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Abstract: Tuberculosis (TB) is a major health problem requiring sustained immunity to inhibit Mycobacterium tuber-
culosis growth and appropriate antimicrobial therapy to prevent dissemination and drug resistance. Cell-mediated
immune responses to M. tuberculosis involve the activation of cytokines such as Tumor Necrosis Factor (TNF) which
is critical for granuloma formation and host resistance against TB. TNF inhibition, used as therapy for the treatment
of inflammatory diseases, disrupts granuloma allowing replication of mycobacteria which may increase the efficacy
of TB chemotherapy. To test this hypothesis mice infected with M. tuberculosis were treated with isoniazid (INH)
and rifampicin (RMP) in the presence or absence of Enbrel, a soluble TNF receptor antagonist during three phases
of M. tuberculosis infection. Inhibition of TNF with Enbrel augmented the efficacy of TB chemotherapy as shown by
enhanced mycobacterial clearance from the lung of acute and established infection as well as in chronically infected
mice. Furthermore, TNF inhibition significantly reduced lung pathology as compared to TB chemotherapy alone.
Therefore, the experimental data suggest that TB chemotherapy may be more effective in the presence of a TNF
inhibitor, which may be relevant to eradicate mycobacteria during chronic M. tuberculosis infection or reactivation.

Keywords: Mycobacterium tuberculosis, chemotherapy, isoniazid (INH), rifampicin (RMP), tumor necrosis factor

(TNF), TNF inhibitors, granulomas

Introduction

Mycobacterium tuberculosis infection is a
major health problem with an estimated 8.7
million new cases and 1.4 million deaths in
2011 (WHO). Co-infection with HIV caused 13
% new active infected people resulting in a high
mortality rate (48.6 %) among these patients
[1]. M. tuberculosis multidrug-resistant strains
which are resistant to first-line tuberculosis (TB)
drugs isoniazid and rifampicin (INH/RMP)
affects more than 4% of new patients annually
and largely contribute to the present TB epi-
demic [2, 3]. One-third of the global population
is considered to be infected with M. tuberculo-
sis in a latent form that can reactivate years
after a primary infection when host immunity
declines [4].

The long-term chemotherapy for M. tuberculo-
sis infection and often insufficient compliance
of the patients to take medicines contribute to
incomplete treatment, infection relapse and
emergence of multi-drug resistance [5, 6].
Therefore reduction of the duration of TB che-
motherapy is an important issue, and the devel-
opment of new therapies that shorten the dura-
tion of M. tuberculosis treatment is a major
objective [7]. Several possibilities are currently
explored including the co-administration of new
drugs to first line drugs for chemotherapy of TB
[8]. An alternative for intervention discussed
recently consisted in modification of host
immune responses that could potentially alter
M. tuberculosis transition from a dormant state,
as found within granulomatous lesions, to a
resuscitation or replicating state that may allow
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better drug accessibility [9]. This hypothesis
was tested using an inhibitor of macrophage
responses combined to Isoniazid (INH) result-
ing in reduced lung pathology and better bacil-
lary clearance compared to INH therapy alone
[10, 11]. These studies suggest that modifica-
tion of host immune system may affect bacillus
elimination by chemotherapy.

