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Abstract 
 
 The importance of TNF-TNFR signaling in immunity against M. tuberculosis has 

been established.   

The aims of this study were to characterize the functions of membrane-bound TNF (Tm-

TNF) and soluble TNF (solTNF) and to investigate the role of membrane-bound 

p55TNFR signaling as well as the in vivo significance of TNFR shedding in host immune 

responses during infection with M. tuberculosis H37Rv.  To address this, mice expressing 

only the membrane-bound TNF or membrane-bound p55TNFR were exposed to a low 

dose of M. tuberculosis H37Rv by aerosol inhalation infection.  The results presented in 

this dissertation illustrate that Tm-TNF mice were able to control acute M. tuberculosis 

infection but succumbed to chronic exposure to M. tuberculosis with pneumonia. We 

demonstrate that Tm-TNF mice displayed heightened pulmonary macrophage activation 

reflected by enhanced cell surface expression of MHC-II, CD80 and CD86 as well as 

enlargement of granulomas.  Furthermore, our results show that solTNF has a regulatory 

function that modulates the magnitude of Th1 immune responses during acute and 

chronic stages of the infection.   

 

The evaluation of the functions of Tm-TNF and solTNF in host immune function in the 

presence of an established mycobacteria-specific immune response was carried out using 

a ‗drug-based‘ M. tuberculosis reactivation model.  Here, mice that were challenged with 

a low dose of M. tuberculosis were exposed to INH-RIF treatment for six weeks in 

drinking water, after which therapy was withdrawn and immune responses during 

reactivation were analyzed.  Our results demonstrate that complete absence of TNF 

resulted in host susceptibility to recrudescence tuberculosis in the presence of a 

mycobacteria-specific immune response.  TNF deficient mice were unable to suppress 

bacilli growth and formed diffused granulomas and succumbed early to reappearing 

tuberculosis compared to WT mice.  By contrast, we show that Tm-TNF was sufficient 

for containment of reappearing mycobacterial growth and sustaining immune pressure in 

a manner comparable to WT control mice.   
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Lastly, the analysis of host immune responses in mice expressing a non-sheddable 

p55TNFR revealed that persistent p55TNFR cell surface expression does not afford 

better protection to low dose M. tuberculosis infection.  However, we observed a 

transient elevation in the frequency of pulmonary CD11b+/MHC-II+ cells in mice 

expressing a non-sheddable p55TNFR relative to WT mice as well as reduced cell 

surface expression of CD44 on CD4+ T cells.  We also found that pulmonary IL-12p70 

and TNF concentrations were elevated whereas IFNγ levels were reduced in mice 

expressing a non-sheddable p55TNFR relative to WT mice.  Furthermore, data presented 

here describe the in vivo functional significance of p75TNFR shedding.  We demonstrate 

using a double mutant mouse strain that in the absence of p75TNFR, mice expressing a 

non-sheddable p55TNFR display enhanced ability to control M. tuberculosis infection. 
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Tuberculosis 
 
 
 
        “Since the time people have realized tuberculosis is preventable and since they have learned how to 

avoid the infection, mortality rates caused by tuberculosis have declined in industrialized countries and 

signs are starting to appear that it can be eliminated. This is the right time to combat tuberculosis.‖  Robert 

Kock, 1882. 
 

 

Tuberculosis is still a major global health issue and continues to claim the lives of both 

young and adult humans faster than any other single disease causing organism.  The 

tubercle bacilli have evolved ways to circumvent destruction and defiantly persist in the 

face of hostile innate and adaptive host immune defense mechanisms.  In this regard, in 

some immunocompetent humans, the bacteria induce a lung pathology which ingeniously 

allows for transmission of bacteria by aerosol from one person to another.  Lung 

pathology is initiated at sites of bacterial implantation with attraction and accumulation of 

macrophages and lymphocytes which multiply to form compact granulomas that contain 

the bacteria (Saunders and Cooper, 2000).  In some humans, the granuloma structure can 

result in cavities with central caseous necrosis (Fayyazi et al., 2000).  The key feature of 

granuloma formation is the development of fibrosis within the granuloma and the 

surrounding lung parenchyma giving rise to the tubercle nodules.  Depending on the 

metabolic status of the bacteria, the disease advances as a necrotizing pneumonic process 

that can involve bronchioles and result in the spreading of infection to other areas of the 

lung. 
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The pathogen identified to be the causative agent of tuberculosis is Mycobacterium 

tuberculosis (M. tuberculosis) was discovered in 1882 by Robert Kock.  Classical 

characteristics of M. tuberculosis include that it is a gram-positive, slow growing, 

facultative intracellular pathogen (Manganelli et al., 1999).  It shares with other members 

of the Mycobacterium genus a unique waxy cell wall of which the majority of the 

constituents are mycolic acids which make up more than 50% of the bacteria‘s dry weight 

(Brennan and Nikaido, 1995).  This allows the bacteria to retain basic dyes in the 

presence of acid alcohols, hence their acid fastness (Allen, 1992). 

 

Another characteristic feature of M. tuberculosis is the ability to remain latent in infected 

hosts.  Of those who are infected, 90% do not develop active disease (WHO report, 

2009).  These individuals represent a large reservoir of M. tuberculosis with the potential 

for reactivation and driving the epidemic.  Furthermore, factors such as the increase of 

the world‘s poor, the menace of HIV/AIDS, emigration due to political or economic 

instabilities, and global interdependency are set to increase tuberculosis cases globally for 

the foreseeable future.  Epidemiologists‘ estimate that 2 billion of the world‘s population 

is infected with M. tuberculosis, and 9.27 million new tuberculosis cases occurred in 

2007 alone (WHO report, 2009).  According to the global distribution pattern, the 

majority of high tuberculosis incidences (Fig. 1) are restricted to developing countries 

and this phenomenon is associated with high incidence of human immunodeficiency 

virus (HIV) confection (Fig. 2).   
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Figure 1.  The global distribution pattern of estimated tuberculosis incidences in 2007 shows that the 

developing countries are highly afflicted.  (The map was adapted from WHO Report 2009). 
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Figure 2.  Of the 15 countries with the highest estimated tuberculosis incidence rates per capita in 2007, 

13 are in Africa.  (Grey bars indicate tuberculosis in all ages and the blue bars indicate the corresponding 

co-infection with HIV among adults aged 15-49 years).  Bar graph was adapted from WHO Report 2009.  
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Experimental tuberculosis 
 
Most of what is known about the in vivo host response to M. tuberculosis infection comes from the use of 

animal models of the disease, mostly mice.  This animal host has also proved valuable in investigating 

aspects of host-pathogen relationships such as the molecular basis of M. tuberculosis virulence, a feature 

that can be investigated only in terms of environmental changes induced in the host.  The availability of 

inbred strains that differ from one another with respect to the degree of resistance to tuberculosis, the 

availability of genetically altered mutant mouse strains and the fact that mice are much less expensive to 

purchase and to maintain, make them attractive tuberculosis animal models compared with other host 

species.   

   
Pattern of infection in mice 

The growth of M. tuberculosis in mice is well characterised.  Mouse strains resistant to 

challenge with M. tuberculosis are able to control lung infection.  In resistant C57BL/6 

and BALB/c strains (Medina and North, 1996; North et al., 1999; North and Medina, 

1998), infection via the respiratory route with 100 or fewer M. tuberculosis bacilli results 

in exponential bacterial replication in the lungs reaching up to 6.5 logs by day 20 post-

infection.  The onset of mycobacteria specific adaptive immunity results in inhibition of 

further bacterial growth which give rise to an approximate stationary phase of the 

infection that persists from day 20 until the mice succumb to infection by day 250.  Smith 

and colleagues (Schell et al., 1974) first described the description of this pattern of lung 

infection in mice more than 30 years ago.  The infection is however not confined to the 

lungs but is disseminated to other organs via lymph and blood (Chackerian et al., 2002).  

The bacilli can be recovered from livers and spleens by day 15 post-infection and bacilli 

growth progresses until day 20 and, when systemic immunity is expressed, further 

bacterial growth ceases and the stationary phase of the infection ensues (Mogues et al., 
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2001).  McCune and Tompsett (1956) described the events of mice infected via the 

intravenous route nearly 50 years ago and revealed that most of the bacilli implants in 

liver (95%) and spleen (about 4%) and 0.1% implants in the lung after mice are 

inoculated via the iv route.  Interestingly, in the lung, the tubercle bacilli replicate 

progressively for 20 days compared to 10 days in the liver and spleen before station 

phase of the infection is established (Medina and North, 1996). 

 

Progression of infection in M. tuberculosis susceptible mouse strains is different.  

Infection of susceptible strains such as DBA/2, C3H, CBA, 129Sv (Medina and North, 

1996; Medina and North, 1998; Mitsos et al., 2003) via the respiratory route or the 

intravenous route result in rapid bacterial growth in the lungs for the first 20 days as in 

resistant mouse strains but the established chronic phase in these mice is unstable as a 

result they succumb to infection with a mean survival time of 100 - 150 days.  In 

addition, studies by Gruppo et al., 2002, revealed that susceptibility of these mouse 

strains was associated with reduced and delayed trafficking of T lymphocytes in the lung 

which correlated with a poor upregulation of adhesion and integrin molecules necessary 

for populating the lung. 
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Immunity to tuberculosis 
 
That immunity to M. tuberculosis and other facultative intracellular bacteria is cell mediated was proposed 

by Mackaness in the 1960s.  He saw lymphocytes as the cells that specifically mediate immunity and the 

macrophages as the cells that indiscriminately express it (Mackaness, 1969).  Based on his analyses, before 

macrophages can express immunity, they need to be activated into assassin mode, and it is the function of 

antigen-specific lymphocytes that give macrophages the licence to kill the invading bacteria.  It was later 

established in the 1970s that antigen-specific T cells achieved this by secreting humoral factors, known 

later as lymphokines. 

