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The effects of total and partial inhibition of tumor necrosis factor (TNF) on sensitivity to Mycobacterium bovis
BCG infection were investigated by using transgenic mice in which hepatocytes produced different amounts of
human soluble TNF receptor 1 (sTNFR1) fused to the Fc fragment of human immunoglobulin G3 that could
be detected in the serum. Transgenic mice expressing high serum levels of sTNFR1, neutralizing all circulating
TNF, failed to develop differentiated granulomas and bactericidal mechanisms, and they succumbed to BCG
infection. sTNFR1 transgenic mice did not activate BCG-induced Th1-type cytokines early in infection, but
uncontrolled cytokine release was found late in infection. In this work we also evaluated the effect of partial
inhibition of TNF on resistance to BCG infection. Transgenic mice expressing low levels of sTNFR1 were
protected against BCG infection, and they developed increased bactericidal mechanisms, such as enhanced
inducible nitric oxide synthase activity, increased macrophage activation, and showed higher numbers of liver
granulomas early in infection compared to their negative littermates. Our data suggest that while total
inhibition of TNF prevented BCG-induced cell-mediated immune responses, partial inhibition of TNF could
contribute to macrophage activation, induction of bactericidal mechanisms, and granuloma formation in the
early phase of BCG infection.

Tumor necrosis factor (TNF) is a pleiotropic cytokine in-
volved in septic shock and inflammatory and immune re-
sponses. TNF is initially synthesized as a transmembrane pre-
cursor protein which is biologically active in vivo. The mature
soluble TNF is proteolytically cleaved from the plasma mem-
brane by matrix metalloproteinases, including tumor necrosis
factor alpha converting enzyme (TACE) (4, 10, 11, 33, 34). The
biological activity of TNF is mediated by the binding of TNF to
TNF receptor 1 (TNFR1) or TNFR2 on the surface of many
cells (43). The extracellular domain of both TNF receptors can
be cleaved by metalloproteases belonging to the ADAM family
(9, 35). Soluble TNF receptors (sTNFR) bind to both soluble
and membrane TNF and therefore can neutralize TNF-medi-
ated activities.

The importance of TNF in host defense mechanisms against
infections has been extensively reported. Experimental animal
models of TNF inhibition have provided accumulating evi-
dence implicating TNF as a key factor in host defense against
mycobacterial infections. Impaired granuloma formation, re-
ductions in bactericidal mechanisms, and alteration of the my-
cobacterium-induced Th1-type immune response have been
observed in animals unable to use TNF (2, 3, 5, 13, 16, 17, 24,
26, 37, 38, 45).

Excess TNF production is one of the causes of the patho-
genesis of rheumatoid arthritis (15). Today, TNF inhibitors
which are highly effective in the treatment of rheumatoid ar-
thritis are available; however, serious infections, particularly
reactivation of tuberculosis, have been reported, and there-

fore, screening for tuberculosis is essential in patients receiving
anti-TNF treatment (25, 28). The appearance of severe infec-
tions in patients treated with anti-TNF therapy raised concerns
about the complete ablation of TNF-associated functions.

In contrast to the efficacy of TNF inhibitors in rheumatoid
arthritis and Crohn’s disease treatment, this therapy has not
worked in sepsis (1). Strategies to modulate TNF-linked func-
tions would be more suitable than total abrogation depending
on the complexity of pathologies. Furthermore, the adminis-
tration of anti-TNF at the correct time and appropriate dosage
has been suggested to be crucial for efficient therapy (20).
Therefore, experimental animal models could still increase our
understanding of the biological role of TNF inhibitors in in-
fectious diseases.

In this study, we investigated the effect of total and partial
inhibition of TNF in cell-mediated immune responses to My-
cobacterium bovis BCG infection by using transgenic mice ex-
pressing high and low levels of human soluble TNFR fusion
protein 1 (sTNFR1) under the control of the liver alpha-1
antitrypsin promoter (18). We report here that BCG infection
of transgenic mice expressing high serum levels of sTNFR1 led
to impaired granuloma formation, reduced macrophage acti-
vation and bactericidal mechanisms, dysregulation of cytokine
release, and fatal bacterial growth. Furthermore, we show that
transgenic mice expressing low serum levels of sTNFR1 were
protected from BCG infection and exhibited enhanced mac-
rophage activation and granuloma formation early in infection.

