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Infection of mice with a temperature-sensitive mutant of Salmonella typhimurium CSTS allowed the survival
of genetically susceptible mice. The ability to mount a delayed-type hypersensitivity (DTH) response to sheep
erythrocytes during infection with C5TS was studied in various inbred mouse strains, recombinant inbred
strains derived from C57BL/6 (susceptible) and A/J (resistant) mice, and C3H congenic mice. Suppression of
the DTH response to sheep erythrocytes was found in mice that carried the ItyS allele, the H-2b haplotype, or
both. These genes are known to increase susceptibility to S. typhimurium infection. In contrast, no DTH
response suppression was observed in mouse strains that carried other genes that increased susceptibility to S.
typhimurium, e.g., DBA/2 and C3H/HeJ. Apart from a transient suppression in A/J mice, the DTH responses
of resistant mice (A/J and CBA) were normal or increased. The DTH response to sheep erythrocytes could be
restored in immunodepressed mice by increasing the immunizing dose, suggesting the possible role of activated
macrophages in depression of the DTH response.

Natural resistance of mice to Salmonella typhimurium
infection is regulated by several genes. The Ity gene controls
the early phase of the infection (5, 23). The susceptibility
allele ItyS is present in C57BL/6 and BALB/c mice. The Ity
gene controls the net growth rate of virulent strains of S.
typhimurium (5). Yet the growth of some strains with low
virulence (2) and the survival of temperature-sensitive mu-
tants of S. typhimurium (7, 24) are not affected by the gene.
Results of in vitro studies have shown that the Ity gene is
expressed by the macrophages (4, 14, 26). The mechanism of
action of the Ity gene is unknown. Its action is not dependent
on the activation of macrophages by T cells (1, 18) or by
lipopolysaccharide (1). Whether Ity modulates the rate of
bacterial growth (1, 7) or bacterial killing (14, 26) remains
controversial. Susceptibility to S. typhimurium is also in-
creased in C3H/HeJ and CBA/N mice that carry the Lpsd or
the Xid genes, respectively (19, 20). Moreover, a gene linked
to the major histocompatibility complex (6) and another gene
present in DBA/2 and C57L mice (21) increase the suscep-
tibility of mice to S. typhimurium in the late phase of the
infection.

S. typhimurium infection can induce immunodepression in
some mouse strains. Depression of the proliferative re-
sponse to B and T mitogens has been described in C3H (13)
and C57BL/6 (3) mice. In this investigation we show that S.
typhimurium infection can induce a depression of the de-
layed-type hypersensitivity (DTH) response to sheep eryth-
rocytes and that this immunodepression appears to be asso-
ciated with some of the genes that are known to increase
susceptibility to S. typhimurium (Itys and H-2b).

MATERIALS AND METHODS
Mice. C57BL/6-J-Pas, BALB/c-By-Pas, C3H/He-J-Pas,

DBA/2-J-Pas, and A/J-Pas mice and F, hybrids from
C57BL/6-J-Pas and DBA/2-J-Pas mice were obtained from
the Pasteur Institute (Paris) animal breeding facility. CBA/J-
Ico mice were obtained from Iffa Credo (L'Arbresle,
France). Mice of the AXB and BXA set of recombinant
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inbred strains derived from A/J (A) and C57BL/6 (B) mice
were bred at the Pasteur Institute from progenitors kindly
provided by M. Nesbitt (University of California, La Jolla).
C3H.B10 mice were obtained from M. Pla (Institut National
de la Santd et de la Recherche Mddicale, U93, St. Louis
Hospital, Paris). Female mice between 6 and 12 weeks of age
were used in all the experiments.

Bacteria. S. typhimurium C5TS, a temperature-sensitive
mutant derived from the virulent C5 strain (7) and kindly
provided by C. E. Hormaeche, was stored at -80°C. For
each experiment a sample was thawed and grown for 24 h at
30°C in tryptic soy broth. Mice were inoculated intrave-
nously (i.v.) with the indicated doses of S. typhimurium
C5TS suspended in 0.2 ml of saline. Bacterial concentrations
were always verified by quantitative plate counts on tryptic
soy agar.

