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Infection of mice with Salmonella enterica serotype Typhimurium induces a strong Thl cell response that
is central for the control of infection. We infected mice of a resistant background with a virulent strain of
S. enterica serovar Typhimurium and analyzed the kinetics and magnitude of the T-cell response. After infec-
tion, the majority of CD4* and CD8™ splenocytes acquired an activated phenotype, as indicated by expression
levels of CD44 and CD62L. In addition, after 3 to 4 weeks of infection, more than 20% of the CD4* and more
than 30% of the CD8" T cells produced gamma interferon (IFN-y) in response to short-term polyclonal
stimulation. In contrast, we detected only a moderate (two- to threefold) expansion of both T-cell populations,
and BrdU incorporation revealed that there was either no or only a limited increase in the in vivo proliferation
of CD4" and CD8™ T cells, respectively. Our results indicate that although an unexpectedly large population
of both CD4* and CD8* T cells is activated and acquires the potential to secrete IFN-vy, this activation is not
paralleled by substantial expansion of these T-cell populations.

Infection of mice with Salmonella enterica serotype Typhi-
murium results in murine typhoid fever. Symptoms and disease
progression observed in infected mice closely resemble those
observed during human typhoid fever, caused by the related
S. enterica serotype Typhi (5, 10). Infection of mice with
S. enterica serovar Typhimurium is therefore widely accepted
as a valuable experimental model for human typhoid fever.

After oral intake, S. enterica serovar Typhimurium rapidly
crosses the intestinal mucosa and penetrates into deeper tis-
sues, mainly spleen and liver. In these organs, S. enterica sero-
var Typhimurium infects a variety of cells, including macro-
phages and hepatocytes, in which it survives and replicates (5,
10). The initial phase of systemic infection is characterized by
massive bacterial replication leading to high bacterial loads in
spleen and liver. After a few days, the host organism begins to
restrict bacterial replication, and a plateau phase with constant
high levels of bacteria follows. This phase can last from several
days to a few weeks (10). Eventually, mechanisms of the ac-
quired immune system develop which ultimately control and
eradicate the bacteria and give rise to protection against rein-
fection (13).

CD4™" T cells are of particular importance for the acquired
immune response against S. enterica serovar Typhimurium.
When infected with attenuated strains of S. enterica serovar
Typhimurium, mice deficient in CD4" T cells (major histo-
compatibility complex class II-deficient mice) and mice in
which CD4™ T cells have been depleted by antibody treatment
have a reduced ability to clear bacteria. In vaccinated mice,
depletion of CD4™ T cells reduces resistance against challenge
infection, and transfer of CD4™ T cells from vaccinated mice
results in partial protection of recipients (6, 11, 15, 17). S. en-
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terica serovar Typhimurium induces a strong T-helper 1 (Th1)
response that is responsible for the CD4"-T-cell-mediated
protection (13). Thl cell-derived cytokines, such as gamma
interferon (IFN-y) and tumor necrosis factor alpha, activate
bactericidal mechanisms in macrophages and markedly im-
prove the capacity of these cells to kill S. enterica serovar Ty-
phimurium. Additional functions of CD4 " T cells include help
for B cells to produce antibodies, help for the generation of
salmonella-specific CD8" T cells and organization of granu-
loma formation to restrict bacterial spreading (13).

There is also evidence suggesting that CD8" T cells partic-
ipate in immunity against S. enterica serovar Typhimurium.
Although mice deficient in CD8" T cells (32m ™/~ mice) or
mice in which CD8" T cells have been antibody depleted are
only marginally impaired in their response against attenuated
strains of S. enterica serovar Typhimurium, vaccine-induced
protection against infection with wild-type strains of S. enterica
serovar Typhimurium was significantly reduced in these mice
(6, 7, 11, 15). The mechanisms by which CD8" T cells control
S. enterica serovar Typhimurium infection are less well under-
stood. Cytotoxic CD8" T cells could lyse infected cells and
thereby render S. enterica serovar Typhimurium accessible to
activated phagocytes or bactericidal molecules such as granu-
lysin (18). Similar to CD4™ T cells, CD8™ T cells can produce
cytokines necessary for the recruitment and activation of
phagocytes.