MATERIALS AND METHODS

Mice. Four lines of transgenic mice, two lines with the C57BL/6 genetic
background and two lines with the BALB/c genetic background, expressing
different amounts of the sTNFR1-immunoglobulin G3 (IgG3) fusion protein,
were obtained from four individual founders as previously described (18). The
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sTNFR1 fusion protein contained the extracellular domain of human TNFR1
fused to the hinge region of human FcIgG3. The transgene fusion protein was
synthesized in the liver under the control of the alpha-1 antitrypsin promoter.
sTNFR1 transgenic mice were maintained as heterozygous animals and were
crossed with C57BL/6 or BALB/c mice. Transgenic mice were bred for more than
20 generations with wild-type mice with a corresponding background. Transgenic
mouse candidates were bled, and an enzyme-linked immunosorbent assay
(ELISA) was performed for identification of positive and negative transgenic
mice and quantification of the sTNFR1-IgG3 human protein as previously de-
scribed (18). All mouse strains were maintained under conventional conditions in
the animal facility of the Medical Faculty, University of Geneva. All animal
experiments were carried out in accordance with institutional guidelines and
were approved by the local ethics committee on animal experimentation.

BCG infection and CFU evaluation in infected organs. C57BL/6 negative
littermates and transgenic mice expressing high (20 to 120 �g/ml) and low (0.1 to
1 �g/ml) serum levels of the sTNFR1-IgG3 fusion protein and BALB/c negative
littermates and transgenic mice expressing high (250 to 500 �g/ml) and low (1 to
10 �g/ml) serum levels of the sTNFR1-IgG3 fusion protein (8 to 12 weeks old)
were intravenously infected with 107 CFU of M. bovis BCG strain 1173 P2 (G.
Marchal, Pasteur Institute, Paris, France). Mice were sacrificed 2, 4, and 8 weeks
after BCG infection, and the bacterial loads in the lungs, liver, and spleen were
evaluated as previously described (17).

Histological analyses of livers. Histological analyses of liver tissues were per-
formed 2, 4, and 8 weeks after BCG infection. Livers were fixed in 4% buffered
formaldehyde and embedded in paraffin for hematoxylin and eosin staining and
Ziehl-Neelsen staining.

Determination of iNOS activity in spleen extracts. Evaluation of inducible
nitric oxide synthase (iNOS) activity was carried out by using crude frozen spleen
extracts of mice. Spleens were homogenized in 25 mM Tris-HCl (pH 7.4), 1 mM
EDTA, and 1 mM EGTA (125 mg of tissue/ml of buffer). Crude supernatants
were obtained by centrifugation of organ homogenates at 10,000 � g for 5 min.
iNOS activity was measured by determining the capacity of supernatant to
convert radioactive L-[14C]arginine (Amersham Life Sciences) to L-[14C]citrul-
line as previously described (37).

Northern hybridization. RNA was isolated from liver, and 5 �g was hybridized
with mouse iNOS and TNF probes as previously described (17).

Acid phosphatase activity. Livers and spleens were frozen in liquid nitrogen,
and 5-�m cryostat tissue sections were used for analysis of acid phosphatase
activity as previously described (29). The method used for frozen tissue was
modified and adapted for quantification of acid phosphate activity in spleen
extracts as described previously (29).

Evaluation of cytokines in serum. Blood samples were obtained from retro-
orbital sinuses before and 2, 4, and 8 weeks after BCG infection. Serum levels of
interleukin-12p40 (IL-12p40), gamma interferon (IFN-�), TNF, and IL-18 were
evaluated by ELISA with a sensitivity of 2 to 1,000 pg/ml (R&D Systems,
Abingdon, United Kingdom).

TNF bioactivity. The bioactivity of TNF in mouse serum from control litter-
mates and transgenic mice expressing low and high levels of sTNFR1 was mea-
sured with WEHI cells (clone 13) compared with the activity of standard murine
TNF. WEHI cells (3 � 104/well) were incubated in the presence of actinomycin
D (1 �g/ml) with mouse serum (dilution, 1/20 to 1/16,000) for 20 h in a 96-well
plate. One picogram of standard TNF killed 50% of the WEHI cells (19).

Statistical analyses. The unpaired Student’s t test was used for analyses. P
values of �0.05 were considered statistically significant.

