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We have investigated the effect of the in vivo administration of recombinant transforming growth factor b
(rTGF-b) on the pathogenic mechanisms involved in Salmonella typhimurium experimental infection in mice.
The protective response elicited by macrophages was induced by rTGF-b1 by 2 days after experimental
infection, as demonstrated by an increased NO production, while the humoral protective effect began with
cytokine mRNA expression 2 days after the challenge and continued after 5 days with cytokine release and
lymphocyte activation. We demonstrated that all mice who received rTGF-b1 survived 7 days after infection.
The number of bacteria recovered in the spleens and in the livers of rTGF-b1-treated mice 2 and 5 days after
infection was significantly smaller than that found in the same organs after phosphate-buffered saline (PBS)
inoculation. Furthermore, 2 and 5 days after infection, splenic macrophages from rTGF-b1-treated mice
showed a greater NO production than did those from PBS-treated mice. The effect of rTGF-b1 on S. typhi-
murium infection in mice was correlated with the expression of cell costimulatory CD28 molecules. Five days
after S. typhimurium infection, the percentage of CD281-expressing T cells in splenic lymphocytes from
rTGF-b1-treated mice increased with respect to that from control mice. Gamma interferon (IFN-g) mRNA was
present in a greater amount in spleen cells from rTGF-b1-treated mice after 2 days, although the intensity of
the band decreased 5 days after the challenge. A similar pattern was obtained with the mRNAs for interleu-
kin-1a (IL-1a), IL-6, TGF-b, and inducible nitric oxide synthase, which showed greater expression in cells
obtained from rTGF-b1-treated and S. typhimurium-infected mice 2 days after challenge. The treatment with
rTGF-b1 induced an increase in IL-1a and IFN-g release in the supernatant of splenocyte cultures 5 days after
the experimental infection with S. typhimurium. Moreover, we demonstrated that 5 days after infection, the
IFN-g titer was significantly greater in the sera of rTGF-b-treated mice than in those of PBS-treated mice.
Also, hsp60 showed greater expression 2 days after the challenge in splenocytes from rTGF-b1-treated mice.
The role played by proinflammatory and immunoregulatory cytokines and by CD28 is discussed.

Transforming growth factor b (TGF-b) is a 24-kDa protein
produced by different cell types, including B and T lympho-
cytes and activated macrophages (2, 23, 24), and is a multi-
functional cytokine capable of a variety of immunological ef-
fects. These include suppression of lymphocyte responses to
antigens and mitogens (24, 33), modulation of the production
and effects of monocyte proinflammatory cytokines (11), and
modulation of monocyte expression of surface immunoregula-
tory molecules such as HLA-DR determinants (14) and recep-
tors for the Fc fragment of immunoglobulins (FcgRIII and
CD16) (42). TGF-b inhibits both gamma interferon (IFN-g)
(19) and interleukin-2 (IL-2) expression in T-cell responses
(15), although there are no studies showing inhibition of IL-2
expression in primary T cells (1, 40). TGF-b suppresses IL-2-
dependent T-cell proliferation through inhibition of IL-2-de-
pendent phosphorylation of proteins that are important in
T-cell cycle progression (1). TGF-b plays an important role in
the progression of infections (as demonstrated by several stud-
ies) such as those due to Mycobacterium avium (5), Staphylo-
coccus aureus (26), Leishmania amazonensis (5), Leishmania
brazilensis (4, 5), Trypanosoma cruzi (34), and Toxoplasma gon-

dii (22). In recent studies, TGF-b was shown to play a benefi-
cial role in acquired resistance against Listeria monocytogenes
infections (28) and during Candida albicans infections (35). In
experimental infection by Salmonella typhimurium in mice, en-
dogenous cytokines play important roles in host resistance
correlated to the development of Th1 and Th2 cell functions
(21).

Since TGF-b is associated with both immunoregulation and
control of macrophage activities, in this study we have inves-
tigated the effect of the in vivo administration of recombinant
TGF-b1 (rTGF-b1) on some cellular and molecular mecha-
nisms involved in the inflammatory and immune response to S.
typhimurium experimental infection in mice. Even though the
gastrointestinal tract is considered to be the natural route of
infection by Salmonella spp., we used intraperitoneal (i.p.)
challenge, since it is the most commonly used route in estab-
lishing an experimental infection.

MATERIALS AND METHODS

Mice. BALB/c mice weighing 20 to 25 g were obtained from Nossan (Corez-
zana, Milan, Italy). These animals were maintained in a controlled room (20 6
2°C with automatic 12-h cycles of lighting) and had free access to water. A group
of 50 mice were each treated with 0.5 mg of rTGF-b1 (A. F. Schnetzdeller,
Tübingen, Germany) per ml by i.p. inoculation. A control group of 50 mice were
each inoculated with 0.01 M phosphate-buffered saline (PBS) (pH 7.4).