Tumor Necrosis Factor (TNF) is a critical cyto-
kine for cell-mediated host immunity against
mycobacteria and other infectious agents but,
on the other hand, TNF is a main mediator of
inflammatory processes in which its deregulat-
ed expression may cause immunopathology
[12]. TNF neutralizing therapies have emerged
as the most efficacious treatments against sev-
eral autoimmune inflammatory diseases such
as rheumatoid arthritis, Crohn’s disease, and
ulcerative colitis [13]. However, TNF blockade,
mainly using anti-TNF antibodies, in treatments
for chronic diseases has been associated with
immunosuppression, reactivation of latent TB
[14-16] and a risk of new M. tuberculosis infec-
tion in particular in countries with a high inci-
dence of TB [17]. Anti-TNF effects are related to
cell death, granuloma disruption and extracel-
lular bacteria that can multiply and disseminate
[18-20]. Granuloma formation plays a key role
in host protection against mycobacterial infec-
tions and their breakdown is thought to contrib-
ute to exacerbated TB [21]. However, granulo-
mas can be also a niche where mycobacteria
might persist in the latent form until decline in
host immunity provides chance to reactivate
[22]. M. tuberculosis, which possesses mecha-
nisms to subvert the host immune system,
induces exacerbated inflammatory responses
associated to important tissue lesions and dis-
semination of the bacilli into the airways [23].
Dysregulated TNF expression regulated by pro
and anti-eicosanoids has been associated with
defective host immunity due to excessive or
inefficient inflammation [24]. The overall para-
doxical activity of TNF provides a target for
studies on combined therapy in selected TB
patients. In HIV patients with pulmonary TB, a
clinical trial combining TNF inhibitors with anti-
TB drugs showed that TNF inhibitors can be
safely administrated during TB treatment and,
in addition, higher responses to TB treatment
were observed in the group of Enbrel (etaner-
cept, soluble TNFR2-Fc) treated patients [25].

Here, we investigated the effect of combined
TNF inhibition and chemotherapy for TB on bac-
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terial clearance and immunopathology com-
pared to M. tuberculosis chemotherapy alone
in murine models of pulmonary experimental
TB infection. Our data demonstrate an
enhanced bacillary clearance and reduced lung
pathology in mice receiving a combination of
TNF neutralization and INH and RMP chemo-
therapy during acute, established and chronic
M. tuberculosis infection.

Material and methods
Ethics statement

All animal experimental protocols complied
with French regulations. Approval was obtained
from the “Ethics Committee for Animal
Experimentation of CNRS Campus Orleans”
(CCO), registered (N°3) by the French National
Committee of Ethical Reflexion for Animal
Experimentation, under the N° CLE CCO 2011-
029 in compliance with the French ethical and
animal experiments regulations (see Charte
Nationale, Code Rural R 214-122, 124).

Mice

C57BL/6 mice and TNF deficient mice [26]
were bred under specific pathogen free condi-
tions at the Transgenic Institute (CNRS UPS44,
Orleans, France) and used between 8-12 weeks
of age. Infected animals were maintained in
sterile isolators in a biohazard animal unit.

Mycobacterial infection of mice and treat-
ments

A frozen aliquot of M. tuberculosis H37Rv
(Pasteur Institute, Paris) was rapidly thawed at
room temperature and passed 30x through a
26G needle and diluted in sterile saline.
Pulmonary infection with M. tuberculosis was
performed by delivering 300-500 CFU/lung of
H37Rv intra nasally (40 ul) under xylazine-ket-
amine anaesthesia as described [27]. M. tuber-
culosis infected mice were killed at different
time points as indicated. Treatment with anti-
TB drugs, isoniazid and rifampicin (INH/RMP)
(Sigma-Aldrich) at concentration 0.1 mg/mL
each was delivered in drinking water as previ-
ously reported [28]. Enbrel at 20 mg/kg, dilut-
ed in saline, was administered intraperitoneally
twice a week and control mice were injected
with similar volumes of saline [29]. Figure 1
represents the three experimental protocols
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Figure 1. Graphic representation of 3 different
protocols developed in this study during acute (1),
established (2), and chronic (3) M. tuberculosis in-
fection. TNF neutralizing and INH/RPM treatments
are indicated by vertical discontinuous lines. Day of
sacrifice is indicated by. A. Theoretical early bacterial
replication between days 1 to 21 post-infection. B.
Steady state phase of the infection in the absence
of treatment.

used in this work corresponding to treatments
at different infection phases, acute, estab-
lished and chronic infection, during which TB
chemotherapy may differently affect mycobac-
terial elimination: (1) treatment with TB chemo-
therapy and anti-TNF (Enbrel) from day 29 to
day 40 post-infection and mouse killing on day
43; (2) treatment with antibiotics and Enbrel
from day 60 to day 84 after infection and sacri-
fice on day 95; (3) treatment from day 162 to
day 186 and sacrifice on day 198.

