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Tumor necrosis factor (TNF) is an important cytokine for host defense against pathogens but is also associated with the develop-
ment of human immunopathologies. TNF blockade effectively ameliorates many chronic inflammatory conditions but compro-
mises host immunity to tuberculosis. The search for novel, more specific human TNF blockers requires the development of a
reliable animal model. We used a novel mouse model with complete replacement of the mouse TNF gene by its human ortholog
(human TNF [huTNF] knock-in [KI] mice) to determine resistance to Mycobacterium bovis BCG and M. tuberculosis infections
and to investigate whether TNF inhibitors in clinical use reduce host immunity. Our results show that macrophages from
huTNF KI mice responded to BCG and lipopolysaccharide similarly to wild-type macrophages by NF-�B activation and cytokine
production. While TNF-deficient mice rapidly succumbed to mycobacterial infection, huTNF KI mice survived, controlling the
bacterial burden and activating bactericidal mechanisms. Administration of TNF-neutralizing biologics disrupted the control of
mycobacterial infection in huTNF KI mice, leading to an increased bacterial burden and hyperinflammation. Thus, our findings
demonstrate that human TNF can functionally replace murine TNF in vivo, providing mycobacterial resistance that could be
compromised by TNF neutralization. This new animal model will be helpful for the testing of specific biologics neutralizing hu-
man TNF.

Tumor necrosis factor (TNF) is critical for resistance against
intracellular bacterial infections; however, its dysregulation

may be associated with the development of human immuno-
pathologies (1–5). Anti-TNF therapies have shown their efficacy
for the treatment of autoimmune inflammatory diseases, such as
rheumatoid arthritis and Crohn’s disease, and are being explored
for the treatment of other severe human pathologies, such as
chronic obstructive pulmonary disease (6–8). However, the com-
plete blockade of TNF has confirmed the essential role of TNF in
the control of tuberculosis (TB) infection, as treated patients de-
velop both TB and nontuberculous mycobacterial diseases (9–12).
TB is still a major health problem newly affecting in its active form
nearly 9 million people every year. One-third of the global popu-
lation is considered to be infected by Mycobacterium tuberculosis
in a latent form (13). M. bovis BCG is used for vaccination in
countries with a high TB incidence and appears to control severe
forms of tuberculosis in children but fails to prevent TB in adults
(14).

TNF is initially synthesized as a membrane protein released
under activation by infectious and inflammatory stimuli. Two
types of TNF inhibitors blocking membrane and soluble TNF are
currently used to treat inflammatory diseases and comprise anti-
TNF antibodies (infliximab, adalimumab, certolizumab, etc.) and
soluble TNF receptor 2 (sTNFR2; etanercept) (15). These drugs
have distinct neutralization efficacies in human diseases, and they
are associated with distinct risks of TB reactivation, with the anti-
TNF antibody-based drugs showing more pronounced TB reacti-

vation than sTNFR2 (16, 17). However, mechanistically this phe-
nomenon is not well understood and cannot be studied in mouse
models since the antibodies are species specific and only biologics
that are based on the TNF receptor and that react with mouse TNF
can be tested in vivo (15, 18). To that end, Plessner et al. compared
soluble murine TNFR2-Fc to an anti-mouse TNF antibody and
reported that while during primary infection both TNF inhibitors
had similar effects of exacerbating TB infection, the effect of
sTNFR2 during chronic infection was less than that of the anti-
body due to decreased penetration into granulomas (19). Never-
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theless, most TNF blockers are human specific and do not interact
with mouse TNF, creating one of the limitations to their in vivo
analysis. To test new molecules inhibiting human TNF in vivo and
select the best candidates, a specific mouse model is required. In
the present study, mice with human TNF, in which the mouse
TNF gene was replaced by the human TNF gene (human TNF
[huTNF] knock-in [KI] mice), were used to show that human
TNF expressed in mice can functionally substitute for mouse TNF
in terms of the development of host immunity in response to
mycobacterial infections. We further demonstrate that anti-hu-
man TNF antibodies used in the clinic jeopardize such protection,
validating the use of this animal model for testing the effects of
new human-specific TNF-neutralizing molecules.

MATERIALS AND METHODS
Ethics statement. Animal experiments were approved by the Cantonal
Veterinary Office of Geneva, Switzerland (authorization no. 31.1.1005/
3202/2), the Ethics Committee for Animal Experimentation of CNRS
Campus Orleans (authorization no. CLE CCO 2012-1001), and the Min-
istry of Environment, Nature Protection and Agriculture in Kiel, Ger-
many (authorization no. V312-72241.1123-3(36-3/09).

