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Development of host protective immunity against Mycobacterium tuberculosis infection is critically dependent 
on the inflammatory cytokine TNF. TNF signals through 2 receptors, TNFRp55 and TNFRp75; however, the 
role of TNFRp75-dependent signaling in immune regulation is poorly defined. Here we found that mice lack-
ing TNFRp75 exhibit greater control of M. tuberculosis infection compared with WT mice. TNFRp75–/– mice 
developed effective bactericidal granulomas and demonstrated increased pulmonary recruitment of acti-
vated DCs. Moreover, IL-12p40–dependent migration of DCs to lung draining LNs of infected TNFRp75–/– 
mice was substantially higher than that observed in WT M. tuberculosis–infected animals and was associated 
with enhanced frequencies of activated M. tuberculosis–specific IFN-γ–expressing CD4+ T cells. In WT mice, 
TNFRp75 shedding correlated with markedly reduced bioactive TNF levels and IL-12p40 expression. Neutral-
ization of TNFRp75 in M. tuberculosis–infected WT BM-derived DCs (BMDCs) increased production of bioac-
tive TNF and IL-12p40 to a level equivalent to that produced by TNFRp75–/– BMDCs. Addition of exogenous 
TNFRp75 to TNFRp75–/– BMDCs infected with M. tuberculosis decreased IL-12p40 synthesis, demonstrating 
that TNFRp75 shedding regulates DC activation. These data indicate that TNFRp75 shedding downmodulates 
protective immune function and reduces host resistance and survival; therefore, targeting TNFRp75 may be 
beneficial for improving disease outcome.

Introduction
Mycobacterium tuberculosis is a highly efficient intracellular pathogen 
that requires specific cellular adaptive Th1 immune responses for 
host protection. Successful control of M. tuberculosis relies not only 
on a complex but organized series of interactions among mycobac-
teria, antigen-presenting cells, and lymphocytes, but also on the 
coordinated production of chemokines and cytokines. Although 
redundancy has been illustrated for many cytokines, others such as 
TNF, IL-1, IL-12, and IFN-γ cannot be functionally replaced, and the 
absence of any of these proves lethal during M. tuberculosis challenge.

TNF and its corresponding receptors (TNFRs), TNFRp55 and 
TNFRp75 (encoded by TNFRSF1A and TNFRSF1B, respectively), 
are members of supergene families (1). TNF-mediated signaling 
has a significant influence on the outcome of several infectious dis-
eases and contributes to protective immunity against fungal, viral, 
protozoan, and bacterial pathogens (2). TNF is synthesized as a 
membrane-bound protein that is cleaved to a soluble form by TNF 
converting enzyme (TACE) (3). Both forms of the ligand are bioac-
tive and can signal as homotrimers through either of the receptors, 
although membrane-bound TNF is thought to preferentially signal 
through TNFRp75, and soluble TNF is partisan to TNFRp55 (4). 
TNFRp55 and TNFRp75 show structural similarity with respect 
to 4 cysteine-rich motifs found in their extracellular regions, but 
lack structural compatibility in their cytoplasmic domains (1, 4); 
consequently, post-binding events and cellular responses are dif-
ferent for each TNFR (5). Moreover, both TNFRp55 and TNFRp75 

can be maintained either as a membrane-bound form or can be 
shed from the cell surface. The effect of shedding and its impact 
on bioactive ligand availability is controversial. Evidence proposing 
an antagonistic effect, where ligand signaling is inhibited, has been 
published (6, 7). Conversely, it was suggested that ligand interac-
tion with soluble receptor may act agonistically, by enhancing the 
half-life of the ligand and hence increasing its bioavailability (8).

TNF deficiency has profound effects on protective immunity 
against M. tuberculosis (9–13), even though the homolog, lympho-
toxin α (LTα), is able to signal through the same receptors (2). The 
role of TNF in protective immunity against mycobacterial infec-
tion has been extensively investigated using mice deficient for TNF 
signaling (9, 10, 13, 14) or by neutralization studies (11, 12). The 
more recent generation of mouse strains expressing only the mem-
brane form of TNF has allowed for the investigation of the respec-
tive roles of soluble and membrane-bound TNF in host immune 
function during mycobacterial challenge (15–23).

TNF is important for the cell recruitment required in order to 
form granulomas that restrict bacilli replication and prevent bac-
terial dissemination (13, 24–26). The establishment and continued 
maintenance of the structural integrity of granulomas are key for 
host protection, as illustrated in gene-targeted mice that are defec-
tive for granuloma formation. Such animals are unable to control 
bacilli replication, resulting in bacterial dissemination and prema-
ture death after infection with either virulent or avirulent mycobac-
terial species (9–11, 13, 27). Nonetheless, excessive TNF has deleteri-
ous effects and is considered to significantly influence degradation 
of lung tissue through promoting severe inflammation (14, 28) and 
to aid in bacterial replication in alveolar macrophages (29).
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The role of TNFRp55 signaling in the host protective immune 
response to mycobacterial infections has been addressed in 
various mycobacterial infection models, including intravenous 
M. tuberculosis infection (24) and intraperitoneal M. bovis bacil-
lus Calmette-Guerin (BCG) infection (26), in which TNFRp55 
deficiency results in premature death. Mortality of TNFRp55-
deficient mice during intravenous M. avium challenge was char-
acterized by excessive T cell infiltration and was associated with 
IL-12–dependent disintegration of granulomatous lesions (30). 
Similar to TNF-deficient mice, TNFRp55-deficient mice displayed 
defective granuloma formation in response to M. bovis BCG infec-
tion, and treatment with anti-TNF mAb resulted in the regression 
of fully established granulomas in both TNF- and TNFRp55-defi-
cient mice (11, 26). The similarity in phenotype between TNF- 
and TNFRp55-deficient mice suggests that TNFRp55 signaling 
is the major conduit for TNF-mediated immune function against 
mycobacterial infections. The role of TNFRp75 in host immune 
function during pathogen challenge, however, is controversial. 
Previous studies reported a protective role for TNFRp75 against 
Histoplasma capsulatum infection, in which TNFRp75 deficiency 
resulted in reduced IFN-γ production and premature mortality 
(31). In contrast, TNFRp75 was redundant for protection against 
Listeria monocytogenes, while it had a similarly limited role in 
immune responses against M. bovis BCG (32, 33). Furthermore, in 
challenge studies with Plasmodium falciparum, TNFRp75 inhibited 
protective immune function (34).

To our knowledge, the role of TNFRp75 in virulent M. tuber-
culosis infection has not previously been reported, and whether 
it promotes or inhibits the protective immune response is still 
contentious. In the present study, we investigated the respective 
functions of TNFRp55 and TNFRp75 in protective immunity 
against M. tuberculosis in an aerosol inhalation infection model and 
explored the mechanisms associated with the increased resistance 
of TNFRp75-deficient mice to M. tuberculosis infection.

Results
TNFRp75-deficient mice are resistant to acute M. tuberculosis infection. 
We compared tuberculosis disease progression in WT, Tnfrsf1a–/– 
(referred to herein as TNFRp55–/–), Tnfrsf1b–/– (TNFRp75–/–), and 
double-deficient TNFRp55/75–/– mice upon aerosol infection with 
M. tuberculosis H37Rv at a dose of 50–100 CFU/lung. We recorded 
survival for the duration of the study and measured weight loss 
as a clinical correlate of disease progression (Figure 1, A and B). 
Similar to previous reports of intravenous M. tuberculosis infection 
of TNFRp55–/– mice (24), both TNFRp55–/– and TNFRp55/75–/– 
mouse strains were highly susceptible to infection, lost significant 
body weight (≥25% of original body weight), and rapidly suc-
cumbed to disease (Figure 1, A and B). A small but consistently 
higher mortality rate was observed in TNFRp55/75–/– compared 
with TNFRp55–/– mice (Figure 1A). Conversely, like WT mice, 
TNFRp75–/– mice were resistant to infection, maintained their 
body weight, and survived the duration of the experiment (Figure 1,  
A and B). Therefore, TNFRp55 is critical for protection against 
M. tuberculosis infection, whereas the absence of TNFRp75 did not 
impair the host response.