RESULTS

Increased sensitivity to BCG infection of transgenic mice
expressing high serum levels of sTNFR1 and resistance of
transgenic mice expressing low levels of sTNFR1. C57BL/6
mice expressing high and low levels of sTNFR1 and negative
littermate control mice were infected with 107 CFU, and sur-
vival was monitored for 12 months. Mice expressing high levels
of sTNFR1 (n � 10) were sensitive to this dose of BCG and
died between 3 and 10 weeks, whereas no mortality was
observed either in transgenic mice expressing low levels of
sTNFR1 (n � 10) or in control mice (n � 10) 12 months after
infection. We observed that the survival time of mice express-
ing sTNFR1 depended on the level of transgene expression.
Mice expressing the highest serum levels (more than 100 �g/

ml; n � 5) survived no longer than 5 weeks (mean survival
time, 28 days), and mice expressing 50 to 100 �g/ml (n � 5)
survived no longer than 10 weeks (mean survival time, 59
days).

To quantify bacterial loads in infected organs, groups of
transgenic mice and their negative littermates (n � 5) were
infected intravenously with 107 CFU and killed at different
times after infection. The bacterial loads in the lungs, livers,
and spleens of transgenic mice expressing high levels of
sTNFR1 (30 to 110 �g/ml) were significantly increased com-
pared to the loads of nontransgenic mice (Fig. 1). After 8
weeks of BCG infection, in the group of transgenic mice ex-
pressing high levels of sTNFR1, only two mice were still alive,
showing important cachexia (15% weight loss). Transgenic
mice expressing high levels of sTNFR1 were not able to control
bacillus proliferation, whereas transgenic mice expressing low
levels of sTNFR1 (0.1 to 1 �g/ml) exhibited bacterial clearance
similar to that of their negative littermates, indicating efficient
killing of BCG (Fig. 1).

BCG granuloma formation and macrophage activation was
reduced in transgenic mice expressing high levels of sTNFR1
and enhanced in transgenic mice expressing low levels of
sTNFR1. Protective immune responses against mycobacterial
infections involve efficient granuloma formation and macro-

FIG. 1. Bacterial loads were increased in the lungs, livers, and
spleens of BCG-infected mice expressing high levels of sTNFR1 after
BCG infection. The numbers of CFU in the lungs (A), liver (B), and
spleen (C) were determined 2 weeks (n � 4/group), 4 weeks (n �
5/group), and 8 weeks (n � 4/group) after BCG infection. Bacterial
loads were determined in tissue extracts from transgenic mice express-
ing high levels of sTNFR1 (high sTNFR1) and transgenic mice ex-
pressing low levels of sTNFR1 (low sTNFR1) and their negative lit-
termates (control). Data are expressed as means � standard errors of
the means. An asterisk indicates that the P value is �0.02. The results
are representative of the results of one of two experiments.
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phage activation. Following intravenous BCG infection, a ma-
jority of bacilli infected the liver, as shown in Fig. 1B. There-
fore, granuloma formation and macrophage activation were
analyzed in the livers of mice expressing the transgenic
sTNFR1 protein under the control of the hepatic alpha-1 anti-
trypsin promoter (18). After 2 weeks of infection, liver granu-
lomas from negative littermates were well-defined and numer-
ous (Fig. 2A). In contrast, there were very few liver granulomas
in transgenic mice expressing high levels of sTNFR1, and the
granulomas contained only a few mononuclear cells and
mainly polymorphonuclear cells (the number of the granulo-
ma-like structures was 0.7 � 0.2 per mm2 of liver section [Fig.
2B]). In contrast, the granulomas of transgenic mice expressing
low levels of sTNFR1 were larger than control granulomas,
indicating more rapid granuloma formation (Fig. 2C). The
numbers of granulomas in transgenic mice expressing low lev-
els of sTNFR1 were higher than the numbers in control mice
after 2 weeks of infection (50.7 � 7.7 granulomas per mm2 in
transgenic mice versus 33.8 � 3.9 granulomas per mm2 in
control mice; P � 0.005). The presence and activation of mac-
rophages were evaluated by detection of acid phosphatase ac-
tivity, which is a marker for activated macrophages (8). Acid
phosphatase activity in livers from nontransgenic mice infected
for 2 weeks with BCG mice was found on activated macro-
phages within well-defined granulomas and also on Kupffer
cells (Fig. 2D). In contrast, only a few cells from transgenic
mice expressing high levels of sTNFR1 were stained for acid
phosphatase activity, indicating the absence of activated mac-
rophages on granulomas (Fig. 2E). Liver sections of transgenic
mice expressing low levels of sTNFR1 showed greater acid
phosphatase staining than negative littermate control mice,
indicating enhanced macrophage recruitment and activation
(Fig. 2F). Therefore, acid phosphatase staining revealed re-
duced macrophage activation in transgenic mice expressing
high levels of sTNFR1 but enhanced macrophage activation in
transgenic mice expressing low levels of sTNFR1.