Mice. Mice with human TNF (huTNF KI) were generated by the con-
ventional technology of homologous recombination in embryonic stem
cells, followed by removal of the positive selection marker using a LoxP-
Cre system. The mouse genomic locus containing the TNF gene was re-
placed by the syntenic portion of the human genome (see Fig. S1 in the
supplemental material), resulting in full replacement of mouse TNF by its
human ortholog (20) (A. A. Kruglov, I. A. Mufazalov, A. A. Kuchmiy,
M. S. Drutskaya, and S. A. Nedospasov, unpublished data). C57BL/6,
huTNF KI, and TNF knockout (KO) (21) mice were housed under con-
ventional conditions at CMU and under specific-pathogen-free condi-
tions at CNRS (TAAM UPS44, Orleans, France) and the Research Center
Borstel (RCB).

BMDM culture. Bone marrow-derived macrophages (BMDMs) were
derived from bone marrow cells obtained from femurs and cultured as
described previously (22). BMDMs were infected with BCG Connaught
(multiplicity of infection [MOI], 1) or activated with lipopolysaccharide
(LPS; 1 �g/ml; Escherichia coli serotype O111:B4; Sigma) or with gamma
interferon (IFN-�; 100 units/ml), and supernatants were harvested after
24 h.

Evaluation of cytokines, chemokines, and TNF bioactivity. Cyto-
kines (TNF, IFN-�, interleukin-12 p40 [IL-12p40]) and chemokines
(RANTES, monocyte chemoattractant protein 1 [MCP-1]) in cellular su-
pernatants, serum, and lung tissues (homogenized in 0.04% Tween 80,
NaCl, 125 mg tissue per ml) were evaluated by enzyme-linked immu-
nosorbent assay. The TNF bioactivity of BMDM culture supernatants was
measured on WEHI164 cells (subclone 13) as described previously (23).
Addition of sTNFR1 (5 �g/ml) from sTNFR1-transgenic mouse serum
(24) or anti-TNF (2 �g/ml; MP6-XT22) inhibited the TNF bioactivity of
the samples.

BCG and M. tuberculosis infections and treatment with TNF block-
ers. Mice were infected intravenously (i.v.) with 5 � 106 CFU of living
BCG strain Sofia (25), 1 � 107 CFU of living BCG strain Connaught (26),
or 5 � 106 CFU of BCG Pasteur strain 1173 P2, as indicated below. Sur-
vival experiments were pursued for up to 200 days. Intraperitoneal injec-
tion of infliximab (10 mg/kg of body weight; Remicade; Centocor) or
vehicle (0.9% NaCl) was performed at day 6 postinfection and twice a
week for 3 weeks. Mice were infected either intranasally (i.n.) with 1,000
CFU or by aerosol infection with 500 CFU of M. tuberculosis H37Rv using
a Glas-Col aerosol infection device (Terre-Haute, IN). TNF blockers were
diluted in 0.9% NaCl, and intraperitoneal application started at day 14
postinfection and was continued for 2 weeks. Infliximab (Remicade) and
adalimumab (Humira) were administered once a week (10 mg/kg), while
the treatment with etanercept (Enbrel) was done twice weekly (40 mg/kg).

Lung bacterial load and pathology were determined at the time points
postinfection indicated below (27–29).

Histological analyses, ZN staining, and acid phosphatase activity.
Histological analyses of infected organs were done at 4 weeks postinfec-
tion on fixed tissues for hematoxylin and eosin (H&E) and Ziehl-Neelsen
(ZN) staining and on frozen livers for determination of acid phosphatase
activity (24). Histopathological analyses were performed on tissue sec-
tions from lung and liver using digital microscopic images acquired by a
Mirax digital slide scanner and analyzed with Pannoramic Viewer soft-
ware (Carl Zeiss) (30). For liver analysis, the area with lesions was quan-
tified and is presented as the percentage of the area with lesions, corre-
sponding to the area of granulomas/surface area of the total liver, which
was 50 � 11 mm2 per liver section and animal. For lung analysis, the areas
without and with lesions were quantified in a lung surface area of 40 � 18
mm2 per lung section (one or two lobes) and per animal. Data are pre-
sented as the percentage of the free alveolar space, corresponding to the
percentage of the area lung lesion free/total area of lung. Cellular infiltra-
tion, necrosis, and edema were quantified using a semiquantitative score
indicating the increasing severity of changes (range of scores, 0 to 5). The
scoring was performed by two independent observers, including a trained
pathologist.