We next investigated control of bacilli replication in the mutant 
strains after M. tuberculosis infection. Whereas the WT, TNFRp55–/–, 
and TNFRp55/75–/– strains had comparable pulmonary bacilli bur-
dens up to day 21 after infection, a significantly lower bacilli burden 
was found in TNFRp75–/– mice (Figure 1C), suggesting improved 
control of bacilli growth in the absence of TNFRp75. The kinetics of 
bacilli replication reflected increasing bacilli levels in all strains until 
day 21 after infection, after which replication was controlled in WT 
and TNFRp75–/– mice, but not in TNFRp55–/– or TNFRp55/75–/–  
mice, which reached significance relative to WT values at 28, 35, 
and 40 days after infection (P < 0.01; Figure 1C). Furthermore, the 
absence of both TNFRs rendered mice more susceptible, with sig-
nificantly higher bacilli burdens recorded in TNFRp55/75–/– versus 
TNFRp55–/– mice at 28, 35, and 40 days after infection (P < 0.05; Fig-

Figure 1
Enhanced acute control of M. tubercu-
losis replication in TNFRp75–/– mice. 
WT, TNFRp75–/–, TNFRp55–/–, and 
TNFRp55/75–/– mice were infected with  
50–100 CFU M. tuberculosis. Mice were 
monitored for survival (A), and body weight 
changes were measured (B) (n = 10  
per group). Pulmonary bacilli burden (C) 
was determined at the indicated time 
points by colony enumeration assay. Data 
(mean ± SEM of the CFU of 4 mice per 
time point) are representative of 3 simi-
lar experiments. *P < 0.05, **P < 0.01, 
ANOVA.
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ure 1C). A striking and unexpected observation was the maintenance 
of a significantly lower pulmonary bacilli burden in TNFRp75–/– ver-
sus WT mice at each time point tested (P < 0.01; Figure 1C). Simi-
larly reduced bacilli burdens were also observed at extrapulmonary 
sites in TNFRp75–/– mice during chronic infection (Supplemental 
Figure 1; supplemental material available online with this article; 
doi:10.1172/JCI45005DS1). This enhanced bacilli control suggested 
that TNFRp75 may have an adverse role in host protective immune 
responses against pulmonary M. tuberculosis infection.

TNFRp75 expression has a limited effect on M. tuberculosis–induced 
granuloma formation. Granuloma formation is dependent on sig-
naling of TNF through TNFRp55 in response to M. tuberculosis 
challenge (9); the role of TNFRp75 in this process is undefined. 
We therefore investigated the effect of TNFRp75 on pulmonary 
induced pathology: first macroscopically to analyze gross effects, 
then at a microscopic level to assess cellular responses. Small but 
distinct lesions were observed on the pleura of WT mice, whereas 
TNFRp55–/– and TNFRp55/75–/– mice displayed notably enlarged 
pulmonary lesions at day 35 after infection, with the most severe 
phenotype evident in TNFRp55/75–/– mice (Figure 2A). In contrast, 

limited lesion formation was visible in pleura of TNFRp75–/– mice. 
We next measured lung weight as a surrogate marker of inflamma-
tion and found similar weights in all mouse strains until 21 days 
after infection (Figure 2B). However, in the absence of complete 
TNFR signaling, TNFRp55/75–/– mice developed an early, uncon-
trolled inflammatory response, with significantly higher lung 
weights already evident at 28 days after infection compared with 
any other strain (P < 0.01; Figure 2B), an effect that was sustained 
for the duration of the study. Lung inflammation in TNFRp55–/– 
mice was delayed relative to TNFRp55/75–/– mice, but significantly 
higher lung weights compared with WT mice were nevertheless 
measured at 40 days after infection (P < 0.01; Figure 2B). In con-
trast, inflammation in TNFRp75–/– mice was significantly lower 
than their WT counterparts at 28, 35, and 40 days after infection 
(P < 0.01; Figure 2B). The observed differences in inflammation 
were verified by comparative measurements of the total number 
of lung cells in infected mice at 35 days after infection (Figure 2C).

To investigate the influence of TNFRp75 on granuloma for-
mation, we analyzed morphology of lung tissue sections in 
WT, TNFRp55–/–, TNFRp75–/–, and TNFRp55/75–/– mice and 

Figure 2
Reduced pulmonary pathology and inflammation in M. tuberculosis–infected TNFRp75–/– mice. WT, TNFRp75–/–, TNFRp55–/–, and TNFRp55/75–/– 
mice were infected by aerosol inhalation with 50–100 CFU M. tuberculosis. Mice were sacrificed at the indicated time points, pulmonary pathology 
was recorded 35 days after infection (A), lung weights were assessed (B), and total pulmonary cell numbers at day 35 after infection were deter-
mined (C). Values are mean ± SEM of 4 mice per group. (D–K) Lungs were removed on days 28 (D–G) and 35 (H–K), fixed in formalin, embedded 
in wax, and sectioned, after which H&E staining was performed. Arrows denote the presence of granuloma structures; × symbols denote tissue 
necrosis. Original magnification, ×40. Data represent 1 of 3 similar experiments. *P < 0.05, **P < 0.01, ANOVA.
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compared development at 14, 28, and 35 days after M. tubercu-
losis infection. Lung morphology was largely indistinguishable 
at 14 days after infection, characterized by intact alveoli and 
clear bronchi in all strains (data not shown). However, a clear 
distinction in granuloma structural organization was evident 
at days 28 and 35 after infection between mice that expressed 
TNFRp55 and mice in which the receptor was absent (Figure 2, 
D–K). We observed clearly demarcated granuloma structures, 
consisting of epithelioid macrophages interspersed with lympho-
cytes, in WT and TNFRp75–/– mice; conversely, TNFRp55–/– and 
TNFRp55/75–/– mice were devoid of such organized structures 
and had noticeable areas of necrosis. Interestingly, granulomas 
of TNFRp75–/– mice appeared to be smaller than those gener-
ated by WT mice (Figure 2, D, E, H, and I). Therefore, our data 
support a regulatory role for TNFRp55 in the control of pulmo-
nary inflammation and granuloma formation and a dual role for 

TNFRp75: mediating exacerbation of pulmonary inflammation 
in the presence of TNFRp55, while enhancing control of inflam-
mation in its absence.

Enhanced protective immunity is maintained, and survival of TNFRp75–/–  
mice is increased, during chronic M. tuberculosis infection. We next 
assessed whether the enhanced protective phenotype we observed 
in the absence of TNFRp75 translates to improved outcome dur-
ing chronic M. tuberculosis infection. WT and TNFRp75–/– mice 
were infected with M. tuberculosis, and pulmonary bacilli burden 
was determined and mortality recorded. Survival of TNFRp75–/– 
mice was significantly longer than that of their WT counterparts, a 
result that was associated with significantly lower bacilli levels at 2, 
4.5, and 7.5 months after infection (Figure 3, A and B). The reduced 
pulmonary bacilli burdens in TNFRp75–/– lungs were confirmed 
visually by Ziehl-Neelsen staining of tissue sections (Figure 3C).  
Finally, increased inflammation was verified by quantification of 

Figure 3
Increased protection of TNFRp75–/– mice during chronic M. tuberculosis infection. WT and TNFRp75–/– mice were infected by aerosol inhala-
tion with 50–100 CFU M. tuberculosis. (A and B) Survival was monitored (A; n = 10 per group; P < 0.0005, log-rank test), and pulmonary bacilli 
burdens were determined at the indicated time points by colony enumeration assay (B). (C) Bacilli burden in lung sections was confirmed by 
Ziehl-Neelsen staining. (D and E) Chronic inflammation was quantified at 4.5 months after infection (D) and confirmed by analysis of H&E-stained 
lungs sections at 4.5 and 7.5 months after infection (E). Original magnification, ×1,000 (C); ×40 (E). Values in B and D are mean ± SEM of 4 mice 
per group. Data are representative of 4 similar experiments (A) or 1 of 3 similar experiments (B–E). *P < 0.05, **P < 0.01, ANOVA.
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free alveolar space at 4.5 months after infection, which showed 
a significant increase in occlusion in WT versus TNFRp75–/–  
mice (P < 0.05; Figure 3D). This was confirmed by analysis of 
lung tissue sections: pathology was characterized by higher cel-
lular infiltration in WT versus TNFRp75–/– mice at both 4.5 and  
7.5 months after infection (Figure 3E). Therefore, the early protec-
tion observed during acute infection in TNFRp75–/– mice trans-
lated to an enhanced protective outcome of disease.