Sensitization to sheep erythrocytes. Sheep erythrocytes
were washed 3 times with saline. Mice were injected i.v.
with 0.2 ml of a 0.01% sheep erythrocyte suspension in
saline, unless stated otherwise and challenged 4 days later in
a hind footpad with 40 ,ul of a 20% sheep erythrocyte
suspension. Increases in footpad thickness were measured
24 and 48 h later with a dial gauge caliper. Mean values were
determined from groups of at least five mice. The response
of control mice peaked either at 24 or 48 h after footpad
challenge. The highest value was selected and compared
with the response of infected mice recorded at the same
time.
The nonspecific responses of unimmunized animals were

below 0.10 mm.
Enumeration of bacteria in the spleen. The spleen of each

mouse was removed 21 days after infection and homoge-
nized in 2 ml of distilled water with a motor-driven Teflon (E.
I. du Pont de Nemours & Co., Inc., Wilmington, Del.)
pestel. Portions of 10-fold serial dilutions in saline were
plated in tryptic soy agar. Colonies were counted after a 24
h of incubation at 30°C.

Statistical analysis. The statistical significance (P < 0.05)
of differences among the various groups of mice were
evaluated by Student's unpaired t test.
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RESULTS

DTH response to sheep erythrocytes in various mouse

strains infected with S. typhimurium C5TS. Various mouse

strains that differed in their susceptibility to S. typhimurium
infection were inoculated i.v. with 106 C5TS. This bacterial
strain replicates slowly in mice and allows the survival of
susceptible mice and induces a protracted infection (16). The
ability of infected mice to mount a DTH response to sheep
erythrocytes was determined at various times postinfection
and compared with the responses of control mice. The
increase in footpad thickness of control mice ranged from
0.33 ± 0.08 mm in CBA mice to 0.84 ± 0.15 mm in DBA/2
mice. DTH responses of infected mice were expressed as a

percentage of the response of the corresponding controls.
The data reported in Fig. 1 indicate that infected C57BL/6
and BALB/c mice (both Itys) exhibited a strong depression
of their DTH responses to sheep erythrocytes. In C57BL/6
mice the response was still depressed at day 28 (data not
shown), whereas the response of BALB/c mice was restored
at day 21. Mouse strains that possessed other genes that are

known to increase susceptibility to S. typhimurium, such as

C3H/HeJ (19) or DBA/2 (21), displayed normal responses. In
resistant (Ityr) mice, such as A/J and CBA, the responses
were normal or increased. The only exception was a tran-
sient depression of the response of A/J mice at day 7.
The depressed response of (C57BL/6 x DBA/2)F1 mice

indicates that the infection-induced depression of DTH was
dominant.
DTH response to sheep erythrocytes in infected recombinant

inbred and congenic strains. AXB/BXA recombinant inbred
strains were infected with 106 C5TS, and their ability to
develop a DTH response to sheep erythrocytes was deter-
mined at day 14. The data reported above indicate that at this
time the response to sheep erythrocytes was strongly de-
pressed in C57BL/6 mice, whereas it was increased in A/J
mice.
The results reported in Fig. 2 indicate that in the strains

that carried the Ity/ allele (AXB-1, AXB-6, and BXA-6),
DTH responses were strongly depressed, as in the parental
C57BL/6 strain. Two recombinant inbred strains (AXB-2
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FIG. 1. DTH response to sheep erythrocytes in various mouse

strains infected with 106 S. typhimurium C5TS. Groups of five mice
were sensitized with sheep erythrocytes on the indicated days after
infection, and footpad testing was carried out 4 days later. Results
are expressed as a percentage of the response of controls. Results
marked with an asterisk are significantly different (P < 0.05) from
those of controls. (B6D2)F1, (C57BL/6 x DBA/2)F1.
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FIG. 2. DTH response to sheep erythrocytes in recombinant
inbred strains infected with 106 S. typhimurium C5TS 14 days before
sensitization with sheep erythrocytes. Footpad challenge was car-
ried out 4 days after sensitization in infected and control animals
(five mice per group).

and AXB-7) had normal responses, and the responses of the
three other strains were moderately but significantly (P <
0.05) depressed. Two of these strains (AXB-4 and BXA-8)
were H-26.
The results reported in Table 1 indicate that the DTH

response to sheep erythrocytes was significantly (P < 0.01)
depressed in C3H.B1O (H-2b) mice, whereas the response
was unaffected in C3H/HeJ (H-2k) mice.