Western blot analyses. Liver proteins were analyzed by Western blot-
ting as described previously (31). The primary antibody was either a rabbit
polyclonal anti-NF-�B p65 antibody (Santa Cruz Biotech) or a rabbit
monoclonal anti-phosphorylated NF-�B p65 antibody (Cell Signaling
Tech), and the secondary antibody was a horseradish peroxidase-conju-
gated goat anti-rabbit antibody (Bio-Rad). We used a polyclonal rabbit
anti-mouse inducible nitric oxide synthase (iNOS; Calbiochem) and an
antiactin antibody (Sigma-Aldrich). Blots were developed with LumiGlo
chemiluminescent substrate (KPL). The density of the bands was quanti-
fied by Quantity One analysis software (Bio-Rad).

Ex vivo stimulation and flow cytometry analyses of splenocytes.
Spleen cells from mice that had been infected for 4 weeks (5 � 106 CFU of
BCG Pasteur) were prepared as described previously (32). Splenocytes
were stimulated with medium, BCG culture filtrate antigens (CFAs; 20
�g/ml), and BCG (MOI, 1), and supernatants were evaluated for IFN-�
and nitric oxide (NO). Nitrite content, as an indicator of the NO content,
was assessed by use of the Griess reagent (31).

Flow cytometry on splenocytes was performed using a FACSCyan flow
cytometer (Beckman Coulter, Inc.), and 50,000 events were typically ac-
quired. The following antibodies were used: anti-CD3 (145-2C11), anti-
CD4 (GK1.5), anti-Ly6G (RB6-8C5), anti-major histocompatibility com-
plex class II (anti-MHC-II; M5/114.15.2), and anti-CD11b (M1/70) from
eBioscience (San Diego, CA) and 2.4G2 anti-Fc� RII/III monoclonal an-
tibody. Data were analyzed with FlowJo software (Tree Star, Inc., Ashland,
OR). To precisely control the gating, appropriate fluorochrome-labeled
isotype control antibodies were used and fluorescence minus 1 was used as
a control.

Statistical analyses. Statistical analyses were done with GraphPad
Prism software (GraphPad Soft., La Jolla, CA). A P value of �0.05 was
considered statistically significant. Data from experiments with 2 groups
were analyzed with an unpaired Student t test, and data from experiments
with more than two groups were analyzed with one-way analysis of vari-
ance (ANOVA) and nonparametric Turkey tests.

RESULTS
Cytokine responses and NF-�B activation in BMDMs from
huTNF KI mice. To determine whether macrophages from
huTNF KI mice (see Fig. S1 in the supplemental material) have the
capacity to respond normally to BCG infection and to other stim-
uli, bone marrow-derived macrophages (BMDMs) from huTNF
KI mice were compared to wild-type (WT) cells for their ability to
produce cytokines. The levels of murine TNF induced by BCG,
LPS, and IFN-� in WT BMDMs were similar to those of human
TNF activated in huTNF KI BMDMs (Fig. 1A). No measurable
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FIG 1 BMDMs from huTNF KI mice respond to BCG, LPS, and IFN-� as well as WT cells producing cytokines, chemokines, and phosphorylated NF-�B p65
upon BCG infection. BMDMs from huTNF KI and WT mice were activated for 24 h with BCG Connaught (MOI, 1), LPS, or IFN-�. (A) Murine TNF
concentrations in the supernatants of WT BMDMs and human TNF concentrations in the supernatants of huTNF KI BMDMs. (B to E) The levels of soluble
TNFR1 (B), soluble TNFR2 (C), IL-6 (D), and MCP-1 (E) in culture supernatants were determined (n � 6). NT, not treated. (F) Phosphorylated and
nonphosphorylated NF-�B p65 proteins in BMDMs uninfected or infected with BCG were detected by Western blotting at different time points. One of three
representative Western blots is shown. (G) The graph presents the ratio of phosphorylated NF-�B p65 (P-NF-�B) to nonphosphorylated NF-�B p65 bands from
three Western blots corresponding to three experiments. Quantification was done with Quantity One analysis software, and results are presented as the ratio of
the number of units of phosphorylated NF-�B p65/number of units of total NF-�B p65 (n � 3 mice per group). The bar graphs show means � SEMs. *, P � 0.05
versus the WT.
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human TNF was released by activated WT murine cells and vice
versa, indicating that all assays were species specific (data not
shown). The levels of bioactive TNF made by BCG-infected BMDMs
were similar in huTNF KI and WT cell supernatants, as measured
by WEHI164 cell death induction (see Fig. S2A in the supplemen-
tal material). The concentrations of activated soluble TNFR1 and
TNFR2 in both WT and huTNF KI BMDM supernatants were
comparable (Fig. 1B and C). IL-6 levels were similar in huTNF KI
and WT BMDMs, while BCG-infected TNF KO BMDMs pro-
duced smaller amounts of IL-6 (Fig. 1D). Interestingly, the level of
BCG-induced MCP-1 expression by huTNF KI BMDMs was sig-
nificantly lower than that by WT cells (Fig. 1E). To assess whether
BMDMs from huTNF KI mice can activate intracellular signaling
after BCG infection, NF-�B phosphorylation patterns were ana-
lyzed by Western blotting. The levels of phosphorylated NF-�B
p65 progressively increased in WT and huTNF KI BMDMs after
BCG infection, and both WT and huTNF KI BMDMs presented a
similar activation profile, which appeared to be much lower in
TNF KO BMDMs than in WT BMDMs (Fig. 1F and G; see also Fig.
S2B in the supplemental material). Human TNF in huTNF KI
macrophages lacking endogenous mouse TNF expression was ef-
ficiently induced by different stimuli, including live mycobacteria.

