an en-
hancement and then a suppression of the PFC response. The
kinetics differed however in that infected BDF; mice exhib-
ited a prolonged enhancement of the response, while the in-
fected Swiss mice showed a sustained suppression. Following
a second infection, the PFC response of the BDF; mice re-
mained suppressed (not shown) to less than 50% of the unin-
fected control.

Altered immune responsiveness was also ocbserved in
C57BL/&é and DBA/2 mice. Spleen cells from these mice, ob-
tained at wvarious days following Nb infection, were immuni-
zed in wvitro against SRBC. Following a four day incubation,
the cells were assayed for direct (IgM) PFC response and
this was compared with the response of spleen cells from
infected BDF; mice also immunized in vitro. The results
show that alteration of the direct Pfa_response in these two
strains following Wb infection resembles that seen in the
BDF; hybrid (Table 1). An early enhancement of the response
three days after infection is followed by a significant sup-
pression comparable to that observed in BDF) mice.

Clearly, the parasite mediated modulation of an immune
response to heteroclogous antigen is not directly related to
the protective immune responses which result in worm expul-
sion. C57BL/6 and DBA/2 mice which fail to expel completely
an initial MNb infection show similar alterations in ability
to respond to SRBC as their F; hybrid which completely eli-
minates the primary infection.

A similar comparison can be made between outbred Swiss
and inbred BDF] mice as discussed above. Swiss mice fail to
expel their intestinal worm burdens show a pattern of alter-
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ed immune responsiveness to SRBC which is similar to the
BDF) mice which do expel a primary infection. 1In this sys-
tem, however, the kinetics differ as Swiss mice show a more
rapid onset of suppression.

The outcome of host-parasite relationships appears to
be the result of a balance between the host's immune respon-
se and parasite survival mechanisms. One of the most im-
portant factors is acquired immunity to parasite antigens.
Since the ability to respond immunologically to particular
antigens is under genetic control (2) immune mediated resis-
tance to a parasite may be genetically determined and
account for wvariation between strains within a host species.
We have demonstrated such variation in resistance to Nb in
the results of the present study.

Resistance or susceptibility of a host strain to in-
fection can be determined by the level at which such infect-
ions are initially established, or by the effectiveness of
subsequent host response. The results of this study show
that the four mouse strains examined permitted similar
levels of infection; wvariation was seen, however, in the
effectiveness of immune responses leading to worm expulsion.
The BDF; hybrid developed a greater degree of resistance to
the parasite than did the two parental strains or the out-
bred Swiss strain. Furthermore, C57BL/6 and DBA/2 animals
which differ in their H-2 histcocompatibility haplotype, dis-
played a similar degree of resistance to Nb. This appears
to support the previous observation (3,6) that resistance or
susceptibility to infection is not determined solely by the
major histocompatibility complex, but is most probably under
polygenic control. The greater wvariation in worm burden and
less uniformity in worm expulsion seen with outbred Swiss
mice are consistent with results obtained using the Trichin-
ella muaris mouse model (7) and is a consequence of individ-
ual differences in immune responsiveness.

Studies of altered immune responsiveness to parasite
antigens 1is complicated by the extreme complexity of the
antigens themselves. While an examination of immune respon-
ses to heterologous antigens may be helpful, the signific-
ance of the altered host's response to SRBC in the outcome
of the host-parasite interrelationship is uncertain. Fur-
ther study of this phenomenon is necessary in order to clar-
ify the poorly understood mechanisms involved in parasite-
mediated immunomodulation.
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Trypanosoma rhodesiense is an etiologic agent of
African sleeping sickness. This parasite, as well as other
related African trypanosomes (T. gambiense, T. brucei, T.
congolense), are extracellular protozoa predéﬁinantly con-
fined to the blood and lymph within the mammalian host.
Matural infection occurs through the bite of the infected
tsetse fly.

The exact mechanisms by which the host resists this
class of organisms are not understood although antibodies
(3,15), perhaps in combination with components of the mono-
nuclear phagocytic system (10 and Greenblatt et al. manu-
script to be submitted), have been implicated.

Elimination of this parasite is complicated by several
evasion mechanisms possessed or initiated by the organism.
For example, African trypanosomes exhibit constant antigenic
variation (6) and can induce a profound state of host immu-
nosuppression (1,9).

Cattle, sheep, pigs and goats exhibit considerable
variability to both natural and experimental trypanosome in-
fections (7,14). In addition, several investigations of
murine intrastrain variation in response to African trypano-
somiases have revealed genetic control of resistance to
diseases produced by T. brucei (4,5,11) and T. congolense
(12,13).

This report is an analysis of the genetic control of
resistance of mice to a causative agent of human sleeping
sickness, Trypanosoma rhodesiense.

MATERIALS RND METHODS

Animals. The inbred mouse strains listed in Table 1 were
cbtained from the Jackson Laboratory, Bar Harbor, Maine.
CXB RI mice, and their progenitors BALB/cJBy and C57BL/6JBy,
were also obtained from this source. DER/2f Mali mice were
purchased from Microbiological Associates, Bethesda, Md4.
F1, F2, and backcross mice derived from BALE/cJ, DBA/2f Mai
or DBA/2J, and CS57BL/6J were bred at this Institute. Mice
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were infected at 3-5 months of age.

Trypanosoma rhodesiense. The EATRO No. 1886 (8) strain of
T. rhodesiense was used in these studies. (Infection of
mice with this parasite invariably results in death). The
stabilates utilized consisted of aliquots of a single clone
derived using the method of Campbell et al. {EE. C57BL/6J
male mice were irradiated with 9200R from a Cs source
immediately before an injection of a stabilate to generate
high numbers of parasites.

After 5d, mice were exsanguinated, their blood pooled
and centrifuged. Trypanosomes were gently aspirated from
the surface of the pellet to limit contamination with eryth-
rocytes. The trypanosome suspension was diluted to the
proper concentration in RPM1 1640 (Flow Laboratories,
Rockville, MD) and held on ice until used. Mice were injec=
ted intrageritoneally, depending on the protocol with either
10“ or 10° live trypanosomes in a total of 0.1 ml RPM1 1640.
Nine days post-injection a daily mouse census was initiated.

RESULTS

Thirteen inbred mouse strains were surveyed for their
susceptibiligy to T. rhodesiense by inoculating the mice
i.p. with 10 parasites. The mean time of death * the stan-
dard error of the mean for each strain was determined and is
listed on Table 1.

Analysis of the genetic control of resistance to T. rhode-
siense of BALB/c x C57BL/6 progeny.

The pattern of a continuous spectrum of resistance
among inbred mouse strains suggested that resistance was un-
der polygenic control. Mendelian analysis was performed to
further investigate the role of inheritance.

Highly susceptible BALB/c females were bred with the
more resistant C57BL/6 males and their F1 progeny tested for
their resistance to injection with 10 T. rhodesiense organ-
isms. BAlthough greater than 99% of the F1 hybrids were "re-
sistant” to the infection, there was a wide wvariation in
their surwvival times (Table 2). These progeny had a mean
survival time of 51.3 days (greater than that of either pa-
rent), but some of the mice succumbed to death at times in-
termediated between those obtained for the parental strains.
Others were strikingly more resistant than the C57BL/6 stra-
ins.

Although both male and female F1 progeny were resis-
tant, there was significant (P < .001) difference in their
surviwval. F1 female mice survived 60.2d%*2 (mean * S.E.M.)
as compared with F1 male mice which survived 42.4d*1.5.
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Table 1. Survival tiges of inbred mouse strains to
infection with 10 Trypanosoma rhodesiense

House Strain H-2 Hean day of imth Humber

haplotype + 5.E.M. of mice
C3H/Hed k 13.8 + 0.5 12
CBA/SJ k 15.0 £ 1.5 12
C3HeB/Fel k 14.8 * 0.7 12
AfWyEn a 15.2 £ 1.5 13
C3H.5W/5H b 16.6 * 0.4 12
BALB/ecJ d 17.3 £ 0.4 8
DBA/LJ q 17.5 ¢ 0.4 11
DBAS 2] d 19.4 £ 1.0 12
C5TLSJ b 20.2 = 3.0 16
Al a 20.8 £ 1.7 12
SWR/J q 26.8 £ 1.5 12
AFR/J k 28.3 + 1.2 12
C5TBL/6J b 35.5 = 3.8 1z

l.111 mice except BALB/cJ were male and were injected on the
same day. BALB/cJ females were tested at a later date.
S5.E:M. = standard error of the mean

Table 2. Resistance of parentals BALB/c and CS?EL{E, and F1
hybrids to infections with T. rhodesiense .

Range of No. of
Susceptible?  Resistant’  Mean Survival Time®  Survival  Mice

BALEfe (C) 94.7 19.4 + 0.6 17-404 38
C57BL/& (B&) 96.8 45.0 + 1.0 16=64d 105
Fl (C = B&) 99.4 156
females 60.2 £ 2.0 19-974 73
males 42.4 £ 1.5 25=-704d B3

lCumpilatiDn of data of several experiments of mice injected
with 10* T. rhodesiense.

Percent of male and female mice dying on or before day 24.
Percent of male and female mice surviving beyond day 24.
Mean survival time (days) * standard error of the mean.

2
3
(A
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The above data are consistent with the presence of two
resistance genes. One that is autosomal and a second that
is X-linked.

F1 progeny were backcrossed to each parental type, or
to each other, to produce respectively backcross and F2 pro-
geny. Each group was then infected with T. rhodesiense and
the survival times for individual mice were determined. The
pooled data from several experiments are presented in Table
3.

Table 3. Resistance of CxB6 F2 and backcross progeny to
infection with T. rhodesiense

Suscept !.l:rli!2 Rﬂuia:m:j Mean Survival Time Range of Ho. of
+ §.E.M.% Survival  Mice
Backeross
CxF1 b4 .4 15-964d 104
FlxC 43.9 18-944 154
B6xF1 97.8 22-72d 95
F1lxB6 98.1 17-874 52
F2 (FL x F1) 14.0 86.0 157
females 46.3 + 1.9 20-93d BO
males 38.8 £ 1.8 11-964d 77

1C0mpilati0n of data of several experiments of mice injected

with 10 T. rhodesiense.

2percent of male and female mice dying on or before day 24.
Percent of male and female mice surviving beyond day 24.
“Mean survival time (days) * standard error of the mean.

Backcross of F1 to the susceptible BALB/c parent resul-
ted in 44-64% of the progeny dying before day 24 whereas
backcrosses to the resistant CS57BL/6 parent generated prog-
eny of which greater than 97% survived beyond 24 days.
These data are consistent with a single codominant autosomal
gene that is a major determinant of survival.

Analysis of the data obtained from the F2 generation
proved to be more complex. mmong F2 progeny derived from
matings of F1 (BALB/c x CS7BL/6), only 22/157 (14%) could be
classified as susceptible. This is substantially fewer than
the 25% predicted if only a single gene were involved.
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Analysis of the genetic control of resistance to T.
rhodesiense infection of DBA/2 x CS57BL/6 progeny

Further analyses were performed by crossing the resis-
tant C57BL/6 male mice with dlfferent susceptible strain,
DBA/2. When inoculated with 10" parasites, DBA/2 mice had a
mean survival time of 25.14%0.9 (mean * S.E.M.) as compared
with 45.0d4%£1.0 of the more resistant C57BL/6 mice (Table 4).

Table 4. Resistance of hybrid progeny of DBA/2 and C57BL/6J
mice to infection with E rhodesiense

Suattpﬂ.‘hle: Resistant’ Mean Survival Time Range of Ho. of

+ 5.B.M.5 Survival  Mice

DBA/2 (D2) 86.4 25.1 0.9 12-42d 46
CS7BL/6J (BB} 96.8 45.0 &£ 1.0 16-62d 105
F1 (D2 x B6) 96.1 27-814 102
females 49.5 + 1.2 50
zales Gh.3 + 1.4 52

F2 (F1 x F1) 30.4 69.6 20-73d 79
fezales £8.1 £ 2.3 35
males 9.0+ 2.1 44

ICﬂmpilatiDn of several experiments of mice injected with
10" T. rhodesiense.

EPEfEEnt of male and female mice dying on or before day 20.
3percent of male and female mice surviving beyond day 30.
“Mean survival time (days) * standard error of the mean.

The F1 progeny of crosses between DBA/2 and CS57BL/6
mice were uniformly more resistant than the DBA/2 parent
(Table 4), and as we found with the BALB/c x C57BL/6 F1 hyb-
rids (Table 3), there was a widespread wvariation (27-81d) in
survival times (Table 4). F1 (DBAS2 x CS7BL/6) mice were
bred to one another to obtain F2 mice which were infected
with trypanosomes. Of this group, 30.4% were susceptible
(Table 4), more than twice the percentage found when F1
(BALB/c x CS57BL/6) were crossed with one another (Table 3).
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DISCUSSION

As has been demonstrated in this study, the inheritance
of resistance to Trypanosoma rhodesiense is complex. Inbred
mouse strains exhibit a continuum of resistance ranging from
high susceptibility to high resistance. Initial analysis of
the data presented in this report suggests control of resis-
tance by several genetic loci. Highly susceptible BALB/c
mice appear to differ from highly resistant C57BL/6 mice in
one dominant X-linked resistance gene and in at least two
autosomal dominant or codominant resistance genes.

The DBA/2 strain appears to differ from the C57BL/6
strain at fewer resistance loci than do the BALB/c. F1
(DBA/2 x CS57BL/6) progeny exhibited a continuous range of
resistance, but the sex differences were not as striking as
with the BALB/c x C57BL/6 F1 hybrids. Also, the percent of
susceptible individuals in the F2 generation [F1 (DBA/2 x
C57BL/6) x F1 (DBA/2xC57BL/6)], 30.4% was close to the ex-
pected 25% that would be obtained with a single autoscomal
gene. It is possible that the increased susceptibility of
BALB/c mice is due to the presence of additional susceptib-
ility alleles.

More precise genetic analyses will undoubtedly require
resistance markers more sophisticated than surviwval. Rea-
cently, Morrison and Murray (12) found a similar complex
pattern of inheritance of resistance in mice to another try-
panosome, T. congolense. Their preliminary findings on the
daily fluctuations in 1levels of parasitemia in parental
strains and hybrid progeny suggest that this approach may
prove useful.

The findings of this study are consistent with the hy-
pothesis that resistance to T. rhodesiense in mice is con-
trolled by several distinct gene loci. Further support for
this conclusion is strengthened by observations (not detail-
ed here), suggesting that in a group of recombinant inbred
mouse strains derived from BALB/cByJd and CS57BL/6By, CXB,
several strains exhibited an intermediate pattern of resist-
ance rather than being completely susceptible or resistant.
Also, some strains are highly resistant (CXBH), and some
highly susceptible (CXBD).

Examination of data derived from these RI lines as well
as analyses of other existing groups of congenic mice should
prove useful in delineating the inheritance of resistance to
Trypanosoma rhodesiense.
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GENETIC CONTROL OF RESISTANCE TO PARASITIC INFECTIONS
Chairman's Summary
David L. FRosenstreich

Departments of Medicine, Microbiology
and Immunclogy
Albert Einstein College of Medicine
Bronx, New York, N.Y. 10461.

The organisms that fall under the general heading of
mammalian parasites are complex and regquire multiple host
defense mechanisms for their eradication. This complexity
is due in part to their relatively large size and possession
of maltiple surface antigens. It also reflects their com-
plex life cycles and the presence of morphologically and
antigenically distinct stages within a single infected host.
In addition, many of these organisms have evolved sophisti-
cated mechanisms for evading host defenses, such as the
antigenic variation of the African trypanosomes, or the pro-
found state of immunosuppression induced by these and other
ProtozZoans.

This complexity wvirtually ensures that host resitance
will be controlled by multiple genes. MNewvertheless, a care-
ful analysis of genetic control mechanisms is more important
with this class of infection than with any other because it
is the powerful tool of genetic analysis that will enable us
to distinguish between primary and ancillary defense mechan-
isms. The current state of knowledge in this area has been
concisely summarized in the excellent overviews by Bradley
and Wakelin: accordingly it is intended to devote most of
this report emphasizing the important points that emerged
from the workshop discussions.

A major problem in this area is to develop strategies
for analyzing systems that are under polygenic control.
Most of the parasitic infections of mice fall into this
category and this is especially true when one uses as an ex-
perimental parameter a late effect of infection, such as
death. One approach to this problem lies in carefully ana-
lyzing the life history of the parasite in the host and the
host defense mechanisms that are called into play. By di-
viding the infection intoc stages, it is possible to analyze
the genetic control of individual segments that are more
likely to be under the centrecl of a single gene.

Such an approach is illustrated by the fine work of

Bradley and his co-workers on L. donovani (this volume). By
GENETIC CONTROL OF NATURAL RESISTANCE Capyright © 1980 by Academic Press, Inc.
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analyzing the distinctive parameter of early growth of the
organism in the liver and spleen, they were able to define a
single murine gene locus, Lsh, with a resistant and suscep-
tible allele. By controlling wariation in resistance in-
duced by the Lsh locus, they then analyzed the genetic con-
trol of the late phase of the infection and could demon-
strate that resistance in this phase was controlled by an
H-2 linked gene. A similar analytic technique is illustrat-
ed by the studies on resistance of mice to T. spiralis (this
volume) which identified several distinct types of resist-
ance to this helminth; although these studies are only now
emerging, this approach looks extremely promising. In con-
trast, analysis of genetic control of resistance to T.
rhodesiense-induced lethality revealed a polygenic pattern
of inheritance (this volume). Clearly, attaining an under-
standing of this type of infection will require a step-wise
approach. In fact, recent studies by Morrison and Murray
(Exp.Parasitl. 48:364, 19792) on a related organism, T. con-
golense, suggest that the initial number of parasites in the
blood, and the ability to eliminate parasites for one or
more cycles, might be controlled by distinct genes.

One of the major goals of genetic analysis is to iden-
tify the mechanism of gene action. BAlthough we are far from
identifying the biochemical effects of even a single resist-
ance gene, work from several laboratories on resistance to
L. tropica, suggests that progress in this area is taking
place. Unlike most inbred mouse strains, Balb/c mice devel-
op a progressive, non-healing cutaneous lesion after in-
oculation with L. tropica, that eventually visceralizes and
produces death. Convincing evidence was presented by Howard
that this suceptibility of Balb/c mice was due to the effect
of a single, co-dominant, non-H-2 linked autosomal gene.
Mice that carry the susceptibility allele of this gene de-
velop high levels of leishmania-specific T suppressor cells.
This suppression interfers with the host's ability to mount
an effective cell-mediated immune response; conseguently
the organism grows unchecked. It is not clear whether the
development of these T-suppressors is the primary defect, or
whether they merely constitute a manifestation of the ex-
cessive growth of the organism due to some earlier defect.
In fact the feeling was that the primary defect lies in the
inability of the macrophage to control the early growth of
the organism.

These findings are interesting for a number of reasons.
One is that the suggestion of an initial failure of macroph-
age function is analogous to the defect postulated by
Bradley for the Lsh locus, even though these genes are
clearly distinct. Interestingly, a number of other resist-
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ance genes (i.e. Ity, Ric) are also thought to be expressed
in macrophages. The development of suppressor cells in in-
fected, susceptible hosts also appears to be a common mech-
anism, being reported at this workshop for Mycobacteria
bovis BCG, Mycobacteria lepremurium as well as for a number
of wviruses. These findings suggest that many distinct re-
sistance genes may well be expressed in a similar fasion.

The last point that bears emphasis concerns the relat-
ionship of genes that control natural resistance and respon-
siveness to therapeutic agents. Balb/c mice develop a pro-
gressive, and ultimately fatal infection after inoculation
with L. mexicana, while C57BL/6 mice are much more resist-
ant. Treatment with the antimonial, Glucantime, cures in-
fected C57BL/6 mice whereas Balb/c mice carrying this in-
fection do not respond to this chemotherapy. This observat-
ion is qualitatively similar to earlier work by Robson and
Vas (J.Infect.Dis. 126:378, 1272) which indicated that sus-
ceptible mice could not be protected against S. typhimurium
lethal infection by means of the usual types of wvaccines
that were protective for resistant strains. These findings
suggest that therapeutic or preventive manouevers that prove
to be only partially effective, as is the case with many
parasitic infections, really need to be tailored to the
genetic background of the host if their effectiveness is to
be improved. In the long run, the contribution of genetic
variation to responsiveness to therapy, not given a great
deal of attention thus far, may prove to be much more rele-
vant toc these health problems than the attribute of innate
resistance.

Given the complex nature of this class of organisms, it
is encouraging that so much progress has been made. It is
clear, however, that further progress in the near future
will depend on the close cooperation of scientists from the
relevant disciplines. Should these proceedings give rise to
a workable interaction between parasitologists, immuno-
logists and geneticists, this workshop will then have amply
fulfilled its function.
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Inbred strains of mice exhibit a dose-dependent suscep-
tibility to the agent of murine typhoid, Salmonella typhi-
murium (12,13,27,30). For example, mice of certain strains
such as A/J (12,30) survive parenteral challenge with >10
bacteria, whereas other strains such as C57BL/6J (12,25,27,-
30) die after infection with fewer than 20 organisms. In
the 1930's, Webster demonstrated, by the selective breeding
of salmonella-susceptible and salmonella-resistant strains
from outbred strains, that this differential sensitivity was
genetically controlled (44). Recent studies have verified
these original observations and have extended the findings
by the indentification of three distinct genetic loci which
affect the course and outcome of murine typhoid. The first
salmonella-response gene described was Ity for immunity to
typhimurium (27,28). Two allelic forms of Ity are known.
Mice which are homozygous or heterozygous (F] mice) for the
dominant allele ItyT are resistant to S. typhimurium
whereas mice homozygous for the recessive allele Ity® are
susceptible to the bacterium (27). While the alleles of Ity
are broadly distributed among inbred strains of mice, the
two other salmonella response genes, EEEd and xid, are
mutant alleles and are expressed (susceptible) by only a few
strains of mice (24,25).