After 4 weeks of BCG infection, at the time of granuloma
maturation, liver granulomas from negative littermates were
well differentiated (Fig. 3A). In contrast, hepatic granulomas
from transgenic mice expressing high levels of sTNFR1 were
differentiated, but the numbers were decreased (4.6 � 1.1
granulomas per mm2), and contained only a few mononuclear
cells (Fig. 3B). Liver granulomas from transgenic mice express-
ing low levels of sTNFR1 were larger and well-differentiated,
containing well-formed epithelioid cells, and the number was
higher than the number of control liver granulomas (48.4 � 6.2
granulomas versus 31.1 � 3.3 granulomas per mm2 in control
mice; P � 0.003) (Fig. 3C). Granulomas of negative littermates
and transgenic mice expressing low levels of sTNFR1 con-
tained few acid-fast bacilli (AFB), in contrast with the substan-
tial number of AFB contained in granulomas from transgenic
mice expressing high levels of sTNFR1 (Fig. 3D, E, and F).
Therefore, high levels of sTNFR1 led to impaired granuloma
formation and reduced macrophage activity associated with
enhanced bacillus proliferation. In contrast, low levels of
sTNFR1 resulted in efficient macrophage activation, increased
granuloma number, and control of BCG proliferation.

iNOS activity is reduced in transgenic mice expressing high
levels of sTNFR1 and increased in transgenic mice expressing
low levels of sTNFR1. Bactericidal mechanisms, such as acti-

vation of iNOS, are important steps in the protective immune
responses against mycobacterial infections (6, 7, 19, 30). iNOS
activity was measured in crude spleen extracts. Transgenic
mice expressing high levels of sTNFR1 exhibited no or de-
creased iNOS activity compared to control mice 2 and 4 weeks
after BCG infection. In contrast, iNOS activity was increased
in transgenic mice expressing low levels of sTNFR1 compared
to negative littermates after 2 weeks of infection (Fig. 4A).
Acid phosphatase activity assessed in spleens also correlated
with iNOS expression, as shown in Fig. 4B. Thus, high levels of
sTNFR1 inhibited both iNOS and acid phosphatase activation,
whereas low levels enhanced these macrophage activities early
in a BCG infection. Since technical reasons did not allow us to
detect iNOS activity in the liver, expression of iNOS was as-
sessed in liver tissues by Northern hybridization. iNOS mRNA
levels were increased threefold in transgenic mice expressing
low levels of sTNFR1 (n � 4) after 2 weeks of infection com-
pared to negative littermates. In transgenic mice expressing
high levels of sTNFR1 (n � 4), iNOS mRNA was undetectable
after 2 and 4 weeks of BCG infection.

Partial or total TNF neutralization does not prevent sys-
temic TNF release upon BCG infection. Serum amounts of
TNF were measured in nontransgenic and transgenic mice
expressing low and high serum levels of sTNFR1 (Fig. 5). The
amounts of TNF in serum in transgenic mice expressing low
levels of sTNFR1 were increased after 2 weeks of BCG infec-
tion, whereas TNF in transgenic mice expressing high levels of
sTNFR1 was not activated compared to control mice. In con-
trast, after 4 weeks of infection, the amounts of TNF in serum
in transgenic mice expressing high levels of sTNFR1 were
significantly higher than those in nontransgenic mice. At 8
weeks postinfection, only two transgenic mice expressing high
levels of sTNFR1 were alive, which showed excessive amounts
of systemic TNF. However, the abundant serum TNF (600 to
800 pg/ml) was neutralized by human sTNFR1 (�60 �g/ml,
which represents a 105-fold excess of receptors compared to
TNF), as confirmed by a TNF bioassay activity with WEHI
cells. Serum from transgenic mice expressing low levels of
sTNFR1, as well as control mice, did not showed TNF cyto-
toxic activity or bioactivity with sensitive WEHI clone 13 cells.
As previously reported, not only does murine BCG infection
activate TNF production, but the shedding of murine soluble
TNF receptors also is induced, and this can be monitored in
the serum. Indeed, murine sTNFR1 and sTNFR2 are found at
high concentrations in serum at 2 and 4 weeks after BCG
infection (10-fold for sTNFR1 and 100-fold for sTNFR2) (19).
Thus, TNF in serum of infected mice is neutralized by endog-
enous or transgenic sTNFR, but this does not eliminate the
possibility that TNF can be effective in organs. To explore if
the liver played a role in TNF release in mice expressing high
levels of sTNFR1, a Northern blot analysis of liver RNA was
performed. The levels of TNF mRNA in transgenic mice ex-
pressing high levels of sTNFR1 mice were 4.2-fold lower at 2
weeks and 3.1-fold lower at 4 weeks than the TNF mRNA
levels in control mice. This demonstrated that sTNFR1 gener-
ated by hepatocytes efficiently blocked TNF production in the
liver.