HuTNF KI mice are resistant to BCG infection. The previous
results encouraged us to explore the ability of human TNF to
protect mice from BCG infection in vivo. Infection of huTNF KI,
TNF KO, and WT mice with BCG (Connaught, 1 � 107 CFU) led
to a dramatic loss of body weight and the rapid death of TNF KO
mice, while both huTNF KI and WT mice resisted the infection for
more than 6 months of the experiment (Fig. 2A and B). Similar
results were obtained after infection with the BCG Pasteur strain
(5 � 106 CFU), with huTNF KI mice surviving for over 4 months
(not shown). We then infected mice with the attenuated BCG
Sofia strain (5 � 106 CFU) (25), and TNF KO mice survived for
more than 8 weeks after infection. Liver and lung bacterial loads
were highly increased in TNF KO mice at 8 weeks after infection
but were less increased in huTNF KI mice, which harbored inter-
mediate bacterial loads compared with those harbored by WT

mice (Fig. 3A and B). Histopathologic examination revealed that
the liver granulomas of huTNF KI mice were transiently of a
smaller size but later appeared to be well differentiated and similar
to those observed in WT mice, correlating with the acid phospha-
tase activity which is expressed by activated monocytes/macro-
phages, including epithelioid cells recruited to liver granulomas,
as previously described (33). Granulomas were not formed in the
liver of TNF KO mice infected for 4 weeks, in which only a weak
acid phosphatase activity of Kupffer cells was observed, and after 8
weeks, the granulomas were very small and had impaired acid
phosphatase activity (Fig. 3C). Similarly, at 4 weeks of infection,
the number of hepatic granulomas was transiently lower in
huTNF KI mice than in WT mice and hepatic granulomas were
absent in TNF KO mice. After 8 weeks of infection, similar num-
bers were observed in both huTNF KI and WT mice but very low
numbers were observed in TNF KO mice (Fig. 3D). A similar
pattern was obtained after analysis of the liver area with lesions
(see Fig. S3A in the supplemental material). We also explored the
development of bactericidal mechanisms, such as iNOS activa-
tion, a mechanism essential for BCG clearance and mouse survival
(34). The level of expression of iNOS in huTNF KI and TNF KO
mice correlated with the number of liver granulomas, and at 8
weeks postinfection, it was found that the livers from huTNF KI
mice but not those from TNF KO mice expressed functional gran-
ulomas, as did the livers of WT mice (Fig. 3E and F). These data
indicate that although huTNF KI mice may have a delay in BCG-
induced immune responses, these mice are able to activate bacte-
ricidal mechanisms and control the infection.