In this communication, two areas of investigation on
the genetic control of murine resistance to S. typhimurium
will be discussed. The genetic analysis which led to the
delineation of these three loci will be described. 1In add-
ition, the awvailable information on the mechanisms controll-
ed by salmonella-response genes will be summarized. Final-
ly, a comprehensive model that describes the mechanisms re-
sponsible for S. typhimurium reistance based on these gene-
tic studies will be proposed.,

GEMETIC CONTROL OF NATURAL RESISTANCE Copyright © 1980 by Academic Press, Inc.
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THE ITY LOCUS: A CHROMOSOME 1 GENE WHICH INFLUENCES THE
INITIAL REPLICATION OF S. TYPHIMURIUM IN THE SPLEEN AND
LIVER.

Previous studies by Fobson and Vas (30) and Plant and
Glynn (27) suggested that inbred strains of mice could be
classified as either innately resistant or susceptible to
S. typhimurium by a calculation of the 50 percent lethal
dose (LDgp) of the bacterium for wvarious strains. Similar
studies were reported by Hormaeche (12). A summary of the
findings of these investigators and some observations from
this laboratory is shown in Table 1. It should be noted
that the salmonella-susceptible and salmonella-resistant
phenotypes of mice listed in Table 1 were determined from
the LDgg of S. typhimurium following parenteral (i.V., S.C.,
i.p.) infection. Since the natural route of acquisition of
the organism is by ingestion, the assessment of salmonella-
sensitivity by parenteral challenge has been criticized (8).
However, our findings and those of other researchers (30)
indicate that the relative susceptibility of murine strains
to salmonellae is similar, regardless of the inoculation
route.

Plant and Glynn identified a non-H-2 linked gene, which
they subsequently designated Ity (28), that governs the re-
sistance of CBA mice and F; and backcross mice derived from
matings of CBA and S. typhimurium-susceptible BALB/c animals
(27). Recently, these investigators mapped the Ity locus to
Chromosome 1 by an analysis of the linkage between specific
phenotypic markers and salmonella resistance in hybrid mu-
rine populations (29). Results from this laboratory on the
salmonella-susceptibility of over 30 recombinant inbred str-
ains of mice derived from Ity® and Ity® progenitor str-
ains have confirmed the Chromosome 1 location of EE
(0O'"Brien, A.D., D.L. Rosenstreich, and B.A. Taylor; manus-
cript submitted for publication).

It is not as yet clear how Ity regulates the murine re-
sponse to 5. typhimurium infection. Although Plant and
Glynn suggested a correlation between the extent of the de-
layed hypersensitivity footpad response to an extract of
salmonellae and the degree of resistance to the bacterium
(27), Hormaeche found no relationship between innate resis-
tance and footpad reactivity (12). However, we have obser-
ved, as have PFlant and Glynn (27), Robson and vas (30), and
Hormaeche (12), that Ity® mice are unable to contain the
early net multiplication of salmonellae in either their spl-
eens or livers, and, as a consequence, these animals usually
die early (< 10 days) after infection. This suggests that
Ity may affect the initial uptake or subsequent killing of
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Table 1. Response to various inbred strains of mice to S.
typhimurium infection.

STRAIK REFERENCE

Salmunvlla'resjﬁtanta

C3H/He 30

C3H/HeN 24

C3H/S5L 24

C3H/Bi 24

CEA [

CBA/Ca 25

ERVR 44, Personal Obs.
Ald 12, 30

A/HeN Personal Obs.
SWR/J Personal Obs.
DBA/2° 1225 ‘=3 "3
c57/L" 29, Personal Obs.

Salmone]]n-suﬁrrptih]rh

BSVS 44, Personal Obs.
DBAS 1 30

BALR/c e
C37BL/ 6 | B L
Bl10.D2 12, 30

C3H/Held 24, 30

CRASN 25

a Resistant = LDgp > 1 x 10° S«eCs, 1eV., Or i.p.

b Susceptible = LDgg €2 X 107 S.Cs; 1eVe, Or i.p.

c These mice are resistant when infected s.c. but respond
intermediately when challenged i.p.

this facultative intracellular bacterium by splenic and he-
patic macrophages. Presently, there is no direct proof that
a macrophage deficit is responsible for the salmonella sus-
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ceptibility of Ity® mice. Nonetheless, two lines of in-
direct evidence-gﬁbport the hypothesis. First, Maier and
Oels demonstrated that macrophages from S. typhimurium re-
sistant inbred BRVR mice kill salmonellae better than do
macrophages from S. typhimurium sensitive inbred BSVS anim-
als (18). Since the replication of salmonellae in either
the spleens or livers of these mice has not, to our know-
ledge, been examined, one can only presume that BRVR and
BSVS are Ity® and Ity® mice, respectively. In support
of such an assumption is the observation from this laborat-
ory that F hybrids from BSVS and C57BL/6J [Ity® (28)]
parents are salmonella-susceptible (unpublished result).
Furthermore, wunrestriced initial net multiplication of 5.
typhimurium is observed in the spleens of salmonella-resist-
ant mice that have been pretreated with the macrophage-toxic
agent, silica (26). Since such treatment also converts the-
se mice to a salmonella-susceptible phenotype, it appears
that macrophages must control bacterial growth early in the
infectious process if the animals are to survive.

THE LPSY9 LOCUS: A CHROMOSOME 4 ALLELE WHICH RENDERS MICE
ENDOTOXIN-UNRESPONSIVE AND SALMOMELLA-SUSCEPTIBLE

The murine response to lipopolysaccharide (LPS) is con-
trolled by the Chromosome 4 locus, Lps (43). Two alleles at
this locus have been described. The Lps" allele which is
expressed by most inbred strains of mice renders them sen-
sitive to the biological effects of endotoxin. In contrast,
some inbred strains such as C3H/HeJ and C57BL/10/ScCr carry
the matant allele EEEd which results in a poor response to
LPS (19,43). For example, C3H/HeJ mice are abnormally re-
fractory to such LPS-induced effects as lethality (41), mit-
ogenicity (42), polyclonal antibody formation (40), and non-
specific resistance to infection (6). In vitro studies have
demonstrated that the Eggﬁ phenmtypé__is expressed by a
variety of cell types which include T cells (16,20), B cells
(10), fibroblasts (35), and macrophages (31,34).

Two apparently contradictory reports in the literature
prompted us to examine the possibility that the Lﬂﬁd al-
lele might affect the murine response to salmonellosis.
Plant and Glynn observed that C3H/He mice were salmonella-
resistant (27) while Robson and Vas had found that C3H/HeJ
mice were sensitive to murine typhoid (30). Since all C3H/
He mice examined to date except C3H/HeJ mice are LPS respon-
sive (9), we speculated that the discrepancy between the ob-
servations of these two groups of investigators might re-
flect differences in the LPS phenotypes of +the animals.
Therefore, we performed a series of genetic analyses to de-
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termine whether EEEd influences murine resistance to S.
typhimurium (24). First, we determined the LD; ; of the bac-
terium for wvarious C3H substrains. We found that of the
genetically related animals tested (C3H/HeN, C3H/Bi, C3H/St,
C3H/HeDub, and C3H/HeJd), only C3H/HeJ were S+ typhimurium-
susceptible (SLDE,:}{E}; All the other strains were resistant
(LD5p>2 x 107 ). Furthermore, C3H/HeJ mice were unable to
contain the initial net multiplication of salmonellae in
their spleens, whereas C3H/St mice did control splenic repl-
ication of the bacteria.

To determine whether the C3H/HeJ response to S. typhi-
murium could reflect the expresion of ItyS, we tested the
sensitivity of hybrid mice to the orgéﬁIém. We reasoned
that if C3H/HeJ mice are of the Ity® genotype, F; progeny
from crosses of C3H/HeJ with the ItyS, S. typhimurium-
suscepktible C57BL/6J strain should alEE_be sensitive to the
bacterium. Since (C3H/Hed X C??BLEEJ}FL mice were S tthi-
murium resistant (LDgg »>8 x 107) it appeared that gene comp-
lementation had occurred. Thus, the C3H/Hed and CS57BL/6J
susceptibility genes must be distinct. Moreover, C3H/HeJ
susceptibility is not ¥-linked, since both (C3H/HeJ X C3H/
HeN) F; male and female mice were resistant to murine typ-
hoid (LDgq > 8 x 10°).

The elimination of the influence of either ItyS or
X-linked genes (notably xid) on the salmonella-susceptibi-
lity of C3H/HeJ mice indicated that another gene(s) was
resgonﬁible for bacterial sensitivity. To determine if the
Lps~ gene was in fact influencing the response of C3H/HeJ
mice to murine typhoid, a backcross linkage analysis was
performed with the progeny obtained from crosses of C3H/HeJ
and (C3H/HeJ X C57BL/6J)}F; mice. These studies revealed a
close correlation between the phenotypic expression of
Lpsd, as measured by the low proliferative response of
EEFitcneal B cells to LPS, and salmonella sensitivity since
13/14 LPS-unresponsive mice died whereas only 2/13 LPS-resp-
onsive animals succumbed to the infection. These observa-
tions suggested that Eggé and a salmonella-sensitivity
gene were either linked or identical. The chromosomal loca-
tion of this salmonella-sensitivity gene was confirmed by
its association with another Chromosome 4 locus, Mup-12
(43). Based on these findings, our working hypothesis is
that the C3H/HeJ susceptibility gene and EEEd are identi-
cal. Further studies may, however, reveal that the two loci
are distinct.

The mechanism by which EEEd confers 5. typhimurium
susceptibility on C3H/HeJ mice is not known, but the rapid
initial net splenic multiplication of the bacterium (24)
after low dose challenge (50 organisms) resembles the




106 Alison D. O’Brien ef al.

phenotype of Ity® mice. Moreover, other aspects of the
response of Itys and Lpsd are also similar. For exam-—
ple, we found that C3H/HeJ mice cannot be protected from
otherwise lethal infection by standard wvaccines, but protec-
tion is possible if they are lethally irradiated and recons-
tituted with syngeneic  C3H/HeN (Lps™) bone  marrow
(0"Brien, A.D., and D.L. Rosenstreich; manuscript in prepar-
ation). Similarly, C57BL/6J mice cannot be protected by
vaccination (22,30), and Hormaeche showed that the phenotype
of Ity® mice (early net splenic replication of S. typhi-
murium) can be altered by adoptive transfer of Ity" bone
marrow cells (14). Nevertheless, differences between the
expression of Ity® and EEEd must exist, since gene comp-
lementation occurs when C57BL/6J and C3H/HeJ mice are cross-
ed (24). If one assumes that the inability of mice to con-
tain bacterial growth in RES organs reflects a macrophage
dysfunction, then one must also presume that the macrophage
defects of Ity® and Lps® mice differ. This corollary is
supported indirectly by the observation that EEEQ macro-—
phages, unlike Ity5 macrophages, are poorly tumoricidal in
vitro and cannot be stimulated by the gmphﬂklne MIF (34).
A comparison of the capacity of Lps and EE_F macro—
phages to phagocytize and kill salmnnellae is in progress.

THE XID LOCUS: AN X-LINKED GENE WHICH ALTERS B-CELL
FUNCTIONS AND RENDERS CBA/N MICE SALMONELLA-SUSCEPTIBLE

The X=linked recessive allele EEE (for X=-linked immuno-—
deficiency) confers a B lymphocyte functional defect on CBA-
/N mice and F; male mice obtained from crosses of CBA/N fe-
males with immunologically normal male mice of another in-
bred strain (1,2,338). Thus, (CBA/N X DBA/2N) F; male mice
are immune-defective but (CBA/N X DBA/2N) F; female mice and
(DBA/2N X CBA/N) F; male and female animals appear to be
immunologically normal. Some of the B-lymphocyte dysfunc-
tions of xid mice include poor or absent antibody responses
to certain T-independent and T-dependent antigens (1,15,36-
38), defective splenic proliferative responses to some B-
cell mitogens(36), increased susceptibility to in vitro to-
lerance induction (21,23), and low levels of serum IgM (1).
In contrast to many of the B-cell functions of these ani-
mals, most of their T-cell activities are not impaired.
Thus, xid mice reject grafts and their splenic lymphocytes
respond to concanavalin A and mediate T-cell cellular cyto-
toxicity reactions as well as control mice (36). In gener-
al, the T-cell helper functions of these mice also appear to
be normal (15), although two recent reports suggest that T-
cell help is suboptimal for certain responses [LPS-induced
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polyclonal antibody formation (11) and phosphorylcholine
T-15 antibody response (4)]. In addition, CBA/N macrophages
respond normally to endotoxin (32).

We have examined the effect of the xid-conferred B-cell
defect on the susceptibility of CBA/N mice to murine typhoid
(25). The LDy of S. typhimurium was 10 for CBA/N mice but
1 x 10 for the immunologically normal, genetically related,
CBA/CaHN strain, which suggested that expression of xid
might render mice salmonella-sensitive. Further genetic
analyses confirmed this supposition. First, in lethal dose
studies with crosses of CBA/N mice and DBA/2N or BALB/c
mice, only immune-defective F] male mice were highly suscep-
tible to murine typhoid (LDgp < 10); immunologically normal
F) female littermates and reciprocal F; male mice were sal-
monella-resistant (LDgg > 5 x 107 ). Secondly, linkage ana-
lyses revealed a close association between expression of Eéﬂ
(low serum IgM levels) and susceptibility to salmonellosis
among backcross and F; mice derived from CBA/N parents; 93%
(52/53) of xid mice died compared to a 44% incidence of
death (22/50) among backcross and F; mice with normal serum
IgM levels.

Recently, we investigated the mechanism of xid-confer-
red salmonella sensitivity (O'Brien, A.D., I. Scher, and
E.S. Metcalf; manuscript in preparation). We first compa-
red the mean time to death (MTD) of xid mice of EEES mice
and of EEE? mice after intraperitoneal inoculation with 10
LDsg s of S. typhimurium. While the MTD for xid mice was 16
days, the MTD for Ity® and H;:_sd mice was 7 and 6 days,
respectively. Thus, in contrast to EEXS and Ipsd mice,
xid mice die late in the course of the infection. The sur-
vival of xid animals early in salmonellosis reflects the
ability of their spleens to contain initial bacterial repli-
cation. By day 7 after i.p. infection with 50 bacteria, the
geometric mean number of S. typhimurium per spleen of (CBA/N
X DBA/2N) F; male mice was 2 x 10 . In contrast, the geo-
metric mean number of organisms per spleen of BALEB/c
{EEEE} mice was 2 X 106. Taken together, these results
indicate that at least two mechanisms of resistance to
murine typhoid are operative, an early phase which is pre-
sumably macrophage-dependent, and a late phase for which xid
mice are defective. e

We next examined the nature of the xid-conferred defect
in the late phase of innate resistance to S. typhimurium.
We considered the possibility that expression of xid might
affect T-cell dependent cell-mediated immunity to ET_tEEhi—
murium, since such a mechanism has been proposed as the
means by which outbred mice acquire immunologically specific
resistance to murine typhoid (3,7). A T-cell dependent
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immune mechanism is also essential in murine resistance to
another facultative intracellular bacterium, Listeria mono-
cytogenes (17). The possibility of an xid-controlled gener-
alized defect in cell-mediated immunity was eliminated by
our previous observation that B-cell-defective (CBA/N X
BALB/c) F; male mice were as resistant as immunologically
normal F; female littermates to L. monocytogenes (25). How-
ever, it is still conceivable that an BS. typhimurium-
specific defect in cell mediated immunity could be respon-
sible for the salmonella sensitivity of xid mice. Current-
ly, we are testing this hypothesis by a determination of the
delayed hypersensitivity-footpad responsiveness of salmo-
nella-sensitized xid mice and control mice to an extract of
the organism.

Another explanation for the late deaths of salmonella-
infected xid mice could be a deficient antibody response to
the bacterium. Indeed, xid mice have well documented abnor-
malities in their antibody responses to certain antigens
(1,15,36-38), and some investigators have proposed a role
for antibody in resistance to murine typhoid (33). There-
fore, we measured the anti+§. typhimurium IgG titers of sera
from (CBA/N X DBA/2N) F); male and female mice immunized with
a killed preparation of the bacterium. Killed rather than
live bacteria were used to elicit antibody because most xid
mice fail to survive even low doses of the live organism for
more than 3 weeks. Antibody titers were guantitated by a
solid-phase radicimmuncassay (Metcalf, E.S., and A.D.
C'Brien; manuscript in preparation). We found that the
anti-Salmonella mean IgG titers of F| female sera were 64-
focld and 40-fold higher than titers of F; male sera by 3 and
4 weeks after immunization, respectively. That such reduced
antibody titers might affect salmeonella sensitivity was sug-
gested by the marked increase in salmonella resistance of Fy
male mice when given F; female serum or a gamma globulin
pertion of the serum before challenge. Moreover, the pro-
tective substance in F; female serum was removed by adsorpt-
ien with the bacterium. The resistance of F; male mice to
murine typhoid was also significantly increased by adoptive
transfer of immunclogically normal F; male bone marrow
cells. These data support the hypothesis that the salmo-
nella susceptibility of xid mice is a consequence of a
delayed and diminished antzggﬁy response to the bacterium.

A MODEL FOR GENETIC CONTROL OF INHNATE RESISTANCE OF MURINE
TYFPHOID: EFFECT OF SIMULTANEOUS EXPRESSIOM OF
SALMONELLA-RESPONSE GENES ON SURVIVAL OF THE HOST

From the studies reviewed in this report, it is clear
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that the final outcome of infection with S. typhimurium,
i.e. death or survival, depends not only on the dose, route
of challenge, and wvirulence of the salmonella strain, but
also on the genotype of the murine host. Although each of
the distinct salmonella response genes was discussed indivi-
dually, it is important to emphasize that resistance or sus-
ceptibility to murine typhoid is a reflection of the simul-
taneous expression of alleles at these loci.

A MODEL FOR THE GENETIC REGULATION OF THE
MURINE RESPONSE TO S. typhimurium

Salmonella phagocytized by
hepatic and splenic macrophages

ﬁ
3

!

Control of early replication (lty, Lps)

|

Control of antibody formation and
late replication (xid)

Fig. 1. A model for genetic control of innate resistance to
muarine typhoid.

The model depicted in Fig. 1 is our view of how each of
these genes affects natural immunity to murine typhoid. 1In
this model, the infectious process is divided into two
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phases, early (< 10 days) and late (> 10 days). The first
requirement for expression of resistance is the capacity of
the murine RES organs to restrict bacterial multiplication;
Ity® anﬂ.IEEEF mice, which cannot contain the net multi-
plication of salmonellae, die at an early stage. Interest-
ingly, this requisite for murine survival applies not only
to S. typhimurium but also to the parasite Leishmania dono-
vani. Indeed, we have found that the Lsh gene which cont-
rols the replication of L. donovani in the RES (5) is close-
1y linked to  the ny locus (0O"Brien, AeDe., D.L.
Rosenstreich, and B.A. Taylor; manuscript submitted for
publication).

Mice which survive the first, apparently immunologi-
cally non-specific phase of salmonellosis E;EngEEEH
phenotype) must then combat the infection by immunologically
specific means. We believe, as shown in Fig. 1, that at
least one of the immunologically specific, late stage resis-
tance mechanisms is antibody dependent. In support of this
theory is the failure of salmonella-antibody-defective xid
mice to survive this phase of murine typhoid. It seems pro-
bable that a T-cell dependent cell-mediated immune mechanism
is also operative at this stage in innately salmonella-
resistant mice.

The model which we have proposed was formulated from
our current knowledge of the salmonella response genes and
their mechanisms of action. However, there may be other, as
yet undefined genes, which also influence salmonella suscep-
tibility . The identification of additional loci may neces-
sitate revision of this simple model. Nevertheless, this
model is a logical framework on which to base further
studies.
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DISCUSSION

Hormaeche: What happens in these experiments when O'Brien
administers the Salmonella intravenously? Or are all these

data derived from experiments based on i.p. route of infect-
ion?

0'"Brien: The LPS response gene data have been affirmed by
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oral challenge, i.v. challenge, and subcutaneocus challenge.
The C3H/HeJ mice were susceptible in all instances. The xid
gene data was also examined and confirmed by intravenous
challenge.

Plant: We have also confirmed our Ity findings by giving
Salmonella orally, and the results correlate very well with
the intravenous route. Intraperitoneally, we get some dis-
crepancy and I think this is peculiar to DBA/2 and C3H
strains, possibly because in these mice, other genes also
play a part in the resistance to infection.

Ruco: I was wondering if O'Brien noticed any changes in in-
flammatory reaction following Salmonella infection in C3H/
HeN and C3H/HeJd mice involving cells other than macrophages.

Q'Brien: This was not done. My suspicion, based on some
unpublished observations, is that the C3H/Hed mice make a
poor inflammatory response to Salmonella compared to C3H/HeN
controls.

Collins: With regard to the LPS-sensitive and resistant
mouse strains: Do they show a difference as regards the
LDgp dose for purified LPS? Is there a difference in their
susceptibility to heat-killed Salmonella typhimurium, which
of course might be attributable to complexed LPS? Does this
correlate with the LDgp data that O'Brien has for the viable
organisms?

O'Brien: It does, somewhat, in a reciprocal manner. The
C3H/HeJ strain is highly resistant to the lethal effects of
endotoxin. The other strains are pretty much egual in their
LP5 sensitivity, although i have not done the experiment. I
have not taken other C3H substrains and challenged them with
phenol-water LPS extracts to ascertain mortality data. But
my understanding is, at least in terms of toxicity of LPS
for macrophages (not exactly the same thing), that they
are rather similar in their response.

Collins: I would just expect, since one has a 1000-to-
10,000-fold difference in the lethal effects of the chall-
enge, that there would be a very substantial difference in
the LDg; for the LPS itself, or for the heat-killed orga-
nisms.