Increased pulmonary recruitment of activated DCs in TNFRp75–/– 
mice during M. tuberculosis infection. To understand the immune 
mechanisms associated with the increased protection observed 
in M. tuberculosis–infected TNFRp75–/– mice, we asked wheth-
er TNFRp75 regulates immune function through recruit-

ment and/or activation of antigen-presenting cells. WT and 
TNFRp75–/– mice were infected with M. tuberculosis, and DCs 
(CD11bintCD11c+) were evaluated after 7, 14, and 21 days in the 
lungs, and cellular activation was assessed by expression of CD80, 
CD86, and MHCII (Figure 4, A–E). The total number of DCs 
recruited to the lungs was significantly higher in TNFRp75–/–  
mice 7 and 21 days after infection (P < 0.01 and P < 0.05,  
respectively; Figure 4B). Moreover, the number of recruited pul-
monary DCs expressing MHCII, CD80, or CD86 were signifi-
cantly higher in TNFRp75–/– compared with WT mice after 7, 14, 
and 21 days (Figure 4, C–E). Together, these data confirmed that 
TNFRp75 regulates early recruitment and activation of DCs to 
the lungs during M. tuberculosis infection.

Figure 4
Increased recruitment of activated DCs to the lungs of M. tuberculosis–infected TNFRp75–/– mice. WT and TNFRp75–/– mice were infected at 
50–100 CFU with M. tuberculosis. Lungs were harvested at 7, 14, and 21 days after infection, and CD11b+ versus CD11c+ cell distribution (A) and 
total number of CD11c+ (B), CD11c+MHCII+ (C), CD11c+CD80+ (D), and CD11c+CD86+ (E) cells was assessed by flow cytometry. Data (mean ± SEM  
of 4 mice per group) are representative of 1 of 2 similar experiments. *P < 0.05, **P < 0.01, ANOVA.
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Enhanced IL-12p40–dependent DC migration is associated with 
increased recruitment of activated T cells and superior M. tuberculosis–
specific Th1 responses in TNFRp75–/– mice. To understand the effect 
of TNFRp75 on DC function, we measured the capacity of DCs 
to produce IL-12p40 upon M. tuberculosis infection. BM-derived 
DCs (BMDCs) from WT and TNFRp75–/– mice were exposed 
to M. tuberculosis, and both showed a time-dependent increase 
in IL-12p40 synthesis (Figure 5A). Interestingly, we found that  
IL-12p40 synthesis was regulated by TNFRp75, with TNFRp75–/–  
culture supernatants measuring significantly higher levels at 
24 and 48 hours (P < 0.05; Figure 5A). We next postulated that 
because DC-derived IL-12 is important for the migration of 
DCs to draining LNs (35), TNFRp75-dependent regulation of 
IL-12 synthesis may influence the DC content of mediastinal 
LNs during in vivo aerosol M. tuberculosis infection. LNs were 
harvested from WT and TNFRp75–/– mice on days 14 and 21 

after infection, and the number of DCs was analyzed by flow 
cytometry. Indeed, the total number of DCs was significantly 
higher in TNFRp75–/– versus WT mice (Figure 5B). Moreover, 
the number of activated DCs expressing CD86 or MHCII was 
significantly increased in the LNs of TNFRp75–/– mice (Fig-
ure 5, C and D). Equivalent expression of caspase-3 in WT and 
TNFRp75–/– mice confirmed that increased DC content was 
attributed to enhanced recruitment, rather than differences in 
apoptosis (Supplemental Figure 2). Together, these data dem-
onstrated that TNFRp75–/– DCs have an increased capacity for  
IL-12p40 synthesis that promotes increased migration of acti-
vated DCs to draining LNs during M. tuberculosis infection.

Given that TNFRp75 regulates recruitment and activation of 
DCs in the mediastinal LNs during M. tuberculosis infection, we 
next asked whether increased recruitment of activated DCs in LNs 
of TNFRp75–/– mice translates to an enhanced Th1 M. tuberculosis– 

Figure 5
Increased activated DCs induces enhanced M. tuberculosis–specific IFN-γ production by activated CD4+ T cells in M. tuberculosis–infected 
TNFRp75–/– mice. (A) BMDCs from WT and TNFRp75–/– mice were infected at an MOI of 5:1 with M. tuberculosis, and IL-12p40 expression in 
culture supernatants was analyzed by ELISA. (B–E) WT and TNFRp75–/– mice were infected at 50–100 CFU with M. tuberculosis, and lungs and 
LNs were harvested 14 and 21 days after infection. The total number of LN CD11c+ cells (B), CD11c+CD86+ cells (C), CD11c+MHCII+ cells (D), 
and CD4+CD44+ T cells (E) was analyzed by flow cytometry. Data (mean ± SEM of 4 mice per group) are representative of 3 similar experiments.  
(F) IFN-γ expression by CD4+ T cells in isolated pulmonary cell cultures restimulated with ESAT6 or M. tuberculosis H37Rv (M.tb). Data (mean ± SEM  
of triplicate values of pooled samples from 4 mice) are representative of 3 similar experiments. *P < 0.05, **P < 0.01, ANOVA.
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specific immune response. We first compared CD4+ and CD8+  
T cell recruitment and activation in the LNs, postulating that the 
increased number of activated DCs would lead to increased T cell 
recruitment and activation in the absence of TNFRp75. Quantifi-
cation of CD4+CD44+ T cells revealed an early increase in recruit-
ment of activated T cells in the TNFRp75–/– LNs (Figure 5E). 
Similarly, the percentage of CD8+CD44+ T cells was increased in 
TNFRp75–/– compared with WT mice at day 21 (data not shown). 
We next evaluated antigen-specific IFN-γ–expressing CD4+ T cells 
at the sites of infection ex vivo. Low frequencies of IFN-γ–express-
ing CD4+ T cells were detected in both groups in the absence of 
antigenic stimuli; however, restimulation with either live M. tuber-
culosis or ESAT6 increased the frequency of IFN-γ–expressing CD4+ 
pulmonary T cells of TNFRp75–/– mice (P < 0.05; Figure 5F). Addi-
tionally, we measured IL-10 and IL-13 synthesis as regulators of 
Th1/Th2 balance (36, 37), where both cytokines can control DC 
maturation and function (38, 39); however, we found no pulmo-
nary concentration differences between WT and TNFRp75–/– mice 
during acute or chronic M. tuberculosis infection (Supplemental 
Figure 3). Thus, our data confirmed that the increased recruitment 
of activated DCs in TNFRp75–/– mice increases the frequency of 
activated T cells in LNs, with the capability to generate enhanced 
M. tuberculosis–specific immune responses.

TNFRp75 shedding is induced in vivo during M. tuberculosis infection. 
Previous studies demonstrated that TNFRp55 and TNFRp75 
are shed from the cell surface in response to in vitro virulent  
M. tuberculosis H37Rv infection (7) or in vivo M. avium infection 
(6), reducing bioactive TNF. In our studies, flow cytometric analy-
sis of TNFRp75 surface expression in WT DCs revealed a 10-fold 

reduction in TNFRp75-expressing cells 24 hours after M. tuber-
culosis infection compared with noninfected cells (P < 0.01; Fig-
ure 6A). Detection of TNFRp75 release in culture supernatants 
of M. tuberculosis–infected WT DCs was assessed to confirm that 
decreased expression was indeed due to shedding, as opposed to 
receptor internalization. We observed time-dependent shedding 
of TNFRp75 in WT DCs, reaching a maximum after 48 hours, 
and confirmed the absence of TNFRp75 in the TNFRp75–/– cell 
cultures (Supplemental Figure 4A). Additionally, we compared 
the kinetics of TNFRp55 shedding in the culture supernatants of  
M. tuberculosis–infected DCs of WT and TNFRp75–/– mice and 
found that M. tuberculosis infection induced an increase in 
TNFRp55 release over 72 hours in both strains (Figure 6B).