Determination of CFU from infected organs

The number of viable bacteria recovered from
lungs of mice sacrificed at different time points
was scored by plating 10-fold serial dilutions of
fresh-frozen lung homogenates onto
Middlebrook 7H11 agar plates as previously
reported [30].

Histological analyses of pulmonary lesions

Lungs were fixed in 4% buffered formaldehyde
and embedded in paraffin for subsequent
hematoxylin/eosin (H&E) staining. Histopatho-
logical parameters peribronchiolitis, perivascu-
litis, inflammation and granuloma formation
were semiquantitatively scored as followed:
absence: 0, minimal: 1, slight: 2, moderate: 3,
marked: 4, and strong: 5 [31]. Each parameter
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was evaluated in three different pulmonary
lobe sections from five mice for protocol num-
ber 1 (at 43 days post infection) and from three
mice for the other protocols. A mean pathologi-
cal score from two independent evaluators is
given.

IFNy assay

IFNy lung concentration was evaluated by ELISA
(Duoset, R&D Systems, Abingdon, UK) from
supernatants of tissue homogenates (one full
right lobe per mL PBS) after filtration through
0.22 um [32].

Statistical analyses

The unpaired Student’'s t-test was used for
analyses. P values < 0.05 were considered as
statistically significant.

Results

Enbrel treatment enhances bacterial clear-
ance by INH/RMP chemotherapy and reduces
lung pathology during acute M. tuberculosis
infection

To test whether TNF neutralization improves
the efficacy of TB chemotherapy, mice were
infected with M. tuberculosis H37Rv (500 CFU).
At day 29 post-infection C57BL/6 mice were
divided in four therapeutic groups: saline treat-
ed controls, treated with Enbrel (etanercept, a
soluble human TNFR2-Fc blocking TNF), treat-
ed with isoniazid and rifampicin (INH/RMP), TB
drugs exerting different activities against M.
tuberculosis [33], and the fourth group was
treated with INH/RMP plus Enbrel. Body weight
measurement of C57BL/6 mice did not show
significant differences between groups during
treatments in contrast to a group of infected
but untreated TNF knock-out (KO) mice which
showed weight loss due to unrestricted bacte-
rial growth confirming early susceptibility to the
infection (data not shown). On day 43 of infec-
tion mice were sacrificed and lung analyzed for
pathology and mycobacterial load. Lung weight,
a surrogate measure of lung inflammation,
decreased in animals treated with INH/RMP
with or without Enbrel compared to control and
Enbrel-treated mice suggesting a reduction in
lung inflammation (Figure 2A). Pulmonary bacil-
lary loads were significantly decreased in mice
treated with INH/RMP compared to control
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Figure 2. TNF inhibition
and chemotherapy dur-
ing acute M. tubercu-
losis infection reduce
bacterial load and lung
pathology. A. C57BL/6
mice were infected with
M. tuberculosis H37Rv
(500 CFU) treated with
saline (CONTROL), with
Enbrel (ENBREL), with
antibiotics (INH/RMP)
or the combination of
INH/RMP plus Enbrel
(INH/RMP+ENBREL)
from day 29 to day 40
post-infection, killed at
day 43 post-infection
and their relative lung
and spleen weight
changes determined
(n=5). B. Lung CFU
evaluation at day 43
after infection. Results
are represented as
mean CFU+SD from
one experiment with
4-5 mice per group.
C. Lung sections from
mice infected with M.
tuberculosis for 43
days and treatment.
Hematoxilin & eosin
staining of lung sec-
tions with magnifica-
tion 200X. Pictures
are representative of
five mice per group. D.
Scores of lung pathol-
ogy at day 43 post-
infection monitored on
total sections from 2-3
lung lobes per mice.
Data are represented
as means scores *
SD from five mice per
group.