0'Brien: There is a substantial difference, but it is the
reverse of what one would expect. In other words, the mice
apparently are not dying of LPS toxicity, as they are




114 Alison D. O'Brien et al.

instead refractory to the effect of LPS.
Collins: How can you explain that?

O'Brien: I can only offer a theory, based on absolutely no
facts at all. It goes this way - during the interaction of
a Gram-negative organism with a macrophage, for example,
something on the cell surface of that macrophage, not neces-
sarily a receptor really, is required for uptake of that
organism by the macrophage. Certainly, there is ewvidence
with C3H/HeJ mice and purified endotoxin, that the macro-
phages are not triggered by endotoxin; they do not really
perceive it as a normal animal would. So, if one could
envision that the LPS gene is coding for some kind of a re-
ceptor and that i~ 73H/HeJ animals are missing that recept-
or on a lot of cell types, that they fail to perceive the
bacterium in the usual fashion, i.e., do not take it up
properly; but they also do not see LPS and consequently are
not triggered to release their pharmacologically active sub-
stances which may well be responsible for endotoxin action.
As you see - all theory, no facts.

Bennett: Has O'Brien tested her hypothesis about C3H/HeJ
macrophages by doing cell transfer experiments Dbetween
genetically-resistant and susceptible animals?

O'Brien: Yes we surely have. We have ncot done it with the
Ity-s/Ity-r combination. Hormaeche has, and has been able
to transfer a change in the early net multiplication, by BM
cell reconstitution of lethally irrradiated animals. We
have done BM transfer, spleen cell transfer, peritoneal cell
transfer, between C3H/HeJ and C3H/HeN mice, and between
(CBA/N x DBA/2N) F; males and F; females. To sum it up, one
can make a C3H/HeJ mouse Salmonella-resistant if one trans-
plants BM from a C3H/HeN mouse; but this will not go with
spleen cells or peritoneal cells. You can make a xid male
mouse Salmonella-resistant, i.e., you can increase the re-
sistance, by giving it F; female BM. This involves complete
reconstitution if one is to change the resistance to Salmo-
nella. Though one can give the C3H/HeJ mouse spleen cells
and make it respond to the mitogenic stimulus of LBS, that
does not make it Salmonella-resistant. This also holds for
CBA/N mice.
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It has been recognized since the 1930's that suscepti-
bility to Salmonella infection in mice is under genetic con-
trol [4,.12). Recent studies show that three separate loci
control Salmonella resistance (5) although none is H=-2 link-
ed (2). Studies on mice in the C3H lineage have identified
a locus on chromoscme 4 which determines Salmonella suscep-
tibility in the C3H/HeJ mouse (5). It has been mapped to a
locus closely linked or identical to the Lps gene (7,10)
which controls responsiveness to a variety of biolecical
effects of lipopolysaccharides (LPS) of gram-negative
bacteria (5). Although C3H/Hed mice are Salmonella suscep-
tible, they are resistant to the toxic effects of lipopoly-
saccharide and carry the Eﬂgd allele. Cther mice in the
C3H lineage, such as the C3H/HeN, C3H/St, and the C3H.Bi,
have been found teo be Salmonella resistant, but LPS sensi-
tive (5). Breeding experiments by these investigators sug-
gested a genetically controlled relationship in whlch Salmo-
nella susceptibility segregated with the _E_ allele in
mice of the C3H lineage. BAs part of our studies on suscep-
tibility and immunity to murine salmonellosis in C3H/HedJd
mice, we used C3HeB/FeJ mice as positive controls, since
these animals have been reported to give normal mitogenic
and immune responses to lipopolysaccharide (11). In the
course of these studies we found that the C3HeR/Fed mouse is
Salmonella susceptible, but endotoxin sensitive, thus pro-
viding at least one example of a strain in the C3H lineage
where the Salmonella-susceptible henatype is not associated
with LPS-nonresponsiveness (Lps' Vaccination studies
also showed that these mice are pﬂorly protected by lipo-
polysaccharide vaccines.

For these studies C3H/HeJ and C3HeB/FeJ mice were pur-
chased from Jackson Laboratories, Bar Harbor, Maine. C3H
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and CD-1 mice were purchased from Charles River Breeding
Laboratories, Wilmington, Mass. (C3H mice were derived by
the breeder from C3H/HeN mice which are maintained at NIH).
All animals, unless specified, were females weighing 19-21
g. For any given experiment, all animals were received in
the same shipment. Salmonella typhimurium, strain W118-2,
was used for experimental infection. This organism has been
used extensively by our laboratory in previous studies in
CD-1 and C3H/HeJ mice (1,2). To determine LDgsy values, log-
-phase cultures were used. Bacterial numbers were estimated
by Petroff-Hauser counts and the actual number of organisms
injected calculated from duplicate spread plates on blood
agar. As shown in Tabkle 1, the C3HeB/Fed mouse, like the
C3H/HeJ mouse, is hypersusceptible to Salmonella infection,
with a theoretical lethal dose approaching a single cell.
In contrast, mice of the C3H strain are approximately a
thousand times more resistant to an intgaperitﬂneal 5almon—
ella infection, with an LDg g of 1.2 x 107 cells.

Table 1. Intraperitoneal LDgy of S. Typhimurium, W118-2, in
Various Mouse Strains

Mouse Strain Breeder LDs
Number of Cells

C3H/HeJd Jackson Laboratory <7
C3HeB/FeJ Jackson Laboratory $2 A
C3H Charles River 1.2x1D5
cD-1 Charles River 1x10"

Spleen cells of the three different mouse strains in
the C3H lineage were all tested on the same day feor ability
to incorporate H -thymidine in response to three different
mitogens. All three substances were extracts from a single
batch of S. typhimurium W118-2. Trichloracetic acid extrac-
ted lipopolysaccharide (TCA-LPS) was prepared by the method
of Boivin as described by Sultzer (6). A portion of this
TCA-LPS was further extracted with hot phencl (8). Phenol-
water extracted lipopolysaccharide (PW-LPS) was recovered
from the agueous phase. Endotoxin protein (EP) was recover-
ed from the phencol phase.

As expected from previous reports (8), C3H/HeJ mice did
not give a mitogenic response to PW-LPS, but did respond to
TCA-LPS and to EP (Table 2). C3HeB/FeJ and C3H mice respon-
ded to all of the mitogens tested. The C3HeB/FeJ mouse was
than compared with the others strains for its sensitivity to
endotoxemia. Table 3 shows the mortality data for groups of
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Table 2. H’-Thymidine Uptake by Spleen Cells In Vitro of
Three Different Mouse Strains in the C3H Lineage

C31/He} C3HelijFe| C3H

Mitagen®  Dose (ugfwell)  Mean CPM S0P SIS MeanCPM tSD. S0, Mean CPM 4 5.0, S1.
None 2 780 £ 51 — 541 + 27 < 1141 £ 88 s
PW-.LPS 5 2,953 * 506 38 360244 471 67 47049 +4360 41
25 5,583 1 957 75 4392145336 B1 55281 665 48

EP 1 36,647 £ 1,990 47 35,617 + 8,900 66  39350+3470 35
5 35,091 £ 3067 49 55,0659 1 893 102 58,373 1 1,208 51

25 36,916 + 5,549 47 61,779 11,475 114 63968+ 7M 56

100 34,603 + 2,367 44 37,709 £ 3,289 70 43674:1500 38

TCA-LPS 1 27,730 ¢ 2,028 36 39,470 3,390 73 40429 +28S8 35
5 35,649 * 6,508 43 44,446 1 5,662 82 50,197 470 44

a1l mitogens derived from S. typhimurium, strain W118-2.-
PW=-LPS = phenol-water extracted lipopolysaccharide;EP = en-

dotoxin protein; TCA-LPS = trichlorocacetic acid extracted
lipopolysaccharide.

ptake of 0.25 uCi of H3 - thymidine by triplicate cult-
ures of 4 x 10° spleen cells.
€8.1.= Mean cpm of mitogen

Mean cpm without mitogen

Table 3. Toxicity of Phenol-Water Extracted Lipopolysaccha-
ride for Various Mouse Strains in the C3H Lineage

Survivalfﬂﬁvcfggyﬂlﬁ_

Mouse Strain

Dose LPS (ug)? C3H/He) C3H C3Hel}/Fe]

2000 416 N.D. N.D.

1000 6/6 0/6 0/6
500 6/G 3/6¢ 1/6¢
250 N.D. 6/6 0/6
100 N.D. 6/6 6/6

TDg o 2 >2000 500 250<100

Classification R (=] Vs

dphenol-water extracted lipopolysaccharide from Salmonella
typhimurium (Difeco lot #1604064)0.5 ml suspended in sterile,
nonpyrogenic saline (Cutter Medical) and injected ip.
bMortality scored 48 hours post injection.

€ An additional mouse succumbed 3 days post injection.

d Tps y=Toxic dose for 50% of the animals

©R = Resistant, S = Sensitive, VS = Very Sensitive
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& mice receiving graded doses of commercially prepared PW-
LPS. C3HeB/FeJ mice were the most sensitive of the three
strains tested, with 100% of the animals succumbing to the
250=-pg dose. It is evident that they respond very differ-
ently from C3H/HeJ mice, which are excepticnally resistant
to the lethal effects of LPS, the LDg; being greater than
2000 pg. Thus, the C3HeB/Fed mouse is hypersusceptible to
Salmonella infection, but sensitive to the toxic effects of
PW-LPS, and mitogenically responsive to this substance
(Table 4).

Table 4. Summary

Salmonella Endotoxin Mitogenic
_liri_ﬂusc EIra-_T _‘E-us{t-pvt_fi_li-f_a Sensitivity? Responziveress
C3H/Hej Sus R —
C3HeB/Fe} Sus Vs *
C3H Res 5 +

4pased on LDsy determinations
bBased on TDgp determinations

We had previously shown that C3H/Hed mice are poorly
protected by PW-LPS (2) and by endotoxin protein (EP) (3).
However, their mean time to death is prolonged by wvaccina-
tion with TCA-LPS (3). In contrast, CD-1 mice are well pro-
tected by PW-LPS, with 1 pg affording protection against a
challenge of 500 LDgp doses (1). The results presented in
Table 5 show that C3HeB/FeJ mice respond like C3H/HeJ mice,
in that they are poorly protected by EP or PW-LPS, but show
a prolonged mean time to death when wvaccinated with TCA-LPS
and challenged 21 days later. The poor immunizability of
C3HeB/FeJ mice was not expected, as these mice have been re-
ported to give normal in wvitro and in vivo immune responses
to PW-LPS (11). In contrast, Salmonella-resistant C3IH mice
are protected by PW-LPS and EP vaccines (unpublished observ-
ations).
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Table 5. Survival and Antibody Titers of C3HeB/Fed Mice
Vaccinated and Challenged ip

vl
Whale Cell
Vachee" Dowr M0 Dy 0 Dy &1 Day 61 Day Agglunlaatlon
Ll MyDE MTD Thes
1 10 0% (1] i 15 aeed =1
{1/m@) o 12 <3
1 <3
13 1 1z % 17 prr <1
(o i X =2
11 =7
100 0% i3 % n pre =1
[2me) 1071 12 4
21 1
FiW=LPFS 10 [ 1 % 1 pre <2
{0} [oro) 12 <1
1 L2
2% e i3 s 13 pre <3
[y (L] 12 <1
i 4
108y &7 % i T pre <32
41109 L] 12 4
Ih i
TCA=LFS 1% 0% 0 1o a2 e =1
(L] {114} 1 16
il 113
25 [} i [+ ] o pie =3
{oe) 1 12 4
21 16
100 s - % 1 Fre =1
e (2% 13 &
21 ¥
FBS [ 11 o 11 <32
o/ o 10) TS5 = 165

AMice immunized ip

buice challenged 21 days post vaccination with 24 cells of
W118=-2 given ip

C MTD = Mean time of death

dpre = preimmunizatiaqn titer; 12 and 21 = titers on desig-
nated days post vaccination. Pooled sera of 4 mice.

ep,5. = typing serum titer.

These studies establish that C3HeB/FeJ is a mouse stra-
in in the C3H lineage which is Salmonella susceptible, but
sensitive to the toxic and mitogenic effects of lipopoly-
saccharide. Thus, in this mouse strain, Salmonella suscep-
tibility is not associated with the defective LPS respon-
siveness controlled by the Effg allele. Whether suscepti-
bility is controlled by a very closely linked locus, or by
one of the other two loci known to determine Salmonella
susceptibility, is currently being investigated using appro-
priate genetic crosses. The studies presented here also
show that the C3HeB/FeJ strain does not behave like the re-
gsistant CD-1 or C3H mouse strain in ability to be protected
against Salmonella infection by vaccination with PW-LPS,
TCA=LPS or EP.
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NATURAL RESISTANCE TO MOUSE TYPHOID: POSSIBLE ROLE OF THE
MACROPHAGE

Carlos E. Hormaeche, James Brock and Richard Pettifor
Microbiology Division, Department of Pathology,
University of Cambridge
Cambridge, England

INTRODUCTION

There is increasing evidence that natural resistance to
certain parasites may depend on genetically determined host
factors, as yet poorly understood. Marked differences in
resistance can be found among inbred strains of mice.

Genetic differences in natural resistance to mouse typ-
hoid have been known for many years (1,6,23). The matter is
being reinvestigated and several groups have found important
differences among currently used strains of laboratory mice
(15,16,20,22). Plant and Glynn (17,18) studied natural re-
sistance to subcutaneous challenge with S. typhimurium C5
and were able to group 7 different mouse strains as resis-
tant or susceptible (LD 50); resistance was controlled by a
single autosomal gene or gene cluster located on chromosome
1 (12) which follows exactly the same mouse strain distri-
bution as the Lsh leishmania resistance gene (2). There was
an apparent correlation between high natural resistance and
the development of delayed hypersensitivity (footpad test)
to a salmonella extract.

Studies in this laboratory (8,9,10) using S. typhi-
murium C5 given i/v have shown that natural resistance is
under polygenic control; that the host defence mechanisms
operating during the early and late phases of the infection
are under separate genetic control; and that susceptibility
to infection can be due to different genetic defects occur-
ring at different stages of the infection.

One host defence gene is of prime importance. This is
almost certainly the same gene described by Plant and Glynn,
and may also be the one responsible for Webster's original
results. This gene operates very early in the course of the
infection and determines the in vivo net growth rate of the
salmonellae in the liver and spleen. Mouse strains can be
grouped as "fast" or "slow" net growth rate, the latter
trait following simple autosomal dominant inheritance. The
gene is not H-2 linked and is not related to the development
of a positive footpad test in mice immunized either i/v or
s/Ce

"Slow" net growth rate is essential for resistance, but
insufficient. MNot all strains of the "slow" category are
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equally resistant, due to the existence of additional ge-
netic defects. These modifier genes can alter the later
course of the infection and make some strains unable to sup-
press the bacterial load and lead to increased susceptibil-
ity (8,9).

THE NET GROWTH RATE PHENOTYPE OF RADIATION CHIMERAS

The net growth rate phenotype was shown to be transfer-
able to lethally irradiated recipients by bone marrow grafts
from the appropriate donor; the recipient then expresses
the net growth rate phenotype of the donor (10). This paper
reports the results obtained with a similar system, using
(Balb/c X C3H)F1 ("fast" X "slow")F1 which are of "slow"
phenotype. Lethally irradiated F1 mice were reconstituted
with T-depleted (anti-Thy 1,2 and complement) bone marrow
from Balb/c, C3H or F1 bone marrow and challenged with S.
typhimurium C5 i/v 3 months later. Fig. 1 shows that the
resulting in vivo net growth rate in the different groups is
essentially similar to that reported earlier with the B10-
-A/J model: the donor net growth rate phenotype determines
the phenotype of the recipient.

In addition, recipient F1 mice were given a mixture of
equal amounts of bone marrow from Balb/c and C3H. The re-
sult, also shown in Fig. 1, was essentially similar to that
seen with Balb/c cells alone: the actual counts were
slightly lower than in mice getting only Balb/c but the net
growth rate was very similar and clearly different from that
in mice getting C3H or F1 bone marrow.

The degree of chimerism was checked using a dye exclu-
sion microcytotoxicity test on peripheral blood samples.
The single chimeras were found to have no detectable cells
of the host type. However, the double chimeras which had
been given egqual amount of Balb/c and C3H bone marrow were
found to be approximately 90% Balb/c ("fast"). The experi-
ments were therefore repeated, but giving the irradiated F1
recipients 10% Balb/c and 90% C3H T-depleted bone marrow.
This resulted in approximately 50% chimeras and preliminary
experiments showed that they did not significantly differ
from the 90% Balb/c chimeras when challenged with salmonel-
lae. Fig. 2 shows the results of several experiments in
which indiwvidually typed mice were challenged with 10 sal-
monellas and assayed 5 days later. Similar high counts were
obtained with mice carrying either 50% or 90% Balb/c cells.

Summarizing, radiation chimeras express the "fast"
phenotype whether they are carrying predominant "fast" type
cells or equal amounts of "fast and "slow". We have obtain-
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ed comparable results in the B10-A/J model, alhough in the
latter case the transfer of equal amounts of both parental
bone marrows resulted in approximately 50% chimeras.
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Fig. 1. Growth of S. typhimurium C5 E1ﬂhifv} in livers and
spleens of (Balb/c x C3H)F) radiation chimeras. F] reci-
pients received 850 R and approximately 5.10 T-depleted
bone marrow from Balb/c (circles), C3H (triangles), F]
(crosses) or equal amounts of Balb/c and C3H (squares).

IN VIVO FATE OF TEMPEEATURE SENSITIVE (TS) SALMONELLA
MUTANTS

The mechanisms by which in vive net growth rate is con-
trolled is unknown. More specifically, there is no evidence
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Fig. 2. Growth of salmonellae in (Balb/c x C3H) F; double
chimeras carrying different amounts of donor cell types.

Viable counts in liver and spleen 5 days after ‘IDL' S. typhi-
marium C5 i/v.

to indicate whether the difference between the "fast" and
"slow" phenotypes is or is not due to a bactericidal mecha-
nism. While a greater macrophage bactericidal activity has
been found in some resistant mice (13), this has not been
confirmed in other strains (21). Similar experiments in
this laboratory (unpublished) have also failed to show a
consistently higher killing of salmonellae in wvitro by mac-
rophages of resistant mice. An attempt was made to estimate
the RES bactericidal efficiency in vivo, using non-replica-
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ting TS mutants. Five salmonella strains were used, the
highly virulent S. enteritidis 5694, the virulent S. typhi-
murium C5, the intermediate S. typhimurium M525 (8,9) and
M526 (14) and the non-virulent S. typhimurium M206 (11).
The in vivo net growth rate of the parent strains in Balb/c
mice is greatest in the highly virulent 5694 and negative in

the non-virulent M206, the other strains being arranged in
between in order of virulence (Fig. 3).

PARENT STRAINS
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Fig. 3. Growth of parent salmonellae in Balb/c mice.
Viable counts in_ liver and spleen following intravenous
challenge with 103 S. enteritides 5694, S. typhimurium CS5,
M525 or M526, or 10" M206.

TS mutants were prepared from all these strains by a method
similar to that described by Hooke et al. (7). These ma-
tants grew normally at 26°C, but ceased to divide at 37°cC;
they were non-virulent. Fig. 4 shows the fate of these TS
mutants in the livers and spleens of Balb/c mice injected
i/v. A challenge of 10° organisms is initially inactivated
but then reaches a plateau; the plateau level is highest
for the more wvirulent mutants, and arranges them according
to the virulence of the parent strains.

A clear pattern therefore exists in the fate of the
different TS mutants in vivo, with Balb/c mice clearing TS



126 Carlos E. Hormaeche er al.

mutants from less wvirulent parents more efficiently than
those derived from wirulent parent strains.
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Fig. 4, Fate of TS mutants in Balb/c mice. Viable counts
following intravenous challenge with TS mutants of strains
5694, C5, M525, M526 and M206.

The TS mutant of 5. typhimurium C5 was injected into
groups of mice of 7 different inbred and F1 strains, three
of the "fast" and four of the "slow" phenotype. Fig. 5
shows the result: there was no consistent difference in the
pattern of clearance according to the "fast" or "slow" phe-
notype. Counts reached a plateau between approximately 10“
and 10°.°, but the different strains did not consistently
separate into two groups, as might have been expected if the
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"slow" phenotype were due to a more efficient bactericidal
mechanism.
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Fig. 5. Fate of a TS mutant from S. typhimurium C5 in diff-
erent mouse strains injected with 10’ organisms i/v. Mice
of "fast" phenotype (Balb/c, B10, (Balb/c x B10.D2)F;) in
open symbols, "slow" phenotype (C3H, CBA, A/J, (B10 x
A/J)F1) in solid symbols.

DISCUSSION

The present results show that chimeric mice carrying
both resistant and susceptible cells behave like susceptible
mice, and that resistant mice do not consistently clear non-
replicating salmonellae better than susceptible mice.