To ascertain whether the M. tuberculosis–induced TNFR shed-
ding we observed in vitro also occurs in vivo, we challenged WT, 
TNFRp55–/–, and TNFRp75–/– mice with M. tuberculosis and assessed 
TNFRp55 and TNFRp75 levels in bronchoalveolar lavage fluid 
(BALF) and supernatants of lung homogenates at defined time 
points. Flow cytometric analysis of bronchoalveolar lavage (BAL) 
DCs harvested 3 days after infection showed reduced TNFRp75 
expression in M. tuberculosis–infected WT versus naive control mice 
(Figure 6C). We then assessed soluble TNFRp55 and TNFRp75 
concentrations in BALF and supernatants of lung homogenates 
at defined time points to confirm receptor shedding in vivo. We 
found that TNFRp55 and TNFRp75 were shed subsequent to  
M. tuberculosis infection and confirmed that TNFRp55 and 
TNFRp75 were not detectable in TNFRp55–/– and TNFRp75–/– 
mice, respectively (Figure 6, D and E, and Supplemental Figure 
4, A–C). Interestingly, we measured lower TNFRp55 levels in 

Figure 6
M. tuberculosis induces TNFR shedding. (A and B) WT and TNFRp75–/– BMDCs were infected with M. tuberculosis at an MOI of 5:1, and 
TNFRp75 surface expression (A) and soluble TNFRp55 (B) were measured. Data (mean ± SEM of quadruplicate experiments) are representative 
of 1 of 2 experiments. (C–E) WT, TNFRp75–/–, and TNFRp55–/– mice were infected with 50–100 CFU M. tuberculosis. Surface TNFRp75 (C) was 
measured by flow cytometry in BAL cells, and soluble TNFRp55 (D) and TNFRp75 (E) were measured in lung homogenates by ELISA. ND, not 
detectable. Data (mean ± SEM of 4–5 mice per group) are representative of 1 of 2 similar experiments. *P < 0.05, **P < 0.01, ANOVA.



research article

1544 The Journal of Clinical Investigation   http://www.jci.org   Volume 124   Number 4   April 2014

TNFRp75–/– versus WT mice at all time points, which suggests 
that TNFRp75 may regulate TNFRp55 shedding. Furthermore, 
shedding of TNFRp75 was significantly lower in TNFRp55–/– 
versus WT mice (P < 0.01). These data demonstrated that both 
TNFRp55 and TNFRp75 are shed during host challenge with 

M. tuberculosis and that TNFR shedding seems to be regulated by 
signaling through the opposing TNFR.

Neutralization of TNFRp75 increases DC activation. We hypothesized 
that TNFRp75 shedding would regulate bioactive TNF concentra-
tions and thus early host immune responses. Therefore, WT and 

Figure 7
Soluble TNFRp75 inhibits DC activation during M. tuberculosis infection. (A and B) WT and TNFRp75–/– DCs were infected with M. tuberculosis 
at an MOI of 5:1, and Tnf mRNA (A) or bioactive TNF (B) concentrations were measured. (C and D) WT and TNFRp75–/– mice were infected with 
50–100 CFU M. tuberculosis. Total (C) and bioactive (D) TNF was measured in BALF 1, 3, and 6 days after infection. (E and F) In vitro surface 
expression of TNFRp55 (E) was measured in WT and TNFRp75–/– BMDCs, and in vivo surface TNFRp55 (F) was measured by flow cytometry 
in BAL cells. (G–I) The effect of soluble TNFRp75 on M. tuberculosis–infected BMDC cultures from WT and TNFRp75–/– mice were assessed by 
measuring bioactive TNF (G), IL-12p40 (H), and MHCII+ expression (I) in the presence or absence of anti-TNFRp75. Note the increased expres-
sion induced by anti-TNFRp75 in WT mice compared with M. tuberculosis infection alone (dashed lines). Data (mean ± SEM of quadruplicate 
experiments) are representative of 1 of 2 similar experiments. *P < 0.05, **P < 0.01, ANOVA.
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TNFRp75–/– cultured DCs were infected with M. tuberculosis at an 
MOI of 5:1 in the presence or absence of anti-TNFRp75 and bio-
active TNF, and expression of IL-12p40 and MHCII (as indicators 
of DC activation) was measured. In addition, Tnf mRNA expres-
sion, bioactive TNF kinetics, and DC surface TNFRp55 expression 
were analyzed. Although Tnf mRNA expression was significantly 
reduced in TNFRp75–/– BMDCs (P < 0.05; Figure 7A), bioactive 
TNF was significantly higher at 4 and 24 hours after infection  
(P < 0.05 and P < 0.01, respectively; Figure 7B). In addition, we 
measured and compared pulmonary total TNF and bioactive TNF 
concentrations in M. tuberculosis–infected WT and TNFRp75–/– 
mice at 1, 3, and 6 days after infection. We found equivalent total 
TNF concentrations, as opposed to significantly higher bioactive 
TNF concentrations in TNFRp75–/– versus WT mice at 1 and 3 
days after infection (P < 0.05; Figure 7, C and D).

We next postulated that the increased bioactive TNF concen-
trations would have enhanced potential for DC activation via 
TNFRp55 signaling in the absence of TNFRp75. Flow cytomet-
ric analysis revealed upregulation of TNFRp55 in TNFRp75–/– 
BMDCs (Figure 7E). This was strongly supported by analysis of 
pulmonary DCs showing increased TNFRp55 cell surface expres-
sion in M. tuberculosis–infected TNFRp75–/– compared with WT 
mice at 3 days after infection (Figure 7F). TNFRp75-dependent 
regulation of TNF bioactivity was confirmed in studies where 

treatment of WT DC cultures with anti-TNFRp75 neutralizing 
antibody resulted in a bioactive TNF response similar to that of 
TNFRp75–/– DCs (Figure 7G). Thus, these findings reinforced the 
hypothesis that soluble TNFRp75 inhibits bioactive TNF concen-
trations. Moreover, we observed increased IL-12p40 production 
and MHCII expression in M. tuberculosis–infected TNFRp75–/–  
DCs (Figure 7, H and I), confirming enhanced DC activation. 
Treatment of WT DC cultures with anti-TNFRp75 neutralizing 
antibody lead to significant increases in IL-12p40 and MHCII 
expression (P < 0.01 and P < 0.05, respectively; Figure 7, H and I),  
approaching — albeit not equivalent to — levels of TNFRp75–/– 
DCs. Taken together, these data support a heightened activated 
phenotype of TNFRp75–/– compared with WT DCs after M. tuber-
culosis infection, mediated by enhanced signaling of bioactive 
TNF through TNFRp55. Notably, neutralization studies con-
firmed that the increased immune function potential of DCs was 
TNFRp75 dependent.