Here we analyzed the kinetic and magnitude of the T-cell
response during S. enterica serovar Typhimurium infection. We
observed that the majority of both CD4" and CD8" spleno-
cytes acquired an activated phenotype and a large fraction of
both T-cell populations produced IFN-vy after short-term poly-
clonal stimulation. In contrast to the high frequencies of acti-
vated T cells, there was only a moderate expansion of the
CD4* and CD8™" T-cell populations and we could not detect a
significant increase in the in vivo proliferation of T cells during
S. enterica serovar Typhimurium infection.
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MATERIALS AND METHODS

Bacterial infection of mice. (C57BL/6 X SvI29)F; mice were bred in our
facility at the Federal Institute for Health Protection of Consumers and Veter-
inary Medicine in Berlin, Germany, and experiments were conducted according
to the German animal protection law. SL1344, a wild-type strain of S. enterica
serovar Typhimurium, was grown overnight in Luria-Bertani (LB) medium,
washed twice in phosphate-buffered saline (PBS), frozen, and stored at —80°C.
Aliquots were thawed, and bacterial titers were determined by plating serial
dilutions on LB agar plates. For infection, aliquots were thawed and appropri-
ately diluted in PBS. Bacteria were injected in a volume of 200 pl of PBS into the
lateral tail veins of 6- to 8-week-old female mice. For determination of bacterial
burdens in organs, mice were killed at various time points. Livers and spleens
were homogenized in PBS, serial dilutions of homogenates were plated on LB
agar plates, and colonies were counted after overnight incubation at 37°C.

Antibodies. Rat immunoglobulin G (IgG) antibodies, anti-CD16/CD32 mono-
clonal antibody (MAb) (clone 2.4G2), anti-IFN-y MAb (clone R4-6A2, rat
1gG1), anti-CD4 MAD (clone YTS191.1), and anti-CD8 MAD (clone YTS169)
were purified from rat serum or hybridoma supernatants with protein G Sepha-
rose and conjugated to fluorescein isothiocyanate (FITC) according to standard
protocols or to Cy5 by using a commercial kit (Amersham, Freiburg, Germany).
FITC-conjugated anti-CD44 MADb (clone IM7.8.1), FITC-conjugated anti-CD62L
MAD (clone MEL-14), and Tri-Color (TC)-conjugated anti-CD4 MAD (clone CT-
CD4) were purchased from Caltag, Burlingame, Calif., and FITC-conjugated isotype
control MAb (clone R3-34, rat IgG1), FITC-conjugated antibromodeoxyuridine
(anti-BrdU) MAD, and the corresponding FITC-conjugated control MAb were from
Pharmingen, San Diego, Calif.

Flow-cytometric analysis of spleen cells. Single-cell suspensions were obtained
by passing spleens through stainless steel meshes followed by erythrocyte lysis.
Cells (10°) were incubated at room temperature with rat IgG antibodies and
anti-CD16/CD32 MADb to block unspecific antibody binding. After 10 min, cells
were stained with FITC-conjugated anti-CD44 MAD, FITC-conjugated anti-
CD62L MADb, TC-conjugated anti-CD4 MAD, or Cy5-conjugated anti-CD8
MADb. After 30 min on ice, cells were washed and analyzed with a FACSCalibur
and CellQuest software (Becton Dickinson, Mountain View, Calif.).

In vitro restimulation and intracellular cytokine staining. Spleen cells were
diluted in RPMI medium supplemented with glutamine, sodium pyruvate, -
mercaptoethanol, penicillin, streptomycin, and 10% fetal calf serum, and 3 X 10°
cells were cultured in a volume of 1 ml at 37°C with or without the addition of
10 ng of phorbol myristyl acetate (PMA; Sigma, St. Louis, Mo.) per ml and 500
ng of ionomycin (Sigma) per ml. After 45 min, brefeldin A (10 wg/ml; Sigma) was
added. Four hours later, cells were washed with PBS and were stained and
analyzed as described previously (14). Briefly, cells were incubated with anti-
CD16/CD32 MAD and rat IgG antibodies to block unspecific antibody binding.
After 10 min, TC-conjugated anti-CD4 MAb and Cy5-conjugated anti-CD8 MAb
were added, and cells were incubated for 30 min on ice. Cells were washed with
PBS and fixed for 20 min at room temperature with PBS-4% paraformaldehyde
(Sigma). Cells were washed with PBS-0.1% bovine serum albumin (BSA), per-
meabilized with PBS-0.1% BSA-0.5% saponin (Sigma), and incubated in this
buffer with rat IgG antibodies and anti-CD16/CD32 MAb. After 5 min, FITC-
conjugated anti-IFN-y MAb or FITC-conjugated isotype control MADb was
added, and after another 30 min at room temperature, cells were washed with
PBS and fixed with PBS-1% paraformaldehyde. Cells were analyzed with a
FACSCalibur and CellQuest software (Becton Dickinson).