Human TNF expression sustains BCG induction of cyto-
kines and chemokines. To explore whether huTNF KI mice re-
spond to BCG infection by producing Th1-type cytokines and
chemokines like WT mice do, the levels of IFN-�, IL-12p40,
RANTES, and MCP-1 in the lungs during BCG infection were
evaluated. The lung IFN-�, IL-12p40, RANTES, and MCP-1 levels
of huTNF KI mice were similar to those of WT mice, but the levels
were lower in the lungs of TNF KO mice (Fig. 4A to D). Serum
cytokine and chemokine levels showed more variation in huTNF

FIG 2 huTNF KI mice survive BCG infection as well as WT mice. (A) Body weight changes after infection of WT, huTNF KI, and TNF KO mice with BCG
Connaught (10 � 106 CFU). (B) The survival of BCG-infected mice was monitored for more than 200 days postinfection (n � 7 for WT mice, n � 9 for huTNF
KI mice, n � 3 for TNF KO mice).
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FIG 3 Bacterial load, granuloma formation, and iNOS expression in huTNF KI mice during BCG infection. (A and B) Liver and lung bacterial loads in WT,
huTNF KI, and TNF KO mice at 4 weeks (A) and 8 weeks (B) after BCG infection (5 � 106 CFU of BCG Sofia strain) (n � 9 for WT and huTNF KI mice, n �
4 for TNF KO mice). (C) Microscopic examination of liver granulomas in WT, huTNF KI, and TNF KO mice after H&E staining (left) and acid phosphatase
activity (right) on liver sections at 4 and 8 weeks after infection. The liver sections show the granulomas in WT mice in comparison with the granulomas in huTNF
KI mice but absence in TNF KO mice correlating with the acid phosphatase activity of active monocytes/macrophages forming granulomas (activity is colored
in red). The images are representative of those from two experiments (n � 6 to 7 per group). Magnifications, �400. (D) The number of liver granulomas in WT,
huTNF KI, and TNF KO mice was assessed at 4 and 8 weeks postinfection (n � 6 for WT mice, n � 10 for huTNF KI mice, n � 3 for TNF KO mice). (E) Level
of hepatic iNOS protein expression relative to the level of actin expression at 4 and 8 weeks after BCG infection on Western blots. Protein expression was
determined with Quantity One analysis software in three different experiments. RU, relative units. (F) Representative Western blot revealing iNOS and actin (n �
8 for WT and huTNF KI mice, n � 3 for TNF KO mice). Bar graphs show means � SEMs. *, P � 0.05 versus WT mice; **, P � 0.01 versus WT mice.
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KI mice than WT mice at early times after infection, but at late
time points they were similar in these two groups of mice, which is
in contrast to the dysregulation observed in TNF KO mice (see Fig.
S2A to D in the supplemental material). Thus, the expression of

human TNF in huTNF KI mice allowed the expression of IFN-�,
IL-12p40, RANTES, and MCP-1 in response to BCG infection,
which was impaired in TNF KO mice.

We further analyzed the capacity of lymphocytes from huTNF

FIG 4 Pulmonary levels of cytokines and chemokines during BCG infection and after ex vivo splenocyte stimulation. (A to D) Lung IFN-� (A), IL-12p40 (B),
RANTES (C), and MCP-1 (D) levels in WT, huTNF KI, and TNF KO mice (n � 4 to 9 per group) were assessed at the indicated time points postinfection. (E and
F) IFN-� (E) and nitrite (F) levels in culture supernatants of splenocytes derived from mice infected with BCG for 4 weeks after incubation with culture filtrate
antigens (CFAs; 20 �g/ml) or BCG Pasteur (MOI, 1) (n � 4 animals per group) were evaluated. Bar graphs show means � SEMs. *, P � 0.05 versus WT mice;
**, P � 0.01 versus WT mice; ***, P � 0.001 versus WT mice; ****, P � 0.0001 versus WT mice. NT, not treated.
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KI mice infected with BCG to respond to antigenic stimulation by
production of IFN-�. Restimulation of splenocytes with CFA and
BCG resulted in lower levels of IFN-� in huTNF KI splenocytes
than in WT cells at 4 weeks postinfection (Fig. 4E). Nitrite levels
were also decreased in huTNF KI splenocytes after CFA activation,
while BCG infection led to similar NO amounts, suggesting that
the huTNF KI macrophage function was similar to that of WT
cells (Fig. 4F). We asked if IFN-� production by huTNF KI spleno-
cytes could be attributed to differences in the number of splenic
CD3	/CD4	 T cells at this time point. Fluorescence-activated cell
sorter analyses showed that the CD3	 CD4	 T cell population was
lower in huTNF KI mice than WT mice but that the total numbers
of CD11b	 Ly6G-positive cells (neutrophils) and CD11b	 MHC-
II-positive cells (macrophages) were comparable in huTNF KI
and WT mice at 4 weeks postinfection (see Fig. S4 in the supple-
mental material).