Microorganism. The microorganism used was S. typhimurium 74 NCTC grown
in nutrient broth (Difco Laboratories, Detroit, Mich.).
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Experimental infection and CFU enumeration. To establish the experimental
infection, mice were inoculated i.p. with PBS or rTGF-b1 2 h before being
infected with a sublethal dose of S. typhimurium (4 3 105 CFU/mouse). At 2 to
5 days after infection, a group of three mice were killed by cervical dislocation,
their spleens and livers were aseptically removed and homogenized in 2 ml of
PBS, and serial dilutions in sterile PBS were plated on nutrient agar. CFU were
counted after an overnight incubation.

Protection experiments. Protection against experimental infection was evalu-
ated in two groups of 10 mice each. The control mice were injected i.p. with PBS
2 h before being infected with 1 50% lethal dose (LD50) of S. typhimurium 74
NCTC (8 3 105 CFU/mouse) that had been prepared from log-phase cultures,
resuspended in sterile PBS, and administered i.p. The other 10 mice were treated
i.p. with rTGF-b1 (0.5 mg/mouse) 2 h before infection with being infected with 1
LD50 of S. typhimurium. The survival of rTGF-b1-treated and untreated animals
was observed during the next 7 days.

Cell preparation and culture. Spleens were aseptically removed from the mice
and minced, and the released cells were washed three times in RPMI 1640
(Labtek Labs., Eurobio, Paris, France). Erythrocytes were lysed with 0.17 M
NH4Cl (9), and the splenic cells were washed twice with RPMI 1640. Mononu-
clear cells were isolated by centrifugation on an MSL (mileu de separations des
lymphocytes; Labtek Labs., Eurobio) at 600 3 g for 30 min at room temperature.
The isolated cells were suspended in RPMI 1640 supplemented with 10% fetal
calf serum and antibiotics and incubated for 1 h under 5% CO2 at 37°C in plastic
culture flasks. The adherent cells were cultured overnight in RPMI 1640 with
10% fetal calf serum. Cell viability was evaluated by the trypan blue exclusion
test. At least 96% of the cells thus obtained were monocytes as determined with
a FACS analyzer (Becton Dickinson, Mountain View, Calif.) with monoclonal
antibody CD14 (Boehringer, Mannheim, Germany). Nonadherent cells (lympho-
cytes) were harvested, washed, and resuspended at 3 3 106 cells/ml. Flow cy-
tometry analysis of stained cells with monoclonal antibody CD3 (Boehringer)
demonstrated that more than 94% of the isolated cells were lymphocytes.

Nitrite determination. The nitrite concentration in 24-h culture supernatants
obtained from macrophages (107 cells) isolated from mice which had received or
not received rTGF-b1 2 h before experimental infection was measured by a
standard Griess reaction and compared to that in supernatants obtained from
macrophages of mice given PBS only (control). Briefly, 0.1 ml of supernatant was
mixed with 0.1 ml of Griess reagent (0.5% sulfanilamide and 0.05% N-1-naph-
thylenedimine hydrochloride in 2.5% H3PO4) and incubated for 10 min at room
temperature, and the absorbance of the mixture at 570 nm was read with a
spectrophotometer. The data represent the means and standard deviations of
triplicate determinations and are expressed as micromoles of NO2

2/107 cells
(10).

Cytokine release in vitro. Splenic monocytes and lymphocytes (3 3 106 cells/
ml) from rTGF-b1-treated mice were harvested at 2 and 5 days after infection
with 4 3 105 cells of S. typhimurium and subjected to one cycle of in vitro
restimulation with Escherichia coli O128:B12 lipopolysaccharide (Sigma Chem-
ical Co., St. Louis, Mo.) (1 mg/ml). Control experiments were carried out with
untreated mice. After 24 h, the cell viability was checked and the culture super-
natants were collected and stored at 220°C until assayed for IL-1a and tumor
necrosis factor alpha (TNF-a) production. The incubation time was prolonged to
48 h to determine IFN-g release by splenic lymphocytes. All measurements were
carried out with monoclonal antibodies. Cytokine production was measured by
immunoenzymatic methods (Intertest Mouse IL-1a enzyme-linked immunosor-
bent assay [ELISA] kit, Intertest Mouse TNF-a ELISA kit, and Intertest Mouse
IFN-g ELISA kit [Genzyme, Cambridge, Mass.]).