128 Carlos E. Hormaewne et al.

The results on chimeric mice suggest that the gene regula-
ting in vivo net growth rate may not be acting by inducing
an earlier immune response (Ir gene?) in slow net growth
rate mice. There is comparatively little data on cellular
interactions operating in salmonella infections. However,
it is generally believed that a major mechanism in resis-
tance to mouse typhoid is the development of a T-cell medi-
ated immune response, possibly assisted by antibody (4,24).
If the same conditions of cellular interactions seen in
other systems also apply to the salmonella immune response,
then T cells from the putative high responder parent ("slow"
net growth rate) maturing in an F1 thymus could be expected
to cooperate with cells (including macrophages) of either
parent and slow net growth rate should result. The observed
high bacterial counts in these double chimeras appears to
negate this hypothesis and is more in keeping with the view
that net growth rate is not mediated by an immune response
but is the direct result of macrophage function, and that
the observed fast net growth rate in double chimeras is in
fact taking place largely in the macrophages of the "fast"
parental type. Clearly additional data on cellular inter-
actions in salmonella infections could be desirable to shed
more light on this question.
The results with temperature sensitive mutants appear to
suggest that the differences in net growth rate seen in mice
of different strains may not be due to marked differences in
in wvivo bactericidal activity, but that perhaps other diff-
erences in microenvironment may be important. It is known
that TS salmonellae are non-virulent (5) and that E. Coli TS
mutants are killed by macrophages in vitro (7). The present
studies show that TS mutants of salmonellae of different
virulence do not survive eqgually well in wvivo, as mutants
from wvirulent parents survived better than those from less
virulent ones. It is known that only salmonellaes that can
survive in macrophages are pathogenic. The present studies
showed that the degree of survival in viwvo arranges them in
the order of wirulence of the parents suggesting that the
degree of wvirulence, which appears to be due in great part
to the overall growth rate of the parent strain in the RES,
may be associated with susceptibility to in wvivo bacte-
ricidal systems. i

Cn the other hand, the degree of survival of one TS
mutant derived from S. typhimurium C5 did not arrange the
different mouse strains in two groups according to the net
growth rate phenotype. Some "slow" strains inactivated the
TS mutant better than some "fast"™ strains, but this was not
the general case. This contrasts with the clear arrangement
seen when different TS mutants were injected in one mouse
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strain, and suggests that - at least under these experi-
mental conditions - the degree of natural resistance may not
be due to a clear higher bactericidal efficiency in resis-
tant mice.

Additional information from other non-replicating mu-
tants would be desirable to shed more light on this gques-—
tion.It was observed that mice injected with TS mutants can
develop septic arthritis from which live TS mutants can be
cultured; that is, however, a late-developing complication
(2-3 weeks) and is unlikely to influence the short term ex-
periments described in this report. It is known that sal-
monellae divide in wvivo much more slowly than they do in
vitro, and are very resistant to the bactericidal effect of
macrophages (3,12,14). More detailed knowledge of the con-
ditions governing replicating and inactivation in the macro-
phage microenvironment will be required before a definite
conclusion on the mode of action of the net growth rate con-
trolling gene can be established.
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DISCUSSION

Bennett: It seems to me that there is one control experi-
ment Hormaeche would have to do before he can say that the
mixture of Balb/c and C3H cells allows the growth of the
permissive cell. What would happen if he were to put in two
H-2 incompatible BM cell types, both of which were geneti-
cally resistant, so as te rule out any H-2 allogenetic eff-
ect? In other words, the effect he is getting, the increas-
ed bacterial growth, could theoretically be due to H-2 non-
identical cells interacting with each other in the same
host.

Hormaeche: I have not checked for that. I simply depleted
the BM of T cells. &All I can say is that these experiments
were done three months after transfer; the mice appeared
healthy; the spleens were small. They did not appear to be
undergoing a GVH reaction. I have no further data.

Eisenstein: In connection with an earlier comment by
Cellins, I would like to know a but more about the relation-
ship between Salmonella susceptibility and endotoxin resist-
ance. This is an issue that has been around for a long time
and, while some have wvery strong opinions on it, I rather
think it remains unresolwved. Personally, I feel that in the
C3H/HeJ mouse we see an animal that is Salmonella-suscept-
ible and LPS-resistant while, in most of the other C3H stra-
ins, the animals are Salmonella-resistant but endotoxin
sensitive. What we have discovered is that there is another
mouse strain C3HeB/FeJ, which is Salmonella-susceptible, but
endotoxin sensitive, thus apparently dissociating these two
parameters. So I think that perhaps endotoxin sensitivity
and Salmonella-resistance are not necessarily linked. If
that is the case, we do not have much of a handle, at the
moment, on what causes a mouse to die of Salmonella.
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Hormaeche: I would agree. I think one little clue may de-
rive from the findings on the effects of endotoxin in human
typheid fever. I think it is now fairly clear that the
symptoms of typhoid are not due to endotoxemia. In the same
way, I believe the cause of death of the mouse infected with
Salmonella is not circulating endotoxin. If I could just
turn to your results on the C3H/HeJ mice, I find that anoth-
er, similar, approach confirms O'Brien's results with silica
increasing the microbial growth rate by knocking out the
macrophages. One can get pretty much the same results by
giving LPS. A large dose of LPS, or dead organisms, given
together with the Salmonella challenge pushes up the growth
rate and the mice die. That does not happen in C3H/HeJ mice
if one uses phenol-water-prepared LPS; but it does occur if
one uses Boivin type LPS or killed organisms.

Amos: In the experiments in which Hormaeche transplanted
mixtures of bone marrow cells, did he evoke a chronic GVH
reaction in the recipients?

Hormaeche: I did not check for GVH. The mice appeared
healthy and there was no visible spleen enlargement when the
mice were sacrificed one day after infection with Salmone-
lla. They appeared completely normal.

Amos: I do not see why you would not have had a GVH going
on, especially as you are putting in mixtures of H-2 incom-
patible cells.

Cudkowicz: Was Hormaeche using BM-cells pretreated with
anti-theta serum?

Hormaeche: Monoclonal anti-Thy-1 plus complement, yes.

Cudkowicz: That would explain why Hormaeche did not get de-
tectable GVH. But that still does not mean that the two
cells types had not interacted somehow. His finding is un-
usual in that he got only 10% of one population persisting.
Could he say again how he determined chimerism? What cell
was he typing for?

Hormaeche: First I want to say that I got exactly the same
results with the B10.A-A/J system. But in these, giving
equal amounts of B10.A and A/J BM, we got 50:50 chimeras.
It is only with the Balb/c and C3H that I got this imba-
lance. The typing was done on peripheral blood leucocytes
obtained from buffy coat and separated by carbonyl iron and
Ficoll-Hypaque; results of microcytotoxicity tests were
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judged by eosin exclusion.

Cudkowicz: Although it is unusual, there are precedents for
Hormaeche's findings. I mentioned that Lengerova has been
working with mixtures, and she has been looking at cells
much earlier than 90 days, and found evidence for inter-
action between certain genotypes leading to the prevalence
of one population over the other. Alsoc, some 10-15 years
ago, there was a report that (this was not a cell mixture
experiment) cells transplanted into irradiated animals, for
no well-identified reason, at some point ceased to persist
and, given enough time (in your case it is a long time), the
host cells returned. So that the mixture is established be-
tween the donor and the host cells.

I would like also to make a short comment about the
silica experiment. Everyone seems to imply that silica ad-
ministered EE vivo results in the elimination of macroph-
ages, essentially. I think that was the guiding principle
for everyone doing experiments until a few years ago, but
there are quite strong opinions now that this is not neces-
sarily the case. Silica particles are certainly injurious
to macrophages but they do not destroy them. And I would
say perhaps that the more interesting data now emerging is
that injured macrophages, or macrophages that have been ex-
posed to silica, turn intc suppressor macrophages; suppres-
sors for a number of immune responses, and also suppressors
for NK cells or cytotoxic macrophages such as are likely to
be involved in these phenomena. So most of those experi-
ments may have to be reconsidered.

QO'Brien: The silica studies we did were in wvivo. And
Cudkowicz is right, we did not see a decrease in macrophage
numbers; in fact, we saw an increase in macrophage numbers

but it appeared that they were not functioning as they had
been before.

Coming back to the subject of murine typhoid and the
0ld question of why Salmonella typhi is not wvirulent for
mice: I want to point out that C3H/HeJ mice are resistant
to Salmonella typhi and that silica treatment does not rend-
er a mouse susceptible to Salmonella typhi. So at present
there is no evidence that the macrophage sets the groundwork
for natural resistance to Salmonella typhi.
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We have found that resistance to Salmonella typhimurium
injected subcutaneocusly into mice is largely controlled by a

single gene locus on chromosome 1 - Ity. Resistance gene
Itzr is dominant and sensitive inbred mouse strains are
homozygous ItEE (7). This paper investigates the com—

pleteness of this dominance in various hybrid generations of
mice.

The parental mice were either the commonly used inbred
mouse strains (5) or the Biozzi mice from Selection I, i.e.
selected for high or low antibody responses to sheep red
blood cells (2).

The mice were evaluated for resistance to S. typhimu-
rium s.c.i. by three methods. Firstly the LDg; was esti-
mated in groups of mice challenged subcutaneously. Secondly
individual mice were distinguished as sensitive or resitant
by the wiable bacterial count per liver or spleen on day 10
(VC10) after infection with 10 organisms s.c.i. (6).
Thirdly, groups of mice given 10 S. typhimurium s.c. on day
0 were killed at intervals up to 4 weeks to determine the
kinetics of their infection in the organs.

The LDgp values for inbred mice and their F) hybrids
are shown in Table 1.

All hybrids with at least one resistant parent were re-
sistant with LDgg of 10°-107.  All sensitive-sensitive
hybrids were susceptible to <10 organisms. The wiable
counts of bacteria in the organs after a dose of 10" S.
typhimurium confirmed these results (Table 1). ﬂlthoﬁEH
bacteria in the spleen are shown, these correspond to those
found in the 1liver, hybrids with at least one resistant
pagent?havinq 107" -10" and sensitive-sensitive hybrids having
10 -10" bacteria per organ, as demonstrated previously for
inbred parental strains (6).

The kinetics of infection in the resistant-sensitive
hybrids closely paralleled infection in resistant mice over
3-4 weeks and was further evidence that no major complement-
ation had occurred between resistant, EEE? Ityt, and
sensitive, Ity® ItyS, parental mice.
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Table 1
LDs; S.typhimurium (C5) s.c.i. Spleen VC10*

BALB/c <10 1 x 10°
C57BL 2 x 10 7 x 10
DBA/ 1 <10

5 3
DBA/2 2 x 102 8 x 10
L/T 2 x 10 5 x 10
CBA/Ca 1 x 107 2 x 133
C57L 5 x 10° 2 x 10
SENSITIVE x SENSITIVE
BALBE/c x DBA/1 <5 5w 1n;
C57BL x DBAS1 <5 2 x 105
BALB/c x CS57BL <20 2 'x 10
SENSITIVE x RESISTANT

7 3
BALB/c x C57L 1 x 10 9 x 1“4
C57BL x DBA/2 5 x 102 2 x 10
BALB/c x CBA 3 x 10? 3 x 1E'.IJ+
CBA x C57BL 1 % 10 2 x 10
RESISTANT x RESISTANT
CEA x A/J 2 x 107 1 x 10°

*Viable bacteria/spleen on day 10 of infection with 1U3 Se
typhimurium s.c.i.

The Biczzi mice are denoted as High line or Low line
according to their antibody responses to sheep erythrocytes
92). We have compared these mice and hybrid generations for
responses to S. typhimurium using BALB/c and CBA as our sen-
sitive and resistant inbred mouse strains respectively.

The High and ILow lines showed clear differences in
their responses to subcutaneous 5. typhimurium (Table 2).
The High line were as susceptible as BALB/c mice and the Low
line resistant, confirmed by the LDgp and VC10 wvalues shown.
Although no significant difference was apparent from these
data in the resistance of Low line and CBA mice (Table 2),
when the kinetics of infection were studies over 3-4 weeks
in the two pairs of strains, their responses differed.
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Table 2.
LDg; S. typhimurium Spleen Liver
SeCois vC10 ve10
(5] 5
BALB/c <10 1 x 10 1 x 10
CBA 1 x 107 x 10° x 10°
BALB/c x CBA 3 x 10° 3 % 100 3 x 10°
: 7 7
HIGH line <20 x 10 9 10
LOW line 3 x 102 1 x 10° 1 103
HIGH x LOW 5 x 10 2x 100 2 x 10
BALB/c x LOW 6 x 10° 3 x 10° 4 x 10°
CBA x LOW 5 x 10° 2 x 193 3 x 153
BALE/c ®% HIGH £20 2 x 10 5 x 10
CBA x HIGH 4 x 10° 3 x 10° 2 x 108
3

CBA mice had levels of 10°-10' bacteria in the organs at 3
weeks (6) and remained carriers until at least 8 weeks after
infection. In contrast, Low line mice were able to clear
the organs of detectable bacteria within 3 weeks (Fig. 1).
This must either be a modification of expression of Ity in
the Low line mice or alternative genetic control of resist-
ance. The resistance of the (High x Low)F) mice as demonst-
rated by the LDs; and VC10 results (Table 2) indicated that
this control was inherited and able to overcome the sensiti-
vity of High line mice.

We have crossed the Biozzi mice with BALB/c or CBA:
LDsy; and VC10 results are in Table 2. The results for the
BALB/c or CBA hybrids with Low line showed both were as re-
sistant as Low line, so the resistance factor in Low line
had been inherited, and moreover could modify both Ity®
and Ity® to an equal degree.

“The High line hybrid results showed that their suscep-
tibility factor was also inherited. The BALB/c-High 1line
hybrid had VC10 values equivalent to High line indicating a
modification ewven of .EEEF expression. The CBA-High line
hybrid demonstrated clearly that the suceptibility factor in
High line was also able to modify Ity*. The mice were
apparently intermediate in resistance compared with parental
LDy and VC10 data. The genetic inheritance from High line
is unable to modify EElr completely, as was demonstrated
more obviously in the kinetics of infection in the CBA, High
line and hybrid mice (Fig. 2).
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Figqure 1. Viable bacteria in livers of High line and Low
line mice infected with 1ﬂ3 S. typhimurium s.c.i. on day 0.
Counts in groups of at least 4 mice expressed as G.M.*SD.

The resistance of the High-Low hybrid suggests a fairly
simple genetic control of resistance or modification of Ity
with no evidence of polygenic inheritance.

The inheritance of the Low resistance factor in BALB/c
and CBA hybrids and therefore its equal medification of
Ity" or Ity® was confirmed by the kinetics of infection
in these hybrids (Fig. 3) which showed them to be more re-
sistant even than the CBA parent and comparable to the
High-Low hybrid (Fig. 2).
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Figure 2. Viable bacteria in livers of CBA x High and High
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Figure 3. Viable bacteria in Low line hybrid mice.
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We therefore postulate that

1) In inbred mouse strains Ity® is the dominant gene
largely controlling resistance to S. typhimurium s.c.i.
(unpublished data demonstrates similar results for in-
travenous and oral routes of infection).

There was no evidence of complementation between the
strains.

2) Low line mice possess an additional or alternative re-
sistance factor which is able to modify the effect of
Ity® and Ity® in the hybrid mice.

3) High line mice possess a susceptibility factor which is
able to modify the effect of EExr, but incompletely.
It also modifies Ity® to some extent. However, the
resistance factor of Iow line is dominant. The two
factors may or may not be genetically correlated.

In view of the fact that infections in which Low line
mice are resistant, the immunity is postulated to be macro-
phage mediated, the mechanisms of the susceptibility/resis-
tance factor for E typhimurium may be dependent on the
macrophages in the two lines (1). This may or may not be in
addition to whatever is controlled by Ity in the mice. We
received the mice after 20-24 generations and they hawve sub-
sequently been inbred for 5 years, so should theoretically
be genetically stable. They are thought to differ at 6-10
loci, which may inc. 1de the H-2 locus (4).

The close parallel between Leishmania resistance and
Salmonella resitance (3) indicates the possibility of a con-
trelling locus for certain infections or Chromosome 1. The
involvement of macrophages in the mechanism of control of
either Lsh or Ity has not been eliminated. The modifica-
tions of Ity by High and Low line mice, which can be
genetically compared, may lead to c¢larification of these
mechanisms.
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DISCUSSION
Wake: Low line mice produce low levels of antibody against

SRBC. What about the antibedies against Salmonella anti-
gens?

Plant: Well, they are supposed to produce low levels of
antibody to Salmonella antigens. Right now we have not got
very good testing mechanisms for Salmonella antibodies,
assessing only hemagglutination, in both high-and-low line
mice, and in the hybrids. There did not seem to be any
correlation between the antibody levels in these mice and
their resistance or susceptibility.

Rosenstreich: Concerning gene linkage studies with respect
to the high and low line genes, are there alleles of Ity?
Are they on chromosone 12

Flant: We do not know yet. We have got as far as the F;'s
and were hoping to do some backcross experiments to see the
extent of this correlation.

Skamene: The curves of bacterial growth in the high and the
low line do not really differ wvery much during the first
week, a time at which one would expect to see a difference
were it linked to Ity.

Plant: Well, in fact, mice differing in the Ity gene do not
show mich difference in the actual counts in the first week,
although something must be happening. If you take Balb/c
and CBA as an example, it is just after day 6 that the Balb-
/c really shoots up, while the CBA stays at a lower level.

Collins: Do CBA mice mount a DTH response to Salmonella in-
fection and does this correlate at all with the antibody?
Also, I noticed with both Balb/c and Plant's high-responder
mice, that the infection went up to a microbial count of 10
or more. It is feasible to assess the infection-immunity in
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the half of the mice that survive your LDgy dose; can the
animal eventually eliminate the infection or is the situa-
tion such that but one organism constitutes the LDgp and you
kill the animal?

Plant: CBA mice do produce good DTH but the problem is com-
paring the sensitive and resistant mice. How would one get
good DTH in the sensitive mice without killing them? As to
the second point, if one gives a dose of less than 10, some
mice do survive. Whether this is because some have received
no Salmonella at all is hard to say. But if they are given
a slightly larger dose, they all die.
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Recently there has been a renewal of interest in the
genetics of resistance to infection, spurred by the current
interest in the genetics of immune responses in general, and
fed at the experimental level by the availability of a wvar-
lety of 1inbred strains of mice. These include congenic, re=
combinant, recombinant inbred and mutant strains. Much
emphasis has been placed on the fundamental role in the imm-
une response of the major histocompatibility complex (MHC)
linked genes, and on their function in resistance to viruses
(5) and parasites (6). However, it is now becoming apparent
that there are more genes to consider in resistance to in-
fection.

The genetics of resistance to some infections is com-
plex, but others have shown more readily definable patterns.
Experimental or natural murine infections in which a single
gene or small number of non-MHC linked genes have been
implicated include murine hepatitis (4), salmonellosis (92),
Corynebacterium kutcheri infection (3) and listeriosis (2).

We chose to study the genetics and mechanisms of resis-
tance to Listeria monocytogenes because it represents an
acute, potentially lethal infection, the immune response to
which is already well defined. It is an intracellular bact-
erium, readily phagocytosed by macrophages but not by poly-
morphs (10). The early stages of resistance apparently re-
guire a bone marrow derived cell (7), while later acquired
immunity rests on T cell activation and recruitment of
macrophages and monocytes (8). Antibody plays no role in
immunity. Resistant or susceptible mice could differ in any
of these stages.

Mice fell inte two distinct categories when challenged
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intravenously with Listeria (Table 1).

Table 1. Mouse strains resistant or susceptible to Listeria

monocytogenes
Resistant Susceptible
C57BL/6J Balb/cJd LP.RITI
CS57BL/10 ScSn CBA WB.Re
NZB/WEHI DEA/1J 1297
SJL/WEHI AST C3H

Resistant mice had an LDgpy of about 5 x 105, while suscep-
tible strains showed an LDsg of about 5 x 107, C57B1/10 and
BALB/c were chosen for detailed study of genetics and mech-
anisms of resistance. Methods have been described elsewhere
(1,2).

BALB/c x C57BL)F; were relatively resistant. (BALB/c x
C57BL)F; x C57BL)N; backcrosses were 96% resistant and
[(BALB/c x C57B1)F; x BALB/c]N; backcross was 52% resistant,
showing a single gene or closely linked group of genes (2).
{BALB/c x C57BL)F; were 79% resistant, confirming this esti-
mate (1). Furthermore (CBA x BALB/c)F; were fully suscep-
tible, showing that there was no complementation between
these two susceptible strains and that they had the same
genetics with respect to listeria resistance. We have named
this gene Lr for listeria resistance, since it differs from
host resistance genes for other intracellular bacteria,
Salmonella and Brucella (9 and below), thus having some
functional specificity, although probably not immunolo-gical
specificity.

No linkage has yet been established for Lr. Linkage to
H-2, Ig and to 9 other genes listed in Table 2 have been ex-
cluded (2). There was no difference in the response of male
and female mice.

When listeria organisms are injected I/V they are rap-
idly phagocytosed by the reticuloendothelial system, mainly
in the liver and spleen. Ninety percent are trapped in the
liver and could be seen in the Kupffer cells by light or
electron microscopy within 3 hours of injection (2). Resis-
tant and susceptible strains showed no difference in numbers
of wiable Listeria in livers and spleens at this time. Sub-
sequently the growth of Listeria in the resistant strain was
slower, especially in the liver, leading to a ten fold
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Table 2. Known mouse genes excluded for linkage to listeria
resistance (Lr) gene (2).

Gene Chromosome System Studied

oL
I
[ (%]

17 Backcross, congenics on resistant
and susceptible backgrounds

Ig ? Backcross

H=1 il Congenics on resistant

H=-3 2 backgrounds

H=4 i

H=7 7

H-8 ?

He 2 Congenics on resistant background
Thy-1 9 Congenics on resistant and

susceptible background

Coat Colour

4 Backcrosses

| 3]

difference in bacterial numbers between resistant and sus-
ceptible mice by 24 hours. (Compare intact BALB/c and B10-
D2, which behawve like C57B1, in Figure 1). Acquired immu-
nity can be measured by the down turn in bacterial numbers
during infection, by the ability to adoptively transfer
immunity, and by the appearance of delayed type hypersensi-
tivity (DTH). All these occurred at 2-3 days in resistant
and 3-5 days in susceptible mice (1). However, once immu-
nity was established there was no deficiency in the BALB/c
mice, either in resistance to subsequent challenge (LDggy in
BALB/c and C57BL/10 mice surviving infection 1 month earlier
was 2 x 10° and & x 10° respectively) or in their ability to
adoptively transfer immunity (1).