 

 

Cellular immunity 

There is extensive evidence to support a central role for a type 1 (Th1) immune response 

in mice and humans for the generation of a protective immune response against M. 

tuberculosis infection.  Many components of the immune system appear to be necessary 

for induction of a protective response, which include T cells, cytokines such as gamma 

interferon (IFNγ) and tumor necrosis factor (TNF), and macrophage activation.  The 

macrophage activating and Th1 polarizing phenotype is favoured over an antibody-

dominated Th2 response by the local release of interleukin-12 (IL-12) from infected cells 

(Ladel et al., 1997).  Studies from mouse models and evidence obtained from individuals 

with susceptibility to disseminated infection with M. bovis BCG and other weakly 

pathogenic mycobacteria identifies the IL-12-IFNγ loop to be crucial for protection 

against infection (Altare et al., 1998; Cooper et al., 1993; Cooper et al., 1997; Flynn et 

al., 1993; Jouanguy et al., 1996; Newport et al., 1996). 
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CD4+ T cells 

Within the infected macrophage, M. tuberculosis resides primarily in a phagosome 

resulting in MHC Class II presentation of mycobacterial antigens to CD4+ T cells.  

Several studies have shown that the primary effector function of CD4+ T cells in 

protection against tuberculosis is the production of IFNγ that is essential for activating 

macrophages (Cooper et al., 1993; Flynn et al., 1993; Orme et al., 1993).  Mice deficient 

in CD4+ T cells had diminished ability to control infection indicating the importance of 

this subset in protective immunity against M. tuberculosis (Caruso et al., 1999; Tascon et 

al., 1998).  Furthermore, adoptive transfer of CD4+ T cells enhanced protection against 

tuberculosis in mice (Orme et al., 1987).  Moreover, in human hosts, HIV+PPD+ 

individuals revealed that loss of CD4+ T cells greatly enhanced the susceptibility to acute 

and reactivation tuberculosis (Selwyn et al., 1989).  Other possible roles of CD4+ T cells 

have been suggested, these include mediating apoptosis, which is thought to play a role in 

M. tuberculosis infection, conditioning of antigen-presenting cells, providing help for B 

cells and CD8+ T cells, and production of other relevant cytokines (Balcewicz-Sablinska 

et al., 1998; Keane et al., 1997). 

 

CD8+ T cells 

CD8+ T cells recognize antigens derived from the cytoplasm of infected cells presented 

by the MHC Class I molecules.  Although M. tuberculosis resides predominantly inside 

vacuoles of infected cells, reports have suggested that the tubercle bacilli may gain access 

to the cytoplasm via pore formation in the vacuole membrane (Teitelbaum et al., 1999).  

Several studies in mice supported a role for CD8+ T cells in protection against M. 

Univ
ers

ity
 O

f C
ap

e T
ow

n 



 11 

tuberculosis (Flynn et al., 1992; Orme et al., 1987; Rolph et al., 2001; van Pinxteren et 

al., 2000).  Although mycobacteria specific cytotoxic CD8+ T cells have not been isolated 

from mice or humans, a CD8+ T cell clone isolated from mice vaccinated with 

mammalian cells expressing mycobacterial 65kDa antigen, was able to transfer protection 

and was cytotoxic against infected macrophages in vitro (Silva et al., 1994).  

 

CD8+ T cells also recognise antigens presented by Class 1b molecules.  These are non-

polymorphic and include the CD1 molecules (Porcelli and Modlin, 1999) as well H2-M3 

(Chiu et al., 1999) and present mycobacterial lipids and glycolipids vastly expanding the 

repertoire of possible antigen pool.  

 

Effector functions of CD8+ T cells include amongst others, production of IFNγ and TNF 

(Caruso et al., 1999; Scanga et al., 2000) as well as lysis of infected cells.  The lysis of 

target cells was shown to be mediated by production of perforin and granzymes or via the 

Fas/FasL pathway (Stenger et al., 1998).  Using CD8 deficient mice, CD95 and CD95L 

deficient mice, Turner and colleagues (2001) showed that CD8 T cell mediated immunity 

was not required during early stages of the infection, but was important during chronic M. 

tuberculosis infection.  Moreover, in the same study, the authors also revealed that 

perforin gene-disrupted mice were not more susceptible to chronic infection that WT 

control mice.  In humans, CD8+ T cells also produce granulysin, which was shown to be 

directly toxic to M. tuberculosis representing another effector mechanism by which CD8+ 

T cells contribute to the killing of the tubercle bacilli within cells (Stenger et al., 1998; 

Stenger et al., 1997). 
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γδ T cells 

Non-protein components of mycobacteria such as isopentenyl pyrophosphate and prenyl 

pyrophosphate were shown to activate a further set of T cells carrying antigen-specific 

receptor made up of the γ and δ chains (Constant et al., 1994).  Even though the role of γδ 

T cells in immunity has not been fully described, disruption of T cell receptor (TCR) δ 

genes proved to have detrimental effects in mice challenged with M. tuberculosis 

(D'Souza et al., 1997).  Here, IFNγ production and lysis of target cells also appeared to be 

contributory effectors in tuberculosis immunity afforded by γδ T cells (Tsukaguchi et al., 

1995).  

 

Macrophages as the effectors of Th1 immunity 

The macrophage is central to the control of M. tuberculosis infection.  Tubercle bacilli 

multiply in resting macrophages, but activation of these infected macrophages with IFNγ 

resulted in induction of a mycobacteriostatic or mycobactericidal state in vitro (Flesch 

and Kaufmann, 1987).  Tumor necrosis factor and IFNγ were shown to collaborate to 

induce production of nitric oxide (NO) and related reactive nitrogen intermediates 

(RNIs), which represent one of the antimicrobial defence mechanism launched by 

activated macrophages (Ding et al., 1988).  NO is generated from L-arginine via the 

enzymatic action of the inducible isoform of nitric oxide synthase (NOS2) (Ding et al., 

1988) and its importance in protective immunity was confirmed in studies where mice 

deficient of NOS2 activity were shown to be susceptible to M. tuberculosis infection 

(Chan et al., 1995; Flynn et al., 1998; MacMicking et al., 1997; Scanga et al., 2001).  The 

relevance of this mechanism in human infection remain controversial, however, there are 
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reports of NOS2 induction and/or RNI production by human macrophages (Bonecini-

Almeida et al., 1998; Nicholson et al., 1996; Rockett et al., 1998).  In addition, 

production of reactive oxygen, which is generated by the transfer of an electron from 

NADPH to molecular oxygen by the action of NADPH-oxidase is required for 

antimicrobial defence.  Studies with mice incapable of expressing NADPH-oxidase were 

found to be susceptible to M. tuberculosis compared to WT mice (Cooper et al., 2000). 

 

Why does immunity not achieve sterility to the infection? 

 

Deficiency in Th1 immunity versus macrophage function:  

A puzzling question in tuberculosis research is explaining why immunity to M. 

tuberculosis is not sufficient to resolve lung infection in mice, guinea pigs, rabbits, or 

susceptible humans to stop the development of disease.  Macrophages as the cells that 

express immunity directed by mycobacteria-specific T cells have been implicated as one 

the reasons for failure of mice and other hosts to resolve the infection.  This might be due 

to innate defects that prevent macrophages from expressing anti-mycobacterial functions 

or, alternatively, to an inability of the host to mount a sufficient Th1 macrophage 

activating response.  Also not known is whether macrophages would acquire improved 

mycobactericidal abilities that would resolve the infection if the number of mycobacteria-

specific Th1 cells were to be substantially increased.  

Other researchers have suggested that a Th1 immune response is not capable of resolving 

the infection because of the immunoregulating effects of Th2 immunity (Lin et al., 1996).  

However, studies conducted in mice incapable of mounting a Th2 response did not 
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demonstrate an improved ability to resolve M. tuberculosis infection in comparison to 

WT mice (Hernandez-Pando et al., 1996).  Likewise, the anti-inflammatory cytokine IL-

10, produced by macrophages and T cells during the M. tuberculosis infection and known 

to posses macrophage deactivating properties including downmodulation of IL-12 which 

in turn decreases IFNγ production by T cells, was found not be responsible for failure of 

immunity to resolve infection.  This was demonstrated in IL-10 gene-deficient mice, 

which displayed similar M. tuberculosis growth kinetics to WT control mice (North, 

1998).  Another potent immunoregulator, transforming growth factor (TGF)-β, has been 

implicated in suppression of T cell responses in tuberculosis patients (Hirsch et al., 1997) 

and was shown to participate in macrophage deactivation by inhibiting IFNγ-induced 

NOS2 production (Ding et al., 1990).  TGF-β can be detected in granulomas of 

tuberculosis patients and its transcription was enhanced in human monocytes after 

stimulation with M. tuberculosis, PPD (Toossi et al., 1995), or lipoarabinomannan (Dahl 

et al., 1996).  Although the in vivo role of TGF-β in resistance or susceptibility in 

tuberculosis has not been directly tested, neutralization of TGF-β activity resulted in 

enhanced bacterial control in monocytes infected with M. tuberculosis (Toossi et al., 

1995). 

 

Breaking the resolve:  Immune evasion 

The ability of M. tuberculosis to evade the immune response should be considered a key 

factor influencing resolution of infection.  The ability of M. tuberculosis bacilli to persist 

within macrophages, whose primary function is to kill invading microbes suggest the 

evolution of various mechanisms by M. tuberculosis to evade RNI toxicity; one of the 
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anti-mycobacterial mechanisms of activated macrophages (Chan et al., 1995; 

MacMicking et al., 1997).  Studies by Chen and colleagues (1998), showed that M. 

tuberculosis ahpC, which encodes the peroxiredoxin alkyl hydroperoxide reductase 

subunit C (AhpC), protects Salmonella typhimurium and mammalian cells from RNI 

toxic effects.  AhpC was shown to catalytically catabolize peroxynitrite anion (ONOO-) 

which is a potent oxidant formed by the reaction between NO and superoxide oxide (O-) 

produced by activated macrophages (Bryk et al., 2000).  In addition, M. tuberculosis 

AhpC peroxiredoxin in concert with mycobacterial dihydrolipoamide dehydrogenase 

(Lpd), dihydrolipoamide succinyltransferase (SucB), and thioredoxin-like AhpD, were 

reported to form an antioxidant complex with nicotinamide adenine dinucleotide 

(reduced)-dependent peroxidase and peroxynitrite reductase activity (Bryk et al., 2002). 