Soluble TNFRp75 inhibition of bioactive TNF regulates Th1-specific 
immunity. We postulated that improved protection observed in 
TNFRp75–/– mice could either be attributed to (a) loss of signaling 
though TNFRp75, assuming that TNFRp75-mediated signaling 
downmodulates protective Th1 immunity, or (b) absent TNFRp75 
shedding and the resultant bioactive TNF increase mediating 
an improved Th1-specific immune response. Previous studies 

Figure 8
DC activation is dependent on soluble TNFRp75 inactivation of bioactive TNF. (A–D) WT, TNFRp75–/–, and TNFRp55/75–/– BMDCs were infected 
with M. tuberculosis or M. bovis BCG at an MOI of 5:1. Surface expression of TNFRp75 (A), soluble TNFRp75 (B), bioactive TNF (C), and  
IL-12p40 (D) was measured. (E) The effect of recombinant TNFRp75 on M. tuberculosis–infected BMDC cultures from WT and TNFRp75–/– mice 
were assessed by measuring IL-12p40 in the presence or absence of recombinant TNFRp75. Whereas anti-TNFRp75 in WT mice increased 
IL-12p40 expression, addition of recombinant TNFRp75 dose-dependently reduced expression in both WT and TNFRp75–/– mice, compared with 
M. tuberculosis infection alone (dashed lines). Data (mean ± SEM of quadruplicate experiments) are representative of 1 of 2 similar experiments. 
*P < 0.05, **P < 0.01, ANOVA.
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have demonstrated that TNFRp75 shedding is strain depen-
dent and associated with virulence (7). Therefore, we predicted 
that TNFRp75 shedding would be less efficient in an attenuated 
BCG mycobacterial infection model, allowing us to test whether 
enhanced Th1 immunity in TNFRp75–/– mice is dependent on 
soluble TNFRp75 and the associated increase in bioactive TNF.

Indeed, we found that BMDCs infected with BCG had TNFRp75 
cell surface expression equivalent to that of uninfected BMDCs 
(Figure 8A). In contrast, BMDCs infected with M. tuberculosis exhib-
ited a reduced TNFRp75 MFI (Figure 8A), indicative of loss of cell 
surface expression, which confirmed that BCG is less efficient at 
inducing TNFRp75 shedding. The presence of increased soluble 
TNFRp75 in BMDC culture supernatants confirmed that the loss 
of surface expression of TNFRp75 was due to receptor shedding, 
as opposed to receptor internalization (Figure 8B). Although BCG 
induced low levels of soluble TNFRp75, concentrations remained 
significantly reduced compared with those induced by M. tubercu-
losis (P < 0.05; Figure 8B). More importantly, bioactive TNF con-
centrations were equivalent in WT and TNFRp75–/– BMDC culture 
supernatants after BCG challenge, whereas they were significantly 
increased after virulent M. tuberculosis infection (P < 0.01; Figure 
8C). Since WT and TNFRp75–/– DCs produced similar levels of 
bioactive TNF during BCG challenge, we assessed IL-12p40 pro-
duction as a measure of cellular activation and found that the 
increase in IL-12p40 observed in TNFRp75–/– BMDCs during  
M. tuberculosis infection did not occur during BCG infection, for 
which receptor shedding was absent. In fact, during BCG infection, 
WT BMDCs produced significantly increased IL-12p40 compared 
with TNFRp75–/– BMDCs (P < 0.01; Figure 8D). This suggests that 
TNFRp75 signaling, rather than being inhibitory, acts in concert 
with TNFRp55 to induce optimal immune activation.

In order to confirm that soluble TNFRp75 and not membrane-
bound TNFRp75 signaling impairs immune responses in WT mice, 
M. tuberculosis–infected TNFRp75–/– BMDCs were treated with 
recombinant TNFRp75 so that experimental conditions approxi-
mated the TNFRp75 shedding observed in WT mice in the absence 
of TNFRp75 signaling. Strikingly, we found a dose-dependent 
reduction of DC activation with increasing exogenous recombinant 
TNFRp75 administration (Figure 8E). Taken together, these data 
confirmed that TNFRp75 shedding and the resulting reduction 
in bioactive TNF, not TNFRp75-mediated signaling effects, down-
modulates DC activation and influences disease outcome.

TNF-TNFRp55–dependent DC activation is critical for M. tuberculosis– 
specific Th1 immunity. Our data demonstrated a positive correla-
tion between bioactive TNF concentrations and IL-12p40 syn-
thesis during DC exposure to M. tuberculosis. To investigate the 
relative contribution of the respective receptors in TNF-mediated 
DC activation, we analyzed bioactive TNF and IL-12p40 in WT, 
TNFRp55–/–, TNFRp75–/–, and TNFRp55/75–/– BMDCs during  
M. tuberculosis infection. TNFRp75 shedding affected bioactive TNF 
levels more profoundly than TNFRp55, with TNFRp75–/– BMDCs 
producing significantly increased bioactive TNF compared with 
TNFRp55–/– BMDCs (P < 0.01; Figure 9A). However, TNFRp55 
also contributed to inhibition, since bioactive TNF concentra-
tions were significantly higher in supernatants from TNFRp55–/–  
versus WT BMDCs (P < 0.01; Figure 9A). The contribution of 
both receptors to inhibition of bioactive TNF was confirmed in 
TNFRp55/75–/– BMDCs, which had the highest concentrations of 
bioactive TNF. Interestingly, our data suggested an additive inhibi-
tory effect by the 2 receptors.

Investigation of IL-12p40 synthesis showed that significantly 
higher concentrations were produced by TNFRp75–/– versus 
WT BMDCs (P < 0.01; Figure 9B). The absence of TNFRp55 sig-
nificantly reduced IL-12p40 synthesis in both TNFRp55–/– and 
TNFRp55/75–/– BMDCs. Interestingly, the absence of both TNFRs 
resulted in near-complete abrogation of IL-12p40 synthesis. 
Therefore, our data demonstrated that shedding of both TNFRs 
contributes to inhibition of bioactive TNF, with soluble TNFRp75 
playing the predominant role. Although both TNFRs can mediate 
activation of DCs, TNFRp55 signaling is absolutely critical and 
superior to TNFRp75 signaling.

Discussion
Although TNF and TNFRp55 are critical for protective immune 
responses against M. tuberculosis, the role of TNFRp75 was unknown. 
In the current study, we investigated the effects of TNFRp75, under 
conditions in which TNFRp55 was either expressed or absent, dur-
ing M. tuberculosis challenge. Our results demonstrated that soluble 
TNFRp75 reduces bioactive TNF concentrations, downmodulates 
DC activation, and impairs overall Th1 immune responses, whereas 
membrane TNFRp75 promotes immune protection.

First, we confirmed that TNFRp55 is critical for survival: both 
TNFRp55–/– and TNFRp55/75–/– mice succumbed to infection, 
showing increased organ burdens and concomitant weight loss, 

Figure 9
DC activation is primarily mediated by 
TNF-TNFRp55 signaling and regulated 
by soluble TNFRp75. WT, TNFRp75–/–, 
TNFRp55–/–, and TNFRp55/75–/– DCs 
were infected with M. tuberculosis at 
an MOI of 5:1. (A) Bioactive TNF was 
determined using WEHI assays. (B) 
IL-12p40 was analyzed by ELISA. Data 
(mean ± SEM of quadruplicate values) 
are representative of 1 of 2 similar 
experiments. **P < 0.01, ANOVA.
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which were characterized by CD80, CD86, and MHCII expression 
and enhanced IL-12p40 synthesis compared with WT mice. DCs are 
ideally positioned to contribute to both innate and adaptive immune 
control. Their role in early innate immune defense has been illus-
trated by others who found that DCs restrict bacterial replication 
during early infection (46). It is therefore plausible that early pro-
tection in TNFRp75–/– mice may be associated with enhanced bac-
terial control related to the increased number of activated DCs in 
the absence of TNFRp75. The capacity of DCs to establish innate 
immune control of bacterial infection via TNF/iNOS-dependent 
mechanisms has previously been reported (47). The potential for 
superior killing by the increased DC population in the absence of 
TNFRp75 remains to be defined. In addition to its role in Th1 polar-
ization, DC-derived IL-12 plays a significant role in the migration of 
DCs to the draining LNs (35), and our present results confirmed that 
higher IL-12p40 induction mediated an increase in DC migration 
to draining LNs in M. tuberculosis–infected TNFRp75–/– mice. T cell 
activation relies primarily on antigen presentation by DCs in the LN, 
not the lung, during M. tuberculosis infection (45), and cytokines such 
as IL-12 are required to induce Th1 polarization (48–50). Enhanced 
mycobacterial clearance was associated with increased recruitment of  
M. tuberculosis–specific Th1 cells in the absence of TNFRp75. Inter-
estingly, delayed DC trafficking to LNs hinders timely induction of 
protective immune responses and alters disease outcome (51). Our 
results showed enhanced DC migration to LNs in TNFRp75–/– mice, 
which suggests that soluble TNFRp75 may delay DC trafficking to 
LNs and impede optimal induction of T cell–mediated immunity. 
The increased number of activated DCs and increased IL-12p40 in 
TNFRp75–/– mice would therefore suggest favorable conditions in 
the LN for T cell activation. Indeed, we noted an increased num-
ber of activated CD4+CD44+ and CD8+CD44+ T cells in the LNs of 
TNFRp75–/– mice. We also confirmed that newly activated T cells 
were in fact Th1 polarized, capable of producing IFN-γ once recruit-
ed to the lungs. Ex vivo restimulation of lung cells from TNFRp75–/– 
mice demonstrated an increased ability to generate an M. tuberculosis–
specific IFN-γ response to ESAT6 or M. tuberculosis H37Rv compared 
with WT mice. Therefore, our collective data provide evidence that 
TNFRp75 regulates the antigen-presenting potential of DCs and the 
induction of Th1 immune responses during early acute infection.