HuTNF KI mice become sensitive to BCG infection upon
treatment with infliximab. Inhibition of mouse TNF by anti-
mouse TNF antibodies during BCG infection has demonstrated
the critical role of TNF during this infection (24, 35). Therefore, in
the present study, we evaluated whether inhibition of human TNF
in huTNF KI mice may render animals susceptible to mycobacte-
rial infection. Anti-human TNF administration to mice at day 6
postinfection and then twice a week for 3 weeks postinfection did
not affect WT mice but clearly resulted in increased bacterial loads
in both the spleens and lungs of huTNF KI mice at 4 weeks postin-
fection (Fig. 5A and B). Relative lung weight, as a first indicator of
lung inflammation, was increased in infliximab-treated huTNF KI
mice but not in vehicle-treated controls (Fig. 5C). Examination of
lung pathology showed large granulomatous lesions and a de-
crease in the amount of free alveolar spaces that appeared to be
occupied by macrophages, lymphocytes, and neutrophils in
huTNF KI mice treated with anti-human TNF but not in WT mice
(Fig. 5D to H). Assessment of liver pathology depicted lower num-
bers of granulomas in BCG-infected huTNF KI mice than WT
mice when the mice were injected with NaCl. Infliximab treat-
ment of WT mice did not change the liver granuloma pattern;
however, huTNF KI mouse liver and spleen granulomas ap-
peared to be more diffuse after infliximab treatment and pre-
sented cell death (see Fig. S5 in the supplemental material).
Thus, expression of human TNF confers susceptibility to anti-
human TNF-induced impaired control of BCG infection.

HuTNF KI mice are able to control virulent M. tuberculosis
infection, while TNF blockers render these mice susceptible. We
then asked whether huTNF KI mice were able to control a virulent
M. tuberculosis infection. HuTNF KI, TNF KO, and WT mice were
infected with M. tuberculosis H37Rv (1,000 CFU). TNF KO mice
were highly susceptible to M. tuberculosis challenge, resulting in
rapid weight loss after 3 weeks and death within 4 weeks, while WT
mice survived the infection. Mice expressing human TNF were
able to contain the infection without an appreciable body weight
loss (Fig. 6A) and survived for the 2 months of the experiment
(Fig. 6B) and beyond (follow-up up to 3 months; data not shown).
Additionally, TNF KO mice failed to control pulmonary myco-
bacterial replication within the first 4 weeks of infection and de-
veloped bacterial titers 2 log10 units higher than those in WT mice,
while the mycobacterial burden in huTNF KI mice was controlled
at levels similar to those observed in WT mice (Fig. 6C). An in-
crease in relative lung weight was a first indication of overall lung
inflammation that correlated with the bacillary burden (Fig. 6D).

Macroscopic examination of the lung showed no difference be-
tween WT and huTNF KI mice (Fig. 6E). Histological assessment
of huTNF KI mice documented well-organized pulmonary gran-
ulomas, characterized by the accumulation of macrophages and
lymphocytes, in part with perivascular and peribronchiolar lym-
phocyte cuffing and without necrotic area, the pulmonary granu-
lomas appearing better structured than in WT mice. In contrast,
TNF KO mice displayed massive mononuclear and neutrophil
infiltration with extensive necrosis and edema without typical
granulomas (Fig. 6F). In line with the high bacterial counts, ZN
staining of infected lung tissue of TNF KO mice revealed abun-
dant mycobacteria in necrotic areas, while only a few scattered
mycobacteria were observed in the lungs of huTNF KI or WT mice
(Fig. 6G). The amount of free alveolar space and the histological
scores confirmed that the lung pathology of huTNF KI mice ap-
peared to be similar to that of WT mice (Fig. 6H and I). Thus, the
expression of human TNF is sufficient for the host to control M.
tuberculosis infection.