 

Another means by which M. tuberculosis evades the immune system is achieved by 

interfering with the tethering and fusion machinery that is involved in the maturation of 

phagosomes into phagolysosomes (Desjardirns M, 1995; Viera OV, 2002).  In addition, it 

is reported that once inside the phagosomes, bacilli are able to maintain an 

intraphagosomal pH environment that is suitable for its survival by way of excluding 

vacuolar H+ ATPases (Sturgill-Koszycki S, 1994). 

 

In other studies, M. tuberculosis was found to inhibit MHC II antigen processing and 

presentation.  CD4+ T cells‘ recognition of infected macrophages depend on MCH II 

presentation of mycobacterial antigens by macrophages (Mazzaccaro et al., 1996).  

Studies have shown that upregulation of MHC II by IFNγ was inhibited by M. 
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tuberculosis infection through intracellular sequestration of MHC II molecules (Hmama 

et al., 1998), decreasing the expression of the class II transactivator (CIIT) 

(Wojciechowski et al., 1999), or by inhibiting IFNγ signalling pathways in the 

macrophages (Ting et al., 1999).  In addition, studies addressing antigen processing in the 

phagosomes showed that MHC II-mycobacterial peptide complexes are formed in the 

phagosomes.  It was observed that phagosomes containing viable M. tuberculosis had 

fewer MHC II-mycobacteria peptide complexes compared to phagosomes containing 

heat-killed M. tuberculosis, suggesting that live bacilli inhibited the processing of 

antigens (Ramachandra et al., 2001). 

 

In summary, there is extensive evidence to support a central role for a type 1 (Th1) 

immune response in mice and humans for the generation of a protective immune response 

against M. tuberculosis infection.  Many components of the immune system appear to be 

necessary for induction of a protective response and these include T cells, cytokines such 

as IFNγ and TNF, and macrophage activation.  A deeper understanding of the underlying 

molecular mechanisms in the complex network of these immune responses will help in 

designing of effective vaccines and better treatments for tuberculosis.  
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ii TNF, signaling and role in disease 
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Brief History 

Tumor necrosis factor (TNF, TNFα) was discovered due its tumor necrotizing activities 

in mice (Carswell et al., 1975).  Independently, a molecule termed ‗cachectin‘ associated 

with wasting and hypertriglyceridemic state in rabbits infected with T. brucei was 

investigated (Kawakami and Cerami, 1981; Pekala et al., 1983).  In the mid 1980s, the 

amino acid sequence of human TNF was determined and it was found to be homologous 

to mouse cachectin thus establishing the identity of TNF and cachectin (Aggarwal et al., 

1985; Nedwin et al., 1985).  Although initially identified as a product of activated 

macrophages (Carswell et al., 1975), TNF is now known to be produced by many cell 

types including T cells (Steffen et al., 1988), B cells (Sung et al., 1988), mast cells 

(Gordon and Galli, 1990), keratinocytes (Kock et al., 1990), astrocytes and microglial 

cells (Sawada et al., 1989), smooth muscle cells (Warner and Libby, 1989), intestinal 

paneth cells (Keshav et al., 1990), and mesengial cells (Baud et al., 1989). 

 

TNF and its receptors 

TNF is a member of the TNF superfamily (TNFSF), which is a class of structurally 

related cytokines that are involved in diverse immunological and developmental 

pathways (Table 1) (Bodmer et al., 2002; Ware et al., 2003).  TNF is initially synthesized 

as a 26kDa non-glycosylated type II transmembrane molecule (Tm-TNF) that can be 

released from the cell surface by the metalloprotease TNF-α-converting enzyme (TACE) 

to generate a 17kDa portion, and subsequent to homotrimerisation, a 51kDa soluble TNF 

(solTNF) molecule is formed (Black et al., 1997; Kriegler et al., 1988; Mueller et al., 

1999; Perez et al., 1990).  Both TNF forms are biologically active and the plethora of 
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TNF functions is mediated by two TNF receptors: p55TNFR (TNFRSF1A, CD120a, 

TNFR1) and p75TNFR (TNFRSF1B, CD120b, TNFR2) with Tm-TNF preferentially 

signaling through p75TNFR and solTNF binding strongly to p55TNFR (Grell et al., 

1998).  In addition, in its homotrimeric form, LTα (a ligand within the TNFSF) also 

interacts with TNFRs to elicit biological responses similar to that of TNF (Smith et al., 

1994) while the heterotrimer, LTαLTβ complex interacts with LTβ-R (Crowe et al., 

1994). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1.  TNF ligand superfamily (TNFSF).  (Adapted from MacEwan 2002) 
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TNFRs are type I transmembrane glycoproteins sharing 28% homology in their 

extracellular domains but have distinct cytoplasmic domains and need to recruit cytosolic 

intermediate proteins in order to transduce signals (Fig. 3).  Both these receptors are 

regulated differently and display distinct expression patterns, with p55TNFR widely 

expressed in many cell types and, p75TNFR expressed mainly in hematopoietic cells 

(Santee and Owen-Schaub, 1996).  
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Figure 3.  TNF (Tm-TNF and SolTNF) signaling pathway through TNFR1 and TNFR2.  TNF 

interaction with TNFR1 activates the cell survival and proliferation pathways as well as pathways that lead 

to apoptosis.  TNFR2 play an important role in the regulation of apoptosis through TNFR1 although the 

molecular mechanisms involved in the regulation of cell survival-cell death remain obscure.  

Abbreviations: cIAP 1/2, cytoplasmic inhibitor of apoptosis 1/2; JNK, cJun N-terminal kinase; p38MAPK, 

p38 mitogen-activated protein kinase; RIP, receptor interacting protein; ROS, reactive oxygen species; 

TRADD, TNF receptor-associated death domain; TRAF1/2/6, TNF receptor-associated factor 1/2/6.  

Figure was adapted from Kruglov et al., 2008.  
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TNF-TNFR signaling in health and disease 

Earlier studies described two opposing functions of TNF, one with seemingly deleterious 

effect observed when TNF is produced in excess amounts leading to lethal septic shock 

and the other more beneficial effect resulting in protective immunity against invading 

intracellular pathogens (Bean et al., 1999; Flynn et al., 1995; Pfeffer et al., 1993; Rothe et 

al., 1993a; Tracey et al., 1987).  With the generation of gene knockout mice, a 

constellation of TNF-TNFR functions have been described.  These include a role in 

organization of secondary lymphoid tissues.  Pasparakis et al., (1997), demonstrated that 

TNF or p55TNFR gene deficient mice have partial defects in B-cell follicles formation, 

follicular dendritic cell and germinal centers, but display nearly normal humoral immune 

responses.  However, a more pronounced phenotype was observed in mice lacking LT 

which displayed a complete absence of lymphoid tissues such as lymph nodes and 

Peyer‘s patches (Fu and Chaplin, 1999). 

 

Cancer  

With regards to the observed anti-tumor activity of TNF (Carswell et al., 1975), a role in 

immune surveillance against malignancy has been proposed.  However, in the absence of 

TNF, mice did not develop spontaneous tumors nor did they exhibit accelerated tumor 

growth when transplanted in the peritoneum (Smyth et al., 1998).  Surprisingly, in 

another study, mice lacking TNF were protected against skin tumors (Moore et al., 1999).  

It has been suggested that TNF anti-tumor activities in certain mouse models is possible 

when immunostimulation is limited and the inflammatory response at the sites of tumor is 

independent of TNF signaling.  This hypothesis was tested in a recent study where 
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transgenic mice developed spontaneous pancreatic tumors (Calzascia et al., 2007); 

however, this was not observed in studies conducted by Kuprash et al., (2008) in mice 

lacking p55TNFR.  The relevance of these conflicting observations is yet to be 

established in humans. 

 

Inflammatory disorders 

TNF production is tightly regulated by a variety of mechanisms (Biragyn and 

Nedospasov, 1995; Black et al., 1997; Han et al., 1990; Shakhov et al., 1990; Xanthoulea 

et al., 2004).  Studies have shown that overexpression of TNF leads to pathologic 

consequences as observed in transgenic mice expressing a human TNF with a modified 

3‘-unstralated region of TNF mRNA where these mice developed polyarthritis with 

synovial inflammation, cartilage damage, and bone destruction (Keffer et al., 1991).  In 

another study, overexpression of TNF in addition to promoting arthritis also induced 

wasting as well as multiple organ necroses (Probert et al., 1995).  Other phenotypes such 

as Crohn‘s-like inflammatory bowel disease (IBD) (Kontoyiannis et al., 1999) and 

psoriasis (Schottelius et al., 2004) have been reported to be associated with deregulated 

TNF levels.  Furthermore, the effect of TNF antagonists in disease pathogenesis of 

rheumatoid arthritis (Lipsky et al., 2000; Setoguchi et al., 2006), Crohn‘s disease (Present 

et al., 1999) corroborates the functional relevance of TNF and TNFR expression observed 

in mouse studies.  However, considering that TNF is critical for immune regulation and 

in host defense, a deeper understanding of the therapeutic mechanisms and efficacy of 

each TNF blocker is required.  For instance, a recent publication by Anolik et al., (2008), 
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demonstrated that anti-TNF therapy in rheumatoid arthritis inhibits memory B cells by 

affecting lymphoid germinal centers and follicular dendritic cell networks. 

 

TNF-TNFR signaling in host immunity against mycobacterial infections 

TNF gene deletion (Bean et al., 1999; Kaneko et al., 1999; Roach et al., 2002), p55TNFR 

gene deletion (Flynn et al., 1995), and TNF neutralization studies (Eriks and Emerson, 

1997; Kindler et al., 1989) demonstrated that TNF has a critical function in protective 

immunity against mycobacterial infections.  In the absence of TNF, mice challenged with 

either avirulent M. bovis (Jacobs et al., 2000b) or virulent M. tuberculosis (Bean et al., 

1999) were shown to succumb to infection more rapidly compared to the wild type 

control mice.  However, TNF deficient mice displayed survival rates that were 

comparable to wild type control mice after challenge with a non-pathogenic M. 

smegmatis strain (Roach et al., 2002). 