mice (Figure 2B).
The group of mice
receiving combined
INH/RMP and Enbrel
treatment showed
lower bacterial
counts (p<0.05)
compared to the
antibiotic treatment
alone (Figure 2B).
Histological exami-
nation of the lungs
on day 43 docu-
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mented a reduced inflammatory pathology in
mice treated with antibiotics which was further
decreased in mice treated with INH/RMP plus
Enbrel (Figure 2C). Semi-quantification of pul-
monary lesions confirmed that the combination
of Enbrel plus INH/RMP treatment resulted in
significantly reduced pathology in terms of peri-
vasculitis, inflammation and extent of granulo-
matous lesions, as compared to treatment with
INH/RMP alone (Figure 2D). Therefore, the
data demonstrate that TNF neutralization with
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Figure 3. Effect of TNF
neutralization and
chemotherapy during
established M. tu-
berculosis infection.
Mice were infected
with M. tuberculosis
H37Rv (300 CFU) and
killed 95 days after
infection. A. Pulmo-
nary lesions observed
in mice infected with
M. tuberculosis and
treated with INH/
RMP alone or with
INH/RMP+ENBREL.

*

B. Relative lung

] weight changes of M.
tuberculosis-infected

g mice at day 95 post-

Granulomat lesions

INHRMP  INHIRMP+EMBREL infection. C. Lung CFU
evaluation from mice
treated with INH/
RMP alone or with
INH/RMP+ENBREL.
Data are represented
as mean CFU+SD
from 3 mice per
group. *p=0.05, dif-
ferences between
INH/RMP and INH/
RMP+ENBREL
groups. D. Lung sec-
tions from mice in-
fected with M. tuber-
culosis for 95 days,
hematoxilin & eosin
staining of lung sec-
tions with maghnifi-
cation 20X (up) and
200X (bottom). E.
Scores of lung pathol-
ogy at day 95 post-
infection  monitored
on total sections from
* 2-3 lung lobes per
— mice. Data are rep-
resented as means
scores + SD from
three mice per group,
*p<0.01 compared to
control group.

B INH/EMP
O INH/EMP+EMNBREL

Enbrel enhances the efficacy of chemotherapy
induced bacterial clearance and reduces
infammatory lung pathology in acute M. tuber-
culosis infection.

Enbrel treatment potentiates INH/RMP
chemotherapy effects during established M.
tuberculosis infection

To explore whether TNF neutralizing therapy
potentiates the efficacy of antibiotic chemo-
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Figure 4. TNF inhibition and chemotherapy during chronic M. tuberculosis infection improve bacterial clearance
and reduce pulmonary lesions. Mice were infected with M. tuberculosis H37Rv (300 CFU) and killed 198 days after
infection. A. Pulmonary lesions observed in mice infected with M. tuberculosis and treated with INH/RMP alone
or with INH/RMP+ENBREL. B. Lung CFU from mice treated with INH/RMP alone or with INH/RMP+ENBREL. Data
are represented as mean CFU+SD from three mice per group. *p=0.05, differences between INH/RMP and INH/
RMP+ENBREL groups. C. Levels of IFNy in the lung of mice M. tuberculosis-infected and killed at day 198 after
infection. Data are represented as mean pg of IFNy/mL of lung homogenate +SD from three mice per group. D.
Lung sections from M. tuberculosis-infected mice for 198 days, hematoxilin & eosin staining of lung sections with
maghnification 200X. Pictures are representative of three mice per group.

therapy during established M. tuberculosis infection (Figure 1). No difference in body
infection, mice infected with M. tuberculosis weight between groups was observed (data not
H37Rv (300 CFU) were treated with antibiotics shown). Mice treated with INH/RMP and com-
in the presence or absence of Enbrel from day bined INH/RMP and Enbrel showed a reduced
60 to day 84 and sacrificed at day 95 post- pathology on day 95 of infection as observed
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macroscopically (Figure 3A), with a decreased
lung weight as compared to infected, non-treat-
ed mice (Figure 3B). Pulmonary bacterial bur-
den was significantly lower in the group receiv-
ing combined INH/RPM - Enbrel treatment as
compared to the INH/RMP only group (Figure
3C). Histopathological analyses of infected
lungs at day 95 post-infection revealed large
lesions in untreated control mice as shown in
Figure 3D. In contrast, the extent of the pulmo-
nary lesions was attenuated in INH/RPM and in
INH/RPM plus Enbrel treated mice. Enbrel com-
bined with antibiotics further reduced the gen-
eral pattern of lung pathology compared to anti-
biotics alone. Granulomatous lesions were
larger in mice treated with antibiotics and con-
tained accumulation of lymphoid cells which
were reduced in the combined INH/RPM and
Enbrel group. Semi-quantitative analysis of pul-
monary lesions confirmed a significant reduc-
tion in peribronchiolitis, perivasculitis, inflam-
mation foci and the extent of granulomatous
lesions in the combined INH/RPM and Enbrel
group as compared to the INH/RPM group
(Figure 3E).