Measurement of T-cell turnover with BrdU. After 3 weeks of infection, 0.8 mg
of BrdU (Sigma) per ml was added to the drinking water. Water was replaced
daily by a freshly prepared BrdU solution. Five days later, mice were killed, and
spleen cells were stained with Cy5-conjugated anti-CD4 MAD or anti-CD8 MAb.
Cells were washed, diluted in 0.5 ml of cold 0.15 M NaCl, and fixed by slowly
adding 1.2 ml of cold 95% ethanol. After 30 min on ice, cells were washed with
PBS, resuspended in PBS-1% paraformaldehyde-0.01% Tween 20, and incu-
bated for 30 min at room temperature. Cells were centrifuged and dissolved in
1 ml of DNase I solution (50 U of DNase I [Sigma] per ml in 4.2 mM MgCl,-0.15
NaCl, pH 5). After 10 min at room temperature, cells were washed with PBS and
incubated with FITC-conjugated anti-BrdU MADb or FITC-conjugated control
MAD. After 30 min at room temperature, cells were washed with PBS, fixed with
PBS-1% paraformaldehyde, and analyzed by flow cytometry.

RESULTS

Course of S. enterica serovar Typhimurium infection in
(C57BL/6 x Sv129)F, mice. In an initial set of experiments, we
infected inherently resistant (C57BL/6 X Sv129)F; mice with
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FIG. 1. Bacterial titers in spleens and livers of mice infected with
S. enterica serovar Typhimurium SL1344. Mice were infected intrave-
nously with 500 SL1344 organisms. At the indicated time points, five
mice per group were killed, and the bacterial loads in spleens and livers
were determined. Data are geometric means * standard deviations.
The arrow indicates the inoculum. The limit of detection was 50 bac-
teria. The results are from one representative experiment of three
independent experiments.

500 bacteria of the virulent strain S. enferica serovar Typhi-
murium SL1344 and determined the kinetics of bacterial ex-
pansion and clearance (Fig. 1). Intravenous infection resulted
in massive expansion of bacteria. Two weeks postinfection,
titers in spleens and livers were >10° bacteria/organ. Bacterial
titers then steadily declined over a period of 2 months. After 3
to 4 months, bacteria either were completely eliminated or
remained at low numbers in both spleens and livers.

Changes in number and phenotype of T cells during S. en-
terica serovar Typhimurium infection. S. enterica serovar
Typhimurium infection induced massive splenomegaly, which
peaked after 3 to 4 weeks and was maintained for several
weeks (Fig. 2A). At the peak of infection, there was almost a
10-fold increase in spleen cellularity. Spleen sizes then slowly
returned to normal over several weeks. Flow-cytometric anal-
ysis revealed that the splenomegaly was only partially caused
by expansion of the T-cell population, since there was only a
modest (two- to threefold) increase in total CD4*- and CD8™ -
T-cell numbers (Fig. 2B).

CD4" and CD8™ T cells in spleens from infected mice were
further analyzed for the expression of the activation molecules
CD44 and CD62L. CD44 is expressed at low levels on naive T
cells, and expression is upregulated during activation. In con-
trast, CD62L is expressed on naive T cells, but its expression
declines upon activation (Fig. 3). Although our mice are kept
under specific-pathogen-free conditions, we regularly observe
that even in naive mice, 20 to 30% of splenic CD4 " T cells and
10 to 20% of splenic CD8™" T cells express high levels of CD44
and low levels of CD62L. After infection with S. enterica sero-
var Typhimurium SL1344, expression of CD44 and CD62L on
T cells changed drastically (Fig. 4). Within 2 to 3 weeks of
infection, more than 50% of CD4 " T cells acquired a CD44"e"
and more than 70% acquired a CD62L'°" phenotype, and this
high level of activated CD4™" T cells was maintained for several
weeks. The expansion of the CD8* T-cell population with an
activated phenotype was delayed and had reduced magnitude

(Fig. 4).
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FIG. 2. Total numbers of CD4" and CD8" splenocytes of mice
infected with S. enterica serovar Typhimurium SL1344. Mice were
infected intravenously with 500 SL1344 organisms. (A) Total numbers
of splenocytes; (B) total numbers of CD4" (open symbols) and CD8*
splenocytes (closed symbols) determined by flow cytometry. Data are
means = SD from three mice per group and time point. The results are
from one representative experiment of two independent experiments.