The clear correlation we demonstrated between increased 
early Th1 immune responses and control of bacterial replica-
tion in TNFRp75–/– mice emphasizes the importance of a strong 
early proinflammatory response to the outcome of disease. It 
also suggests a regulatory role of TNFRp75 in buffering exces-
sive immune function in order to limit immune-mediated tissue 
damage during M. tuberculosis infection at the expense of achieving 
early control of bacilli replication, which would ultimately lead 
to increased host survival. Interestingly, we observed no patho-
logical damage as a result of the increased early proinflammatory 
response in TNFRp75–/– mice, which suggests a highly controlled 
process. Indeed, the early enhanced Th1 response in TNFRp75–/–  
mice was downmodulated during later stages of infection, 
when bacilli replication was controlled, which indicates that the 
response may be stimuli specific.

In vitro human macrophage studies demonstrated TNFRp55 
and TNFRp75 release upon M. tuberculosis infection in which pre-
dominantly soluble TNFRp75, rather than soluble TNFRp55, 
formed complexes with soluble TNF, thereby reducing TNF bio-
activity (7). In addition, TNFRp75 cell surface expression and 
shedding was increased in response to intraperitoneal M. avium 

both well-documented symptoms of advanced disease. Interest-
ingly, we observed a small but repeatable delay in the death of 
TNFRp55–/– compared with TNFRp55/75–/– mice, suggestive of a 
possible degree of protection afforded by TNFRp75 in the absence 
of TNFRp55. Nonetheless, TNFRp55-mediated immune function 
was nonredundant and could not be rescued by TNFRp75 expres-
sion. In contrast, survival during chronic infection was signifi-
cantly longer in TNFRp75–/– than WT mice, which suggests that 
TNFRp75 expression inhibits immune function during M. tuber-
culosis challenge. TNFRp75-dependent inhibition of host immune 
function during M. avium challenge was previously reported by 
Corti et al., who demonstrated immune benefit associated with 
TNFRp75 neutralization (6). Furthermore, Balcewicz-Sablinska  
et al. reported that TNFRp75 shedding is an important M. tubercu-
losis evasion mechanism, particularly in virulent strains (7). Using 
human alveolar macrophages, the authors found that virulent  
M. tuberculosis H37Rv bacilli were able to evade apoptosis through 
IL-10–dependent TNFRp75 shedding, while avirulent M. tuberculosis  
H37Ra induced less TNFRp75 shedding, reducing efficiency at 
evading apoptosis. TNFRp75 could form complexes with soluble 
TNF, thereby reducing TNF bioactivity and subsequent TNF-
mediated immune responses (7).

Cellular recruitment is essential for protective immunity against 
mycobacterial infections (9–11, 13, 27), partly due to its importance 
in granuloma formation, a critical component in host immunity 
without which mice die prematurely (11, 30). TNF signaling medi-
ates both cellular recruitment and subsequent granuloma forma-
tion in response to mycobacterial infections (11, 13, 27): the absence 
of TNF impairs formation of structured granulomas, with few 
epithelial macrophages and significant necrosis (9, 10). TNFRp55 
signaling has previously been shown — in both M. tuberculosis (40) 
and other infection and inflammatory models (41, 42) — to be 
important for the activation of NF-κB, which results in the synthe-
sis of proinflammatory cytokines, including TNF. Furthermore, 
as described in the present study and in previous reports (26, 27), 
TNFRp55 acts as the major conduit of TNF-mediated function, 
and an inability to signal through TNFRp55 yielded granuloma 
defects comparable to those observed with TNF deficiency. In both 
TNFRp55–/– and TNFRp55/75–/– mice, structured granulomas 
were absent and few epithelioid macrophages were noted, despite 
significantly increased pulmonary cell numbers. In addition, severe 
necrosis was observed in the absence of TNFRp55-mediated signal-
ing. In contrast, we found that the organization of granulomas in 
TNFRp75–/– mice resembled the ordered structure characteristic of 
WT granulomas. The fewer, smaller granulomas and reduced cell 
numbers we observed in TNFRp75–/– mice late in the acute stage of 
infection could be attributed to a reduced stimulus resulting from a 
lower bacilli burden in this strain, not an inability to recruit immune 
cells or form granulomas at the site of infection. In fact, TNFRp75–/–  
mice have an enhanced Th1 immune response during early acute 
infection. Therefore, our findings, together with other reported 
studies (9, 10), indicate that TNF signaling through TNFRp55 — 
and not TNFRp75 — is important for granuloma formation.

To understand the immune mechanisms conferring increased 
protection in TNFRp75–/– mice, we explored the effects of TNFRp75 
on cellular responses during M. tuberculosis infection, with particu-
lar emphasis on DCs as an integral component of early defense (43) 
and an important link between innate and adaptive immunity (44, 
45). During early acute infection, TNFRp75–/– mice presented with 
an increase in the number of activated CD11c+ DCs in the lungs, 
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Interestingly, the absence of both TNFRp55 and TNFRp75 
resulted in significantly lower IL-12p40 levels than when only 
TNFRp55 was deleted. The small but repeatable earlier susceptibil-
ity of TNFRp55/75–/– versus TNFRp55–/– mice could therefore be 
due to the small discrepancy in DC activation between the strains.

In summary, our present findings demonstrated that TNFRp75–/–  
mice present with enhanced protective immunity against aerosol 
M. tuberculosis infection. Moreover, we clearly demonstrated inhibi-
tion of M. tuberculosis–specific Th1 immune responses by soluble 
TNFRp75 and identified TNF-mediated DC activation as a critical 
factor determining disease outcome. We have therefore identified 
TNFRp75 as a viable host-specific target that could potentially be 
exploited for therapeutic application to improve outcome of dis-
ease during M. tuberculosis infection.

Methods
Mice. C57BL/6 WT control, TNFRp55–/– (Tnfrsf1a–/–; ref. 53), and TNFRp75–/–  
(Tnfrsf1b–/–; ref. 54) mice were obtained from Jackson Laboratories; dou-
ble-deficient TNFRp55/75–/– mice were generated by mating Tnfrsf1b–/– 
and Tnfrsf1a–/– mice. All animals were bred and housed in individually 
ventilated cages under specific pathogen–free conditions in the animal 
facility of the University of Cape Town. Male and female mice were pro-
vided food and water ad libitum and used in experiments at 8–12 weeks 
of age. Genotypes of the respective mouse strains were confirmed by PCR 
analysis of tail biopsies.