It appears then that the critical events determining
survival or death of the mouse may occur in the first 24-48
hours. To test whether these were independent of acquired
immunity, i.e. of T lymphocytes, chimeric mice were prepar-
ed. Mice of the BALB/c or H-2 congenic but resistant strain
B10D2 were neonatally thymectomized (NNTy) and received
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Figure 1. Growth of Listeria monocytogenes in the spleen
(left) and liver (right) of intact BALB/c or B10D2 mice or
in necnatally thymectomized BALB/c mice reconstituted with
thymocytes from BALB/c or B10D2. 10 listeria organisms
were injected I/V. Each point represents the geometric mean
and standard deviation of 4 mice.
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Figure 2. Growth of Salmonella typhimurium in spleens
(left) apd livers (right) of C57BL/10, BALB/c and CBA mice
after 10° organisms were injected I/V. Each point repres-
ents the geometric mean and standard deviation of 5 mice.
C5/B1/10 and BALB/c mice were rapidly killed.
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weekly intraperitoneal injections of 100 x 10'5 thymocytes
for 6 weeks, while receiving tetracycline in their drinking
water. Antibiotics_ were then withdrawn and the mice chal-
lenged with 1 x 10 Listeria. In Figure 1, which shows
chimeras based on WNNT, BALB/c, it may be seen that the
growth of Listeria in the chimeras followed that of intact
BALB/c rather than B10D2, regardless of the source of T
lymphocytes. Subsequently it was checked by adoptive
transfer of immunity wusing the chimeric mice as donors of
spleen lymphocytes, that T lymphocytes in the chimeric mice
had indeed become immune during infection.

Although the difference between the resistant and sus-
ceptible strains thus does not involve the specific immune
response, it is apparently functicnally specific. Figure 2
shows that while CBA mice were relatively resistant to
Salmonella typhimurium, both BALB/c and CS57BL/10 were sus-—
ceptible. Another experiment showed no difference in growth
of Brucella abortus in spleen and liver of BALB/c or C57BL/
10 mice for the first 14 days of infection. Both these
bacteria grow predominantly within the macrophages.

Figure 3. Foci of infection in livers of BALB/c (left) and
C57BL/10 (right) mice 16 hours after injection of 10
listeria organisms. Foci (arrowed) comprise polymorphs sur-
rounding Kupffer cells packed with organisms and are more
numerous in BALB/c. Magnification 100 X. Gram strain.
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To try to localize the early events of the response to
Listeria, the cellular response was monitored by blcod
smears and histology of the spleen and liver. C57BL/10 mice
showed a marked rise in monocytes in the blood within 24
hours of infection, while the BALB/c mice showed a predomi-
nantly polymorph response. In the liver and spleen, how-=
ever, both strains mounted a strong polymorph response 24
hours post infection. In the liver these could be seen
clustered around the foci of infecting bacteria which, at
the high dose necessary in order to see them in sections,
packed the cytoplasm of Kupffer cells. Figure 3 shows that
there were many more of these foeci in BALB/c than in C57BL/
10 mice. Whether or not non-resident macrophages and mono-
cytes play a role in determining the numbers of these foci,
we are not able to tell from these studies. Certainly
incoming monocytes did not form a significant portion of the
population in the inflammatory foci until 3 or 4 days post
infection.
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DISCUSSION

O'Brien: Does Cheers have any idea where the Lr is located;
has she looked at recombinant inbred strains?

Cheers: We expect later on to have a look at the recombi-
nant inbreds.

0'Brien: I want to verify Cheer's remark that antibody has
never been shown to be important in terms of Listeria immun-
ity by making the comment that the xid mice I menticned
earlier, both males and females, are equally resistant to
Listeria infection.

Wake: Would Cheers tell us whether there are any strain
differences in specific immune resistance to Listeria?

Cheers: Mot that we can detect. The specific immune re-=
sponse appears to be the same in the C57BL/6 and in the
Balb/c. We have measured this in terms of LDggp, of mice
surviving a sublethal infection, and we have also measured
it by adoptive transfer, where we have looked at the extent
of protection over a period of time after transfer of the
cells. We have also titrated the numbers of cells required
to adoptively transfer immunity; by these criteria, there
is no strain difference.

Mogensen: Cheers said that there were no sex differences in
her system. Has she tested the F; generation males and
females in resistant male x female crosses?

Cheers: Yes. We have also tested the backcrosses, and they
all behave the same way.

Mogensen: I say this because her intermediate resistance in
her F; generation might be this random-X inactivation, if it
were X-linked.

Cheers: No, resistance is the same in the F,'s; it is also
the same in the backcrosses.
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INTRODUCTION

The murine model of host resistance to infection with
the intracellular bacterial pathogen, Listeria monocytogenes
(L. monocytogenes), has been established as a model of an
acute bacterial infection in which host resistance is bro-
ught about by a cellular form of immunity (1,2). Resistance
to infection is provided initially by fixed macrophages (3),
such as the Kupffer cells, but it is the bactericidally
activated macrophage, generated from an immature precursor
during the course of an infection, that provides the crucial
antibacterial protection (4). From studies in athymic mice,
it is apparent that the production of this cell can be sti-
mulated by T cell independent mechanisms (5-8), although the
most efficient mechanism of activation is undoubtedly that
mediated by T cells once they have become sensitized (9-12).
T cells emerge in detectable numbers some time after the
second day of infection (12) so that the early (0-48 hour)
response of the host is T cell independent. This is normal-
ly followed by a T cell dependent phase of macrophage acti-
vation which is responsible for the rapid elimination of
bacteria seen over the next 3-4 days during the normal cour-
se of events. Thus, during the early phase of the anti-lis-
terial response, any protection generated in the host is due
to T cell independent mechanisms of macrophage activation,
that is, to "natural immunity" wusing this term in a breoad
sense.

Fecent studies from our laboratory (13,14) and else-
where (15,16,17) have shown that genetically-determined
differences in resistance to infection with L. monocytogenes
exist amongst various inbred strains of mice. This trait is
apparently controlled by a single, autosomal, dominant non
H-2-linked gene (or a closely-linked gene cluster) termed Lr
T;3,1E,1?}. The work to be described here was done to ana-
lyse the cellular basis for the observed genetically-deter-
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mined differences in host resistance to listeriosis. The
C57BL mouse was selected as representative of a Listeria-
resistant strain and the A/J mouse as a Listeria-sensitive
strain.

Oour studies were commenced with an analysis of the var-
ious facets of host defense against infection with L. mono-
cytogenes elicited in the sensitive A/J (A) and resistant
C57BL/6 (B6) mouse strains using the methods and materials
already described (14).
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Figure 1. Growth curves of L. monocytogenes following prim-
ary challenge with 4 x ‘HJ£+ CFU organisms in A (o---0) and B&
(—=e) strain mice. Each point represents mean of 6-8 mice
¥ s.e.m. t denotes 4 of 6 mice died by day 4.

First, the bacterial growth kinetics in the spleen and
liver were compared in both strains over a wide range of in-
fective doses. Differences in bacterial growth kinetics
develop progressively between the strains as the inoculating
dose is increased (14). This point is well illustrated in
Figure 1, which shows the bacterial proliferation in the
livers and spleens of A and B6 strain hosts infected with 4
x 10 colony forming units (CFU) Listeria. BAs can be obser-
ved, with this dose of Listeria (lethal for the A strain),
bacterial growth is at least two logs higher in the A than
in the B6 strain host. This marked difference in bacterial
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growth kinetics is already seen by day 2, during the T cell
independent phase of the response. Listeria-resistant B6
strain mice, furthermore, exhibit a greatly enhanced ability
to clear Listeria challenge in a secondary response, and
their genetic advantage is also obvious in the adoptive
transfer of resistance to naive recipients using Listeria-
immune splenocytes (14).

From these experiments it could safely be concluded
that the anti-listerial response of the resistant B6 strain
mouse was clearly superior but formal proof was still lack-
ing as to which of the two cell types, the T cell or the
macrophage, involved in anti-listerial resistance, was being
influenced by the Lr gene. Accordingly, experiments were
designed to test this peoint, using the adoptive transfer
technique in which Listeria-immune T cells from sensitive or
resistant type donors were tested for their ability to adop-
tively protect naive sensitive or resistant recipients agai-
nst listerial infection, by activating the macrophages of
the recipients. Since T cell-macrophage cooperation reguir-
es H-2 compatibility (18), A and B10.A strains were used for
this study. B10.A, like B&, strain mice carry the allele
expressing high resistance to Listeria. In these experi-
ments, mice of both strains were inoculated with splenocytes
from 7-day immune A or B10.A strain donors, following chall-
enge 2 hours prewviocusly with 1 x 1Uu CFU Listeria. The num-
ber of bacteria in the spleens of the recipients was deter-
mined 48 hours later. The results of these experiments (19)
are summarized in Table 1.

Table 1. Ability of Listeria-immune T cells from B10.A or A
strain donors to adoptively protect B10.A or A strain naive
recipients. Donors were primed 7 days previously with 1 x
10" CFU Listeria. Each recipient received half an organ eg-
uivalent of splenocytes (non-adherent fraction).

Donor Strain Recipient Straim Protection
(Immune T Cells) (Macrophage Response)
A A +
A B10O.A +H+
BlO.4A A +
BEl0.A E10.A 4+
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As can be observed (Table 1), both A (sensitive) and
B10.A (resistant) strain Listeria=immune T cells are able to
activate macrophages in the naive recipient and provide some
protection against listerial infection. However, much bet-
ter protection is obtained when the B10.A rather than the A
strain recipient is used. For example, transfer of A type T
cells into an A strain recipient gives some protection, but
the same A strain T cells transferred into a B10.A recipient
gives much greater protection. Thus, it is the macrophages
in the B10.A strain host that are the cell component respon-—
sible for providing the enhanced anti-listerial resistance.
This finding is further supported by the earlier observation
that differences in anti-listerial resistance are already
detectable by the second day of infection, during the T cell
independent phase of the response (Fig. 1). Thus, the gene
controlling anti-listerial resistance is expressed phenoty-
pically in the response of the mononuclear phagocyte system
(MPS) to infection with L. monocytogenes.

In order to discover more about how the ILr gene was
actually being expressed in the macrophage response to this
infection, we compared the characteristics of the MPS in the
two strains. In these studies, we used the early, T cell
independent phase of the respcnse, in order to simplify in-
terpretation of the results. Figure 2 depicts the normal
sequence of events leading to macrophage activation and the
next section details some of the steps in this activation
sequence that have been compared in Listeria-sensitive and
resistant strains.

BONE MARROW CIRCULATION TISSUES

aclivated
Immaturs Ibaclaricldal)
macrophage macrophagse

@—-@:‘8*'. 1 ®— §

monocyie
fixad
magrephage
MONOGYTE DELIVERY EMIGRATION A
R el o -"_E_ELES CCUMULATION AT SITES OF INFECTIVE FOCI

MULTIFLICATION AND/OR DIFFERENTIATION
FHAGOCYTOSIS OF MICROBES
METABOLIC EVENTS THAT FOLLOW

KILLING OF ENGULFED MICROBES
Figure 2. Response to Mononuclear Phagocyte System (MPS) to
Infection.
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The total bone marrow cellularity is about double in
the Listeria-resistant strain. Furthermore, autoradiograph-
iec studies done in collaboration with Galsworthy indicate
that in the B10.A strain there is a marked decrease in the
generation time of monocyte precursors (20) feollowing stimu-
lation with a saline extract of Listeria monocytogenes (21),
suggesting that there may be an accelerated production of
monocytes and delivery to the bleood following listerial
infection in the Listeria-resistant strain. This is further
corroborated by the cbservation that injection of such sal-
ine extract elicits a dramatic monocytosis 48 hours later in
the blood of the Listeria-resistant mouse, whereas the List-
eria-sensitive mouse responded not at all (20). Similar
results are seen following infection with live Listeria
(Fig. 3).
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Figure 3. Monocyte kinetics in A and B10.A stra%P mice fol-
lowing primary intravenous infection with 1 x 10 CFU List-
eria. Mean of 6-8 mice f s.e.m.

The chemotactic ability of thioglycollate-induced peri-
toneal macrophages to respond to endotoxin activated mouse
serum (EAMS) has also been compared in both mouse strains by
Stevenson (see this volume). Whilst the macrophages of the
Listeria-resistant B10.A strain exhibited very gcod migrat-
ion, the Listeria-sensitive A strain macrophages exhibited



154 Patricia A. L. Kongshavn et al

only low baseline levels of chemotaxis (22). Thus, the
ability of mononuclear phagocytes to emigrate to the tissues
appears to be better in the resistant mouse strain.
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Figure 4. Kinetics of macrophage accumulation in peritoneal
cavity of A and B10.A strain hosts following intraperitoneal
injection of 1 ml fetal calf serum (FCS). Total and differ-
ential counts were performed according to standard techni-
ques and the percentage of peroxidase positive cells enumer-
ated using the methed of Kaplow (23).

The ability of mononuclear phagocytes to accumulate at
the site of an inflammatory stimulus, fetal calf serum
(FCS), introduced into the peritoneal cavity for conve-
nience, was also examined (Pietrangeli, unpublished observa-
tiocn). As shown in Figure 4, the accumulation of macro-
phages in the peritoneal cavity is much greater in the B10.A
than in the A strain mice, 48 hours after introducing the
FCS. Very recently, essentially the same experiment was re-
peated but using live Listeria as the inflammatory stimulus
and similar results obtained.

All of these results, thus provide strong circumstant-
ial evidence that the enhanced anti-listerial resistance of
the C57BL mouse could be due to the ability of these mice to
produce and mobilize adequate numbers of young meononuclear
phagocytes very promptly at the site of the infection during
the early phase of the response.
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If this were the case, one would predict that the early
anti-listerial response of the resistant, but not the sens-
itive, strain would be highly radicsensitive. BAccordingly,
the sensitivity of the anti-listerial response of both stra-
ins to ionizing radiation (900 rads) was examined (24).
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Figure 5. Growth of Listeria in the spleens of normal (sol-
id line) and 9&&R—irradia§ed Eﬁntted line) AR and B& strain
mice infected with 3 x 107, 10 and 10 CFU Listeria respec-
tively. Mean of 6-8 mice per group * s.e.m. t denotes death
of mice before 48 hours.

As can be observed, iradiation has no effect on the
early phase of the anti-listerial response of the Listeria-
sensitive A strain mice, even when wvery high doses of Liste-
ria are administered. In contrast, irradiation markedly
enhances the bacterial growth in the Listeria-resistant B&
strain mice, the difference between irradiated and non-irra-
diated mice becoming more pronounced with increasing numbers
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of organisms injected. In fact, the irradiated B6 strain
mouse has now become more susceptible to the growth of
Listeria than the A strain mouse! The effect of irradiation
is present even by 3 hours post-infection, indicating that a
radiosensitive cell plays a role very early in the anti-
listerial response in the resistant host. This effector
cell mediating anti-listerial resistance is highly radio-
sensitive (less than 200R) and appears to be of bone marrow
origin (24). Presumably, therefore, it is a monocytic pre-
cursor, such as a promonocyte or monoblast.
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Figure 6. Relationship between radiosensitivity of early
anti-listerial response and resistance of mouse strain to
listerial infection.

We have recently extended this study and examined the
radiosensitivity of the anti-listerial response in other
mouse strains, namely, the AKR strain which is relatively
sensitive to listerial infection, and the SJL strain which
is a resistant type of host. When one compares the rela-
tionship between the radiosensitivity of the early anti-
listerial response (as measured by the difference in the 48-
hour CFU Listeria per spleen between normal and 900R irradi-
ated hosts) and the relative sensitivity or resistance of
the mouse strain to infection as determined by the median
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lethal dose (LDsp) shown on the abscissa, one can see that
there is a wvery clear relationship between the two (Figure
6). The response of the Listeria-sensitive mouse is radio-
resistant; that of Listeria-resistant mouse is radiosensi-
tive and, the more resistant the mouse, the greater the
radiosensitivity of its early anti-listerial response.

Table 2. Characteristics of mononuclear phagocyte system in
Listeria-sensitive and =-resistant strains.

B10.A A
1. Bone Marrow Cellularity
High + -
2. Inflammatory Besponse of MPS
to Sterile Irritants (48 Hr.)
Increase in Peritoneal
Macrophages ar =
Increase in Immature
(Peroxidase Positive)
Macrophages + =
Chemotactic
Response to EAMS + iz
3. Early Response (0-48 Hr.) of
MPS to Listeria
Sensitivity to
Ionizing Radiation + -
Blood Monocyte
Response to Infection + =

Table 2 summarizes the essential differences we have
observed between the Listeria-sensitive and -resistant mouse
strains, particularly those seen during the early anti-list-
erial response. From the data, it is suggested that the en-
hanced anti-listerial resistance of mice bearing the high
resistance allele is due to a vigorous early response of the
mononuclear phagocyte system to infection with Listeria; in
other words the Lr gene seems to be expressing itself in
some fashion by regulating the production, maturation and/or
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activation of mononuclear phagocytes in response to L. mono-

cztcg&nes.

This leads to the last point to be discussed, namely,
whether the Lr gene is being expressed (i) as an autonomous
property of the mononuclear phagocyte per se, or (ii) by
some factor in the micro-environment of the hematopoietic
tissues, imposing the property of high or low anti-listerial
resistance on the mononuclear phagocyte as it develops and
carries out its function. This guestion was answered by
preparing radiation bone marrow chimeras between A and B10.A
strain mice and testing their anti-listerial resistance
(25).

Chimeras were prepared by lethal irradiation and re-
population with syngeneic or allogeneic bone marrow. After
waiting 9 weeks, by which time the entire lymphoreticular
system should have been replaced by cells of donor origin,
radiation chimeras from each group were tested for chime-
risme. Thus, cytotoxicity tests were performed on spleen
cells (SC) and peritoneal exudate cells (PEC) from the chi-
meras and normal control hosts using appropriate allo-anti-
sera against the LyM-1.1 and -1.2 alloantigens which differ
between the A and B10.A strains (26). The great majority,
if not all, of the PEC and SC were donor derived (25).

Anti-listerial resistance was then measured in the
radiation bone marrow chimeras on day 3. As can be observed
in Figure 7, the degree of anti-listerial resistance obtain-
ed in the chimeras corresponds to that exhibited by the
mouse strain of the host not to that of the mouse strain
which provided the macrophage precursors (bone marrow cells)
used to reconstitute the chimeras. This is demonstrated by
the fact that anti-listerial resistance remains superior in
the B10.A strain host repopulated with A strain bone marrow
(A + B) and inferior in the A strain host repopulated with
B10.A strain marrow (B + A). Thus, the superior anti-list-
erial response of the resistant strain macrophages is appar-
ently not due to an inherent property of these cells per se,
but rather it is the environment of the host in which the
stem cell re-develops into the mononuclear phagocyte that
confers a high level of anti-listerial resistance onte these
cells.

To conclude, it appears that the gene determining re-
lative resistance or susceptibility of different mouse stra-
ins to infecticon with Listeria is expressed phenotypically
in the environment of the host, exerting its influence dur-
ing maturation, from bone marrow progenitors, of the macro-
phages that provide the anti-bacterial actiwvity in this in-
fection. In the Listeria-resistant host, the Lr gene pro-
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Figure 7. Bacterial proliferation of Listeria in the livers
of A and B10.A strain radiation bone marrow chimeric hosts
repopulated with A (hatched bars) and B10.A (stipled bars)
bone marrow respectively, and normal contrcl hosts (H).
Mice were infected intravenously with 5 x 10" CFU Listeria
and the bacterial organ counts performed 3 days later. Each
value represents mean of 8 mice * s.e.m.

duct appears to promote the early arrival of immature macro-
phages that develop potent anti-bacterial activity, thus
producing the high level of anti-listerial resistance seen
in these mice.
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DISCUSSION

Cudkowicz: I am certain that most of us want you to define
this "environment"” a little further.

Kongshavn: You understand, of course, we do not actually
know what the environment really is. It is wvery intriguing
and we do have some data which may, or may not, be relevant.
This could be an epiphenomenon. An observation made by us a
few years ago was that splenectomized mice were very resis-
tant to Listeria infection. We splenectomized our resistant
and sensitive mouse strains, and then followed the growth of
Listeria over 48 hours in the two sets of splenectomized
hosts. We found that the curves of bacterial proliferation
were almost superimposable. In other words, removal of the
spleen seems to have turned resistant mice into sensitive
mice. Also, splenectomized A strain (sensitive) mice have
now become resistant and these mice have also become radio-
sensitive in their response to Listeria (like the normal B6
host). One can reverse this radiation effect by reconstitu-
ting them with syngeneic bone marrow. My own wview is that
there is something in the spleen which inhibits the monocyt-
es or stem cell + promonocyte + activated macrophage differ-
entiation. In the resistant strain, normally there is less
of this inhibiteory effect of the spleen, and more of it in
the sensitive strain. So, it appears that the spleen or
some splenic factor is the "environment" that I was talking
about. But this might well be an entirely different pheno-
Menon.

Rosenstreich: Did Kongshavn ascertain sensitivity and re-
sistance in re-irradiated bone marrow chimeras?

Kongshavﬂ: No, but we think it should be done.

Shearer: It was not clear to me how Kongshavn typed her
chimeras in the last experiments. Was it by Ly typing?

Kongshavn: LyM, yes.

Shearer: 1Is that typing for a T cell or a monocyte?

Kongshavn: It is present in hematopoietic tissues, but we
actually looked at spleen cells and peritoneal exudate
cells. The LyM-1.1 allotype is present in the A strain and
the LyM-1.2 in the B10.A. &And it is on about 75% of spleen
cells and peritoneal exudate cells. When we did the cytoto-
xicity assay with the anti-LyM-1.1, for example, about 75%
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of the cells were killed in the A and in the A repopulated
with A, and in the B10.A repopulated with A. With both
antisera, we got the results that we would expect.

Shearer: You are concluding that there was monocyte re-
placement by the donor-derived stem cells? 1Is that so?