IFN-g and TNF-a release in vivo. Mice were inoculated i.p. with 0.5 mg of
rTGF-b1 per ml or with PBS 2 h before infection with S. typhimurium. IFN-g and
TNF-a titers were determined in pooled sera 2 and 5 days after infection by using
immunoenzymatic methods (see above). Control experiments were carried out
with PBS-injected and infected mice.

RNA isolation and cDNA preparation. Mice were inoculated i.p. with 0.5 mg
of rTGF-b1 or PBS 2 h before infection with S. typhimurium. Cells were recov-
ered 2 and 5 days after infection, and total RNA was extracted from spleen cells
(107) obtained from treated and untreated mice by the method of Chomczynski
and Sacchi (12). The RNA pellet was resuspended in 75% ethanol, precipitated,
vacuum dried, and dissolved in 15 ml of RNase-free water. A 1-mg portion of
oligo(dT) (Promega Biotec, Madison, Wis.) was added to the suspension, and the
mixture was heated at 65°C for 5 min. After being cooled on ice, the mixture was
incubated for 2 h at 42°C with 14 ml of 20 mM dithiothreitol (Sigma Chemical
Co.); 1 mM (each) dATP, dGTP, dCTP, and dTTP; 35 U of RNasin (Promega);
and 525 U of Moloney murine leukemia virus reverse transcriptase (Promega) in
reverse transcription buffer.

PCR procedure. Primer pair sequences were designed on the basis of pub-
lished gene sequences as indicated in Table 1. The primer sequences were
complementary to sequences in the exons or spanner exon-exon junctions and
thus were RNA specific. A 2-ml volume of cDNA prepared as described above
was amplified in the presence of 500 nM (final concentration) 59 and 39 primers;
200 mM (each) dATP, dGTP, dCTP, dTTP; and 1.25 U of Taq DNA polymerase
(Promega) in a final volume of 50 ml of Taq DNA polymerase 103 buffer
(Promega). The PCR was performed in a Perkin-Elmer thermal cycler for 30
cycles as follows: 1 min of denaturation at 94°C, 2 min of annealing at 60°C, and
3 min of extension at 72°C. The reaction product was visualized by electrophore-

sis with 25 ml of the reaction mixture at 100 V in a 1.5% agarose gel containing
ethidium bromide (1 mg/ml). The gels were then examined on a UV light box and
photographed. A 1-mg portion of BglI- and HinfI-digested pBR328 DNA (Boehr-
inger) was run in parallel as a molecular size marker (providing bands at 2,176,
1,766, 1,230, 1,033, 653, 517, 453, 394, 298, 234, 220, and 154 bp).

Cytofluorometric analysis of CD28 expression. Single- and double-immuno-
labeling procedures were performed by standard techniques. Briefly, splenic
lymphocytes (106 cells) were suspended in 100 ml of RPMI 1640. Double staining
was performed by pairing 1 mg of fluorescein isothiocyanate-conjugated anti-
CD3 with 1 mg of phycoerythrin-conjugated anti-CD28 monoclonal antibody
(Pharmingen, San Diego, Calif.). After incubation at 0°C for 30 min, the cells
were washed with RPMI 1640 and analyzed by flow cytometry (FACS IV; Becton
Dickinson) (26).

Immunoblot analysis for hsp60. Splenic lymphocytes were washed three times
in 0.01 M PBS (pH 7.2). Cell pellets were suspended at 107 cells/ml in lysis buffer
(50 mM Tris-HCl, Nonidet P-40, 1% sodium dodecyl sulfate [SDS], 1 mM
leupeptin, 100 mM phenylmethylsulfonyl fluoride, 1 mM pepstatin A, 100 mM
EDTA [pH 8.0]) for 30 min at 4°C. The insoluble debris were removed by
centrifugation at 18,600 3 g for 10 min at 4°C. The protein concentration was
determined by the method of Lowry et al. (27). Protein extracts were resus-
pended in sample buffer (0.5 M Tris-HCl, 10% glycerol, 2% SDS, 2% 2-mer-
captoethanol, 0.05% bromophenol blue) and boiled for 3 min at 100°C. The
proteins were separated by SDS-polyacrylamide gel electrophoresis for 1 h at 20
mA. Proteins separated by SDS-polyacrylamide gel electrophoresis were trans-
ferred to nitrocellulose filters (Bio-Rad Laboratories, Hercules, Calif.) by elec-
troblotting for 30 min to 1 h at 100 V with cooling. Labeled antigen bands were
detected with an immunoblot assay kit (Bio-Rad Laboratories). The filters were
blocked with 3% gelatin in Tris-buffered saline (TBS) (20 mM Tris, 500 mM
NaCl [pH 7.5]), washed in TBS containing 0.05% Tween 20 (T-TBS), incubated
with an anti-hsp60 monoclonal antibody (1:1,000) (Biotechnologies Corp.,
Stress-Gen, Victoria, Canada) for 1 h at room temperature, and then washed
three times in T-TBS. The blots were incubated with a 1:3,000 dilution of
peroxidase-labeled anti-mouse IgG for 1 h at room temperature and washed in
two changes of T-TBS and then once for 5 min in TBS. The reaction was stopped
by washing the nitrocellulose blots in water. Low-molecular-weight protein stan-
dards were used as a reference (Pharmacia Biotech, Freiburg, Germany). In all
cases, nonspecific binding of antibodies to nitrocellulose was prevented by block-
ing of the membranes with 1% bovine serum albumin in PBS for 2 h at room
temperature.