Altered serum levels of Th1-type cytokines in transgenic
mice expressing sTNFR1. BCG infection induces a Th1 type of
immune response, characterized by secretion of IFN-�, IL-12,
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and also IL-18. Therefore, the amounts of these cytokines in
serum were measured in the three groups of mice at different
times after BCG infection (Fig. 6). IFN-� was not activated in
transgenic mice expressing high levels of sTNFR1 at 2 weeks,

but after 4 weeks of BCG infection, the amounts of IFN-� in
serum were increased compared to those in control mice. The
serum levels of IL-12p40 were also low at 2 weeks, but this was
followed by increased release at 4 weeks after BCG infection.

FIG. 2. Impaired granuloma formation and reduced macrophage activation in transgenic mice expressing high levels of sTNFR1 and enhanced
macrophage activity in transgenic mice expressing low levels of sTNFR1 after 2 weeks of BCG infection. Histological tissue sections were obtained
from livers after 2 weeks of BCG infection. Hematoxylin and eosin staining revealed well-defined granulomas in control mice (A), small
granuloma-like structures in transgenic mice expressing high levels of sTNFR1 (arrow) (B), and large granulomas in transgenic mice expressing
low levels of sTNFR1 (C). (D) Strong staining for acid phosphatase activity (marker of macrophage activation) in control granulomas. (E) Absence
of activity in granulomas from transgenic mice expressing high levels of sTNFR1. (F) Increased staining in the large granulomas from transgenic
mice expressing low levels of sTNFR1. The results are representative of the results of two independent experiments (five mice per group).
Magnification, �200.
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Furthermore, the amounts of IL-18 in serum were decreased in
transgenic mice expressing high levels of sTNFR1 after BCG
infection, indicating that IFN-� release was independent of
IL-18. Transgenic mice expressing low levels of sTNFR1 had
amounts of IFN-�, IL-12p40, and IL-18 in serum similar to
those of control mice after BCG infection. Therefore, the

presence of high levels of sTNFR1 led to reduced BCG-in-
duced release of IFN-� and IL-12p40 in the acute phase of
infection, but later in infection the serum amounts of these
cytokines were abnormally increased.

Transgenic mice with a BALB/c background expressing high
levels of sTNFR1 were susceptible to BCG infection, but

FIG. 3. Impaired granuloma formation in mice expressing high levels of sTNFR1 and enhanced granuloma formation in mice with low sTNFR1
levels after 4 weeks of BCG infection. Hematoxylin and eosin staining revealed well-differentiated granulomas in control mice (A), very few small
granulomas in transgenic mice expressing high levels of sTNFR1 (B), and large well-differentiated granulomas in transgenic mice expressing low
levels of sTNFR1 (C). Ziehl-Neelsen staining revealed the presence of few AFB in control mice (D), a higher number of AFB in transgenic mice
expressing high levels of sTNFR1 (E), and few AFB in transgenic mice expressing low levels of sTNFR1 (F). The results are representative of the
results of two independent experiments with five mice per group. (A to D and F) Magnification, �344. (E) Magnification, �400.
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BALB/c transgenic mice expressing low levels of sTNFR1 were
resistant to BCG infection. Studies of sensitivity to BCG in-
fection were also performed with mice with a BALB/c back-
ground. Two lines of transgenic mice expressing high levels (50
to 300 �g/ml) and low levels (0.5 to 10 �g/ml) of sTNFR1 and
their corresponding negative littermates were used in this
study. Groups of these mice (n � 10) were infected with BCG
and sacrificed 2 and 4 weeks later. Histological examinations of
liver granulomas after 2 weeks of infection showed well-de-
fined granulomas in nontransgenic mice, very rare granuloma-
like structures in transgenic mice expressing high levels of
sTNFR1, and well-differentiated and large granulomas in
transgenic mice expressing low levels of sTNFR1. After 4
weeks of infection, the number of granulomas in transgenic
mice expressing high levels of sTNFR1 was about 10-fold lower
than the number in the negative littermates. In contrast, the
number of granulomas in mice expressing low levels of
sTNFR1 was increased twofold, and the size was also larger
than that in nontransgenic mice. Granulomas from transgenic