Three clinically used TNF blockers were compared side-by-
side in huTNF KI mice infected with M. tuberculosis (500 CFU,
aerosol infection). Thereby, infected huTNF KI mice were treated
with either infliximab, etanercept, or adalimumab starting at 2
weeks postinfection for 2 weeks. Histological assessment of in-
fected lung tissue at 4 weeks of infection revealed that all three
drugs affected granuloma integrity, characterized by massive and
disorganized cellular infiltrations with large necrotic areas and
eruption into bronchi. ZN staining for acid-fast bacilli revealed
that the granulomas of anti-TNF-treated mice contained an over-
whelming number of mycobacteria (Fig. 7A). Regarding the over-
all extent and quality of the lung pathology, no major differences
between the three different anti-TNF regimens were observed at
the doses used, although huTNF KI mice treated with etanercept
appeared to have developed somewhat smaller lesions. Lung bac-
terial burden was also evaluated and was more than 100-fold
higher following treatment with either one of the three reagents
than in the mock-treated controls (Fig. 7B). Thus, during primary
infection, treatment with any one of the TNF-targeted reagents
was equally detrimental, resulting in uncontrolled replication of
mycobacteria and disorganized granuloma formation. These data
confirm that huTNF KI mice allow evaluation of human TNF-
neutralizing agents in terms of their detrimental effect on host
defense mechanisms against mycobacterial infections.

DISCUSSION

Our data demonstrate that human TNF can replace mouse TNF in
its capacity to efficiently induce host immunity against BCG and
M. tuberculosis infections in mice. This study also shows that in
vitro macrophages from huTNF KI mice respond to infectious and
inflammatory stimuli as well as macrophages from WT mice by
secreting cytokines and chemokines and by activating intracellu-
lar signaling. In vivo huTNF KI mice survived mycobacterial in-
fections and developed Th1-type immune responses and host de-
fense mechanisms to control the infection. During BCG infection,
we noticed a delay in liver granuloma formation and IFN-� re-
sponses in huTNF KI mice compared to the times of liver granu-
loma formation and the IFN-� response in WT mice, but this was
compensated for, as evidenced by regulated responses overcom-
ing the infection. Based on these results, we conclude that human
TNF in these mice is sufficient for the control of mycobacterial
infections. In addition, huTNF KI mice treated with anti-human
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FIG 5 HuTNF KI mice become sensitive to BCG infection upon infliximab treatment. (A and B) Bacterial loads in the spleens (A) and lungs (B) of WT and
huTNF KI animals treated with infliximab or the NaCl vehicle (at day 6 of infection and twice a week thereafter) after 4 weeks of BCG Pasteur infection (i.v., 5 �
106 CFU) (n � 5 mice per group). The results are representative of those from five independent experiments. (C) Relative lung weights of BCG-infected mice at
4 weeks postinfection. (D to G) Microscopic examination (H&E staining) of lungs from vehicle-treated or infliximab-treated WT (D and E) and huTNF KI (F
and G) mice at 4 weeks postinfection. The results are representative of those from two independent experiments. Magnifications, �20 (left) and �200 (right).
(H) Percentage of free alveolar space in lungs from vehicle-treated and infliximab-treated WT and huTNF KI mice at 4 weeks postinfection (n � 5 mice per
group). Bar graphs show mean � SEM. *, P � 0.05 versus WT.
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FIG 6 Human TNF sustains host control of acute M. tuberculosis infection in huTNF KI mice. (A and B) WT, TNF KO, and huTNF KI mice were infected with
M. tuberculosis H37Rv (i.n., 1,000 CFU per lung) and their body weights (A) (n � 19 for WT mice, n � 22 for huTNF KI mice, n � 5 for TNF KO mice) and
survival (B) (n � 8 to 10) were monitored. Data are mean values from one experiment and are representative of those from two independent experiments. (C and
D) Pulmonary bacterial loads (numbers of CFU) (C) and lung weights (D) in WT, huTNF KI, and TNF KO animals were measured at 4 weeks postinfection (n �
5 mice per group). BW, body weight. (E) Macroscopic examination of infected lungs. (F and G) Microscopic examination of WT, huTNF KI, and TNF KO mice
on day 28 after infection using H&E staining (F) or Ziehl-Neelsen staining (G). Magnifications, �50, �200 (insets in panel F), and �400 (insets in panel G). (H
and I) Semiquantitative scores of inflammatory cell infiltration into the lung, necrosis, and edema on day 28 (n � 5/group). Bar graphs show means � SEMs. AU,
arbitrary units. *, P � 0.05 versus WT; **, P � 0.01 versus WT.

Olleros et al.