The monoclonal antibody used was anti-hsp60, referenced in the literature as
clone LK-1, which is specific for an epitope located between amino acids 383 and
447 of the human hsp 60-kDa sequence. (28).

Statistics. All experiments were carried out in triplicate; the results are ex-
pressed, unless otherwise indicated, as the mean 6 standard deviation. Compar-

TABLE 1. Primer sequences used for PCR-assisted
mRNA amplification

Target gene Oligonucleotide sequence

TNF-a ...................59TTCTGTCTACTGAACTTCGGGGTGATCGGTCC39
59GTATGAGATAGCAAATCGGCTGACGGTGTGGG39

IFN-g.....................59TGCATCTTGGCTTTGCAGCTCTTCCTCATGGC39
59TGGACCTGTGGGTTGTTGACCTCAAACTTGGC39

IL-1a .....................59AAGATGTCCAACTTCACCTTCAAGGAGAGCCG39
59AGGTCGGTCTCACTACCTGTGATGAGTTTTGG39

IL-4........................59ATGGGTCTCAACCCCCAGCTAGT39
59GCTCTTTAGGCTTTCCAGGAAGTC39

IL-10......................59CTGGAAGACCAAGGTGTCTAC39
59GAGCTGCTGCAGGAATGATGA39

IL-6........................59ATGAAGTTCCTCTCTGCAAGAGACT39
59CACTAGGTTTGCCGAGTAGATCTC39

TGF-b ...................59TGGACCGCAACAACGCCATCTATGAGAAAACC39
59TGGAGCTGAAGCAATAGTTGGTATCCAGGGCT39

iNOS......................59CCCTTCCGAAGTTTCTGGCAGCAGC39
59GGCTGTCAGAGCCTCGTGGCTTTGG39

b-Actin ..................59GTGGGCCGCTCTAGGCACCAA39
59CTCTTTGATGTCACGCACGATTTC39
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ison between tests was made by Student’s t test, with statistical significance
considered to be P , 0.01.

RESULTS
Effect of rTGF-b1 administration on survival of infected

mice. We evaluated the effect of rTGF-b1 on the survival of
mice infected i.p. with 1 LD50 of S. typhimurium (8 3 105 cells).
The results are shown in Fig. 1. Mice that had received 0.5 mg
of rTGF-b1 showed an increase in survival after the experi-
mental infection with S. typhimurium compared with control
mice, which were injected with PBS. All mice that had received
rTGF-b1 2 h before the S. typhimurium infection were still alive
after 7 days. After the same time, only 4 of 10 PBS-treated
mice had survived. All the mice that were alive 7 days after
infection had survived after 30 days.

Effect of rTGF-b1 administration on bacterial invasion of
the host. The effect of rTGF-b1 on host tissue bacterial inva-
sion after a sublethal infection with S. typhimurium (4 3 105

cells) was evaluated. The results are reported in Table 2. Mice
were treated i.p. with 0.5 mg of rTGF-b1 per ml or with PBS 2 h

before infection. The numbers of bacterial cells in the spleens
and in the livers were determined 2 and 5 days after S. typhi-
murium infection. The number of bacteria recovered in the
spleens and the livers of rTGF-b1-treated mice 2 days after
infection was significantly smaller than that found in the same
organs of PBS-inoculated mice (P , 0.01). A similar result was
observed 5 days after infection.