 

Granuloma structure formation is imperative to host resistance against invading 

mycobacteria, and their absence usually coincides with mycobacterial dissemination and 

lethality (Bean et al., 1999; Kindler et al., 1989).  TNF has been implicated in 

inflammatory processes that lead to protective granuloma structure formation.  The 

mRNA expression levels of chemokines that facilitate cellular recruitment and formation 

of granuloma were observed to be delayed in the livers of TNF deficient mice relative to 

wild type control mice after challenge with M. smegmatis (Roach et al., 2002).  However, 

this early delay in chemokine mRNA expression was not observed in the lungs of TNF 

deficient mice after M. tuberculosis infection (Saunders et al., 2005).  Furthermore, 
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studies by Kindler et al., (1989), demonstrated that treatment of mice with anti-TNF 

monoclonal antibody interferes with granuloma structure formation if administered after 

one to two weeks post-infection with M. bovis resulting in fewer and smaller granulomas.  

Additionally, fully developed granulomas disintegrated after treatment of mice with anti-

TNF monoclonal antibody.  This was further corroborated by studies by Mohan et al., 

(2001), illustrating the importance of continuous TNF expression in protective granuloma 

structure maintenance. 

 

An immunoregulatory TNF function has been described in mycobacterial infections.  

Studies by Roach et al., (2002), demonstrated enhanced Th1 immune responses 

associated with increased CD4+ T cell numbers and increased IFNγ production in TNF 

deficient mice compared to wild type control mice after infection with M. smegmatis.  

This is line with Zganiacz et al., (2004), who demonstrated that TNF has a negative 

regulatory effect of Th1 immune responses.  In their studies the authors illustrated that 

relative to wild type control mice; TNF deficient mice displayed excess IL-12 and IFNγ 

production, enhanced antigen specific CD4+ and CD8+ T cell responses, and tissue 

destruction after M. tuberculosis challenge. 

 

In summary, the multiple TNF effects described here are an indication of complex TNF 

biology.  The continued generation of more specific transgenic mice, and newer 

technologies addressing the roles and contributions of cell specific or tissue specific TNF 

production would allow for more detailed studies in understanding the involvement of 

TNF in mediating pathology or host defense.    
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2Materials and methods 
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Mice 

Wild type (WT) mice were used as controls, TNF-/- mice (deficient in TNF) (Marino et 

al., 1997), Tm-TNF mice: express only the membrane–bound TNF; the endogenous TNF 

allele was replaced by knocking-in the ∆1-9,K11E TNF allele which ensures complete 

loss of TACE mediated cleavage (Ruuls et al., 2001), p55∆NS mice: express only the 

membrane-bound p55TNFR  (Xanthoulea et al., 2004), p75-/- mice (deficient in 

p75TNFR) (Erickson et al., 1994), and p55∆NS-p75-/- mice (obtained by mating p55∆NS 

mice and p75-/- mice) were bred, maintained and housed in IVCs under specific pathogen 

free conditions in the animal unit facility of University of Cape Town (Cape Town, South 

Africa).  For all the experiments, age matched mice on a C57BL/6 background were 

used.  All the experiments and protocols performed were in accordance with the 

guidelines of Research Ethics Committee of the University Of Cape Town, South Africa.   

 

Bacteria and infections 

M. tuberculosis H37Rv was obtained from Trudeau Mycobacterial Culture Collection 

and grown in Middlebrook 7H9 broth (Becton, Dickinson and Company, Le Pont de 

Claix, France) supplemented with 10% Middlebrook OADC enrichment medium (Life 

Technologies, Gaitherburg, MD), 0.5% glycerol and 0.05% Tween 80 at 37°C until log 

phase.  Prior to usage, mycobacterial aliquots were passed 30x through a 29.5 G needle to 

minimize bacterial clumping.  Pulmonary infection with 100 live M. tuberculosis H37Rv 

bacteria was performed using a Glas-Col Inhalation Exposure System, Model A4224.  

Inoculum size was confirmed 24 h post-infection by determining the bacterial numbers in 

the lungs of infected mice.  
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For the M. tuberculosis reactivation model (Fig. 1), groups of mice were infected by 

aerosol inhalation with 100 viable M. tuberculosis H37Rv bacilli.  The infection was 

allowed to progress for 21 days before commencement of treatment with 25 mg/Kg INH 

and 25mg/Kg of RIF (Botha and Ryffel, 2003) (Sigma, St. Louis, USA) in drinking water 

for 6 weeks to reduce bacilli numbers to at least less than 100 CFUs in the lungs after 

which treatment was withdrawn. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.  Graphic presentation of drug-based M. tuberculosis reactivation mouse model.  Lines A and B 

depicts the ‗Low dose infection model‘; A: Preimmune phase, short bacterial replication period post-

infection with low dose M. tuberculosis; B: Host immunity is solely responsible for controlling the M. 

tuberculosis growth and establishment of a chronic infection.  Lines A, D and E show the ‗Drug based 

model‘; D: Reduction of bacterial numbers to very low levels using a short course regimen of 

antimycobacterial drugs; E: Reactivation of infection upon cessation of antibiotics. 
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Colony enumeration assay 

Bacterial burdens in the lungs, livers and spleens of infected mice were determined at 

specific time points after infection with M. tuberculosis H37Rv.  Organs were weighed 

and homogenized in 0.04% Tween 80 saline.  Tenfold serial dilution of organ 

homogenates were plated in duplicates on Middlebrook 7H10 (Becton, Dickinson and 

Company) agar plates containing 10% OADC (Life Technologies, Gaitherburg, MD) and 

incubated at 37°C for 19-21 days.  Colonies on plates were enumerated and bacterial 

burdens determined. 

 

Microscopic investigation of the lungs 

Mice were euthanized by carbon dioxide inhalation at specific time points.  Organs were 

weighed and fixed in 10% formalin and paraffin-embedded (Appendix).  Two to 3 µm 

sections were stained with haematoxylin and eosin (H&E) and a modified Ziehl-Neelson 

(ZN) method (Appendix).  For immunostaining, formalin-fixed paraffin-embedded 

sections were deparaffinised and rehydrated then stained with rabbit anti-mouse specific 

inducible nitric oxide synthase (iNOS) as described (Garcia et al., 2000).  Sections were 

then washed in PBS (Appendix) and incubated for 30 min at room temperature with 

biotinylated secondary antibody then subsequently incubated with avidin-biotin 

complexes (Vector Laboratories, CA, USA) for 30 min, washed and incubated with DAB 

substrate (Dako Corporation, CA, USA).  
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Lung homogenate preparations 

Whole lungs were removed from infected mice at specific time points and were 

homogenized in 1 ml 0.04% Tween 80 saline containing protease inhibitor (Sigma) 

(Appendix) and the supernatants were collected after low-speed centrifugation, aliquoted 

and frozen at -80°C.  

 

Cytokine ELISA 

Supernatants from organ homogenates or from cultured cells were harvested and assayed 

for cytokine concentration using commercially available ELISA reagents for TNF, IFNγ, 

IL-10, IL-12p40, IL-12p70, p55TNFR and p75TNFR (R&D Systems, Germany and BD 

PharMingen, San Diego), according to the manufactures instructions (See Appendix, 

brief description). 

 

Lung single cell preparation 

Lungs of infected mice were perfused by injecting 5 ml cold PBS (Appendix) containing 

20 U/ml heparin (Bodene (PTY) Limited, RSA) in the right ventricle of the heart.  Lungs 

were then removed, sectioned and incubated in PBS (Appendix) containing 50 U/ml 

collagenase 1 (Worthington Biomedical Corporation, Lakewood, NJ) and 13 µg/ml 

DNAse 1 (Boeringer-Mannheim, Germany) at 37°C for 90 min with rotation.  For single 

cell suspension, lung tissue was passed through a 70 µm nylon cell strainer (Beckton and 

Dickinson) washed 2x with PBS (Appendix) and viable cell numbers were determined by 

counting in the presence of trypan blue.  
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Flow cytometry and cell surface markers 

Isolated lung cells were counted and incubated for 20 min on ice with 25 µl FACS 

blocking buffer (Appendix), washed 2x with 475 µl ice-cold FACS buffer (Appendix) 

and centrifuged at 4°C for 5 min at 514 RCF.  Cells were then incubated for 20 min on 

ice with either 25 µl of specific antibody at 2 µg/ml or anti-IgG control antibody at 2 

µg/ml in the dark (See Appendix, antibodies used).  Following this, cells were washed 2x 

with 475 µl ice-cold  FACS buffer (Appendix) to remove excess antibodies then 

centrifuged at 4°C for 5 min at 514 RCF, the cell pellet was then resuspended in 200 µl 

FACS fixation buffer (Appendix).  Samples were acquired using FACSCalibur (Beckton 

and Dickinson) and analysed using FlowJo 7.5 software (Tree star, Ashland, OR, USA).    