mice expressing high levels of sTNFR1contained a high num-
ber of AFB, whereas in transgenic mice expressing low levels of
sTNFR1 the number was similar to that in nontransgenic mice
(data not shown). The bacterial loads in livers of infected mice
after 2 and 4 weeks of infection showed similar numbers of
CFU in transgenic mice expressing low levels of sTNFR1 and
control mice but a more-than-10-fold increase in transgenic
mice expressing high levels of sTNFR1.

The activity of iNOS was assessed in spleens at different
times of infection. Mice expressing high levels of sTNFR1 were
not able to activate the iNOS, whereas transgenic mice ex-
pressing low levels of sTNFR1 induced higher levels of iNOS
than nontransgenic mice (Fig. 7). The serum TNF levels, as
well as the serum IL-12p40 levels, were evaluated in the three
groups of mice. The differences observed between C57BL/6
transgenic and nontransgenic mice after 2 weeks of infection
were attenuated in BALB/c mice, but at 4 weeks the TNF and
IL-12p40 levels were abnormally increased in transgenic mice
expressing high levels of sTNFR1. These results demonstrated
that the granuloma formation and iNOS activation observed in
transgenic mice expressing low and high levels of sTNFR1
were independent of the mouse background.

DISCUSSION

The importance of TNF in mycobacterial infections has been
extensively reported. TNF was shown to contribute to granu-
loma development and maintenance, to the regulation of che-
mokine expression mediating the recruitment of leukocytes
into functional granulomas, and to induction of bactericidal
mechanisms, such as activation of iNOS for efficient killing of
invading mycobacteria (2, 3, 5, 16, 17, 24, 26, 37, 38, 40, 41, 42).
For long time TNF has been considered an essential cytokine
contributing to the induction of the Th1 type of immune re-

FIG. 4. Decreased iNOS activity in spleens from transgenic mice
expressing high levels of sTNFR1 and enhanced iNOS activity in trans-
genic mice expressing low levels of sTNFR1 after BCG infection.
(A) iNOS activity was determined in crude spleen extracts from con-
trol mice, transgenic mice expressing high levels of sTNFR1 (high
sTNFR1), and transgenic mice expressing low levels of sTNFR1 (low
sTNFR1) before BCG infection (n � 3) and 2 weeks (n � 4), 4 weeks
(n � 4 to 5), and 8 weeks (n � 4) after BCG infection. The data are
expressed in cpm of 14C per organ and are means � standard errors of
the means. One asterisk indicates that the P value is �0.05, and two
asterisks indicate that the P value is �0.01. The results are represen-
tative of the results of two independent experiments. (B) Reduced acid
phosphatase (AP) activity in transgenic mice expressing high levels of
sTNFR1 and enhanced activity in transgenic mice expressing low levels
of sTNFR1 after BCG infection. Acid phosphatase activity was quan-
tified in crude spleen extracts from control mice, transgenic mice
expressing high levels of sTNFR1, and transgenic mice expressing low
levels of sTNFR1 before BCG infection (n � 3) and 2 weeks (n � 4),
4 weeks (n � 4 to 5), and 8 weeks (n � 4) after BCG infection. The
data are expressed as optical density at 570 nm (O.D.570 nm) in the
organ and are means � standard errors of the means. One asterisk
indicates that the P value is �0.04, and two asterisks indicate that the
P value is �0.008). The results are representative of the results of two
independent experiments.