3620 iai.asm.org September 2015 Volume 83 Number 9Infection and Immunity

http://iai.asm.org


FIG 7 Validation of the use of huTNF KI mice for evaluation and comparison of the activities of anti-human TNF compounds in M. tuberculosis-infected mice.
(A) Lung pathology in WT, huTNF KI, and TNF-depleted huTNF KI mice treated with infliximab (10 mg/kg once a week), etanercept (40 mg/kg twice a week),
and adalimumab (10 mg/kg once a week) after aerosol infection with M. tuberculosis. Sections obtained from diluent (NaCl)-treated and anti-TNF-treated mice
at 4 weeks postinfection were stained with H&E (left) to compare the quantity and quality of granuloma formation or by the Ziehl-Neelsen method for acid-fast
bacilli (right). Magnifications, �40 (left) and �400 (right). (B) Bacterial burden in the lungs of WT, huTNF KI, and huTNF KI mice treated with three
anti-huTNF reagents at 4 weeks after aerosol infection with M. tuberculosis (n � 4 to 6 per group). Bar graphs show means � SDs. Log-transformed data were
statistically analyzed using one-way ANOVA and Bonferroni‘s post hoc test. ****, P � 0.0001 versus the vehicle-treated huTNFKI group.

Protection from TB in Mice Expressing Only Human TNF

September 2015 Volume 83 Number 9 iai.asm.org 3621Infection and Immunity

http://iai.asm.org


TNF antibodies used in the clinic became sensitive to mycobacte-
rial infections, validating the use of this animal model for testing
the potential adverse effects of new specific anti-human TNF-in-
teracting molecules.

Human TNF is known to interact with mouse TNFR1, which
mediates Th1 immune responses and controls TB infection (36).
This study shows that cells from huTNF KI mice activate intracel-
lular signaling through TNFR1 similarly to WT cells. In addition,
the release of TNFR1 and TNFR2 after several stimuli was com-
parable in huTNF KI and WT macrophages. TNFR2 has previ-
ously been shown to interact preferentially with transmembrane
TNF, which plays a protective role during acute TB infection in the
absence of released TNF (37). TNFR2 has been shown to play a
minor role during BCG infection (38), but the upregulation and
release of TNFR2 during M. avium infection were proposed to
modulate TNF antibacterial activities (39). M. tuberculosis-in-
duced release of TNFR2-neutralizing TNF was proposed to be a
mechanism of evasion (40). Recently, TNFR2 has been considered
to play a detrimental role via TNF neutralization by sTNFR2 dur-
ing TB, with the complete absence of TNFR2 leading to the in-
creased control of bacterial infection and survival (41).

Anti-TNF therapy for the treatment of inflammatory disease is
efficient, demonstrating the critical role of TNF in the develop-
ment of proinflammatory cascades sustaining chronic autoim-
mune inflammatory diseases. However, its inhibition has detri-
mental side effects that can be related to TNF activity in immune
homeostasis and in host defense mechanisms (3). A critical role of
TNF and TNFR1 in granuloma integrity and in the control of
mycobacterial growth has been shown (42). The two types of clin-
ically used TNF-neutralizing biologics, antibodies and sTNFR,
showed distinct effects during infection, underscoring the differ-
ent risks of TB reactivation. To explain these differential effects,
several mouse models comparing anti-mouse TNF antibodies and
murine sTNFR2 have been reported (19). In addition, computa-
tional models have been developed, and effects have been attrib-
uted to different binding kinetics and different levels of perme-
ation of the two drugs (15, 18). However, a complete mechanistic
explanation for such differences is still lacking. Our results reveal
no differential effect on the overall failure to contain TB following
treatment with three different anti-TNF reagents. They are proof
of principle that efficient TNF neutralization is detrimental for TB
control but provide no evidence that any one of the reagents is
superior in terms of reducing the risk of TB reactivation. In future
experiments, huTNF KI mice may be used to elucidate potential
differences in the underlying molecular mechanisms of TNF neu-
tralization by different reagents, particularly when other routes
and times of administration as well as dose titration experiments
with novel TNF-targeting drugs are performed. In addition, the
development of next-generation human TNF blockers may now
include testing in an animal model in which the animals express
only human TNF to study both the therapeutic effects and the side
effects of the drugs.

In conclusion, huTNF KI mice represent a useful animal model
system allowing comparative evaluation of whether various spe-
cies-specific human TNF-neutralizing drugs compromise host
defense functions. Such effects constitute a clinically important
danger of systemic anti-TNF therapy. This novel animal model
with humanized TNF will be helpful for predicting the risk of TNF
blocking biologics to reactivate tuberculosis infection in patients.
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