 

Preparation of elicited peritoneal macrophages 

Mice were injected with 3% thioglycollate (Difco, St. Louis, USA).  Five days later, 

peritoneal exudate cells were isolated from the peritoneal cavity by washing with ice-cold 

RPMI (Sigma, Germany) supplemented with 10% FCS (Gibco, Invitrogen Corporation, 

Germany).  Cells were cultured overnight at 37°C and 5% CO2 incubator.  Adherent 

monolayer cells were used as peritoneal macrophages and were cultured at 5x105 cells/ml 

in RPMI supplemented with 10% FCS and stimulated for 20 min with either 100 ng/ml 

LPS (E. coli, serotype O111:B4, Sigma) or M. tuberculosis H37Rv (MOI 2:1).   
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Preparation of primary macrophage cultures 

Bone marrow cells were isolated from femurs of 6 to 8 weeks old naive mice and 

cultivated on 90 mm Sterilin plates (Bibby Sterilin, UK) at 2x106  cells/ml for 7 days in 

RPMI (Sigma, Germany) supplemented with 2 mM L-glutamine (Gibco, Invitrogen 

Corporation, Germany), 0.2 µM 2-ME (Sigma, St. Louis, USA), 20% horse serum 

(Gibco, Invitrogen Corporation, Germany) and 30% L929 cell-conditioned medium at 

37°C and 5% CO2.  Adherent cells were harvested by adding PBS (Appendix) containing 

0.02% EDTA (Merck Chemicals, Gauteng, RSA) and 4 mg/ml lidocain hydrochloride 

monohydrate (Sigma-Aldrich, L5647-15G) and incubated for 5 min at 37°C, cells were 

then washed with PBS (Appendix) and centrifuged at 405 RCF.  Following this, cells 

were resuspended in RPMI (Sigma, Germany) containing 10% FCS (Gibco, Invitrogen 

Corporation, Germany), 100 U/ml penicillin (Gibco, Invitrogen Corporation, Germany) 

and 100 ng/ml streptomycin (Gibco, Invitrogen Corporation, Germany) and plated at 

5x105 cells/ml in 96 well tissue culture plates (Nunclon, Denmark) and incubated for 24 h 

at 37°C and 5% CO2 to allow for cell adherence.  Cells were then stimulated with either 

100 ng/ml LPS (E. coli, serotype O111:B4, Sigma) or live M. tuberculosis H37Rv 

bacteria (MOI 2:1) for 90 min, 150 min, 300 min, 24 h, and 48 h.  Supernatants were 

collected and analysed for cytokine content using ELISA and nitrite concentration using 

the Griess reagent (3% phosphoric acid, 1% p-aminobenzene-sulphonamide, 1% n-

naphthylenediamide) as described (Stuehr and Nathan, 1989). 
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Bioactive TNF assay 

Bioactive TNF was determined using TNF sensitive fibroblast cell line WEHI 164, clone 

13 (Walter and Eliza Hall Institute).  WEHI cells were cultured on 90 mm tissue culture 

petridish (Bibby Sterilin, UK) in RPMI (Sigma, Germany) in 10% FCS (Gibco, 

Invitrogen Corporation, Germany) containing 10 U/ml penicillin (Gibco, Invitrogen 

Corporation, Germany), 10 µg/ml streptomycin (Gibco, Invitrogen Corporation, 

Germany) and 0.5x amino acid supplement (Gibco, MEM Amino acids without L-

glutamine, Invitrogen Corporation, Germany) until confluent.  Adherent cells were 

harvested using PBS (Appendix) containing Trypsin-EDTA (Gibco, Invitrogen 

Corporation, Germany), washed in PBS (Appendix) then centrifuged at 405 RCF.  Cells 

were resuspended in RPMI (Sigma, Germany) containing 10% FCS (Gibco, Invitrogen 

Corporation, Germany), 100 U/ml penicillin (Gibco, Invitrogen Corporation, Germany) 

and 100 ng/ml streptomycin (Gibco, Invitrogen Corporation, Germany) and plated at 

2x105 cells/ml in 96 well tissue culture plates (Nunclon, Denmark) and incubated for 24 h 

at 37°C and 5% CO2 to allow for cell adherence.  TNF standards (recombinant mouse 

TNF, BD PharMingen, San Diego) prepared in 2 fold serial dilutions starting at 8 pg/ml 

to 0.016 pg/ml or samples were added to WEHI cells and incubated for 18 h at 37°C and 

5% CO2.  Fifty microliters of 2 mg/ml MTT (Sigma, Germany) solution was added and 

cells were incubated for further 2 h, after which, the supernatants were aspirated and 50 

µl DMSO was added and samples were read at 570 nm using VERSAmax Tunable 

Microplate Reader (Molecular devices Corporation, California, USA).  Data was 

analysed using SoftMax Pro Version 4.3 software (Molecular devices Corporation, 

California, USA).  
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Antigen-specific IFN-γ production 

Antigen-specific production of IFNγ was measured from single cell suspension of 

mediastinal lymph nodes, lungs or BAL prepared from infected mice at specific time 

points after infection with M. tuberculosis H37Rv.  Cells were resuspended in RPMI 

(Sigma, Germany) supplemented with 10% FCS (Gibco, Invitrogen Corporation, 

Germany), 100 U/ml penicillin (Gibco, Invitrogen Corporation, Germany) and 100 µg/ml 

streptomycin (Gibco, Invitrogen Corporation, Germany) then cultured at 5x105 cells/well 

in 96 well round-bottom microplates (Nunc, Naperville, IL), and stimulated with either 

10 µg/ml ESAT-6 (Statens, Serum Institut, Denmark), 5 µg/ml anti-CD3/CD28 (BD 

PharMingen, San Diego) live M. tuberculosis H37Rv (MOI 2:1) and incubated at 37°C 

and 5% CO2.  Supernatants were harvested after 3 days and stored at -80°C for further 

analysis. 

 

Statistical Analysis 

Data were analysed by comparison of WT and gene-deficient/transgenic mice at specific 

time points and expressed as mean ± SD of 4mice/group (unless stated otherwise).  All 

graphic results were prepared using the GraphPad Prism 4 software and the same 

software was used for statistical analysis of data (Student‘s t test for comparison of two 

groups and ANOVA for comparison of three groups or more) and comparative analysis 

of survival data using designated GraphPad Prism 4 statistical module.  p values ≤ 0.05 

were considered significant.  Each experiment was repeated at least once to ensure 

reproducibility.  
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3Tm-TNF in M. tuberculosis infection 

 

 

 

 

 

 

 

 

Univ
ers

ity
 O

f C
ap

e T
ow

n 



 36 

 

 

 

 

 

 

 

 

 

The inherent complexity of TNF-mediated protective immunity and TNF-mediated immune pathologies is 

implicit in the differential bioactivities of the two molecular forms of TNF (solTNF and Tm-TNF) and the 

differential functioning of its receptors (p55TNFR and p75TNFR).  The purpose of this study was to 

characterize the role(s) of soluble TNF and membrane bound TNF in protective or pathology mediated 

TNF responses against M. tuberculosis lung infection.  Because of the progressive nature of M. 

tuberculosis infection this chapter addressed three different phases of tuberculosis disease: acute infection, 

chronic infection and reactivation drug-induced model. 
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Section I: Tm-TNF and acute M. tuberculosis infection 

 

Summary 

The fundamental importance of TNF in immunity against M. tuberculosis has been 

demonstrated previously but the contribution of soluble TNF versus membrane bound 

TNF in this immunity has not been fully characterized.  In this chapter, we demonstrate 

that Tm-TNF mediate protective immune responses against low dose aerosol inhalation 

challenge with M. tuberculosis H37Rv.  We demonstrate that Tm-TNF mice produce 

normal levels of IL-12p70, IFNγ and IL-10 and mediate a normal inflammatory process 

comparable to WT control mice.  Bactericidal granuloma structure formation is possible 

in the presence of Tm-TNF molecule and these are composed of activated CD4+ T cells 

and activated macrophages.  In conclusion, membrane expressed TNF is sufficient to 

protect mice against acute M. tuberculosis H37Rv infection. 

 

 

 

 

 

 

 

 

 

Univ
ers

ity
 O

f C
ap

e T
ow

n 



 38 

Results 

Tm-TNF mice control acute M. tuberculosis infection. 

Previous gene deletion and neutralization studies showed that TNF is required for 

generation of protective immunity during infection with a non-virulent mycobacterial M. 

bovis BCG strain (Jacobs et al., 2000b; Kindler et al., 1989).  However, these studies did 

not characterize the relative contributions of the two molecular forms of TNF: Tm-TNF 

and solTNF in this process.  A study by Olleros et al., (2002; 2005) revealed that 

transgenic mice expressing Tm-TNF in the absence of TNF and LTα developed 

protective immune responses against M. bovis BCG as well as M. tuberculosis however; 

the control of bacilli replication observed for M. bovis BCG was less efficient for M. 

tuberculosis infection.  Dissecting the functions of Tm-TNF versus those of solTNF in 

these transgenic mice is further complicated by the fact that LTα has also been reported 

to mediate partial protection against M. bovis BCG infection (Bopst et al., 2001).  We 

examined the respective roles of solTNF and Tm-TNF using Tm-TNF mice in which the 

endogenous TNF allele was replaced with an uncleavable form of TNF but retained 

normal cell surface expression and functional capacity of WT Tm-TNF molecule (Ruuls 

et al., 2001).  In a study where mice were challenged with 1x106 CFUs/mouse via the 

intranasal route, we found that Tm-TNF mice were rendered susceptible to M. bovis BCG 

infection reflected by significant bacilli burdens in the lungs, spleens and livers compared 

to WT mice (Dambuza et al., 2008).  To determine the effects of virulence on Tm-TNF 

mediated immunity in a natural M. tuberculosis aerosol inhalation challenge model; WT 

mice, TNF-/- mice and Tm-TNF mice were infected with 100 CFUs/mouse M. 

tuberculosis H37Rv and body weight changes and mortality rates were recorded as 
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markers of disease progression.  WT mice maintained consistent body weights (Fig. 1A) 

throughout the experimental period and no mortalities were recorded (Fig. 1B).  In sharp 

contrast, TNF-/- mice were highly susceptible to infection, displayed rapid weight loss 

(Fig. 1A) and succumbed to infection with a mean survival time of 44 days (Fig. 1B) 

which was significantly different (p < 0.05) from WT control mice.  Conversely, Tm-

TNF mice maintained body weights comparable to WT mice (Fig. 1A) and displayed 

resistance to infection similar to WT mice (Fig. 1B).  
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Figure 1.  Tm-TNF mice are protected from acute M. tuberculosis infection.  WT mice (black circles), 

TNF-/- mice (white diamonds) and Tm-TNF mice (white squares) were infected with 100 CFUs/mouse M. 

tuberculosis H37Rv by aerosol inhalation.  (A) Body weights and mortality rates (B) were assessed over 

the infection period.  Data represent 1 out of 2 experiments performed and are expressed as mean ± SD of 8 

mice/group.  p values were obtained using the Log Rank test for survival curve comparison.   
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Control of mycobacterial replication was then assessed in the lungs and spleens of mice.  