Enbrel treatment enhances bacterial clear-
ance by INH/RMP chemotherapy and reduces
lung pathology during chronic M. tuberculosis
infection

To further investigate the effects of Enbrel and
INH/RMP co-administration during chronic
infection, mice were infected with M. tuberculo-
sis H37Rv and treated with antibiotics +/-
Enbrel from day 162 to day 186. Lung macro-
scopic examination revealed a limited number
of lesions in the group of mice treated with
INH/RMP plus Enbrel on day 198 of infection
(Figure 4A). In addition, the pulmonary bacteri-
al load of mice treated with INH/RPM plus
Enbrel was reduced as compared to mice treat-
ed with INH/RPM alone (Figure 4B). Pulmonary
levels of IFNy, measured as a surrogate marker
of active immune response at this time point,
revealed reduced IFNy concentrations in the
lungs of mice treated with antibiotics but no dif-
ferences was found when Enbrel was adminis-
trated together with antibiotics (Figure 4C). The
histopathology examination confirmed a reduc-
tion of pulmonary lesions in mice treated with
INH/RPM plus Enbrel as compared with mice
receiving only antibiotics (Figure 4D). Therefore,
during M. tuberculosis chronic infection combi-
nation of TNF neutralization plus chemotherapy
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is more efficacious than chemotherapy alone to
eliminate mycobacteria and to limit lung
pathology.

Discussion

In this work we evaluated the effect of co-
administration of a TNF inhibitor and INH/RPM
in murine models of pulmonary tuberculosis to
explore whether this combined treatment may
improve bacterial clearance and potentially
reduce the duration of chemotherapy. Using
three different experimental protocols corre-
sponding to different phases of M. tuberculosis
infection in which the effect of TB chemothera-
py can be different due to differential bacterial
replication state, our data demonstrated that
TNF neutralization combined with M. tuberculo-
sis chemotherapy improved elimination of pul-
monary bacilli better than using anti-TB drugs
alone. The study showed that chemotherapy is
more effective in eliminating mycobacteria dur-
ing acute infection as compared to chronic
infection. However, adjuvant therapy with
Enbrel during both M. tuberculosis acute and
chronic infections decreased the bacterial load
and reduced lung pathology when compared to
the effect of antibiotics alone. The amelioration
of lung pathology in chronically infected mice
by combined therapy was observed after two
weeks without combined treatment and was
associated with a reduction in bacterial load.
Studies on patients treated with Enbrel for
rheumatoid arthritis have shown modification
of B and T cell populations and functions that
may favour the reactivation of latent TB [18,
34]. Prevention by chemoprophylaxis before
anti-TNF treatment strongly reduced the prob-
ability of developing TB [35], however in coun-
tries with higher tuberculosis incidence, a pro-
portion of patients still reactivate or are newly
infected during anti-TNF treatment despite ini-
tial chemotherapy for M. tuberculosis infection
[17]. In such cases the anti-TNF treatment is
stopped and chemotherapy for TB started, but
anti-TNF treatment withdrawal during active TB
has shown paradoxical and unexpected clinical
situations with worsening of tuberculosis sever-
ity [36]. Our study shows that TB chemotherapy
can be improved by co-administration of anti-
TNF treatment during different phases of M.
tuberculosis infection, suggesting that in latent
TB reactivation appearing upon TNF neutraliza-
tion, anti M. tuberculosis chemotherapy could
be administered without stopping TNF inhibi-
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tion. A clinical trial in HIV patients with pulmo-
nary TB combining TNF inhibitors with anti-TB
drugs reported that TNF inhibitors can be safely
administrated during M. tuberculosis treatment
and Enbrel treated patients showed higher
responses to tuberculosis treatment with
reduced time of clinical responses [25]. Our
data also indicates that a combination of TNF
inhibition with anti-TB drugs may shorten the
duration of treatment which is an important
clinical issue. Similar results have recently
been published confirming that anti-TNF as
adjunctive chemotherapy can improve bacterial
elimination in a murine model of necrotic TB
granuloma [37].