NO production by macrophages in vitro. To verify whether
mouse macrophages were able to kill S. typhimurium cells, we
studied NO release by macrophages isolated from mice that
had received or not received rTGF-b1 2 h before experimental
infection. Splenic adherent macrophages from mice treated
with PBS or with rTGF-b1 and then infected with a sublethal
dose of S. typhimurium (4 3 105 cells) were compared for their
relative ability to produce NO in vitro upon an overnight in-
cubation in the absence of activating stimuli. The results are
shown in Fig. 2. Two days after infection, splenic macrophages
from rTGF-b1-treated mice showed NO production greater
than that observed in macrophages from PBS-treated mice. In
particular, macrophages from rTGF-b1-injected and infected
mice were able to release NO at 18 6 4 mM whereas macro-
phages from PBS-treated and infected mice produced NO at
4.8 6 2 mM and macrophages from PBS-only-injected mice
released NO at 2 6 1 mM. Five days after infection, macro-
phages from rTGF-b1-treated mice also produced more NO
(20 6 4 mM) than did those from PBS-injected mice. No
further increase in NO production was observed when cultures
from rTGF-b1-treated and infected mice were treated with
IFN-g as the activating stimulus (data not shown).

Effect of rTGF-b1 on CD28 expression in mice infected with
S. typhimurium. Costimulatory molecules are thought to be
critical in eliciting cellular proliferation and cytokine produc-

FIG. 1. Effect of rTGF-b1 administration on the survival of mice infected
with 1 LD50 of S. typhimurium (8 3 105 CFU/mouse). Ten mice were injected i.p.
with PBS 2 h before infection with S. typhimurium (3), and 10 mice were injected
i.p. with 0.5 mg of rTGF-b1 2 h before infection with S. typhimurium (E). p, P ,
0.01 with respect to infected, nontreated mice. FIG. 2. Nitric oxide production by splenic macrophages from mice treated

with PBS or 0.5 mg of rTGF-b1 2 h before sublethal infection with S. typhimurium
(4 3 105 CFU/mouse). Symbols: ■, PBS-only-injected mice; 1, TGF-b1-only-
injected mice; h, PBS-injected, infected mice; o, rTGF-b1-injected (0.5 mg),
infected mice. Each result represents the mean of three determinations, and the
bars indicate standard deviations. p, P , 0.01 with respect to PBS-injected,
infected mice.

TABLE 2. Effect of rTGF-b1 administration on host
S. typhimurium invasion

Treatmenta Organ

Bacterial count (log CFU/organ)b

after:

2 days 5 days

PBS only Spleen 8.8 6 1.4 22.0 6 5
Liver 9.3 6 1.4 20.5 6 4

rTGF-b1 Spleen 1.6 6 0.4c 15.0 6 4c

Liver 1.4 6 0.3c 13.0 6 3c

a Mice were injected i.p. with PBS or rTGF-b1 (0.5 mg/mouse) 2 h before
infection with 4 3 105 CFU of S. typhimurium.

b Each result is expressed as the mean 6 standard deviation for a group of
three mice.

c Significantly different from the value for PBS-treated mice (P , 0.01).
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tion upon immunologic stimulation. We therefore attempted
to determine if the effect of rTGF-b1 on sublethal S. typhi-
murium infection in mice was correlated with the expression of
the T-cell costimulatory CD28 molecules. Single and double
immunolabeling with anti-CD28 and anti-CD3 monoclonal an-
tibodies revealed that the percentages of CD28-expressing T
cells in splenic lymphocytes which were treated with rTGF-b1
and infected and those in control mice were similar 2 days after
experimental infection (35% 6 6% and 33% 6 6%, respec-
tively). Five days after S. typhimurium infection, the percentage
of CD281-expressing T cells in splenic lymphocytes from
rTGF-b1-treated mice increased with respect to the percentage
for control mice (P , 0.01). Furthermore, the percentage of
CD3-expressing cells in splenic lymphocytes from rTGF-b1-
injected mice increased significantly compared to that for PBS-
treated mice (P , 0.01). The results are shown in Table 3.

Cytokine release in vitro from cells of infected and unin-
fected rTGF-b1-treated mice. To explore the involvement of
TGF-b1 in the immune response to S. typhimurium, we ana-
lyzed IL-1a, TNF-a, and IFN-g production in vitro by using
splenic monocytes or lymphocytes obtained from rTGF-b1-
treated and untreated mice infected with S. typhimurium. Cells
were harvested 2 and 5 days after treatment and subjected to
one cycle of in vitro restimulation with lipopolysaccharide (1
mg/ml) for 24 and 48 h. As shown in Fig. 3, the amount of IL-1a
in the supernatant of splenic monocytes from rTGF-b1-treated
mice 2 days after infection did not increase significantly with
respect to that found in monocytes from PBS-injected mice. In
contrast, 5 days after infection, the amount of IL-1a released
by splenic lymphocytes from rTGF-b1-treated animals
(1,400 6 37 pg/ml) increased significantly compared to the
amount released by lymphocytes from PBS-injected mice
(800 6 28 pg/ml) (P , 0.01). As shown in Fig. 3, IFN-g release
followed a similar pattern, with a greater amount being found
in the supernatant of rTGF-b1-treated mice 5 days after infec-
tion (1,800 6 42 pg/ml). TNF-a release was not significant
after 2 and 5 days after infection in rTGF-b1-treated mice or in
PBS-injected mice (data not shown).