As shown in Fig. 2A, bacterial replication in WT mice increased logarithmically and 

reached 6.5 log10 by day 26 post-infection then decreased to 5 log10 by day 33 post-

infection.  Bacilli burdens were then maintained at this level until the experiment was 

terminated 52 days post-infection.  In TNF-/- mice however, bacilli growth in the lungs 

was unrestricted and by day 33 post-infection bacilli burdens reached 8.5 log10 CFUs and 

were significantly higher (p < 0.001) in comparison to WT mice (Fig. 2A).  The increased 

bacilli burdens in the lungs of TNF-/- mice corresponded with the early susceptibility to 

infection seen in this strain (Fig. 1A & B).  Interestingly, Tm-TNF mice displayed a 

bacilli growth kinetic comparable to that of WT mice (Fig. 2A).  Spread of mycobacteria 

to spleen was determined and a significant difference (p < 0.01) in bacterial numbers was 

observed as early as day 26 post-infection in TNF-/- mice compared to WT mice and by 

33 days post-infection, the bacilli numbers declined in both strains but were observed to 

be higher in TNF-/- mice (Fig. 2B).  Conversely, bacilli numbers were comparable 

between Tm-TNF mice and WT mice at day 26 post-infection and followed a similar 

mycobacterial growth kinetic determined day 33 and day 52 post-infection, no significant 

differences were observed (Fig. 2B).  Differences in bacterial burdens in the lungs were 

confirmed histologically by Ziehl-Neelson staining with mycobacteria in WT mice (Fig. 

2C) largely localized intracellularly, in contrast, there was a significant amount of 

extracellular bacilli in TNF-/- mice (Fig. 2D) at day 33 post-infection.  Conversely, in Tm-

TNF mice (Fig. 2E) the bacterial staining pattern was similar to WT mice with bacilli 

largely confined intracellularly.  Thus, these data indicate that complete loss of TNF 
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renders mice susceptible to the infection and that Tm-TNF is sufficient for control of the 

infection. 
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Figure 2.  Tm-TNF is adequate for control of the infection.  WT mice (black circles), TNF-/-  mice (white 

diamonds) and Tm-TNF mice (white squares) were aerosol-infected with 100 CFUs/mouse M. tuberculosis 

H37Rv and bacilli burdens were assessed in the lungs (A)  and spleens (B) at time points indicated.  Lung 

sections from WT mice (C), TNF-/- mice (D) and Tm-TNF mice (E) were analyzed for presence of 

mycobacteria by Ziehl-Neelson staining at day 33 pots-infection (arrows show acid-fast bacilli).  Data are 

expressed as mean ± SD of 4 animals/group and represent 1 of 3 experiments performed.  Significant 

differences (***p < 0.001; **p < 0.01) were obtained using ANOVA.  Micrographs represent 4 

animals/group and shown at x800 magnification. 
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Tm-TNF mediates controlled inflammatory response and protective granuloma 

formation during acute M. tuberculosis infection. 

Mycobacterial granulomas are focal accumulations of mononuclear cells that form 

organized structures with centrally located macrophages that differentiate into epitheloid 

cells surrounded by lymphocytic aggregates, mainly CD4 T cells and this colocation is 

thought to allow close antigen-specific T cell-macrophage interaction facilitating 

activation of bactericidal mechanisms (Flynn and Chan, 2001).  TNF is essential for the 

formation and maintenance of the granulomas and many studies have shown that TNF 

plays a role in the early induction of chemokines and regulation of cell adhesion 

molecules that facilitate initial leukocyte recruitment and aggregation resulting in 

granuloma formation (Hickey et al., 1997; Mulligan et al., 1993; Roach et al., 2002).  We 

therefore investigated whether Tm-TNF signaling induced granuloma structure 

formation.   

 

Initially, we assessed lung weights in infected WT mice, TNF-/- mice and Tm-TNF mice 

as a surrogate marker of inflammation.  WT mice displayed a steady slight increase in 

lung weights of about 0.1 g over the course of the infection period (Fig. 3.1A).  Lung 

weights were comparable to WT mice determined 26 days post-infection in TNF-/- mice, 

but a significant increase (p < 0.05) was observed at day 33 post-infection in TNF-/- mice 

(Fig. 3.1A).  In contrast, Tm-TNF mice showed similar lung mass comparable to WT 

mice at time points investigated (Fig. 3.1A).  Total lung cell counts were then determined 

at day 33 post-infection to confirm lung weight data.  Results obtained showed that TNF-

/- mice had significantly higher (p < 0.01) lung cellularity relative to WT control mice, in 
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contrast, Tm-TNF mice displayed lung cell numbers comparable to WT mice (Fig. 3.1B).  

Together, these results suggest that Tm-TNF is sufficient to mediate early inflammatory 

response during M. tuberculosis infection and complete absence of TNF results in 

excessive inflammation which may be a reflection of increased bacilli burdens.  
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Figure 3.1.  Tm-TNF mediates a controlled cell infiltration in the lung.  WT mice (black circles), TNF-/- 

mice (white diamonds) and Tm-TNF mice (white squares) were infected by aerosol inhalation with 100 

CFUs/mouse M. tuberculosis H37Rv and lung weights (A) were determined at specific time points.  (B) 

Lung single cells suspensions were prepared and total cell numbers were quantified 35 days post-infection. 

Data are expressed as mean ± SD of 4 animals/group and represent 1 of 3 experiments performed.  

Significant differences (***p < 0.001; **p < 0.01; * p < 0.05) were obtained using ANOVA. 
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Next, we assessed whether granulomas were formed in presence of Tm-TNF as a 

correlate of protection.  Depicted in Fig. 3.2, results obtained showed that WT mice 

formed compact well defined granulomas consisting of epitheloid macrophages and 

interspersed with recruited lymphocytes analyzed at day 26 (Fig. 3.2A) and day 33 (Fig. 

3.2D) post-infection and interestingly, granulomas formed in TNF-/- mice (Fig. 3.2B) 

analyzed 26 days post-infection, however, the lesions increased in size by day 33 post-

infection (Fig. 3.2E) becoming more diffuse and involving larger areas of the lung 

compared to WT mice granuloma.  In converse, Tm-TNF mice formed well-structured 

granulomas comparable to WT mice analyzed 26 days and 33 days post-infection (Fig. 

3.2C & F, respectively).  These observations are in line with published reports (Fremond 

et al., 2005; Saunders et al, 2005) and illustrate that Tm-TNF is sufficient to mediate 

granuloma structure formation that protects mice from acute M. tuberculosis H37Rv 

infection not observed in complete lack of TNF.  

 

We then investigated the expression of cell adhesion and cell homing molecules as 

determinants for failure to form compact granulomas in TNF-/- mice.  Lung single 

suspensions were generated from infected WT mice, TNF-/- mice and Tm-TNF mice 21 

days post-infection and cell surface expression levels of CD11a, CD49a and CD69L on 

CD4+ T cells (gating strategy, Fig. 3.3.i) were determined by measuring the mean 

fluorescent intensity using flow cytometry.  Results obtained showed that there was a 

slight but insignificant increase in percentage of CD4+ T cells in TNF-/- mice compared to 

WT mice but conversely, the percentage of CD4+ T cells present in Tm-TNF mice was 

comparable to that of WT mice (Fig. 3.3.iiA).  Interestingly, no differences were 
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observed in the level of surface expression of all the leukocyte adhesion and trafficking 

molecules investigated (Fig. 3.3.iiB, C & D).  These results suggest the expression of 

these molecules is not TNF-dependent in the lung during early inflammation after M. 

tuberculosis infection. 
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Figure 3.2.  Tm-TNF contributes to granuloma formation during acute M. tuberculosis infection.  WT 

mice (A & D), TNF-/- mice (B & E) and Tm-TNF mice (C & F) were infected by aerosol inhalation with 

100 CFUs/mouse M. tuberculosis H37Rv and lung sections were removed 26 days post-infection (left 

column) and 33 days post-infection (right column) and stained with haematoxylin and eosin (arrows 

indicate granulomas).  Micrographs represent 4 animals/group and shown at x32 magnification. 
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Figure 3.3.i.  Gating strategy.  Lung single cell suspensions derived from WT mice, TNF-/- mice and Tm-

TNF mice were prepared 21 days after aerosol infection with 100 CFUs/mouse M. tuberculosis H37Rv.  

Cells were stained with irrelevant antibody (IgG) or anti-CD4 antibody and the MFIs of CD11a, CD49a 

and CD62L gated on the CD4+ T cell subpopulation were determined by flow cytometry. 
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Figure 3.3.ii.  Tm-TNF mediates a controlled frequency of pulmonary CD4+ T cells but does not 

influence cellular adhesion and action markers.  WT mice (black bars), TNF-/- (white bars) mice and Tm-

TNF (striped bars) mice were challenged by aerosol inhalation infection with 100 CFUs/mouse M. 

tuberculosis H37Rv.  Lung single cell suspensions derived from respective mice groups at 21 days post-

infection were stained for CD4, CD11a, CD49a or CD62L expression then analyzed by flow cytometry.  

The frequency of CD4+ T cells (A) and the mean surface expression levels (MIFs) of CD11a+ (B), CD49a+ 

(C) and CD62L+ (D) gated on CD4+ T cell subpopulation were determined.  The data is representative of 1 

of 2 experiments performed and the results are expressed as mean ± SD of 4 animals/group.  Significant 

differences (* p < 0.05; ns: p > 0.05) were obtained using ANOVA. 
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Tm-TNF is sufficient to facilitate influx of activated pulmonary CD11b+ cells and 

CD4+ T cells during acute M. tuberculosis infection.   

Next we used flow cytometry to characterize the influx of cells into the lung.  Studies 

have shown that one of the earliest events upon antigen uptake and activation of antigen 

presenting cells is the upregulation of cell surface expression of co-stimulatory (CD80 

and CD86) and activation markers such as MHC-II and CD40 and their expression levels 

were observed to increase after M. tuberculosis infection (Gonzalez-Juarrero et al., 2003).  