Antibodies. The following antibodies were used (all from BD Biosciences —  
Pharmingen): FITC-conjugated rat IgG2a (clone R35-95), PE-conjugated 
rat IgG2a (clone R35-95), APC-conjugated rat IgG2a (clone R4005), PE-
conjugated rat IgG2b (clone R35-95), FITC-conjugated hamster IgG 
(clone G70-204), PE-conjugated hamster IgG (clone G70-204), PE-conju-
gated rat anti-mouse CD120b (clone HN102), PE-conjugated anti-mouse 
CD44 (Pgp-1) (clone IM7), PE-conjugated rat anti-mouse I-A/I-E (clone 
M5/114.15.2), PE-conjugated hamster anti-mouse CD80 (clone 16-10A1), 
PE-conjugated rat anti-mouse CD86 (clone GL1), PE-conjugated anti-
mouse CD8a (Ly-2) (clone 53-6.7), FITC-conjugated anti-mouse CD8a 
(Ly-2) (clone 53-6.7), FITC-conjugated hamster anti-mouse CD11c (clone 
HL3), FITC-conjugated rat anti-mouse IFN-γ (clone XMG1.2), APC-con-
jugated rat anti-mouse CD11b (clone M1/70), APC-conjugated rat anti-
mouse CD4 (clone RM4-5), rat anti-mouse CD16/CD32 (clone 2.4G2), 
anti-mouse CD3e (clone 145-2c11), and anti-mouse CD28 (clone 37.51). 

Mycobacteria and infection. M. tuberculosis H37Rv or M. bovis BCG was 
grown in Difco Middlesbrook 7H9 medium containing 0.5% glycerol and 
enriched with 10% OADC. Cultures were incubated at 37°C and grown 
until log phase. A frozen aliquot of M. tuberculosis H37Rv was rapidly 
thawed at 37°C, passed 30 times through a 29.5-gauge needle, and diluted 
in sterile saline. Mice were infected using a Glas-Col Inhalation Exposure 
System (model A4224). The pulmonary infection dose was confirmed by 
sacrificing 10 mice 1 day after infection and plating the homogenized lung 
tissue on Difco Middlesbrook 7H10 agar plates in 10-fold serial dilutions. 
Plates were semi-sealed in plastic bags and then incubated for 17–21 days 
at 37°C, after which the number of mycobacterial colonies was counted 
and the infection dose calculated.

Microscopic analysis. Mice were sacrificed, and organs were fixed in phos-
phate-buffered formalin. Photographic images were first captured with 
a Nikon 4500 digital camera and analyzed using Nikon View 5 software, 
after which they were embedded in paraffin wax. Tissues were sectioned at 
2–3 μm, stained with H&E and Ziehl-Neelsen, and mounted with Canada 
balsam. Images of stained tissue sections were captured using a Nikon 
DXM 1200 digital still camera attached to a Nikon Eclipse E400 micro-
scope and ACT-1 software.

infection (6). Based on the evidence from these studies, we hypoth-
esized that TNFRp55 and TNFRp75 would be released upon  
M. tuberculosis infection, allowing soluble receptors to bind bioac-
tive TNF and thereby reduce the availability of bioactive TNF for 
signaling via the membrane-bound receptors. TNF and IFN-γ are 
known key requirements for optimal cellular activation (52), and 
reduced availability of bioactive TNF could therefore negatively 
affect DC activation. Assessment of TNFRp55 and TNFRp75 
shedding, both in vivo and in vitro, confirmed the release of 
TNFRp75 from cell surfaces and demonstrated increased lev-
els of soluble TNFRp75 and TNFRp55 in supernatants after  
M. tuberculosis infection, in accordance with previous reports (6, 7).  
Interestingly, the absence of TNFRp75 was associated with sig-
nificantly lower soluble TNFRp55. Both in vitro and in vivo 
analysis of TNFRp55 showed increased surface expression in 
TNFRp75–/– DC cultures or BAL mouse lung cells, which suggests 
that TNFRp55 shedding is promoted by TNFRp75. In addition, 
BALF from TNFRp75–/– mice and supernatants from TNFRp75–/–  
BMDCs had higher concentrations of bioactive TNF, which 
could potentially all signal through TNFRp55. This indicated 
that immune responses in TNFRp75–/– mice were characterized 
by improved TNF-TNFRp55 signaling, which promoted the early 
Th1 proinflammatory immune response essential for early control 
of bacilli replication and was accordingly associated with reduced 
pulmonary pathology. In support of this concept, TNFRp75 neu-
tralization in M. tuberculosis–infected BMDCs increased IL-12p40 
and bioactive TNF expression as well as the number of BMDCs 
expressing MHCII, further indicating that the increased ability of 
DCs to become activated was due to increased concentrations of 
bioactive TNF caused by the reduction in soluble TNFR.

Nonetheless, it could be argued that TNF-TNFRp75–mediated 
signaling inhibits Th1-mediated immunity and that the increased 
protection observed in TNFRp75–/– mice was the consequence of 
absent inhibitory signaling through TNFRp75 rather than inhibit-
ed bioactive TNF through binding of soluble TNFRp75. To explore 
this option, we used BCG, an attenuated mycobacterial strain less 
virulent than M. tuberculosis H37Rv, which allowed for normaliza-
tion of bioactive TNF concentrations between WT and TNFRp75–/–  
BMDCs and compared WT and TNFRp75–/– activation after 
infection. If TNFRp75-mediated signaling was the mechanism of 
immune inhibition, we would expect decreased activation of WT 
versus TNFRp75–/– BMDCs when bioactive TNF concentrations 
were equal. On the contrary, WT BMDCs showed increased acti-
vation, which indicated that membrane-bound TNFRp75 may in 
fact supplement TNFRp55 signaling, as opposed to eliciting an 
inhibitory effect. We previously reported no difference in disease 
outcome between WT and TNFRp75–/– mice using BCG (33); 
based on our present data, this may reflect that TNFRp55 signal-
ing is sufficient to control disease when sufficient bioactive TNF 
is available. To further confirm that it is soluble TNFRp75 and its 
ability to decrease bioactive TNF that impedes protection in WT 
mice, and not TNFRp75-mediated signaling, TNFRp75–/– BMDCs 
(which have neither membrane-bound nor soluble TNFRp75) 
were reconstituted with soluble recombinant TNFRp75. The data 
clearly showed a dose-dependent reduction in DC activation when 
soluble TNFRp75 was administered to TNFRp75–/– BMDCs, with 
IL-12p40 concentrations similar to those of WT BMDCs. This 
argues convincingly in favor of TNFRp75 shedding and con-
sequent reduction in TNF bioavailability as the mechanism of 
immune regulation during M. tuberculosis infection.
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CO2. Cells were harvested and counted, and 1 × 106 cells analyzed by 
flow cytometry. Supernatants were collected from the 48 well plates at 
the indicated time points.

BAL. Mice were euthanized and dissected to reveal the trachea. An 
18-gauge cannula was inserted into the trachea, and BALF was collected by 
doing 2 lavages each time, aspirating 10 times with 300 μl sterile PBS. The 
BALF was aliquoted and stored at –80°C for cytokine and TNFR analysis 
by ELISA. BAL cells were collected by doing 3 lavages each using 700 μl 
sterile PBS. Cells were kept on ice for flow cytometric analysis.

Whole-lung harvesting and tissue preparation. Mice were humanely euthanized 
and exsanguinated via the femoral vein. The thoracic cavity was opened to 
expose the heart and lungs, and the pulmonary vasculature was perfused 
with 5 ml PBS containing 20 U/ml heparin (Bodene [PTY] Ltd.). Lungs 
were removed and dissected into smaller pieces (2–3 mm) using a scalpel 
blade, and lung pieces were incubated with rotation for 90 minutes at 37°C 
in 10 ml DMEM supplemented with 50 U/ml collagenase 1 (Worthing-
ton Biomedical Corp.) and 13 U/ml DNase 1 (Boehringer Mannheim). 
Digested lung pieces were passed through a 70-μm cell strainer prior 
to centrifugation at 405 RCF at 4°C for 10 minutes. Cells were washed 
with complete restimulation medium (RPMI supplemented with 5% FCS,  
2 mM l-glutamine, 50 μM 2-mercaptoethanol, 100 U/ml penicillin, and 
100 μg/ml streptomycin), and red blood cells were lysed in 5 ml/lung red 
blood cell lysing buffer. Cells were left on ice for 1 minute, and 5 ml com-
plete restimulation medium was added prior to centrifugation at 405 RCF 
at 4°C for 10 minutes. Cells were then either washed in 1× PBS or in com-
plete restimulation medium, or counted for cell staining or restimulation 
assays. Single-cell suspensions of LNs were prepared by passage through 
70-μm cell strainers prior to centrifugation at 4°C for 10 minutes. Simi-
larly, cells were then either washed in 1× PBS or in complete restimulation 
medium for cell staining or restimulation.