Kongshavn: That is correct. In the mouse the Kupffer cells
are usually replaced within 3 weeks. We waited 9 weeks to
do our experiments, so I think that it would be fair to say
that, by that time, the mononuclear phagocyte system had
been replaced entirely. We alsoc examined NK activity, which
we know goes with the donor, and not with the host, in these
chimeras. I was able to show that the MK activity had gone
with the donor marrow (just the opposite of what we found
with Listerial. So those are the two items of evidence for
our having, in fact, the chimera we claim.

Cudkowicz: I would be cautious about that conclusion, be-
cause Kongshavn has used A/J mice. I think the data of
Haller (I checked this earlier) were obtained with A/Sn
mice. The two sublines do differ with respect to NK activ-
ity. So, maybe that part needs a bit of caution.

Kongshavn: Perhaps, but then both antisera gave the approp-
riate results.

Participant: I want to get one point straight as I do not
know 1if it was brought out. Is the gene Kongshavn has been
looking at in the A mice, and the gene in the Balb/c that
Cheers was discussing, the same gene? Has anyone looked at
the F; to see 1if these two genes might complement each
other? Balb/c x A?

Kongshavn: No. I am not at all sure it is the same gene.

Bennett: When (B x DERXE}FI (BDF; ) hybrid mice are lethal-
ly irradiated, they do not manifest greater susceptibility
to the growth of bacteria during the first 2 days. Has
Kongshavn tested any other F; hybrids to ascertain whether
there is more than a mere quantitative increase in product-
ion of monocytes after the first 2 or 3 days?

Kongshavn: No, we have not tested the radiosensitivity of
other F; hybrids.

Lopez: Some of the inbred strains of mice that Kongshavn
finds susceptible are known to have complement deficiences
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or deficiences in chemotactic factor. The A mouse, I think,
is one of those. Some of the other sensitive mice are not.
Has she examined the monocytosis and recruitment of monocyt-
es in some of the other susceptible mice to show whether
similar patterns are involved?

Kongshavn: No, we have not looked at it, but we are aware
of this work. What I have reported here could, in fact, be
an epiphenomenon. One might also explain the results on the
basis of, say, lack of chemotactic ability; a €5 defic-
iency. That is possible; we cannot rule it out, yet.

Cheers: We compared the B10.D2 (old and new) which differ
in respect to a C5 deficiency but we did not find gross dif-
ferences in susceptibility and resistance to Listeria.
There are subtle differences that other people have report-
ed, but perhaps these have quite a different mechanism.

Kumar: This query is devoted to Skamene and Kongshavn. I
want to find out if any formal genetic studies have been
done to ascertain whether the Lr gene and the monocyte-

stimulating response that they see, are linked as related
phenomena.

Skamene: The monocyte-stimulating response is under uni-
genic contrcl thus resembling the genetic resistance to
Listeria (Stevenson et al., this wvolume). The strain dis-

tribution of Listeria-resistant strains corresponds to that
of strains with effective monocyte-stimulating response.
The formal linkage of these two traits in segregating popu-
lations is under investigation.
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INTRODUCTIOHN

We became interested in natural resistance while per-
forming intraperitoneal (IP) 50% mouse lethal dose (MLDsgg)
determinations with the Gilliam strain of Rickettsia tsut-
sugamushi, the causative agent of scrub typhus. Death pat-
terns with this strain were wvery erratic and could not be
related to the dosage given (Table 1). Because the Gilliam
titrations were done in outbred Wrc: (ICR) mice, we felt
that one possible explanation for their unpredictability was
the existence of natural resistance in some of the mice.

Table 1. Intraperitoneal titration of the Gilliam strain
in Wrc: (ICR) mice.

Dilution of 20% infected yolk sac Deaths/Total
1072 1/5
-4
10 4/5
107 5/5
107° 0/5
107 2/5
1078 2/5
10~ 1/5
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surveys of inbred mice: In our initial studies on natural
resistance, we surveyed 16 strains of inbred mice for sus-
ceptibility to IP Gilliam infection and found resistance to
be widespread (5). Six strains were resistant, nine suscep-
tible, and one strain could not be classified resistant or
susceptible (A/J). Subsequent studies have brought the num-
ber of resistant strains to 15 and susceptible strains to 13
(7) (Table 2). The pattern of resistant and susceptible
strains does not corespond to the distribution of suscepti-
bility reported for other infectious agents in inbred mice.
Also, Gilliam susceptibility was not associated with the H-2
holotypes of the mouse strains studied.

Table 2.. Response of inbred mouse strains to
intraperitoneal challenge with Rickettsia tsutsugamushi
strain Gilliam.

Resistant strains Susceptible strains

AKR/T CST7BL/100° A/Heg! CcRA/J
AU/SsI? cs7L/J! BRVR/N DBA/1J"
BALB/cDubl  1/inJ? BSVS/N DRA/2J™
BALB/cJ p/J° C3H/HeDub RITI/AnN
BDP/J PL/J? C3H/HeJ ! sIL/3t
CBA/HT6.J° RE/J C3H/HeN' WB/ReJ"
CE/J? SWR/J* c3n/stl

C57BL/6J"

IGrDves and Osterman, 1978
2Groves et al. submitted for publication

Two of the more surprising aspects of the surveys were
the magnitude and specificity of resistance. Resistant mice
survived IP challenges of greater than 10° MIDgsy while sus-
ceptible mice succumbed to challenges of less than 10! MID-
50+ Also, when six strains of R. tsutsugamushi other than
Gilliam (Kostival, Karp, Kato, TA678, TA686, and TA716) were
used to challenge resistant and susceptible mouse strains,
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only the Kostival strain, which is antigenically related to
the Gilliam strain, demonstrated a variable virulence that
was related to mouse strain (Table 3).

Table 3. Response of inbred mouse strains to selected
Rickettsia tsutsugamushi strains

Response observed in

R. tsutsugamushi strain inbred mouse strains

Karp, Kato Susceptible
TA678, TAGBO6, TAT16 Resistant
Gilliam, Kostival Variable depending

on mouse strain

Genetic analysis: A genetic analysis of rickettsial resis-
tance using BALB/c (resistant) and C3H/He (susceptible) mice
in F;, Fo, and backcross experiments yielded simple
Mendelian ratics that indicated resistance was dominant and
controlled by a single, autosomal gene. The study of three
additional F; crosses between resistant and susceptible mice
also supported this conclusion. We designated the gene Rig,
with r and s representing the resistant and susceptible al-
leles respectively.

Mapping studies: Armed with the knowledge that Gilliam sus-
ceptibility was controlled by a single gene, we initiated
mapping studies. These studies were made possible through
collaboration with Dr. Benjamin A. Taylor of the Jackson
Laboratory, Bar Harbor, Maine. Using two sets of recombi-
nant inbred (RI) mouse strains (BXD and BXH) (1), the Ric
locus was mapped to Chromoscome 5 (Table 4) (7). The results
of the BXH RI mice studies indicated that Ric was closely
linked to the retinal degeneration (rd) locus. This linkage
was confirmed by a backcross analysis. The recombination
frequency between Ric and rd was estimated to be 0.015. Be-
cause of the closeness of the two loci, attempts to place
Ric in relation to rd on the Chromosome 5 gene map were eqg-
uivocal using three point crosses. However, analysis of the
C57BL/6Ty-le congenic strain indicated that Ric was proximal
to rd and that the correct gene order was probably Pgm-1 - W
- Ric - rd - Gus.
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Table 4. PRecombinations between Ric and Chromosome 5
markers in the BYXD and BXH recombinant inbred strains.

. Chromosome Recombination with Ric
L stra 5 marker (crossovers/total strains)
BXD Pgm-1 10/25
BXH rd 0/13
Pgm-1 2/13
Gus 4/13

Gilliam-induced acute death: The intravenous (IV) inoculat-
ion of mice with large doses of certain Rickettsia spp. will
cause death in less than four hours; this acute death synd-
rome (ADS) has been termed the "toxic effect". This is con-
sidered to be a misnomer, however, since toxins capable of
causing rapid deaths in mice have never been described (3).

Toward the end of our genetic mapping studies, one of
our colleagues initiated preliminary experiments on Gilliam-
induced ADS. To our surprise, C3H/He mice carrying the
Gilliam-susceptible {Eégsi allele were completely resist-
ant to ADS. A subsequent study of 10 inbred strains equally
divided between Ric® and Ric® allele-bearing strains re-
vealed that susceptibility to Gilliam-induced ADS was just
the reverse of susceptibility to IP Gilliam infection (4).
A linkage study of 50 backcross progeny produced no cross-—
overs between ADS susceptibility and the rd locus on Chro-
mosome 5. Furthermore, backcross mice that survived ADS
challenge succumbed days later to infectious deaths, and
those that were resistant to infection were susceptible to
ADS. These observations strongly suggest that Ric and the

gene controlling ADS susceptibility are the same.

Gene mechanism studies: Very early in our studies, we lear-
ned that cells from Ric® and Ric® allele-bearing mice
supported similar in wvitro growth of Gilliam and that there
is no apparent defect in immune recognition in susceptible
mice since they could be protected against IP infection by
prior subcutaneous vaccination with virulent Gilliam organ-
isms (4).
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We have subsequently done a number of studies contrast-
ing Gilliam infections in BALB/c (Ric®) and C3H/He
{5153} mice (6). Following Gilliam infection, C3H/He mice
developed rickettsemias sooner and maintained higher ricket-
tsemia levels until death than did BALB/c mice. Further-
more, a much higher percentage of C3H/He mice (30-70%) main-
tained detectable rickettsemias than did BALB/c mice (0-10%)
when they were observed over a one year pericd. One can
speculate that the rickettsemias observed in the C3H/He mice
resulted from a more rapid growth of the rickettsiae, a de-
creased host immune response, or a combination of both.
However, our studies of the sequential onset of the systemic
humoral and cell mediated immune responses of BALB/c and
C3H/He mice infected with Gilliam did not reveal any immuno-
logical advantage for the resistant BALB/c mice.

The findings of HNatsumme-Sakai et al. (92) prompted us
to investigate the role of complement in resistance to
Gilliam-induced ADS. They studied the complement (C3) res-
ponse of six inbred mouse strains to an acute inflammatory
reaction and found it to be under genetic control. The dis-
tribution of their three high and three low complement resp-
onder mice corresponded to the known distribution in inbred
strains for Ric* and Ric® respectively. Our investiga-
tions proved unrewarding, however (4). Serum C3 levels in
BALB/c (RicY¥) and C3H/He {EEE?1 mice challenged IV with
Gilliam were comparable. Furthermore, C5 deficient mice and
mice depleted of C3 with cobra wvenom factor from resistant
and susceptible backgrounds reacted identically to their
normocomplementemic counterparts when assessed for suscep-
tibility to Gilliam-induced ADS.

The failure to find obwvious differences in the systemic
immune responses of resistant and susceptible mice does not
preclude a difference in the lcocal immune response. Indeed,
reports of other investigators would indicate that the loca-
lized immune reactions at the inoculation site may be one of
the controlling factors differentiating 1lethal and non-
lethal rickettsial infections. EKokorin et al. (8) have re-
ported that BALB/c mice can suppress Gllliam proliferation
in the peritoneal cavity through the evoluticn of rickettsi-
acidal macrophages whereas C3H/He mice cannot. Likewise,
Catanzaro et al. (2) in contrasting lethal Karp and non-
lethal Gilliam infections in BALB/c mice reported a similar
immunologic mechanism was responsible for the observed wviru-
lence differences of the two rickettsial strains.

Regardless of the mechanism by which Ric controls re-
sistance, the results of ADS studies would seem to indicate
that the controlling event occurs very early in infection.
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DISCUSSION

Wake: Does not Groves think this gene (Ric) contrels the
ability to kill Rickettsia intracellularlf;-ﬁI say this be-
cause with low dose the mouse will survive, whereas with
high dose the mouse will be killed by the toxin from Ricket-
tsia.

Groves: I find it difficult to believe. In my experience
these animals die within 2 hours. It is also hard for me to
believe that macrophages kill Rickettsia in 2 hours. BAs to
the pathology of this, they give rise to a tremendous pul-
monary edema; there is a leakage into the surrounding
capillaries in the lung. The normal architecture of the
lungs 1is distorted leaving an empty clear space. There
occurs a tremendous rise in the hamatocrit. It all looks
very mach as if it might be a massive cell death and pene-
tration. This is not an original idea on my part, but is in
the literature.

Wake: You mentioned "toxic death"; do Rickettsia produce a
toxin?
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Groves: No, they have to be viable. Our experiments estab-
lish a correlation between irradiation with penetration and
the evolution of a toxic death. The penetration index into
cells and the ability to cause toxic death parallel each
other. As soon as the cells are killed or prevented from
penetrating, all toxicity is lost.

Gavora: Has Groves considered the possibility of multiple
alleles on the one locus he described?

Groves: I have not. It does not look like that would be
the case.
Gavora: If there were more than two alleles at the locus

one could possibly have more than one susceptible allele
that could modify the toxin response.
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Recently it has been shown that mice produce the bulk
of their anti-carbohydrate antibody as either IgM or IgGs
(6}« The mechanism and the importance of this isotype rest-
riction is not know. It is assumed that anti-carbohydrate
antibodies play an important role in the protection against
many pathogens, such as Streptococcus pneumoniae (7). This
assumption is based largely on studies showing that animals
and man can be protected by passive transfer of antibody or
immune serum. While this type of approach can readily dem-
onstrate that anti-carbohydrate antibody can be protective,
it does not prove that antibody is, in fact, necessary for
immunity to the pathogen in question. An alternative way to
investigate the importance of anti-carbohydrate antibodies
in immunity would be to examine the susceptibility of indi-
viduals or animals lacking humoral immunity to carbohy-
drates.In man, individuals with the X-linked Wiskott-Aldrich
Syndrome appear to be defective primarily in their ability
to make anti-carbohydrate antibodies and are susceptible to
a number of different bacterial and wviral infecticons (2).
Unfortunately, as these individuals age they also begin to
lose cellular immunity (2). Thus, it is neot eclear whether
the susceptibility of these individuals is the result of a
lack of humoral anti-carbohydrate responsiveness or a reduc-
tion in their levels of cellular immunity. A more suitable
candidate for such studies appears to be the CBA/N mouse.
This strain carries an X-linked inability (xid) to produce
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humoral antibody response to a group of thymus-independent
(TI-2) carbohydrate antigens (3). The CBA/N mouse may be
unable to make high levels of anti-carbohydrate antibodies
in general since, compared to other strains, it makes very
low serum levels of IgM and IgGjy immunoglobulin (6). CBA/N
mice make nearly normal responses to proteins and hapten
protein conjugates, and have relatively normal Ilevels of
I19G; , 1I9Gy}, and IgA (6).

In order to find out if the CBA/N mouse might be useful
in determining the importance of anti-carbohydrate anti-
bodies in immunity to infection we decided to infect mice
carrying the xid defect with Type 3 Streptococcal pneumo-—
niae. Our reasons for this choice were two-fold: 1) pas-
sive immunity studies in the first half of this century had
indicated that anti-SSS-III polysaccharide antibody was of
paramount impertance in the defense against this pathogen
(7); 2) Baker and his collaborators had shown that CBA/N
mice fail to respond to SSS-III capsular carbohydrate (1),
and would thus be expected to be susceptible to Type 3
pneumococcal infection.

In the studies described below we have demonstrated
that mice carrying the xid locus are, in fact, about 1000-
fold more susceptible to infection with Type 3 pneumoniae
than are normal mice. Mice carrying the xid defect could be
protected with hybridoma antibodies to either the pneumococ-
cal cell wall or capsule. our studies also indicate that
naturally occurring antibody may be a major factor in pro-
tection against pneumococcal infection.

For our experimental infections we used (CBA/N =x DBR/
2)F; (CxD) and (DBAR/2 x CBA/N)F; (DxC) male mice. Since the
xid locus of CBA/N mice is on the x chromosome, only those
males with CBA/N mothers (i.e., CxD males) have defective
anti-carbohydrate responses. The mice were infected i.v.
with an isolate of Type III pneumoccocus obtained about 15
years ago from a patient at the Washington University Dental
School. In 1978 the culture was mouse passaged three times
and strain WU-1 was established from a smooth colony. After
an additional mouse passage of strain WU-1 we recently iso-
lated subline WU-2. Both of these sublines were shown to be
type 3 by specific antisera. The LDsp for each of the two
pneumococcal sublines in CxD and DxC males is shown in Table
1.

Although the two sublines differ by 3 logs in their
virulence, each of them kills CxD males with about a 1000-
fold lower LDgy than it kills DxC males. From the data in
Table 2, it is clear that deaths caused by strain WU-1 occur
as early as two days after infection. Preliminary data with
the WUU-2 strain indicates even more striking results; for
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Table 1. LDgp for Mice With and Without the Defective xid

Gene?®
Mice
Cxpg b _DxCa
pneumococcald
strain
WU-1 104 107
WU-2 10! 10

dMice were infected i.v. with sublines WU-1 and WU-2 of
Streptococcus pneumoniae.

PexDd ; male mice with CBA/N mothers and DBA/2 fathers,
these mice carry the xid defective gene. DxCJ; male mice

with DBA/2 mothers and CBA/N fathers, these mice do not
carry the xid defective gene.

Table 2. Survival of Mice Infected with S. pneumoniae
Sublines WU-1 and WU-2.

Per cent alive

Days 105 Strain WU-1 400 WU-2
Post Infection DxC & CxD 2 DxLs CxD&

0 100 100 100 100

Z 97 65 100 0

4 90 35 100 0

9 90 18 100 0

gMice were infected with 105 WU-1 or 400 WU-2.
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example, in one recent experiment 6 of 7 CxD males died
within 36 hours of infection with 300 colony forming units
(CFU) of subline WU-2, whereas none of the five DxC males
infected at the same time died within 9 days of infection.
These findings indicate that the DxC males, carrying a norm=
al allele at the xid locus, are able to resist death from
pneumococcal infection even before it would be possible for
them to produce significant amounts of induced antibody.
The simplest explanation for this result is that the DxC
males are protected by cross-reactive ("naturally" occur-
ring) anti-carbohydrate antibody during the first 1-3 days
until a humoral anti-pneumococcal response is produced.

To investigate this possibility we attempted to protect
CxD males from fatal pneumococcal infection by pre-treating
the infecting dose of pneumococci at 0°C with heat-inactiv-
ated normal serum from either CxD or DxC males. The infect-
ed CxD males were then injected daily with 0.1 ml volumes of
either CxD or DxC male normal mouse serum.

Table 3. Protection of CxD Mice with Normal Mouse Serum?

T CxDagAlive

Protected with NMS from

Strain of
S. pneumoniae _DxCeg _CxDe&
Wu-1b 70 0
Wu-2¢€ 64 0

3.1 ml normal mouse serum (NMS) per day for days 0-5.
bInfected with 10° WU-1 in 0.1 ml NMS, % alive on day 5.
€Infected with 400 WU-2 in 0.1 ml NMS, % alive on day 2.

During the incubation step neither normal serum source
reduced the number of wiable pneumococci, as determined by
plating on blood agar. From the data in Table 3 it is app-
arent that DxC serum, administered as described above, can
indeed protect CxD mice from infection with Type III pneumo-
cocci. It seems likely that this protection is dependent on
naturally occurring antibodies reactive to the pneumococcus.
This conclusion is consistent with our obserwvation that DxC
males have greater than 20 times as much anti-=-SS55-III and
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anti-phosphocholine antibody as CxD males. This conclusion
is also supported by our findings that CxD male mice can be
protected from a fatal pneumococcal infection by pre-inject-
ing them with either an IgM anti-SSS-III hybridoma, antibody
CC4-8, or the anti-IgM anti-pneumococcal cell wall carbohyd-
rate (anti-PC) hybridoma antibody, PAG-1.

In conclusion, three major points can be made. 1)
These data suggest that naturally occurring antibodies play
a major role in the protection of DxC males from experiment-
al pneumococcal infection. The importance of normal immuno-
globulin as a defense against pathogens has long been impli-
cated by its usefulness in treating certain agammaglobulin-
emias in man. However, our present data provides some of
the best evidence that normal immunoglobulin is impertant in
the protection of adult experimental animals. 2) These
studies also confirm theories suggesting that anti-carbo-
hydrate antibody is necessary for immunity to pneumococcal
infection. 3) These studies make it clear that CBA/N mice
may, in fact, be useful in determining the role of anti-
carbohydrate antibody in the defense against various differ-
ent pathogens. Such studies by 0O'Brien et al. (4) have
already shown that CBA/N mice are highly susceptible to
salmonella.

Correspodence should be sent to: David E. Briles, Ph.D.,
224 Tumor Institute, University Station, University of
Alabama in Birmingham, Birmingham, Alabama 35294.
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In the plague infection of mouse and guinea pig,
Yersinia pestis organisms invades the host's body causing
septicemic death within such a short time that specific pro-
tective immunity cannot develop. Therefore, the model of
murine resistance to Y. pestis seems to be useful for the
analysis of geneticafi} controll::d natural resistance to
this infection.

Specific immunity is thought to have developed during
the process of ewvolution in addition to mechanisms of na-
tural resistance. Previously we reported &a method of
immunization that induces specific cell-mediated protective
immunity against plague (2).

The purpose of this study is the comparison of the
differences among wrious inbred and hybrid mouse strains
with regard to natural resistance as well as specific cell-
mediated immunity to plague infection. In addition, strain
differences among inbred guinea pigs in their natural re-
sistance to plague infection was also investigated.

EXPERIMFMTAL RESULTS

Strain differences in natural resistance of mice against
plague.

Various mouse strains were infected subcutaneously with
different doses of a fully virulent ¥. pestis strain Yreka.