Here, we compared the frequency of lung CD11b+ cells (in murine experimental 

pulmonary tuberculosis, expressed on macrophages, monocytes, dendritic cells, 

granulocytes, B and T cells) in WT mice, TNF-/- mice and Tm-TNF mice at day 35 post-

infection.  Data obtained revealed that compared to WT mice, TNF-/- mice had 

significantly increased (p < 0.001) percentage of CD11b+ cells whereas Tm-TNF mice 

displayed a comparable frequency of CD11b+ cells to WT mice (Fig. 4.1.iiA).  We then 

assessed the mean surface expression of MHC-II, CD80, and CD86 gated on CD11b+ 

cells (gating strategy, Fig. 4.1.i).  TNF-/- mice displayed significant increase in surface 

expression of MHC-II (Fig. 4.1.iiB, p < 0.01) and CD80 (Fig. 4.1.iiD, p < 0.001) 

compared to WT mice, CD86 expression (Fig. 4.1.iiC) although higher in TNF-/- mice 

relative to WT mice did not reach statistical significance.  These data correlates with the 

increased bacilli burdens in the lungs of TNF-/- mice (Fig. 2A).  Interestingly, in Tm-TNF 

mice, MHC-II (Fig. 4.1.iiB), CD86 (Fig. 4.1.iiC), and CD80 (Fig. 4.1.iiD) surface 

expression was equivalent to WT mice.  These data suggest that during acute M. 

tuberculosis infection, Tm-TNF contributes to the recruitment of CD11b+ cells to the 

lung and the activation status of these cells is associated with effective control of 
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bacterial growth.  In addition the excess influx of these cells and their hyperactivation 

reflect the increased bacilli burdens in the lungs of gene deficient TNF mice.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Univ
ers

ity
 O

f C
ap

e T
ow

n 



 54 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1.i.  Gating strategy.  Lung single cell suspensions derived from WT mice, TNF-/- mice and Tm-

TNF mice were prepared 35 days after aerosol infection with 100 CFUs/mouse  M. tuberculosis H37Rv.  

Cells were stained with irrelevant antibody (IgG) or anti-CD11b and the MFIs of MHC-II, CD86 and CD80 

gated on CD11b+ cell subpopulation were determined by flow cytometry. 
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Figure 4.1.ii.  Tm-TNF is sufficient to facilitate influx of CD11b+ cells and cell activation.  WT mice 

(black bars), TNF-/- (white bars) mice and Tm-TNF (striped bars) mice were challenged by aerosol 

inhalation infection with 100 CFUs/mouse M. tuberculosis H37Rv.  Lung single cell suspensions derived 

from respective mice groups at 35 days post-infection were stained for CD11b expression and analyzed by 

flow cytometry.   The frequency of CD11b+ cells (A) and the mean surface expression levels (MFIs) of 

MHC-II (B), CD86 (C), and CD80 (D) gated on CD11b+ cell subpopulation was determined.  The data are 

representative of 1 of 2 experiments performed and the results are expressed as mean ± SD of 4 

animals/group.  Significant differences (*p < 0.05; ** p < 0.01; ***p < 0.001) were obtained using 

ANOVA. 
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Several studies have shown that the destructive pathology observed in TNF deficient 

mice involved presence of large quantities of activated Th1 cells at sites of M. 

tuberculosis infection (Saunders et al., 2005; Zganiacz et al., 2004).  Lung single 

suspensions were generated from WT mice, TNF-/- mice and Tm-TNF mice 35 days post-

infection and the numbers of CD4+ T cells infiltrating the lung and their activation state 

reflected by cell surface expression of CD44 on CD4+ T cells (gating strategy, Fig. 4.2.i) 

was determined by flow cytometry.  We confirmed previous reports demonstrating that 

compared to WT mice, TNF-/- mice displayed significantly increased (p < 0.01) lung 

CD4+ T cell numbers (Fig. 4.2.iiA) with an activated phenotype shown by the increased 

mean cell surface expression of CD44 molecule (Fig. 4.2.iiB) analyzed 35 days post-

infection, in contrast, Tm-TNF mice displayed comparable CD4+ T cell numbers (Fig. 

4.2.iiA) infiltrating the lung with similar activation state to WT mice (Fig. 4.2.iiB).  Thus 

dysregulated pulmonary CD4+ T cell influx and hyperactivation is corrected by presence 

of Tm-TNF molecule.  However, the increased frequency and the increased activation 

status of antigen presenting cells may facilitate the heightened Th1 immune response in 

complete absence of TNF.  
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Figure 4.2.i.  Gating strategy.  Lung single cell suspensions derived from WT mice, TNF-/- mice and Tm-

TNF mice were prepared 35 days after aerosol inhalation infection with 100 CFUs/mouse M. tuberculosis 

H37Rv.  Cells were stained with irrelevant antibody (IgG) or anti-CD4 and the MFIs of CD44 gated on 

CD4+ T cell subpopulation was determined by flow cytometry. 
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Figure 4.2.ii.  Tm-TNF mediates a controlled frequency and cellular activation of pulmonary CD4+ T 

cells.  WT mice (black bars), TNF-/- (white bars) mice and Tm-TNF (striped bars) mice were challenged by 

aerosol inhalation infection with 100 CFUs/mouse M. tuberculosis H37Rv.  Lung single cell suspensions 

derived from respective mice groups at 35 days post-infection were stained for CD4 or CD44 expression 

then analyzed by flow cytometry.  The frequency of CD4+ T cells (A) and the mean surface expression 

levels (MFIs) of CD44 (B) gated on CD4+ T cell subpopulation was determined.  The data are 

representative of 1 of 2 experiments performed and the results are expressed as mean ± SD of 4 

animals/group.  Significant differences (** p < 0.01) were obtained using ANOVA. 
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Controlled pulmonary cytokine induction and iNOS expression during acute M. 

tuberculosis infection in Tm-TNF mice.  

Previous studies have shown that both TNF and IFN are required for optimum 

macrophage activation and that IL-10 regulates Th1 responses during mycobacterial 

infection (Frankova and Zidek, 1998; Jacobs et al., 2000a).  IL-12 has been implicated in 

previous reports as the key factor for the release of IFNγ by NK cells (Natural killer cells) 

and Th1 cells (Hsieh et al., 1993; Oswald et al., 1994).  Furthermore, it has been shown 

that mice deficient of IL-12 are highly susceptible to mycobacterial infection due to 

impaired Th1 cytokine responses and defective granuloma formation (Cooper et al., 

1997; Wakeham et al., 1998).  We therefore examined pulmonary levels of IFN, IL-

12p70 and IL-10 secretion as determinants of induction and regulation of Th1 immunity 

during acute M. tuberculosis challenge.  Lungs were obtained from infected mice and 

cytokine production was assessed by ELISA at day 35 post-infection; at which point 

TNF-/- mice displayed susceptibility to infection.  Data obtained showed that pulmonary 

IL-12p70 levels were significantly higher (p < 0.05) in TNF-/- mice compared to WT mice 

at day 35 post-infection,  in contrast, Tm-TNF mice  displayed comparable levels to WT 

mice (Fig. 5A).  IFN levels were found to be 100x higher (p < 0.001) in TNF-/- mice 

compared to WT control mice at day 35 post-infection but in converse, the levels of IFNγ 

were similar between WT mice and Tm-TNF mice (Fig. 5B).  Interestingly, the 

concentration of IL-10  was found to be significantly higher (p < 0.01) in moribund TNF-

/- mice relative to WT mice 35 days post-infection  but was comparable between Tm-TNF 

mice and WT mice (Fig. 5C).  Therefore, these data suggest that cell surface TNF 

expression is sufficient to induce protective type 1 immune responses and that solTNF is 
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required for the negative regulation of this response and in its absence hyper immune 

activation which is not down regulated by IL-10, drive immunopathology.  We therefore, 

investigated iNOS expression as a contributory factor to susceptibility of TNF-/- mice.  

  

Previous reports have shown that TNF is central for macrophage activation that leads to 

mycobacterial killing through iNOS dependent and independent mechanisms (Appelberg 

et al., 1995; Bekker et al., 2001).  Lung sections from infected WT mice, TNF-/- mice and 

Tm-TNF mice were stained for iNOS expression 33 days post-infection.  Data obtained 

revealed that iNOS was expressed in all the respective mice and the expression pattern 

was associated with granuloma lesions (Fig. 5.D, E & F).  These data suggest data iNOS 

induction on its own is insufficient for controlling mycobacterial growth if the granuloma 

structure is not properly formed.   

 

Therefore, together the data presented here show that TNF deficiency mediates excessive 

inflammatory response that results in formation of pathological granulomas that cannot 

contain mycobacterial growth and this phenotype is corrected by the presence of Tm-

TNF during acute M. tuberculosis infection.  
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Figure 5.  Pulmonary cytokine production is normal in the presence of Tm-TNF and iNOS is expressed.  

WT mice (black bars), TNF-/- mice (white bars) and Tm-TNF mice (striped bars) were infected with 100 

CFUs M. tuberculosis H37Rv by aerosol inhalation and the concentration of IL-12p70 (A), IFNγ (B) and 

IL-10 (C) were measured by ELISA 33 days post-infection.  Lung sections from WT mice (D), TNF-/- mice 

(E) and Tm-TNF mice (F) were removed 33 days post-infection and with polyclonal rabbit anti-mouse 

antibody.  The brown stain represents iNOS expression by activated macrophages.  Data are expressed as 

mean ± SD of 4 animals/group and represent 1 of 3 experiments performed.  Significant differences (***p 

< 0.001; **p < 0.01; *p < 0.05)) were obtained using ANOVA.  Micrographs represent 4 animals/group 

and are shown at x32 magnification. 

 

 

 

 

W
T -/-

TN
F

Tm
-T

NF

0.0

0.5

1.0

10

15

20 *** ***

IF
N

 (n

g/
m

l)

W
T -/-

TN
F

Tm
-T

NF

0

1

2

3

4

5
** **

IL
-1

0 
(n

g/
m

l)

W
T -/-

TN
F

Tm
-T

NF

0

1

2

3

4 * *

IL
-1

2p
70

 (n
g/

m
l)

A B C 

D F
C 

E 

Univ
ers

ity
 O

f C
ap

e T
ow

n 



 62 

Section II: Tm-TNF and chronic M. tuberculosis infection 
 

Summary 

This study investigated the contribution(s) of solTNF and Tm-TNF during chronic M. 

tuberculosis infection.  We report here that Tm-TNF was insufficient to control chronic 

infection with low dose aerosol inhalation challenge with virulent M. tuberculosis H37Rv 

as reported for the avirulent M. bovis BCG infection (Dambuza et al., 2008).  We 

demonstrate that Tm-TNF mice displayed excess pulmonary and systemic inflammatory 

response following chronic exposure to M. tuberculosis with enhanced cell surface 

expression of MHC-II, CD80 and CD86 on CD11b+ cells in the lungs.  Also, we illustrate 

that granulomas formed in Tm-TNF mice appeared larger involving high proportions of 

the lung and iNOS expression pattern was dispersed compared to WT control mice 

resulting in failure to inhibit mycobacterial growth followed by demise of animals.  In 

conclusion, Tm-TNF is not enough to sustain long term protection against chronic M. 

tuberculosis infection and we suggest that solTNF may be required to regulate excess 

inflammation at later stages of the infection.   
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Results 

Persistent virulent M. tuberculosis infection is lethal in Tm-TNF mice. 