FIG. 5. TNF serum levels after BCG infection. Serum TNF levels
were evaluated in the three groups of mice at different times after BCG
infection. TNF amounts were determined by ELISA in serum from
transgenic mice expressing low levels of sTNFR1 (low sTNFR1) and
transgenic mice expressing high levels of sTNFR1 (high sTNFR1) and
their control littermates before BCG infection (n � 3) and 2 weeks (n
� 4), 4 weeks (n � 4 to 5), and 8 weeks (n � 4) after BCG infection
(except for transgenic mice expressing high levels of sTNFR1, since
only two mice were alive at 8 weeks). The data are expressed in
picograms of protein per milliliter of serum and are means � standard
errors of the means. One asterisk indicates that the P value is �0.03,
and two asterisks indicates that the P value is �0.001. The experiment
was repeated twice with similar results.
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sponses required for cell-mediated resistance against mycobac-
teria. More recent studies have reconsidered this notion in
view of new observations made with mice unable to use TNF.
A study has identified TNF as a regulatory cytokine for BCG-
induced Th1-type immune responses which can mediate im-
mune suppression to restrain a detrimental Th1-type immune
response. Animals unable to produce TNF showed overpro-
duction of Th1-type cytokines in the lung and peripheral blood
and hyperreactive CD4 and CD8 T-cell responses upon BCG
infection, and depletion of CD4 and CD8 T cells prevented
tissue destruction in TNF	/	 infected mice (45). This study
supported previous reports suggesting an anti-inflammatory
role for TNF involving its capacity to regulate Th1-type cyto-
kines (22, 31). A dual role for TNF was previously observed
depending on different pathological situations. TNF was shown
to induce either proinflammatory cytokines or anti-inflamma-
tory mediators (15). The complex roles of TNF in immunity
have to be considered when therapies to abrogate TNF activ-
ities are used. In this context, we have shown that the trans-
membrane form of TNF expressed in TNF/lymphotoxin 
 (LT-

)	/	 mice was able to induce an efficient cell-mediated
immune response against BCG infection and to prevent the
abnormal Th1-type immune responses elicited in TNF/LT-
-
deficient mice (37). This suggests that maintenance of a trans-

membrane TNF by TACE inhibitors or another strategy is a
way to avoid release of TNF in excessive amounts. Indeed,
administration of a TACE inhibitor in healthy humans reduced
TNF release after a single lipopolysaccharide dose (12, 32).

The present study showed the effects of total and partial
inhibition of TNF on BCG infection. Complete inhibition of
TNF in mice expressing high levels of sTNFR1 led to increased
susceptibility to BCG infection and consequently to the ab-
sence of differentiated granulomas, decreased macrophage ac-
tivation, reduced iNOS activity, dysregulation of TNF release,
and abnormal Th1-type cytokine production, resulting in bac-
terial overgrowth and rapid death. We observed that granu-
loma formation requires sequential activation of cells and fac-
tors which are altered when TNF is neutralized. Blockade of
TNF resulted in inhibition of BCG-induced macrophage func-
tions, such as acid phosphatase and iNOS activities. In addi-
tion, the Th1 type of immune responses was abrogated early in
infection, whereas in the late phase of infection, hyperrelease
of Th1-type cytokines and TNF was found. Systemic TNF in
transgenic mice expressing high levels of sTNFR1 was blocked
by human soluble receptors, as shown by the absence of bio-
activity on sensitive WEHI cells. This can be explained by the

FIG. 6. Altered serum levels of Th1-type cytokines in transgenic
mice expressing high levels of sTNFR1. The levels of IFN-� (A),
IL-12p40 (B), and IL-18 (C) were determined by ELISA in serum from
transgenic mice expressing high levels of sTNFR1 (high sTNFR1) and
transgenic mice expressing low levels of sTNFR1 (low sTNFR1) and
their control littermates before BCG infection (n � 3) and 2 weeks
(n � 4), 4 weeks (n � 4 to 5), and 8 weeks (n � 4) after BCG infection.
The data are expressed in picograms of protein per milliliter of serum
and are means � standard errors of the means. One asterisk indicates
that the P value is �0.03, and two asterisks indicate that the P value is
�0.003. The results are representative of the results of two indepen-
dent experiments.

FIG. 7. BCG infection in BALB/c sTNFR1 transgenic mice ex-
pressing high and low levels of the transgene. (A) Activity of iNOS in
spleens of control mice, transgenic mice expressing low levels of
sTNFR1 (high sTNFR1), and transgenic mice expressing high levels of
sTNFR1 (low sTNFR1) before infection and 2 and 4 weeks after BCG
infection (n � 5). (B) Serum levels of TNF before BCG infection and
2 and 4 weeks after infection (n � 5). (C) Serum levels of IL-12p40
before and 2 and 4 weeks after BCG infection (n � 5). The data are
expressed in picograms of protein per milliliter of serum and are
means � standard errors of the means. One asterisk indicates that the
P value is �0.03, and two asterisks indicate that the P value is �0.001.
The results are representative the results of two independent experi-
ments.