Frequencies of IFN-y-producing T cells during S. enterica
serovar Typhimurium infection. Since IFN-vy is the prototype
Th1 cytokine and is central for the acquired T-cell response
against S. enterica serovar Typhimurium, we determined fre-
quencies of those T cells which during S. enterica serovar Ty-
phimurium infection produced IFN-vy either spontaneously or
after polyclonal short-term restimulation with phorbol ester
and calcium ionophore (PMA and ionomycin).

Frequencies of CD4™ and CD8™ T cells that spontaneously
produced IFN-y were low in all naive mice analyzed. However,
after short-term polyclonal stimulation we regularly observed
1to 5% and 5 to 10% IFN-y" T cells within the CD4" and
CD8™" T-cell populations, respectively (Fig. 4). We assume that
these cells were memory cells that rapidly responded to poly-
clonal stimulation. Determination of IFN-y production with-
out in vitro restimulation revealed that 2 to 3 weeks after
infection with S. enterica serovar Typhimurium SL1344, 5 to
10% of both CD4" and CD8™" T cells produced IFN-y without
further in vitro restimulation, and these clevated levels were
maintained for more than 2 months. Short-term polyclonal
restimulation drastically enhanced the frequencies of IFN-y™
CD4" and IFN-y" CD8" T cells in infected mice. Under these
conditions, we observed a rapid increase in the proportion of
IFN-y" T cells to maximal levels of approximately 20% of
CD4" T cells and more than 30% of CD8" T cells 3 weeks
after infection, and high levels of IFN-y™ T cells were observed
over several weeks.

In vivo proliferation of T cells during S. enterica serovar
Typhimurium infection. The high frequencies of CD4" and
CD8" T cells that showed an activated phenotype and secreted
IFN-y spontaneously or upon polyclonal restimulation were in
contrast to the moderate expansion of the CD4" and CD8"
T-cell populations observed during S. enterica serovar Typhi-
murium infection. To directly analyze T-cell proliferation in
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FIG. 3. Flow-cytometric analysis of T cells from S. enterica serovar
Typhimurium SL1344-infected mice. Mice were infected intravenously
with 500 SL1344 organisms. At different time points, we analyzed
splenic T cells for the expression of the activation markers CD44 and
CD62L. IFN-y production was determined by intracellular cytokine
analysis after short-term culture with or without PMA and ionomycin.
A representative result for CD4" T cells from naive mice and mice
infected for 28 days is shown. Numbers are percentages of CD4" T
cells only.

vivo, mice were infected with S. enterica serovar Typhimurium,
and after 3 weeks, mice were fed with the nucleotide analog
BrdU. After 5 days, BrdU incorporation into T cells was mea-
sured (Fig. 5). In naive mice, approximately 2% of CD8" T
cells and 6% of CD4* T cells had incorporated BrdU. Three to
four weeks after infection, the frequency of BrdU*" CD8" T
cells was only modestly elevated and that of CD4™" T cells was
not at all increased. Thus, S. enterica serovar Typhimurium in-
fection results in T-cell activation and differentiation towards a
Th1 phenotype in the absence of notable T-cell expansion.

DISCUSSION

Here we analyzed the activation and differentiation status of
CD4" and CD8™ T cells in inherently resistant mice during the
course of infection with a virulent strain of S. enterica serovar
Typhimurium. Intriguingly, after 2 to 3 weeks of infection, the
majority of both CD4* and CD8" T cells had acquired an
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FIG. 4. Expression of the activation molecule CD44 on T cells from
S. enterica serovar Typhimurium-infected mice. Mice were infected
intravenously with 500 S. enterica serovar Typhimurium organisms. At
the indicated time points, CD4" (open symbols) and CD8" (closed
symbols) splenocytes were analyzed for CD44 and CD62L expression.
IFN-vy production was determined by intracellular staining after short-
term culture with (squares) and without (circles) PMA and ionomycin.
In all samples analyzed, intracellular staining with isotype control MAb
resulted in less than 1% positive cells (not shown). Data are means =
standard deviations for three mice per group and time point. The
results are representative of two independent experiments.

activated phenotype and an unexpectedly large fraction of
these T-cell populations secreted IFN-y. After bacterial clear-
ance, an increased fraction of T cells maintained high expres-
sion of CD44 and low expression of CD62L, respectively,
which is consistent with the observation that a CD44Mzgh
CD62L'" phenotype is characteristic for memory T cells (1,
19). Despite the profound activation of both the CD4" and
CD8™" populations, expansion of either T-cell population was
marginal. More than 50% of both the CD4" and CD8" T cells
had acquired an activated phenotype; however, we observed
only a moderate (two- to threefold) expansion of these popu-
lations over several weeks of infection. Consistent with this
observation, there was only a small increase in BrdU incorpo-
ration in CD8™ T cells and no increase in BrdU incorporation
in CD4™" T cells during the peak of infection.