Effect of TGF-b1 on endogenous IFN-g and TNF-a induced
by a sublethal infection with S. typhimurium. At 2 and 5 days
after mice were infected with 4 3 105 CFU of S. typhimurium,
the levels of IFN-g and TNF-a in the bloodstream were mon-
itored. In a previous study by Nakane et al. (28), the titers of
endogenous IFN-g and TNF-a in sera peaked 2 to 3 days after
the sublethal infection. In our study, we demonstrated that 2
days after infection the amount of IFN-g in the serum of
rTGF-b1-treated mice (2,250 6 45 pg/ml) and in the serum of
PBS-injected mice (2,220 6 45 pg/ml) was not significantly
different even if it was increased with respect to that in control

mice. As shown in Fig. 4, 5 days after infection the IFN-g titer
was significantly greater in the serum of rTGF-b1-treated mice
(3,261 6 57 pg/ml) than in the serum of PBS-treated mice
(2,591 6 51 pg/ml). No endogenous TNF-a was observed in
the bloodstream of rTGF-b1- or PBS-treated mice (data not
shown).

Detection of cytokine and iNOS mRNA. Cytokine mRNA
analysis of spleen cells from rTGF-b1-treated and untreated
mice after S. typhimurium infection was performed by reverse
transcriptase PCR (RT-PCR) and focused on tissue from mice
at 2 and 5 days after treatment. At our limits of detection,
mRNAs for IL-1a, IL-6, IFN-g, IL-4, TGF-b, and inducible
nitric oxide synthase (iNOS) were not expressed in spleen cells
from untreated mice and mRNAs for IL-10 and TNF-a were
barely expressed. The pattern of cytokine mRNA expression in
splenocytes from rTGF-b1-treated and untreated mice, 2 and 5
days after a sublethal infection with S. typhimurium, is shown in
Fig. 5.

By RT-PCR analysis, IFN-g mRNA was detected in spleen
cells from PBS-injected mice after 2 days, although the band
was weak and had disappeared entirely by 5 days after the
challenge. In rTGF-b1-treated mice, IFN-g mRNA was
present in a greater amount than in untreated mice after 2
days, although the intensity of the band had decreased by 5
days after the challenge. A similar pattern was obtained with
the mRNAs for IL-1a, IL-6, TGF-b, and iNOS, which showed
their greater expression in cells obtained from rTGF-b1-
treated and S. typhimurium-infected mice 2 days after chal-
lenge. IL-4 mRNA was absent both 2 and 5 days after the
different treatments.

hsp appearance in splenocytes from rTGF-b1-treated mice
after S. typhimurium infection. The presence of hsp60 was

FIG. 3. Effect of rTGF-b1 administration on IL-1a (■, 2, h, and 1) and
IFN-g (t, o, p, and z) release in the supernatants of monocytes from S.
typhimurium-infected mice (4 3 105 CFU/mouse). Results for PBS-only-treated
mice (■ and t), rTGF-b1-only-treated mice (2 and o), PBS-treated and in-
fected mice (h and p), and rTGF-b1-treated and infected mice (1 and z) are
shown. Each result represents the mean of three determinations, and the bars
indicate standard deviations. p, P , 0.01 with respect to PBS-injected, infected
mice.

TABLE 3. Expression of CD28 in mice treated with rTGF-b1 and
infected with S. typhimurium

Treatmenta

CD28 expression (%)b after:

2 days 5 days

CD31 CD31

CD281 CD31 CD31

CD281

PBS only 38 6 6 33 6 6 25 6 5 20 6 5
rTGF-b1 39 6 6 35 6 6 41c 6 6 31c 6 5

a Mice were injected i.p. with PBS or rTGF-b (0.5 mg/mouse) 2 h before
infection with 4 3 105 cells of S. typhimurium.

b Each result is expressed as the mean 6 standard deviation for a group of
three mice.

c Significantly different from the value for PBS-treated mice (P , 0.01).
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checked in murine splenocytes from rTGF-b1-treated animals
by using a monoclonal antibody to hsp60 (clone LK-1). The
number of cells that we used (107) was not enough to show the
presence of constitutive hsp in splenocytes from untreated
control mice by immunoblotting. Two days after infection,
rTGF-b1-treated mice showed greater expression of hsp60
than did PBS-injected mice. In contrast, 5 days after infection,
higher expression of hsp60 was found in splenocytes from
PBS-injected mice but the expression was lower in splenocytes
from rTGF-b1-treated mice. Results of a representative exper-
iment are shown in Fig. 6.