3674 GULER ET AL. INFECT. IMMUN.



fact that the level of human sTNFR1 was 5-fold higher than the
level of TNF in mouse serum, which obviously prevented any
TNF bioactivity. In addition, BCG infection also induces the
shedding of murine TNFR that can be detected in the serum of
infected mice (19). BCG-induced murine sTNFR also blocks
the bioactivity of circulating TNF but does not inhibit its ex-
pression and function in specific cells, such as macrophages
forming granulomas (37). Furthermore, the presence of circu-
lating sTNFR has been considered a marker of disease activity
of tuberculosis (23). Since sTNFR1 neutralizes both TNF and
LT-
, we cannot exclude the contribution of LT-
, which is
important for the control of mycobacterial growth (39). How-
ever, our data on LT-
-deficient mice show that the inactivity
of LT-
 leads to both a reduction in BCG-induced TNF and a
reduction in the Th1 type of immune responses (5).

In this work we also evaluated the effects of low levels of
sTNFR1 on the sensitivity to BCG infection, which led to
higher numbers of differentiated granulomas and increased
bactericidal mechanisms early in infection, as shown by en-
hanced acid phosphatase and iNOS activities. These data sug-
gested that the presence of circulating low levels of sTNFR1
favored macrophage activation required for granuloma differ-
entiation.

Our previous data showed that transgenic mice expressing
low levels of sTNFR1 had increased TNF-associated activities.
In the previous study transgenic mice expressing low levels of
sTNFR1 were more sensitive to lethal septic shock and cere-
bral malaria than nontransgenic mice (18). The underlying
cellular mechanisms are still unknown; however, several pos-
sibilities can be considered. It may be the case that reverse
signaling of TNF plays a role in modulating the immune re-
sponse to BCG infection through activation of adhesion mol-
ecules and cytokine expression or regulation of bactericidal
mechanisms in transgenic mice expressing low levels of sTNFR1.
We cannot exclude from our data the finding that the Fc frag-
ment of the sTNFR1 fusion protein could also lead to Fc-me-
diated effects, such as opsonization, complement activation,
and antibody-dependent cellular cytotoxicity (20). However, in
vitro studies using human fibroblasts, which do not express Fc
receptors, showed that incubation with the sTNFR1-IgG3 fu-
sion protein at a low concentration resulted in the activation of
prostaglandin E2 and collagenase but that incubation with a
high concentration inhibited these activities (36). This obser-
vation, which is comparable to observations made in our work,
argues against Fc receptor mediation.

Previously, biological roles for sTNFR have been defined
purely on the assumption that these are neutralizing agents
and carriers for soluble TNF, inactivating TNF-associated cel-
lular functions. sTNFR may also act as ligands for membrane-
bound TNF and probably activate the cell. It has been found
that a dimeric form of sTNFR1 dephosphorylates transmem-
brane TNF and induces reverse signaling of TNF (44). This
effect could be prevented by treatment with phosphatase in-
hibitors. Binding of sTNFR1 to membrane-bound TNF in-
duced an increase in the intracellular calcium level in a mouse
macrophage cell line. Reverse signaling through transmem-
brane TNF with soluble TNF receptors (sTNFR1 and sTNFR2)
as ligands mediated lipopolysaccharide resistance in human
monocytes and macrophages (14). In addition, activation of
membrane TNF on human T cells by TNFR2 induced expres-

sion of the adhesion molecule E-selectin (21). Activation of the
mitogen-activated protein kinase/extracellular signal-regulated
kinase signaling pathway has been reported on macrophages
by reverse signaling through transmembrane TNF (27). These
studies predicted the presence of associated signaling pathways
by binding of soluble TNF receptors to membrane-bound TNF.

In conclusion, total neutralization of TNF led to increased
susceptibility, whereas partial TNF inhibition resulted in en-
hanced granuloma formation and macrophage activities. There-
fore, high levels of sTNFR1 neutralizing TNF reduced protec-
tive immune functions but did not prevent release of TNF and
Th1-type cytokines in severe pathological conditions, while low
levels of sTNFR1 increased BCG-induced macrophage func-
tions.
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