Different explanations could account for our observations.
(i) Infection with virulent S. enterica serovar Typhimurium and
the accompanying strong inflammation could cause incomplete
T-cell activation, leading to an activated phenotype of a large
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FIG. 5. In vivo proliferation of T cells during S. enterica serovar
Typhimurium infection. Mice were infected intravenously with 500
S. enterica serovar Typhimurium organisms. After 3 weeks, BrdU was
added to the drinking water. Five days later, CD4" and CD8" T cells
were analyzed for BrdU incorporation by flow cytometry. Data are
means plus standard deviations for three mice per group. The results
are representative of two independent experiments.

fraction of T cells but allowing only a minority of these T cells
to proliferate. (ii) S. enterica serovar Typhimurium induces
immunosuppression in mice and causes the production of large
amounts of interleukin 10 and NO, which are both known
immunosuppressive compounds (9, 16). By inducing immuno-
suppression, S. enterica serovar Typhimurium could hinder the
proliferation of T cells and thereby block an effective immune
response. (iii) Moderate T-cell expansion could be the result of
an elevated turnover rate of T cells. A high level of T-cell
proliferation could be opposed by a high rate of cell death,
possibly due to induction of apoptosis. Current experiments in
our laboratory are aimed at testing these different hypotheses.

At day 20 to 30 of S. enterica serovar Typhimurium infection,
a large fraction of both CD4™ and the CD8" T cells produced
IFN-y in response to polyclonal restimulation. Even in the
absence of restimulation, significant proportions of both T-cell
populations produced IFN-v, indicating that these T cells had
probably been involved in IFN-y production in vivo. Our re-
sults are consistent with studies in which IFN-y production
after infection with attenuated strains of S. enterica serovar
Typhimurium was analyzed either by reverse transcription-
PCR of IFN-y mRNA or by measurement of IFN-y after in
vitro restimulation of splenocytes with heat-killed salmonellae
(6, 17). In both assays, IFN-y production reached high levels at
2 to 3 weeks of infection and both CD4" and CD8" T cells
were involved in IFN-y production. In the case of infection
with attenuated S. enterica serovar Typhimurium, the peak of
IFN-y production by T cells and the onset of bacterial elimi-
nation are in close correlation (6). For infection with virulent
S. enterica serovar Typhimurium, the situation appears to be
different. Although we observed maximal levels of IFN-y pro-
duction (and T-cell activation) after 20 to 30 days of infection,
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efficient reduction of bacterial titers did not occur at this time
point, and bacteria were not eradicated until several weeks
later, indicating that the high levels of IFN-y production by T
cells are insufficient for the control of infection.

From our experiments, the question of whether the activated
and IFN-y-secreting T cells are specific for S. enterica serovar
Typhimurium arises. Currently, only limited numbers of
CD4"- and CD8*-T-cell epitopes from S. enterica serovar Ty-
phimurium are known (4, 7, 8, 12). Frequencies of T cells
secreting IFN-vy in response to these epitopes were significantly
lower than the frequencies we observed in our assays (8, 12).
This notion suggests that the high numbers of activated and
IFN-y-secreting T cells in our experiments are mainly due to
bystander activation. However, we consider it premature to
extrapolate conclusions from a few epitopes to whole T-cell
populations at this stage. A definite answer to the question of
whether bystander activation plays a major role in T-cell acti-
vation during S. enterica serovar Typhimurium infection has to
await the characterization of a sizeable number of T-cell epi-
topes. In this context, it is interesting that during infection with
Listeria monocytogenes, the CD8"-T-cell response is to only a
minor part due to bystander activation and the majority of
activated T cells are indeed L. monocytogenes specific (2, 3).
We therefore envisage that the antigen-specific response to
S. enterica serovar Typhimurium involves a considerable frac-
tion of the T-cell population.
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