When animals were infected with the dose as low as &2
CFU, BALB/C mice had the longest mean survival time (5.1
days); C57BL/6J, the shortest (4.3 days), and their hybrid
intermediate (4.4 days). Nu/nu mice (BALB/C background, 3.6
days) are regarded as exceptional, because of their defi-
ciency in mature T-cells (Fi . 1). Although the differences
in survival time were hard. statistically significant in
this single experiment, the Jrder from the longest to the
shortest survivors was never changed among these strains in
subsequent four experiments (Fig. 2 and 3).

GENETIC CONTROL OF NATURAL RESISTANCE Copyright © 1980 by Academic Press, Inc.
TO INFECTION AND MALIGNANCY 179 All rights of reproduction in any form reserved.
ISBN 0- 1 2-64T650-2



180 Akira Wake

100 ——=

60

SURVIVAL MICE

40}

OF

PERCENT

20}

T e S b T TR
DAYS AFTER INFECTION

=]

Figure 1. Mouse strain differences in natural resistance to
Y. pestis infection. Daily survival percents of 10 BALB/C
(g9——@), 10 C57BL/6J ( s—n), 20 (C57BL/6J x BALB/C)F1
(+---0), and 19 nu/nu-BALE/C background (O——0) mice after
s.c. infection with 62 CFU of Y. pestis ¥Yreka.

The exceptional length of mean survival time in DD/S mice
could be explained by more complicated genetic control of
resistance mechanisms in outbred mouse strains. Taken to-
gether, these results suggest that natural resistance in
mice against plague is under genetic control.
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Strain differences in specific cell-mediated protective
immunity in mice
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FiEErE 2e Mouse strain differences in natural and cell-
mediated immune resistance to Y. pestis infection (Expe-
riments 2 and 3). Experiments 2 (without shadowing) and 3
(with shadowing) were carried out separately. Each mouse
group consisted of 10-11 animals. Daily survival percents
of non-immunized (A——r) and immunized (QO----0) mice after
s.c+ challenge with 420,000 CFU of Y. pestis are shown.
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In all experiments shown in Fig. 2 and 3, parallel
groups of mice were primed subcutaneously with 2-3 hundreds
organisms of a live VW+ Yersinia pseudotuberculosis suspen-—
ded in 0.1 ml of chondroitin sulfate colleoidal FeCl3, 14
days prior to the challenge with Y. pestis. Here, VW
designates the presence of one pair of common antigens be-
tween Y. pestis and Y. pseudotuberculosis. Immunized mice
were challenged simultaneously with the corresponding non-
immunized mice and daily deaths-survivals were recorded as
shown in Fig. 2 and 3 (dotted lines).
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Figure 3. Mouse strain differences in natural and cell-
mediated immune resistance to Y. pestis infection (Expe-
riments 4 and 5). Each group consisting of 10-20 non-
immunized (A——a) and immunized mice (O---<0) was challenged
s.c. with 66,000 CFU of ¥. pestis Yreka (left) or 800,000
CFU (right), respectively.
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Survivors remained well until the end of observations (30th
day of infection). In detail, 80% of C&7BL/6J; 50% of C3H/
He; 30th of nu/nu; 10% of BALB/C were protected from deaths
by immunization (Fig. 2). In experiment shown in Fig. 3,
91% of C57BL/6J, 10% of BALB/C and 40% of (C57BL/6J x BALB/
C)F1 were protected a2gainst the challenge with 66,000 CFU of
Y. pestis. 91% of C57BL/6J, 75% of C3IH/He and 30% of DD/S
in the immunized groups survived until 30th day of infection
with challenge dose of 800,000 CFU.

Thesge results indicate that C57BL/6J is a high, BALB/C
1s a low and C3H/He is an intermediate responder to Y. pes-
tis after priming with cross-reactive organism.

Strain differences in natural resistance of gquinea pigs
against plague.
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Figure 4. Strain differences in natural resistance of in-
bred guinea pig to Y. pestis infection. Daily survivals of
JY¥Y1 (A—---A), JY2 (A——h), NIH2 (@——=8) and NIH13 after in-
fection with 44,000 CFU (O Q) and 4,400 CFU (O-—-0O) of
challenging doses of Y. pestis are shown.

Various inbred strains of guinea pigs, including 2 new-
ly established ones that have originated from National
Institute of Health, Tokyo., were subcutaneously infected
with ¥. pestis. The daily s rvivals after infection with
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4,400 and 44,000 CFU were recorded (Fig. 4). Significant
strain differences in natural resistance were recognized be-
tween JY2(GPLA of Ia.2b,Ia.13b,P.3,P.4,P.6), and JY1(GPLA of
Ia.13a,Ia.13b,P.5) ,NIH2(GPLA of Ia.2a,Ia.2b,P.1,P.2,P.3,P.4)
and NIH13 (pcﬂ.ﬂ1].' Mean survival time in these strains was
3.6, 6.8, 6.4 and 6.8 days, respectively.

DISCUSSION

Nude mice cannot be protected from lethal infection
with Y. Eestis by immunization (Fig. 2) as immune T cells
are necessary for such protection (3).

Qur present studies would suggest that high levels of
compensatory cell-mediated immune resistance might have
developed in animals with low natural resistance to allow
for survival in the process of evolution. This hypothesis
1s now being tested in the guinea pig model.
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When inbred SWM/Ms mice were infected intravenously by
living bacilli of Mycobacterium bovis BCG (Japanese sub-
strain), the number of colony formers in the spleen decreas-
ed rapidly. However, the living bacilli persisted for a
long time in the spleens of C3H/He mice given the same
treatment (2). These two strains of mice showed quite a
difference in the incidence of tumors induced by a chemical
carcinogen (5,6). Furthermore, they responded differently
to immunoprophylaxis and immunotherapy of autochthonous
tumors with BCG (5,8). In these situations, SWM/Ms showed a
low incidence of tumors, and responded well to immunoprophy-
laxis and immunotherapy with BCG, while C3H/He showed a high
incidence of tumors and responded poorly to immunoprophy-=
laxis and immunotherapy with BCG.

These mice were examined for their responsiveness to
BCG immunization. It was found that SWM/Ms were high re-
sponders in delayed-type hypersensitivity (DTH) to BCG and
C3H/He were low responders, when the immune status was meas-
ured by the footpad reaction to purified protein derivative
(PPD), peritoneal macrophage disappearance test, or spleen
indices after rechallenge with BCG. Since the footpad reac-
tion is a reliable method to estimate DTH to BCG in mice, we
used this method to examine the responsiveness of individual
mice to BCG in F1, F2 and BC offspring (2). Table 1 shows
the results. Although the wvalues fluctuated in both high
and low responders, it was clear that F1 hybrids were high
responders. When the mean value minus 2 SE in F1 was set as
the higher limit of the footpad reaction in low responders,
F2 offspring were segregated into 3 high and 1 low respond-
ers and BC offspring were segregated into a 1 to 1 ratio
(2).

Thymocytes of the hybrid mice were examined for H-2K
and H-29 markers and there seemed to be no linkage between
the responsiveness to BCG and H-2 (2). The results of foot-
pad tests in various inbred and congenic strains supported
this conclusion (Table 2) and was consistent with the re-
sults of Allen et al. (1).
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Table 1. Number of mice showing high or low response to
BCG in footpad reaction to 10 pg of PPD 2 weeks after

immunization.
Mouse strain No. of low responders No. of high responders
*
EPRT(0F == 5510 EER (5.0 =150
SWM/Ms 0 60
C3H/He 35 0
({C3H x SWM)F1 0 34
F2 11 36
(Fl = C3H]}BC 24 29

*Footpad reaction: 0.1 mm units.

Table 2. Footpad reaction in various inbred and congenic
strains of mice receiving BCG sc¢ 2 weeks earlier.

Mouse strain H-2 FPR to PPD at 48 h
(KISD) (0.1 mm + SE)
SWM/Ms azz? 10.17 + 2.54
C3H/He kkkk 0.71 + 0.76
E10.BR kkkk 614 4 2075
SJL/J SSSS e s )
A.SW S555 22128080
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The mechanism of the low responsiveness to BCG in C3H/
He mice was found to be due to the inhibition by suppressor
cells of the induction of DTH. This fact was confirmed by
adoptive transfer of the spleen cells of C3H/He mice receiv-
ing BCG iv 6 days earlier into the syngeneic recipients pre-
treated with cyclophosphamide (3). The recipients were in-
jected with BCG immediately after the cell transfer and
tested for the footpad reaction 2 weeks later. Table 3

shows that the suppression was T-cell mediated and BCG spec-
ific.

Table 3. Suppression of footpad reaction by adoptive
transfer of the suppressor cels in BCG-infected C3H/He mice.

*
cY Transferred cells EE B 02 Gm ERS 2 Ef
PFD SRBC
L — 2.95 + 1.04 A L
o - 7.52 + 0.36 ielrden el
* &k
+ Suppresscr cells .83 £ 1.45 e min oLl
" Suppressor cells 6.40 + 1.45 8.09 + 1.57

+ anti-8 + C

*Cyclophosphamide 200 mg/kg ip 2 days before BCG injection.
**Sheep red blood cells.

***Whole spleen cells of C3H/He receiving BCG iv & days
earlier.

The antigen-presenting ability of spleen macrophages to
BCG-sensitized lymphocytes of (C3H x SWM)F1 mice was examin-
ed in C3H/He and SWM/Ms mice. The macrophages were pulsed
with PPD and mixed in a culture with F1 lymphocytes to de-
termine the antigen-induced DNA synthesis or yield of macro-
phage activating factor (MAF) (4). It was found that the
macrophages of the low responder, C3H/He, did not present
the antigen of F1 lymphocytes sensitized to BCG, while those
of the high responder, SWM/Ms, did so well. Table 4 shows
the results.
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Table 4. Antigen-presenting ability of macrophages (4).

*

?gg;ﬁEE:EEQZEd Macropliades gﬂ?;e Eﬁgsggn}cpm} (% E;:atﬂx-}
(C3H x SWM)F1 - - 2375 -5.7
i C3H/He = 30B8 =Ll
s C3H/He + 2810 8.4
2 SWM/Ms = 2900 =08
o SWM/Ms i+ 6310 83.4

*MAF activity was estimated as percent cytotoxicity of tumor
cells by macrophages activated with MAF.

These results suggest that the strain difference may
lie in the macrophages. The spleen cells of BCG-infected
SJL/J mice produced MAF well with SJL/J macrophages pulsed
with PPD, while they did not produce MAF with A.SW macroph-
ages pulsed with PPD in spite of their matching in major
histocompatibility antigens. On the other hand, the spleen
cells of BCG-infected A.SW mice did not produce MAF with
SJL/J or A.SW macrophages pulsed with PPD. These facts sug-
gest that only SJL/J macrophages, not A.SW macrophages, are
effective in antigen presentation in both primary and secon-
dary DTH response to BCG. It would be interesting to know
whether or not the antigen-presenting ability of macrophages
plays an important role in the deviation between helper-T
and suppressor-T induction in DTH.
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DISCUSSION
Collins: I am not clear on how much PPD Nakamura used in

her footpad tests for delayed type hypersensitivity. How
much swelling reaction did she elicit at 3 hours in her high
and low responders? In the ones showing very little delayed
type hypersensitivity, did she find pronounced 3 hour foot-
pad reactions, indicative of immediate hypersensitivity?

Makamura: I used 10 pyg of PPD in the footpad reaction. And
in the case of both C3H and SWM, the immediate type reaction
was in no way remarkable, but 24-48 hours later the SWM
vielded a nice reaction.

Ralph: In the suppressor assay done by Nakamura, did this
involve only in vivo adoptive transfer?

Nakamura: C3H mice are low responders and subseguently cnly
minimal footpad reaction can be detected in control BCG-
infected animals. Cyclophophamide treatment of C3H mice 2
days before BCG infection leads to subsequent development of
nice footpad reaction. Transfer of syngeneic BCG-immune
splenocytes to this, now high responder host leads to dimin-
ution of footpad reactivity. We interpret this as suppress-
or cells involvement. Such cells were characterized as T
cells.

Ralph: They were T cells as judged by anti-theta sensitiv--
ity?

Nakamura: Yes. Treatment with anti-Thy 1.2 serum and com-
plement caused the disappearance of the suppressor effect.

Ralph: Did Nakamura explore suppression in wvitro?

Nakamura: Yes, we did. I did the antigen-presenting exper-
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iment utilizing both blastogenesis and MAF activity. B&nd in
both, we could demonstrate an effect of suppressor cells in
vitro. But 1is there really a subpopulation of suppressor
cells? 1In the in wvitro system we hesitate to say that we
have characterized the suppressor cells.

Ralph: The cyclophosphamide treatment probably reduces the
natural level of suppressor cells in the Hed. Is that why
Nakamura did that? Can you now turn the HeJ into a respons-
ive mouse by treating with cyclophosphamide and then admin-
istering BCG? Have you tried that?

Makamura: No, not yet, but we will.
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Killed BCG administered by the intrawvenous (i.v.) route
in 2il or in an oil-in-saline emulsion produces chronic
granulomatous inflammation (CGI) in the 1lungs of rabbits
(13) and in the lungs and spleen of certain strains of mice
(1). The pathoclogy of this model resembles several human
diseases such as sarcoidosis and hypersensitivity pneumoni-
tis (HP). Therefore, studies on its induction, mechanisms
of pathogenesis, and either resclution or progression should
provide a better understanding of this type of inflammation.

Information already available on this model, primarily
in the rabbit, is as follows: (i) an accelerated pulmonary
inflammatory response elicited in sensitized rabbits is imm-
unospecific (11), (ii) bronchoalveclar cells obtained from
BCG-inflammed rabbits are inhibited from migrating in the
presence of PPD, a test considered an in vitro correlate of
T-cell mediated delayed hypersensitivity (DH) (5), and (iii)
several studies have shown that lymphokines are produced by
cells from the pulmonary lesions; these include migration
inhibitory factor (12), macrophage fusion factor, a material
which causes giant cell formation (6), and macrophage aglut-
inating factor, a glycosaminoglycan which agglutinates alve-
olar macrophages (7). Thus, most studies suggest that these
pulmonary lesions are due mainly to DH.

We have been interested in the differential response in
inbred mice to killed BCG in an oil=in-saline emulsion ([(BCG-
E) because of the probable genetic predisposition of some
individuals to develop certain granulomatous lung diseases
(9) and because of the occurrence of HP in only certain in-
dividuals of a group with uniform exposure to environmental
antigens (14). Initial studies have shown that the differ-
ential response of BCG in inbred mice is dose related and
not controlled by genes within the H-2 complex (1). Similar
data have been reported by another group (17). In order to
obtain further information about the genetics of BCG-induced
CGI in the lungs and spleen, we studied BXD recombinant in-
bred (RI) strains which were independently derived by in-
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breeding from the F, progeny of (C57BL/6 x DBA/2)F,; anim=
als. DBA/2J and C57BL/6J (B&) mice are low and high respon-
ders respectively to BCG-E (1).

Table 1. Response of BXD Recombinant Inbred Mice to BCG-E*

Genotyne o -3
Strain (No. Tested) H-Z Tg LW/BW )1077) SW/BH (10 )
LS
C57BL/6 (10) b b 22.4 (1.6) 33.7 (0.8)
peasz  (10) d c 9.0 (0.6) 4.0 (0.6)
BXD 2 (4) b b 24.0 (3.1) 23.31253)
30 (6) d 2 22.2 (1.3) 19.6 (1.1)
29 (4) b b 18.5 (2.4) 14,9 (3.2)
22 (8) d b 18.4 (1.1) 35.8 (1.4)
25 (4) d b 16.7 (4.0) 13.5 (6.4)
14 (6) b b 15.4 (1.9) 29.6 (5.7)
12 (6) b e 152202200 15.7 (3.0)
1 (5) d b 14.7 (2.4) s (=R
13 (2) b b 13.9 (2.9) 18.2 (8.3)
5 (5) d b 13.5 (1.3) 14.6 (2.8)
19 (6) b b e (] 12,1 (3.8)
27 (6) d c 12.3 (1.5) 13.4 (2.8)
8 (4) b b 12.1 (1.5) 15.4 (0.50)
15 (3) b c 11.8 (1.9) 4.1 (0.57)
11 (6) d & 10,9 (2.9) 11.2 {2.4)
6 (4) d c 10.7 (0.32) 4,5 (0.13)
9 (4) d & 9.9 (0.55) 7.0 (2.7)
24 (4) d e 9.7 (1.9) 8.5 ED.B?}
28 (7) d e g.6 (1.1) 7.6 {1.1)
18 (6) d c 8.9 (2.2) R ]
23 (6) b b 8.2 (0.6) 7.3 (1.6)
16 (6) d o 8.0 (0.48) 8.4 {1.8)

*Animals were injected i.v. with 300 pg of killed BCG in an
oil=-in-saline emulsion. They were killed 28 days later and
lung weight/body weight and spleen weight/body weight were
calculated. Ratio of organ weight to body weight are used
to quantify the intensity of inflammation (1).

tLung weight/body weight wvalues were used instead of organ
indices because we do not have lung and spleen weight/body
values for normal BXD mice.

+i+Mean and S.E.

The data in Table 1 are informative for twe reasons. First,
the various BXD strains showed a wide variation in lung and
spleen indices suggesting that more than one gene is involv-
ed in responsiveness. In addition, an analysis of the data,
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using Wilcoxin's Two Sample Rank Test showed that BXD stra-
ins which were Eghb had significantly greater responses in
both the lungs and spleen to BCG-E (P<0.05 for both). There
were no significant differences in the responses of H-2

and H-29 BXD strains (P>0.05). These data suggest that

gene(s) influencing responsiveness to BCG-E are linked to
the Igh allotype.
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Figure 1. Frequency of lung index (A), spleen index (B), or
footpad increment (C) in F; progeny of (B6 x CBA)F] mice.

To further analyze the inheritance of responsiveness to
BCG-E, we examined F, progeny from (CBA/J x B6)F, mice. The
frequency distribution of lung and spleen indices for Fp
progeny is shown in Fig. 1A and 1B. As expected for poly-
genic responses, there was not a distinct segregation into
two populations. However, as discussed later, when the fre-
guency distribution of footpad increments (DH to SREC) were
plotted, two discrete populations (suppressed and non-supp-
ressed) were observed (Fig. 1C).

Additional analysis of linkage to the Igh allotype was
performed wusing BALB/cJ and EALBIC.EEEP mice (Table 2).
The results indicate that BALB/c mice are low responders
compared to B6 mice and that CGI both in the lungs and spl-
een is substantially and significantly increased in BALB/c.-
IghP® compared to BALB/c mice (P<0.005, P<0.02, respective-
ly). Note that BHLBXG.EEEP mice did not respond as well
as B6 mice, presumably because they do not possess other Igh
unrelated responder genes. Data in Table 2 also show that
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responsiveness to BCG-E is dominant since the lung and spl-
een indices of (B6 x CBA)F] mice are guantitatively similar
to those of B6 high responder mice.

Table 2. Development of BCG-Induced Chronic Granulomatous
Inflammation in Various Inbred and Congenic Mice*

GEﬂDtEEE

Strain H-2 Igh Lung Indextt Spleen Indextt
C57BL/6J b b 3.3 (0.13)¢ 10.1 (0.41)
CBA/J k a 1.2 (0.12) 2.2 (0.18)
(C57BL/6J x

CBA/J)F; b/k b/a 2.8 (0.11) 9.9 (0.49)
BALB/cJ d a 1.3 (0.20) 4.3 (0.10)
BALB/c.IghP*t 4 2.3 (0.05) 5.8 (0.45)

*Mice were injected with 300 pug of killed BCG in an oil-in-
saline emulsion and evaluated 28 to 33 days later.

t**tgindly provided by Dr. Noel Warner. BALEfc.EEEF' mice
were produced after the seventh backcross.

ttOrgan indices are organ weight/body weight experimental
animal + organ weight/body weight of normal animal. These
values provide an approximation of the fold increase in org-
an, e.g., a lung index of 2 indicates that the organ has
doubled weight.

tData are expressed as arithmetic mean * S.E. A minimum of
5 animals were used for each experiment.

We have also reported that B6 mice which develop BCG-E
induced CGI are suppressed in their ability to develop sev-
eral immunologic responses (2,15): (i) their spleen cells
display minimal proliferation to both T and B cell mitogens
as well as to the specific antigen, PPD, (ii) they develop a
minimal primary antibody response to SEBC, and (iii) they
are markedly suppressed in the development of DH to SREBC.
In marked contrast, CBA mice which develop only minimal CGI
in response to BCG-E were not anergic in any of the above
parameters. The mechanisms responsible for anergy have been
further characterized using the development of DH to SRBC as
the test system. First, it is apparent that the spleen is
an important source of factors responsible for suppression
since splenectomized BCG-E-treated B6 mice were no longer
suppressed in their response to SRBC (Group 1, Table 3). It
should also be noted that splenectomized B6 mice not treated
with BCG did not develop DH to SRBC indicating that when
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SRBC are given i.v. at this dose, the spleen is both a sour-
ce of suppressor factors (BCG-treated) and of cells which
mediate DH. Data in Group 2, Table 3 alsoc show that BCG-E
treated CBA mice were not suppressed in their ability to
develop DH to SRBC. Thus, the development of anergy is ass-
ociated with intense CGI in the lungs and spleen.

Table 3. BCG Induced Suppression of DH to SRBC. Reversal
by Splenectomy and Linkage to Immunoglobulin Allotype*

Genotype
Group Strain BCG-E SpXT H=Z Igh Footpad Increment**
1 C57BL/E = = b b 0.60 (0.06)
; + - 0.16 (0.02)
- + 0.08 (0.04)
+ + 0.62 (0.14)
2 CBA - k a 0.57 (0.06)
= Dn-;r? {ﬂlﬂﬁ}
3 (B6 x CBH]F] - = b/k  bfa 0.47 (0.03
+ - 0.79 (0.04
4 BALB/c - = d a 0.46 (0.05)
+ - 0.51 (0.08)
BALS/c.Igh® = SR o b 0.60 (0.06)
+ - 0.18 (0.02)
B10.BR - - k b 0.59 (0.08)
-r b ﬂl]q {0403}
C3H. SN - - b a 0.41 (0.04)
+ = 0.48 (0.06)

*Mice were injected i.wv. with 300 upug of killed BCG in an
oil-in-saline emulsion. 28 days later they were immunized
ieve with 5 x 1U5 SRBC; 4 d%FS later they were challenged
in one hind fecotpad with 10° SBEBC and in the other rear
footpad with an equal wvelume of saline. The increase in
footpad thickness was measured 24 hr later with a pressure-
sensitive gauge.

tThree weeks prior to injection with BCG.