DISCUSSION

The role of TGF-b in immune responses might involve com-
plicated mechanisms; it is considered to play a key role in the
regulation of infection with certain intracellular microorgan-
isms. It modulates the production of cytokines and the cell
response to cytokine stimulation. TGF-b plays an important
role in the progression of Mycobacterium avium infection (41);
its production in vivo is considered to be a virulence mecha-
nism in protozoan infections. Early treatment in vivo with
rTGF-b was demonstrated to induce a protective effect against
experimental infection with L. monocytogenes in mice (28).
Furthermore, in mice infected with virulent C. albicans, the
administration of rTGF-b delays progression of the disease
(35).

The resistance to infections is related to the development of
a Th1-Th2 response. The preferential development of CD41

or CD81 Th1 or Th2 cells is under the control of several
mechanisms. The early presence of Th1 or Th2 cytokines in-
fluences the outcome of the type of the cells that will develop.
IL-4 plays an important role in stimulating Th2 response,

whereas IFN-g and TGF-b favor the development of the Th1
response (20, 36). The treatment with TGF-b could be protec-
tive either by promoting the generation of Th1 cells or by
regulating the synthesis and release of proinflammatory cyto-
kines.

FIG. 4. Effect of rTGF-b1 administration on the amount of IFN-g in the
serum of S. typhimurium-infected mice (4 3 105 CFU/mouse). Symbols: ■,
PBS-only-treated mice; 1, rTGF-b1-only-treated mice; h, PBS treated, infected
mice; o, rTGF-b1-treated, infected mice. Each result represents the mean of
three determinations, and the bars indicate standard deviations. p, P , 0.01 with
respect to PBS injected, infected mice.

FIG. 5. RT-PCR analysis of cytokine mRNA expression in spleens of mice 2
and 5 days after S. typhimurium infection. Mice were inoculated i.p. with 0.5 mg
of rTGF-b1 or PBS 2 h before infection with S. typhimurium, and cells were
recovered 2 and 5 days after infection. Total RNA was isolated from 107 spleno-
cytes obtained from treated and untreated mice and RT-PCR amplified with
specific primer pairs. The reaction products were run on 1.5% agarose gels in the
presence of appropriate molecular size markers (providing bands at 2,176, 1,766,
1,230, 1,033, 653, 517, 453, 394, 298, 234, 220, and 154 bp) (arrow); b-actin was
the positive transcription control.

FIG. 6. Time course of hsp expression (estimated by immunoblotting) in
splenic lymphocytes from rTGF-b1-treated mice. Lanes: 1, control mice; 2,
rTGF-b1-only-treated mice 2 days after injection; 3, PBS-treated mice 2 days
after infection; 4, rTGF-b1-treated mice 2 days after infection; 5, rTGF-b1-only-
treated mice 5 days after injection; 6, PBS-treated mice 5 days after infection; 7,
rTGF-b1-treated mice 5 days after infection.
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Our studies demonstrate that after 2 days, treatment with
rTGF-b1 before experimental infection with S. typhimurium
induces an increase in the mRNA expression of cytokines that
promote the development of a Th1 response. This effect tends
to decline 5 days after the infection. The cytokine pattern is
related to the activation of both specific and nonspecific mech-
anisms of host defense; in fact, we observed that rTGF-b1
administration affected the activation of macrophages (as dem-
onstrated by NO production), the expression of molecules in-
volved in the immune response (CD28), and the induction of
cellular stress (as shown by hsp60 expression). Treatment with
rTGF-b1 2 h before the experimental infection led to the
survival of all infected mice, in comparison with the mortality
rate of 4 to 5 of 10 observed in PBS-injected mice which
received 8 3 105 CFU of S. typhimurium. This survival rate is
related to a remarkably smaller number of bacteria in the
spleens and livers of rTGF-b1-treated mice compared to con-
trol mice. The smaller number of CFU in these organs is
related to the higher NO production as demonstrated in vitro
by macrophages obtained from rTGF-b1-treated mice. Macro-
phage NO release is suppressed by TGF-b (15), and inhibition
of NO production in vivo is associated with impaired Th1-cell
development (18) and effector function (17, 37). Under our
experimental conditions, S. typhimurium-infected mice show
enhanced NO production, which further increases in rTGF-b1-
treated mice. While in vitro the production of TGF-b is asso-
ciated with an inhibition of NO production (15), under our
experimental conditions the in vivo treatment does not have
the same effect, probably because of the presence of the other
regulatory cytokines. The amounts of IL-1a and IFN-g in-
crease remarkably in vivo during rTGF-b1 administration, as
shown by their mRNA expression and release by cell culture. It
is of great interest that IL-1 and IFN-g are cytokines that
contribute to an enhanced NO response (17). Our findings
demonstrate that 2 days after infection, administration of
rTGF-b1 induces greater expression of IFN-g and TNF-a
mRNA, which directly or indirectly also promote the activation
of macrophages.