Relationship between DTH response suppression and bac-
terial spleen counts. During the first week of infection with
C5TS, spleen counts are similar in various mouse strains (7,
16), but differences in the rate of clearance occur later (16).
The results of spleen counts and spleen weights determined
in various mouse strains 21 days after the inoculation of 106
C5TS are shown in Table 2. The highest spleen counts were
present in C57BL/6 and AXB-6 mice, and the highest spleen
weights were found in C57BL/6 and AXB-1 mice. These
mouse strains exhibited a strong depression of the DTH
response to sheep erythrocytes. However, other mouse
strains such as BALB/c, (C57BL/6 x DBA/2)F1, and BXA-6
were also suppressed, although their spleen counts and
spleen weights were similar to those of mouse strains that
exhibited normal DTH responses to sheep erythrocytes.

TABLE 1. DTH response to sheep erythrocytes in
infected C3H congenic mice

DTH response (mm) of the following mice:
Strain H-2 allele Infected (% of

Control control)

C3H/HeJ k 0.38 ± 0.10 0.36 ± 0.05 (95)
C3H.B1O b 0.48 ± 0.19 0.15 ± 0.10 (31)

a Mice were infected i.v. with 106 C5TS 14 days before sensitization with
sheep erythrocytes. Footpad testing was performed 4 days after sensitization.
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TABLE 2. Spleen counts and spleen weights in various mouse
strains 21 days after infection with 106 C5TS

Strain Log1o spleen Spleen DTH responseStrain countsa weight (mg)a suppressionb

C57BL/6 4.35 ± 0.63 653 ± 167 ++
BALB/c 2.11 ± 0.35 208 ± 61 ++
DBA/2 2.38 ± 0.20 198 ± 62 -
C3H/HeJ 1.51 ± 0.32 206 ± 18 -

A/J 2.30 ± 0.45 158 ± 37 -
CBA 2.74 ± 0.61 133 ± 50 -
(B6D2)Flc 2.53 ± 0.15 230 ± 27 ++
AXB-1 3.03 ± 0.74 403 ± 132 ++
AXB-2 2.65 ± 0.30 307 ± 57 -
AXB-4 2.98 ± 0.24 250 ± 55 +
AXB-6 4.14 ± 0.34 370 ± 38 ++
AXB-7 2.52 ± 0.26 170 ± 26 -
AXB-17 3.10 ± 0.31 239 ± 47 +
BXA-6 2.82 ± 0.61 219 ± 95 ++
BXA-8 2.92 ± 0.21 171 ± 30 +

a Mean ± standard deviations of groups at least of five mice.
b Sensitization to sheep erythrocytes was carried out 14 days postinfection.

Symbols: + +, DTH response inferior to 25% of the control; +, DTH response
inferior to 50%o of the control; -, no DTH response suppression.

C (B6D2)F1, (C57BL/6 x DBA/2)F1.

Moreover, by varying the dose of bacteria injected, we
showed that the inoculation of 104 C5TS induced a signifi-
cant depression of the DTH response in C57BL/6 mice,
whereas the response of DBA/2 mice was not modified by
107 bacteria (Table 3).

Effect of the immunizing dose on DTH response to sheep
erythrocytes in C57BL/6 mice. When the immunizing dose of
sheep erythrocytes was given by the i.v. route, the optimal
DTH response was induced by a low dose of antigen. An
increase in the dose of antigen induces a decrease in the
DTH response (11). In C57BL/6 mice infected with 106
C5TS, the dose response to sheep erythrocytes was dif-
ferent. An increase in the immunizing dose increased the
DTH response (Table 4).

DISCUSSION

Results of previous studies have shown that infection with
S. typhimurium C5TS induces an impairment of splenocyte
proliferative responses to B and T mitogens and of interleu-
kin 2 production in C57BL/6 mice (3). The results reported
here indicate that C5TS infection also induces a depression
of an in vivo immune response, i.e., the DTH response to
sheep erythrocytes.
Depression of the DTH response to sheep erythrocytes

appears to be genetically controlled. Mice that carried the
ItyS allele exhibited a strong depression of the DTH re-
sponse. No depression of the DTH response to sheep

TABLE 3. Effect of the dose of bacteria on the DTH response to
sheep erythrocytes in susceptible and resistant mice

Mouse strain Dose of bacteria DTH (% of control)a

C57BL/6 10 53
O0s 32
106 14

DBA/2 106 101
107 100

a Groups of five mice were sensitized with a 0.01% suspension of sheep
erythrocytes 14 days after infection with C5TS.