We show here that co-treatment with anti-TNF
and M. tuberculosis chemotherapy resulted in
reduced lung pathology and enhanced clear-
ance of bacilli from the lung during acute and
chronic infection. The improved response is
likely explained by a better access of anti-TB
drugs to the infected cells. Considering that
TNF, which is an essential cytokine produced by
infected macrophages and T cells, plays an
important role in granuloma formation, it can
be expected that inhibition of TNF results in dis-
organization of granulomas [20]. At present,
whether alteration of granuloma structure is
advantageous for the efficacy of anti-TB drugs
and intracellular mycobacteria destruction
needs further investigation. Furthermore, TNF
neutralization diminishes the inflammatory
response at early phase of mycobacterial infec-
tion which may be followed by an enhanced
pathology at later infection contributing to
bacillus overgrowth [38, 39]. In addition, M.
tuberculosis chemotherapy in acutely infected
TNF deficient mice had an enhanced effect in
eliminating mycobacteria compared to wild-
type mice as evidenced by a more rapid and
increased M. tuberculosis clearance suggest-
ing that TNF interferes with the effect of anti-TB
drugs and impairs bacterial Killing during this
early phase of the infection [40].

Co-treatment with an anti-mouse TNF antibody
and INH during acute M. tuberculosis infection
did not change the bacillary load as compared
to INH alone, while it improved lung pathology
[10]. The type of TNF inhibitor as well as the
dose may account for the different results as
the two categories of TNF blocking agents are
known to act differently [41-43]. Enbrel is
known to be less effective than anti-TNF anti-
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bodies for the treatment of certain human
pathologies [41, 44]. However, M. tuberculosis
reactivation are less frequently reported in
patients treated with Enbrel than with anti-TNF
antibodies, although reactivation or enhanced
sensitivity to TB has been observed with both
therapeutic agents, and at different infectious
status of patients [44, 45]. Enbrel has been
used in different mouse studies but it cannot
be excluded that long term treatment can result
in mouse antibody production against the
human molecule. However, we have previously
shown that blockade of soluble TNF and mem-
brane TNF by Enbrel alone during murine acute
M. tuberculosis infection compromised host
defense, worsened lung pathology and
increased bacillary burden proving their effi-
cient TNF neutralizing activity during infection
[29]. We also reported that selective inhibition
of soluble TNF sparing membrane TNF by
Dominant-Negative (DN)-TNF biologics pre-
serves host immunity to M. tuberculosis infec-
tion yet maintaining a strong anti-inflammatory
activity as mice are well protected from hepati-
tis [29, 46]. Selective inhibition of soluble TNF
by DN-TNF biologics (sparing membrane TNF)
combined to M. tuberculosis chemotherapy
would represent an interesting approach to bet-
ter maintain host immunity during TB chemo-
therapy and needs further investigation to eval-
uate the efficacy of combined treatments for
improving chemotherapy.

In conclusion, this work emphasizes the com-
plex activity of TNF in mycobacterial infections
which is clearly required for host defense
mechanisms against mycobacteria, but may
also provide evasion of mycobacteria in granu-
lomas with reduced accessibility to chemother-
apy. Therefore, TNF neutralisation with granu-
loma dissolution will increase efficacy of
chemotherapy. This work strongly suggests
that M. tuberculosis chemotherapy may be
more efficacious in the presence of a TNF inhib-
itor to clear bacilli and reduce lung pathology,
which may be considered in acute and chronic
M. tuberculosis infection.
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