Because the costimulatory molecules can decisively influ-
ence the evolution of a protective response and because intra-
cellular pathogens downregulate the expression of specific co-
stimulating molecules, we became interested in analyzing the
expression of CD28 in CD31 cells in infected mice and in
rTGF-b1-treated and infected mice. The administration of
rTGF-b1 induces an upregulation of CD28 expression 5 days
after infection. Under our experimental conditions, the up-
regulation of the costimulatory molecule (CD28) is preceded
at 2 days after S. typhimurium infection by a remarkable up-
regulation of IFN-g mRNA expression. The T-cell costimula-
tory molecule CD28 plays a critical role in T-cell activation and
cytokine production. CD28 is present on resting T cells and is
therefore likely to predominate in initial costimulatory activity.
The findings in this report provide insight into the mechanism
by which TGF-b regulates immune responses through the net-
work of cytokines and costimulatory molecules.

Recombinant TGF-b1 treatment greatly influences the
proinflammatory and immunoregulatory cytokine pattern 2
days after infection, while only IFN-g release is still enhanced
at later times. IFN-g was detected after 2 and 5 days in the
bloodstream in a larger amount in rTGF-b1-treated mice in-
fected with S. typhimurium than in untreated, infected mice.
TNF-a was never found in the bloodstream at 2 and 5 days
after infection. Greater IFN-g, TNF-a, and IL-10 mRNA ex-
pression was always seen in the spleens of TGF-b1-treated
mice after S. typhimurium infection than in those of PBS-
injected mice. IL-6 mRNA expression was barely evident in

PBS-treated, infected mice but showed a good rate of induc-
tion in rTGF-b1-injected mice. IL-6 has a wide variety of ac-
tivities; IL-6 pretreatment enhances resistance against infec-
tion (6, 38), although this has not been found consistently (8).
IL-4 mRNA was never detected under the same experimental
conditions. TGF-b mRNA showed good expression in the
spleens of infected mice compared to control animals. The
administration of rTGF-b1 further increases this upregulation
during the first 2 days of infection. Endogenous TGF-b expres-
sion is also upregulated by TGF-b priming, which is consistent
with TGF-b autoinduction in other cell types (39). The func-
tional pattern of the cytokines expressed and released in the
spleens of infected animals either treated or not treated with
rTGF-b1 is related to a Th1 response. Our findings demon-
strate a cytokine pattern related to activation of CD81 effector
production as revealed by splenic mRNA analysis. The influ-
ence of certain cytokines on the development of naive CD41 T
cells to express Th1 and Th2 cytokines is well recognized for
the dominant effects of IL-12 and IL-4, respectively (31). More
recently, Th1- and Th2-like cytokine patterns have also been
demonstrated by CD81 T cells upon antigen priming in the
presence of IL-12 or IL-4 (13, 32, 43) and upon TGF-b prim-
ing. CD81 cells primed by TGF-b are typified by a distinct
cytokine profile of IL-10 and TGF-b production (30). TGF-b
growth response occurs predominantly among CD81 T cells of
naive CD44low CD45RBhigh phenotype, which usually accounts
for more than 85% of splenic CD81 T cells of young, conven-
tionally maintained BALB/c or C57BL/6 mice (25).

In our study TGF-b1 is associated with a faster appearance
(2 days) of hsp60 in splenic cells and with a faster disappear-
ance (5 days) in untreated and rTGF-treated mice, respec-
tively. The lower level of hsp60 5 days after infection in
rTGF-b1 treated mice (compared to untreated mice) may de-
pend on a decrease of the bacterial load in the spleen or on a
direct effect of TGF-b on the recovery of cellular activities.
Rich et al. (29) suggest that there is a TGF-b-dependent pro-
tection of CD81 T cells from apoptosis.

In conclusion, the greater resistance to infection with S.
typhimurium in rTGF-b1-treated mice is associated under our
experimental conditions with different mechanisms, both non-
specific (NO production and hsp) and specific (costimulatory
molecules activation and release of cytokines), in the protec-
tive response. The widespread distribution of TGF-b (and its
receptors) suggests that it plays an important role in these
mechanisms, whose final result depends on several variables
(TGF-b concentration and time of production, cell type, and
degree of differentiation).
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