TABLE 4. DTH response to sheep erythrocytes in control
and infected C57BL/6 mice sensitized with various

doses of sheep erythrocytes
Increase in footpad thickness (10-2

Dose (%) of sheep mm ± SD) in the following mice:
erythrocytesa

Control Infectedb

0.01 68 ± 6 16 ± 8
0.1 44±15 33±10
1 19 ± 9 49 ± 8

10 11 ± 2 53 ± 13

a Mice were sensitized i.v. with 0.2 ml of the indicated concentration of
sheep erythrocytes.

b Mice were infected i.v. with 106 C5TS 20 days before sensitization with
sheep erythrocytes.

erythrocytes has been found in infected DBA/2 and
C3H/HeJ mice that are Ityr but that carry other genes that
increase their susceptibility to S. typhimurium (19, 21).
Depression of the DTH response to sheep erythocytes was
also present in infected mice that carried the H-2b haplotype.
This haplotype has been shown to be associated with a low
rate of clearance of C5TS from the spleen (C. Nauciel, E.
Ronco, M. Pla, and J.-L. Guenet, submitted for publication)
and with an increased susceptibility of mice of the C57BL/10
background to a strain of S. typhimurium of low virulence
(6). The longer duration of depression of the DTH response
in infected C57BL/6 mice may be related to the fact that this
mouse strain carries both the ItyS gene and the H-2b hap-
lotype. The moderate depression of the DTH response in
infected AXB-17 mice suggests that additional genes could
be involved.
The relationship between immunodepression and genes

that are known to increase susceptibility to S. typhimurium
infection remains to be determined. Immunodepression in
susceptible mice is not merely related to the heavier coloni-
zation of the organs. Although some Ity' strains (C57BL/6
and AXB-6) exhibited high spleen counts, other Itys strains
(BALB/c, AXB-1, and BXA-6) did not harbor more bacteria
than Ityr mice. The induction of depression of the DTH
response to sheep erythrocytes in mice with similar spleen
counts thus depends on the mouse genotype. In other
reports it has been shown that in S. typhimurium infection,
genetically susceptible mice develop a depression of the
proliferative responses to mitogens (3) and of the DTH
response to Salmonella antigens (9, 10), whereas resistant
mice are not suppressed. A correlation between susceptibil-
ity and immunodepression has also been reported in Try-
panosoma cruzi (25) and Leishmania tropica (12, 17) infec-
tions. Thus, it seems that susceptible animals are more prone
to develop immunodepression during the course of infection.

It is generally assumed that immunodepression increases
susceptibility to infectious agents. However, in previous
studies it has been shown that C57BL/6 mice infected with
C5TS develop within a few days an increased resistance to
reinfection with S. typhimurium or Listeria monocytogenes
(16). Immunodepression and increased resistance to infec-
tion may thus occur at the same time in infected animals.
Similar findings have been made in mice of the C3H lineage
infected with S. typhimurium SL3235 (9, 13). This paradox-
ical situation may be explained by macrophage activation (8,
13). It has been shown during the course of rickettsial
infection that activated macrophages can display simulta-
neously an increase in their bactericidal and tumoricidal
activities and a suppressive effect on the proliferation of
lymphocytes (8). A suppressive effect of macrophages on the
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proliferative response to mitogens has been observed during
S. typhimurium infection (3, 13). The dose response to sheep
erythrocytes in C57BL/6 mice also suggests that activated
macrophages play a role in the suppression of the DTH
response induced by S. typhimurium infection. A similar
restoration of the DTH response to sheep erythrocytes by
increasing the immunizing dose has been reported in mice
infected with Plasmodium spp. (15) and Mycobacteria spp.
(22). This phenomenon has been ascribed to excess antigen
catabolism or defective antigen presentation by macro-
phages from infected animals (15, 22). It is interesting that
there is evidence that the Ity gene controls the interaction
between macrophages and S. typhimurium (4, 14, 26). This
raises the possibility that the functional changes induced by
S. typhimurium infection differ in macrophages from Itys and
Ityr mice.
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