Lung and LN restimulation. 2.2 × 106 cells/well were seeded in a 96-well 
round-bottomed nunc plate (Nunclon). Cells were stimulated with ESAT6 
(10 μg/ml), M. tuberculosis at an MOI of 5:1, or anti-CD3/anti-CD28 dilut-
ed in complete restimulation medium at 37°C for a total of 6 hours with 
medium as a control. After the first 2 hours, Brefeldin A (Epicenter Bio-
technologies) was added to a final concentration of 5 μg/ml. For anti-CD3/
anti-CD28 restimulation, wells were coated overnight with anti-CD3/anti-
CD28 (5 μg/ml in a volume of 50 μl), and the antibody cocktail was aspi-
rated off prior to the addition of cells. After 6 hours of stimulation, cells 
were centrifuged for 5 minutes at 514 RCF, resuspended in 220 μl FACS 
buffer, and replated into 96-well v-bottomed sterilin plates (Bibby Sterilin) 
for analysis by flow cytometry.

Flow cytometry. BMDMs, BMDCs, or single-cell suspensions of lungs 
or LNs were labeled in 96-well plates (Bibby Sterilin) with the indicated 
antibodies. Samples were analyzed on a FACS Calibur (BD) flow cytom-
eter using Cell Quest software (BD). Briefly, 1 × 106 BMDMs or BMDCs 
and 2 × 106 lung cells or LN cells were stained with the required antibod-
ies or IgG control antibodies. For intracellular staining, saponin buffer 
was used to permeabilize the cells. All cells were fixed overnight in 2% 
paraformaldehyde before analysis.

RNA isolation. Total RNA was isolated from cultured DCs at 4 and 24 
hours after M. tuberculosis infection using TriReagent and purified using 
the RNeasy RNA Extraction kit (Quiagen) according to the manufacturer’s 
instructions.

Quantitative RT-PCR. cDNA synthesis was performed using the Tran-
scriptor First Strand cDNA Synthesis Kit (Roche), and RT-PCR was 
performed using the Roche LightCycler 480 SYBR Green 1 Kit (Roche) 
according to the manufacturer’s instructions. The following prim-
ers were used: Tnf forward, 5′-TCTCATCAGTTCTATGGCCC-3′; Tnf 
reverse, 5′-GGGAGTAGACAAGGTACAAC-3′; ribosomal S12 (rS12) for-

Bacterial burden assessment. Mice were killed at defined time points, and 
mycobacterial burdens in the lungs, liver, and spleen were determined by 
CFU enumeration. Briefly, organs were homogenized in 1–2 ml sterile 
saline containing 0.04% Tween 80, and tissue homogenates were plated 
in 10-fold serial dilution in duplicate on Difco Middlesbrook 7H10 agar 
(BD). Mycobacterial cultures were semi-sealed in plastic bags and incu-
bated for 18–21 days at 37°C, after which mycobacterial colonies were 
counted and final organ burdens calculated.

ELISA. Cytokine and soluble receptor sample concentrations were 
assessed by ELISA as described by the manufacturer. Briefly, infected lungs 
were removed at the indicated day after infection and homogenized in 1 ml 
sterile saline containing 0.04% Tween 80. Homogenates were subsequently 
centrifuged twice at 405 g for 10 minutes at 4°C, and the supernatant was 
aliquoted and stored at –80°C for further analysis. In addition, culture 
supernatants from macrophages and DCs were removed, centrifuged twice 
at 405 g for 10 minutes at 4°C, and then aliquoted and stored at –80°C for 
further analysis. All ELISA reagents were purchased from R&D Systems, 
and absorbances were read at 405 nm using a VERSAmax Tunable Micro-
plate Reader (Molecular Devices Corp.). Data were analyzed using SoftMax 
Pro version 4.3 software (Molecular Devices Corp.).

Bioactive TNF assay. Bioactive TNF was determined using the TNF-sensitive 
fibroblast cell line WEHI 164, clone 13. An aliquot of WEHI cells was thawed 
at 37°C and cultured in a 90-mm tissue culture petri dish (Bibby Sterilin) 
containing 10 ml WEHI Complete medium (RPMI supplemented with 
10% FCS, 0.5× amino acid supplement, 10 U/ml penicillin, and 10 μg/ml  
streptomycin) until confluent. Cells were harvested in trypsin/EDTA and 
seeded at 2 × 104 cells/well in a 96-well tissue culture plate (Nunclon). Cells 
were allowed to adhere overnight by incubating at 37°C with 5% CO2. 
rTNF standards (BD Biosciences — Pharmingen) were prepared in 2-fold 
serial dilution at a concentration range of 8–0.06 pg/ml and, together with 
samples, was added to WEHI cells and incubated at 37°C with 5% CO2 for  
18 hours. 50 μl of 2-mg/ml MTT (Sigma-Aldrich) was added to the samples 
and incubated at 37°C for 2 hours, after which the supernatant was discard-
ed by aspiration. 50 μl WEHI detection solution (67% propanol, 0.32% HCL, 
and 6.7% SDS) was added to each well, and samples were read at 570 nm  
with reference filter at 690 nm using a VERSAmax Tunable Microplate 
Reader (Molecular Devices Corp.). Data were analyzed using SoftMax Pro 
version 4.3 software (Molecular Devices Corp.).

DC cultures and stimulation. Femurs were collected from 6- to 8-week-old 
mice of each strain subsequent to sacrifice by cervical dislocation. The 
femurs were rinsed in 70% ethanol and placed in 5 ml ice-cold complete 
BM-derived macrophage (BMDM) medium (RPMI supplemented with 30% 
L929, 20% FCS, 10 mM l-glutamine, 100 U/ml penicillin, and 100 μg/ml 
streptomycin) or complete DC medium (DCM) (RPMI supplemented with 
50% GM-CSF conditioned medium, 10% FCS, 2 mM l-glutamine, 50 μM 
20-mercaptoethanol, 100 U/ml penicillin, and 100 μg/ml streptomycin). 
The epiphyses of the femurs were removed with a sterile scalpel blade, and 
the bone was flushed with appropriate complete medium. Harvested cells 
were centrifuged at 405 RCF and resuspended in 1 ml complete macrophage 
medium for macrophage culture or 1 ml complete DCM for DC culture, 
counted, and seeded at 2 × 106 cells in 90-mm Sterilin bacteriological plates 
(Bibby Sterilin) containing 10 ml of the appropriate complete medium.

DCs were seeded at 5 × 105 cells/well in 48-well plates to obtain culture 
supernatants for cytokine and soluble TNFR analysis by ELISA, or at  
2 × 106 cells in 90-mm culture plates (Bibby Sterilin) for analysis of acti-
vation by flow cytometry. Culture supernatants were aspirated and cells 
incubated with either medium alone, M. bovis BCG or with M. tuberculo-
sis H37Rv at a MOI of 5:1 with or without anti-TNFRp75 monoclonal 
antibody (2 μg/ml, clone TR75-32) or rTNFRp75 (50 ng/ml or 3 μg/ml, 
R&D Systems). Cells were stimulated for 4 or 24 hours at 37°C with 5% 
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ward, 5′-GGAAGGCATAGCTGCTGGAGGT-3′; rS12 reverse, 5′-CGAT-
GACATCCTTGGCCTGA-3′. Relative Tnf mRNA expression was calculated 
by dividing the Tnf value by the rS12 (housekeeping gene) value.

Statistics. Data are expressed as mean ± SEM. Statistical analysis was 
performed by ANOVA using GraphPad Prism software (version 4.01). For 
mortality studies, analysis was performed using the log-rank test. A P value 
less than 0.05 was considered significant.

Study approval. The Research Ethics Committee of the University of Cape 
Town approved all experiments.
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