*+Increase in footpad thickness to mm. Data are expressed
as arithmetic mean and S.E. of at least 5 determinations.

The genetic basis for BCG-E-induced anergy was examin-
ed. Data in Groups 3 and 4, Table 3 show that the develop-
ment of anergy is recessive since BCG-E-treated (B6 x CBA)F;
mice were not anergic. In addition, a single gene (or gene
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complex) is responsible for anergy since approximately 30
percent of F; x B6 backcross and 25 percent of F; mice were
anergic (data not shown). The unigenic nature of BCG-E-
induced anergy is depicted in Fig. 1C which is a frequency
distribution of footpad increments in F; mice. Two discrete
peaks, characteristics of a unigenic response, are observed.
Moreover, the minority of mice were low responders which is
typical for a recessive trait. Data in Group 4, Table 3
shows that BCG-E-induced anergy is linked to the Igh complex
since BALB/c mice (Igh®) were not anergic but their con-
genic partners [EHLﬁ?ETIghbi were suppressed. In data not
shown using BXD RI mice, there is also a significant correl-
ation between the Igh allotype and the development of BCG-E-
induced anergy. The results in Group 4, Table 3 also indi-
cate that BCG-E-induced anergy is not influenced by genes in
the H-2 complex since B10.BR mice develop anergy even though
they are H-2X and C3H.SW mice (H-2P)did not display
anergy. =T

Table 4. Properties of Spleen Cells Which Transfer BCG-

Induced Suppression of Delayed Hypersensitivity to SRBC in
C57BL/6 Mice

Group Spleen Cells Transferred® Killed BCGT  Footpad Increment®?

] None + 0.14 (0.05)
2 None - 0.61 (0.08)
3 BCG - 0.06 (0.02)
4 Normal - 0.56 (0.08)
5 BCG-adherent - 0.14 (0.04)
6 Normal adherent - 0.65 (0.06)
7 Carbonyl iron-treated BCG = 0.68 (0.05)
8 BCG-nonadherent - 0.56 (0.02)
g Anti-Thyl-treated BCG - 0.21 (0.03)
10 Anti-mouse Ig-treated BCG - 0.09 (0.03)

*Spleen cells were obtained from either BCG-injected or nor-
mal B6 mice and transferred to recipients intraperitoneally
as follows: Group: 3 and 4) 1.1 x 10" cells, 5 and 6) 33 x
11:i5 plastic petri plate adherent cells, 7) 63 x TUE cells
which did not adhere to carbonyl iron, 8) 35 x 10  nylon
wool nonadherent cells, 9 and 10) 80 x 10° anti-Thyl or
anti-Ig+C treated cells.

tMice were either injected i.v. and tested for DH 28 days
later, or tested for DH 24 hr after receipt of cells.

*ttSee legent to Table for evaluation of DH.
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We have also investigated the properties of cells in
the spleen responsible for anergy (Table 4). This was poss-
ible because anergy could be transferred from BCG-E-treated
B6 mice to normal syngenic recipients (Group 1). Analysis
of this phenomenon revealed that anergy was mediated by
plastic petri plate-adherent, carbonyl iron-adsorbed cells
(Groups 3-7). BAnergy could not be transferred with T cell-
enriched, nylon wool-nonadherent cells from BCG-E-treated
mice and was not associated with Thy-1 or Ig bearing cells
(Groups 8-10). All these data indicate that anergy is
mediated by splenic macrophages from BCG-E-treated B6 mice.

The current study has shown that BCG-induced CGI in
mice is multigenic, dominant and influenced by genes linked
to the Igh locus. Other studies have shown that this res-
ponse is not linked to the H-2 complex (1,17). The pulmo-
nary lesions produced by the i.v. injection of killed BCG
into either rabbits or mice resemble those in several human
diseases, e.g., sarcoidosis, HP. Both of these diseases are
likely to be mediated by immunological mechanisms and may be
influenced by wvariably inherited traits (10). Therefore,
definition of the immunogenetics of BCG-induced CGI in mice
is likely to provide information related to pulmonary dis-
ease in man. One mechanism involved in low responsiveness
in CBA mice has recently been uncovered in our laboratory
(Moore et al. submitted). We observed that cyclophosphamide
(Cy) given two days prior to BCG augments the response of
these normally low responder mice to this agent. Further-
more, the potentiating effects of Cy can be reversed with
Thy-1+ spleen cells from BCG-E-treated mice not treated
with Cy. This indicates that Cy-sensitive suppressor T
cells are involved in the control of BCG-E-induced CGI in
mice and implies that a similar mechanism occurs in pulmo-
nary inflammation in man.

The meaning of linkage of BCG-E-induced inflammation to
the Igh complex is not clear at the present time. However,
as stated previously, BCG-E-induced CGI is probably T-cell-
mediated DH. It is possible therefore that linkage to the
Igh complex is somehow associated with Vy receptors on T
lymphocytes. For example, the interaction of L],rt-1+ in=-
ducer and Lyt-123T lymphocytes in the feedback inhibition
loop is restricted by genes linked to the Igh complex (4),
and the development of cross-reactive DH in a hapten antigen
system is also influenced by genes in the Igh complex (16).
The reality of this concept with respect to pulmonary infla-
mmation requires further studies.

The present study has also shown that the development
of anergy in association with BCG-induced CGI is under gene-
tic control. It is recessive, unigenic, and also linked to
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genes in the Igh complex. The implications of linkage to
the Igh complex are not clear at the present time since
anergy is mediated by macrophages. However, in some cases,
macrophages serve as intracellular messengers for T cell
products (3). We are presently testing this concept. Cells
which mediate anergy are found in the spleen and have pro-
perties characteristic of macrophaes by several criteria:
(i) they are adherent to plastic, nylon wool, and carbonyl
iron, and (ii) they do not bear Thy-1 or Ig surface markers.
Since they are recovered only from chronically inflammed
spleens, it is 1likely that they are activated; however,
this was not formally tested.

Chronic pulmonary inflammation is sometimes assoclated
with anergy, particularly in sarcoidosis. The mechanisms
associated with anergy are not clear. Based on the present
study, anergy could be associated with the development of
suppressor macrophages; such cells have been described in
sarcoidosis (8). The role of anergy in the inflammatory
process is also unclear; however, we have shown that supp-
ressor factors obtained from BCG-induced splenic macrophages
can substantially reduce the intensity of chronic inflamma-
tion in both the spleen and lungs (Allen et al. submitted).
Thus, one possible role of suppressor macrophages is control
of the inflammatory response. This concept will alsc re-
gquire further studies.
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DISCUSSION
Cudkowicz: Has Moore ever been able to induce suppressor
macrophages in wvitro?
Moore: We have not been able to de that. However, we can

get suppressor macrophages out of the inflamed spleen.

Nakamura: Would Moore say that in the case of BCG inducing
DTH, there are any specific suppressor cells other than
macrophages?

Moore: We do not have another antigenic model for assessing
those suppressor cells in the case of the cyclophosphamide
experiments. So we do not really know whether it is spec-
ific in this instance. We are trying to do the same thing
with Nocardia asteroidis and Corynebacterium parvum, so that
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we will have some specificity controls.

Nakamura: I would think Moore has macrophage suppressor
cells in the granulomatous reaction. And this suppressor
macrophage, induced by BCG injection, might well be non-
specific. I wonder if there could be a BCG-specific supp-
ressor in the system; it might be a T cell rather than a
macrophage.

Moore: In the experiments I showed, we were not able to
demonstrate any effect of specific T cells as judged by
using anti-Thy 1 antiserum. We think this may be a macro-
phage doing something T cell-directed, though we do not have
any relevant information on it at present.

Makamura: In the system I work with, we get BCG-specific
suppressor T cells; these inhibit the induction of DTH in
the footpad reaction. And Moore's results with the footpad
reaction give me the impression of being very similar.

Moore: You know what happens in cases of chronic inflammat-
ory reactions, as typified by Mycobacterium leprimurium.
First suppressor macrophages are evident; then, if one
follows the reaction long enough, suppresscr T cells appear.
That could be what is happening in our system as well; the
key could be the time sequence.




MURINE LEPROSY AS A MODEL FOR THE ANALYSIS OF GENETIC
FACTORS CONTROLLING RESISTANCE TO MYCOBACTERIAL INFECTION
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Murine leprosy is caused by the obligate intracellular
parasite Myccbacterium lepraemurium (MLM). The bacillus
causes a slowly progressing chronic infection in mice and
rats which previously was believed to be invariably fatal.
Several workers have reported that mice may show varying re-
sistance to MLM infection (4,8,11). Various inbred strains
of mice differ in their resistance to MILM infection indica-
ting that the resistance is determined by genetic factors of
the host. Some of the studies on the resistance to MLM
infection in three of the most frequently used inbred mouse
strains are listed in Table 1. Although there are some dis-
crepancies, most workers have found C57BL/6 mice to be re-
latively resistant and BALB/c and C3H to be susceptible.

Table 1. Resistance to M. lepraemurium infection in three
frequently studied inbred mouse strains.

Level of resistance

Strain Resistant Intermediate Susceptible
C57BL/& Kawaquchi (8) Lefford et
Closs and Haugen (4) al. (11)

Lagrange et al. (9)
Alexander and Curtis(1)
Preston (16)

BALB/c Closs and Kawaguchi (8)
Haugen (4) Lefford et al.
(11)
Alexander and
Curtis (1)
Preston (16)

C3H Lefford et al.(11) Kawaguchi (8)
Closs and
Haugen (4)
Lagrange et
al. (9)
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Important aspects of murine leprosy as experimental
model are illustrated by the different course of the infect-
ion after local inoculation in C57BL/6 and C3H/Tif mice.
Shortly after inoculation the bacilli become located within
macrophages. In the C3H mice naked granulomas, without
practically any infiltration of lymphocytes, will form at
the site of infection. The infection will progress slowly
and disseminate gradually until, after several months, the
animal dies in a cachetic state without any stage having
shown signs of a cell mediated immune reaction against the
bacilli. In the C57BL mice, the histological picture of the
infection is almost indistinguishable from that seen in C3H
mice for the first four weeks of the infection. About four
weeks after inoculation, a strong cellular reaction develops
at the site of infection with massive infiltration of lym-
phocytes and epithelioid cell formation. The granuloma that
forms as a result of this reaction has the histeological app-
earance of a delayed type hypersensitivity reaction (5,6).
When the local reaction develops, the bacilli cease to mulE
tiply and unless a too large inoculum has been given (10
AFB or more), the number of acid fast bacilli (AFB) will
remain constant thereafter. Thirty-two weeks after inocula-
tion of 3 x 1GE MLM into one hind foot pad, the total number
of AFE that could be recovered from the foot pad, the popli-
teal, inguinal, and retroperitoneal lymph nodes and spleen,
was about 3,000 times higher in C3H/Tif mice than in CS57BL/
6J mice (3). Thus, the differing susceptibility of C57BL
and C3H mice to MIM infection manifests itself both as a
clear qualitative difference in the local reaction to the
infection, and a clear quantitative difference in the multi-
plication of the bacilli.

For intracellularly growing parasites, immune activa-
tion of macrophages is connected with limitation of growth
in wivo, and is frequently associated with expression of
certain cell mediated immune responses such as delayed type
hypersensitivity (DTH) (14). The differing susceptibility
of C3H and C57BL mice to MLM infection is not likely to be
due to a general defect in the ability of C3H mice to mount
a cell mediated immune reaction because resistance to cer-
tain other intracellular parasites such as Salmonella typhi-
murium and ILeishmania tropica may show a reverse susceptib-
ility pattern in these strains (2,15). & number of inter-
actions between mononuclear phagocytes and T lymphocytes are
required at wvarious levels in order to produce an effective
killing of the bacilli (Fig. 1). Genetic variation in fac-
tors operating at each level may give rise to variations in
natural resistance to MLM infection. However, we do not
know the protective antigen nor the exact subset of cells
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involved and their mechanisms of action, therefore, the

presence or absence of these factors cannot be directly
tested (10).
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Figure 1. Simplified scheme of the proposed cellular inter-
actions involved in the generation of a protective immune
response to M. lepraemurium. It involves a series of steps
which all may be essential in order to develop protective
immunity: After phagocytosis of the bacilli the macrophages
(M) may either present antigens to the T lymphocyte populat-
ion (T) directly, or after non-specific activation, as in-
dicated by arrows. Upon stimulation of the T lymphocyte
population either suppressor cells (Tg) or effector cells
(Tg) may be generated. Tg may either activate the macro-
phages by producing scluble mediators (Tppy):, ©r another
subset of T cells may be produced acting directly to limit
the multiplication of the bacilli by combined cytotoxic and
bactericidal activity (Tg). The generation of T is re-
gulated by Tg and M suppressor mechanisms. Each step is
probably under control of one or several genetic factors.
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We have studied the effect of immunization with an
ultrasonicate of MILM (MLMSon) in C3H/Tif and C57BL/6é mice.
A single injection of 50 pl of MLMSon (0.8 mg protein
ml_l} in Freund's incomplete adjuvant (1:1) was given sub-
cutaneously on the thorax. Six weeks later by foot pad
testing with MLMSon (0.8 pg protein per dose), a strong DTH
reaction was demonstrated in C57BL mice while the C3H mice
showed only weak DTH reactivity. Challenge experiments with
live bacilli indicated that in C57BL mice immunization with
MILMSon did not, in itself, confer protective immunity, but
seemed to accelerate the development of such immunity (7).
Evidence was found that the specificity of the protective
immune response induced in C57BL mice by a small inoculum of
live MIM was different from that of the immune response in-
duced by MILMSon in these mice. By further immunization, a
strong DTH response to MLMSon antigen could be induced in
C3H mice. Such MLMSon immune C3H mice did not have any in-
creased ability to limit the multiplication of MLM. No loc-
al reaction was observed when live MLM was injected into the
foot pad. Even when a strong DTH reaction was induced re-
peatedly at the site of infection by injecting MLMSon into
the foot pad together with the bacilli, and every two weeks
thereafter, no reduction in the multiplication of bacilli
was observed (12). Thus, in these experiments a clear dis-
sociation was demonstrated between DTH to MLMSon and protec-=
tive immunity to MIM infection.

Information about the factor(s) responsible for the
differing susceptibility of C3H and C57BL/6 mice to MIM in-
fection is likely to contribute significantly to our under-
standing of the mechanisms involved in resistance to myco-
bacterial infections. At present genetic analysis seems to
offer one of the best approaches to define factors which
show association with the mechanisms of resistance. Experi-
ments so far have indicated that the (C57BL/6 x C3H)F)
hybrid is as resistant as C57BL/6, and consequently that re-
sistance to MIM infection 1is inherited as a dominant trait
(Closs and Lowvik, unpublished observations). However, if a
model is to be usable for genetic analysis, relevant markers
must be awvailable for the trait which is under investigat-
ion. In studies of MLM infection several different paramet-
ers of resistance have been used: size of the local leproma
after subcutaneous inoculation (8), histolcgical appearance
of the local reaction (5), local multiplication and dissem-
ination of the bacilli (3), time of survival after intraven-
ous inoculation (11), and multiplication of the bacilli in
the popliteal lymph node after foot pad inoculation (9).

The use of different parameters of resistance may ex-
plain some of the discrepancies regarding the susceptibility
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of various inbred mouse strains to MLM infection, as exempl-

ified in Table 1. While C57BL/6 mice, as opposed to C3H
mice, are able to limit the multiplication of a small sub-
cutaneous inoculum of MIM (3,9) the survival time of the

former strain is shorter than that of C3H after a large in-
travenous inoculum (9,11).

The marker most closely associated with resitance to
MIM infection certainly is the ability to inhibit multipli-
cation of the bacilli. However, MLM is an extremely slow
growing mycobacterium with an average doubling time of two
weeks or more, and to follow the multiplication and disse-
mination of the bacilli is both time-consuming and labori-
ous.The differing distribution patterns of the bacilli in
various suceptible strains of mice complicate the matter
further (13). BAs indicated above, the ability to mount a
DTH response to MIM antigens is not a usable marker since it
does not always correlate with resistance to MLM infection.
Several reports have shown a correlation between the devel-
opment of a local reaction (foot pad swelling) to the in-
fection and ability to inhibit multiplication of MIM (3,9).
Thus, based on observations in C57BL/6 and C3H mice, the
ability to mount a strong local reaction to live MIM bacilli
appears to be a usable and convenient marker for genetic
factors involved in resistance to MILM infection. However,
unless the resistance can be shown to be controlled by a
single gene, the correlation between this marker and resist-
ance would have to be confirmed in every instance.
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DISCUSSION

Poulter: A while back I was also working on MLM. I can
confirm Closs' results in a totally different manner. We
found that in animals exhibiting resistance to MLM by re-
stricting multiplication of the bacteria in the liver and
spleen, they lost completely the ability to mount a DTH re-
action. So I would certainly agree that the DTH response,
particularly to sonicated antigen, 1s not a particularly
good marker of resistance to this organism. Also, I wonder
what Closs can tell us about the utilization of sonicates.
When he sonicates his mycobacteria, he is releasing compon-
ents from within the cells which the host may not experience
at all in reacting to live microorganisms. I rather think
the response to some of these intracellular particles is a
quite different one and may be irrelevant to protecticon, in
contrast to those antigens on the external cell wall of
Mycobacteria.

Closs: I would certainly agree that the antigens active in
the sonicate do not seem to be relevant to protective immun-
ity.

Poulter: My comment relates to the whole of this session.
As an immunologist who has been working on the acgquired
phase of the response for a number of years, I am very
pleased to see the increasing interest in the natural non-
induced responses. But one thing that has not been mention-
ed at all in this session is the native or acquired respons-
es to endogenous flora of the host. I cannot help wondering
whether any cross-reacting immunity or defense mechanisms
against such flora in the animal would have any effect on
the wvaried phenomena reported here. Has anyone worked with
these mouse strains in the germ-free state where this sort
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of issue can be controlled? I guess not. Does anyone here
think it is worth doing? I know I would be interested in
doing it myself.

Participant: The only data that comes readily to mind is
the sort of thing that has been done via oral challenge.
And a search of the literature, on susceptibility of animals
to a Salmonella infection, would show that the general ex-
perience is that sterilizing an animal's gut with anti-
biotics renders it more susceptible,

Collins: Responding to Closs' comment, I would say that in

leprosy one does not use a sonicate to skin test; whole
cells of leprum are employed and they give a reaction which
peaks at about 4 weeks. In M. lepremurium, he has been

footpad-testing with whole nrg&ﬁisms, whether live or dead
probably does not matter, and he was assessing the reaction
at 48 hours. My query is whether Closs assessed the respon-
se at 4 to 6 weeks, so that the test was comparable to the
Matsuda-response. 1In that event did he find suppression?

Closs: Well, we certainly have looked at 4 weeks, and we do
not get a response unless we are dealing with a resistant
strain, and unless the bacilli are wviable.






GENETIC CONTROL OF RESISTANCE TO BACTERIAL INFECTIONS
Chairman's Summary
Emil Skamene

Montreal General Hospital Research Institute
Montreal, Quebec H3G 1A4, Canada

Genetic influences on the outcome of interactions be-
tween the host and pathogenic bacteria have long been sus-
pected and explored. However, the precise knowledge of such
genetic systems and the way they govern the host's responses
have, until wvery recently, eluded understanding despite con-
tinued investigative efforts over the last four decades.
Given the complexity of bacterial microorganisms and the
multitude of host defense mechanisms that have evolved in
mammals during evolution, it was judged rather improbable
that a gene controlling the overall level of resistance
would be operative. Improbable they may be, but such events
have nonetheless in these past few years occurred indepen-
dently 1n many laboratories due mainly to the availability
and widespread wuse of genetically well defined mouse
strains: inbred, mtant and recombinant. It has bkecome
evident that the genetic systems controlling resistance are
definitely less complex than originally conceived and that
they are in fact available to analysis.

MAPPING OF RESISTANCE GENES

This Symposium marshalled the evidence for many recent-
ly-discovered genes that singly, or in concert, control re-
sistance to a wide variety of microbial pathogens:Salmonella
typhimurium, Listeria monocytogenes, Rickettsia tsutsuga-
mushi, Mycobacterium tuberculosis, Mycobacterium leprae-
murium to name only the most actively considered. The ewvi-
dence for their operation was provided by studies ranging
from the rather preliminary dealing mainly with differences
in strain distribution of resistant and susceptible animals,
to formal Mendelian-type experiments on segregating hybrid
and backcross populations, to finally, elegant mapping
studies employing either classic linkage analysis or the
newer technigues based on the strain distribution pattern
studies of selected resistance traits among the recombinant
inbred mice. Of major importance in the gquest for under-
standing of genetic resistance are the polymorphic alleles
of widely-distributed genes (e.g. Ity, Lr, Ric) although
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discovery of deficiencies in host resistance based on the
action of mutant genes (e.g. EEE#' Eig) have also contri-
buted to our present knowledge of host defense mechanisms.
Genetic analysis of any trait, in general, and of the trait
of resistance in particular, has its own intrinsic elegance
and it provides the student of host defenses with a essenti-
al definitive guality. Mapping the resistance genes also
serves well the mouse geneticists in their efforts to fill
the blanks on the chromosome map. It may be asked, however,
whether our knowledge of the mechanisms of anti-bacterial
defences is advanced thereby? The answer is, albeit some-
what hesitantly, yes. By mapping the resi