Experimental work conducted in our laboratory using a high dose intranasal challenge 

(1x106 CFUs) with non-virulent strain M. bovis BCG revealed that, despite a 

compromised immune response reflected by high bacilli burden in Tm-TNF mice tissues, 

chronic infection was not lethal.  To determine whether Tm-TNF expression alone could 

provide protection against chronic infection with a virulent strain, WT mice and Tm-TNF 

mice were exposed to a low dose aerosol infection with 100 CFUs/mouse M. tuberculosis 

H37Rv.  Mortality rates observed showed that persistent M. tuberculosis infection 

resulted in lethality in Tm-TNF mice with a mean survival time of 189 days compared to 

WT mice which displayed resistance to infection until the experiment was terminated 350 

days post-infection (Fig. 1A).  These data show that Tm-TNF does not afford long lasting 

protection against M. tuberculosis infection. 

 

To dissect the components of Tm-TNF lethality to chronic infection, host immune 

responses were assessed.  Firstly, the ability of mice to control bacilli growth during a 

chronic infection was investigated.  WT mice and Tm-TNF mice were killed at specific 

time points during the infection period and the number of bacilli in the lungs and spleens 

were determined.  Saunders et al., (2005), using the same Tm-TNF knock-in mouse, 

reported that membrane bound TNF was sufficient to induce mycobactericidal responses 

evidenced by equivalent bacilli burdens between WT mice and Tm-TNF mice 16 weeks 

post-infection.  We report here that indeed, comparable to WT mice, Tm-TNF mice 

controlled bacilli numbers in the lungs (Fig. 1B) and spleens (Fig. 1D) for the first 118 
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days post-infection.  However, by 154 days post-infection, there was a significant 

increase in bacilli numbers in the lungs (p < 0.05) and spleens (p < 0.01) (Fig. 1C & 1E, 

respectively) of Tm-TNF mice compared  to WT mice.  These data demonstrate that Tm-

TNF signal alone is not sufficient to induce protective anti-mycobacterial immune 

responses required for the control of bacilli replication during chronic infection.  
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Figure 1.  Tm-TNF mice display susceptibility to chronic infection.  WT mice (black circles) and Tm-

TNF mice (white squares) were infected with 100 CFUs/mouse M. tuberculosis H37Rv by aerosol 

inhalation.  (A) Mortality rates, Tm-TNF mice succumb by day 189 post-infection.  Data represent 1 of 2 

experiments performed and are expressed as mean ± SD of 8 mice/group.  Bacilli burdens were determined 

in the lungs (B & C) and spleens (D & E) of infected mice at time points indicated, where C and E 

represent samples obtained 154 days post-infection.  Significant differences (*p < 0.05; **p < 0.01) were 

obtained using the Student‘s  t test, for % survival the Log Rank test was used for curve comparison. 
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Uncontrolled inflammatory responses in Tm-TNF mice chronically infected with M. 

tuberculosis. 

TNF is important for maintenance of protective immunity against chronic M. tuberculosis 

infection.  A study conducted by Mohan et al., (2001), revealed that TNF neutralization 

in mice chronically infected with M. tuberculosis resulted in histopathological features 

indicative of an enhanced inflammatory response in the lungs of infected mice which 

included increased cellularity, squamous metaplasia and granuloma disintegration.  In 

another study, TNF blockade during chronic tuberculosis infection resulted in increased 

expression of pro-inflammatory cytokines and chemokines in the lungs (Chakravarty et 

al., 2008).  To determine the role of Tm-TNF in mediating an inflammatory response in a 

persistent M. tuberculosis infection, organs were harvested from infected mice and 

weights were recorded as a surrogate marker of inflammation.  Results obtained showed 

that during early infection (≤ 50 days post-infection), Tm-TNF mice controlled 

pulmonary inflammation similar to WT mice but displayed significant lung mass increase 

(p < 0.05) at 118 days and 154 days post-infection (Fig. 2A).  The observed increased 

lung mass, particularly at day 118 did not correlate with an increased bacilli burden in the 

lungs of Tm-TNF mice at this time point (Fig. 1B).  This finding was important as it 

suggested that the confounding factor for excess inflammation was not an increase in the 

number of bacilli in the lung.  In addition, systemic inflammation reflected by 

splenomegaly was evident as early as 35 days post-infection and, although not 

significant, was found to be higher in Tm-TNF mice compared to WT mice (Fig. 2B) and 

further spleen weight increase was evident 118 days (p < 0.05) and 154 days post-
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infection in Tm-TNF mice (Fig. 2B).  These data show that Tm-TNF alone is not 

sufficient for control of inflammation during persistent M. tuberculosis infection. 

 

We then asked whether granuloma structure was maintained as a correlate of 

susceptibility in Tm-TNF mice during chronic infection.  Results obtained revealed that 

granuloma formation was characterized by distinctly defined structures in WT mice (Fig. 

2C) whereas, granulomas form in Tm-TNF mice were larger in size with large areas of 

the lung tissue involved in inflammation (Fig. 2D) analyzed 154 days post-infection.  

These data support observations by previous reports (Fremond et al., 2005; Saunders et 

al., 2005).  Therefore, these results suggest that Tm-TNF signal alone is not enough to 

maintain protective granuloma formation suggesting that solTNF may be required to 

control cellular infiltration in the lung during persistent M. tuberculosis infection.   
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Figure 2.  Tm-TNF is not sufficient to control inflammatory response during chronic M. tuberculosis 

infection.  WT mice (black circles) and Tm-TNF mice (white squares) were exposed by aerosol inhalation 

to 100 CFUs/mouse M. tuberculosis H73Rv.  (A) Lung and spleen (B) weights were recorded at time points 

shown to monitor inflammation.  Lung sections were removed from WT mice (C) and Tm-TNF mice (D) 

169 days post-infection and stained with haematoxylin and eosin.  Data are expressed as the mean ± SD of 

4 mice/group.  Results represent 1 of 3 similar experiments.  Significant differences (*p < 0.05) were 

determined by Student‘s t test.  Micrographs represent 4 animals/group and shown at x32 magnification. 
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Enhanced activation of lung infiltrating CD11b+ cells in chronic M. tuberculosis 

infected Tm-TNF mice. 

Next we compared the level of activation of lung infiltrating macrophages in WT mice 

and Tm-TNF mice during chronic M. tuberculosis infection.  Previous studies have 

associated increased macrophage activation with the induction of severe tissue injury 

(Laskin and Pendino, 1995).  In addition, Guler et al., (2004), showed that enhanced 

iNOS production induced tissue injury during mycobacterial infection.  We therefore 

assessed the expression of MHC-II, CD80 and CD86 on CD11b+ cells as indicators of 

cellular activation and the level of iNOS expression in WT mice and Tm-TNF mice 

during chronic infection.  Data obtained revealed that the frequency of CD11b+high 

expressing cells (gating strategy, Fig. 3.1.i) was equivalent in both strains (Fig. 3.1.iiA).  

However, the analyses of cell surface expression levels of MHC-II (Fig. 3.1.iiB), CD86 

(Fig. 3.1.iiC) and CD80 (Fig. 3.1.iiC) gated on CD11b+high cells showed an increase (p < 

0.05) in the mean fluorescence intensity for all three cellular markers in Tm-TNF mice 

compared to WT mice.  iNOS expression pattern was compact and localized to 

translucent epitheloid macrophage cells confined to well-structured granulomas within 

lungs of WT mice (Fig. 3.2A).  In contrast, lungs of Tm-TNF mice showed a dispersed 

staining pattern of iNOS expression reflecting the dissolute granuloma structure (Fig. 

3.2B).  These data indicate that Tm-TNF mediate an increased pulmonary macrophage 

activation which is not protective during the chronic phase of infection.  
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Figure 3.1.i.  Gating strategy.  Lung single cell suspensions derived from WT mice and Tm-TNF mice 

were prepared 169 days after aerosol infection with 100 CFUs/mouse M. tuberculosis H37Rv.  Cells were 

stained with irrelevant antibody (IgG) or anti-CD11b and the MFIs of MHC-II, CD80 and CD86 gated on 

the CD11b+ high subpopulation were determined by flow cytometry. 
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Figure 3.1.ii.  Tm-TNF mediate increased macrophage activation during chronic M. tuberculosis 

infection.  WT mice (black bars) and Tm-TNF mice (striped bars) were exposed by aerosol inhalation to 

100 CFUs/mouse M. tuberculosis H73Rv.  The frequency of CD11b+ cells (A) infiltrating the lung was 

determined at day 169 post-infection.  The mean surface expression levels (MFIs) of MHC-II (B), CD86 

(C) and CD80 (D) on CD11b+ cells was analyzed by flow cytometry.  Data represent 1 of 2 similar 

experiments and are expressed as the mean ± SD of 4 mice/group.  Significant differences (*p < 0.05) were 

determined by Student‘s t test. 
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Figure 3.2.  Enhanced iNOS expression in Tm-TNF mice during chronic infection.  WT mice and Tm-

TNF mice were challenged via aerosol inhalation with 100 CFUs/mouse M. tuberculosis H37Rv.  Lungs 

were obtained at day 169 post-infection and immunohistochemical staining was performed with polyclonal 

rabbit anti-mouse antibody.  The brown stain is indicative of iNOS-positive macrophages.  Micrographs 

represent 4 animals/group and shown at x32 magnification. 
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Increase in inflammatory cytokines mediates a non-protective immune response in Tm-

TNF mice chronically infected with M. tuberculosis.  

IL-12 and IFNγ have been shown to be important for protective immunity against M. 

tuberculosis infection because of the roles they have in activating and development of 

Th1 T cells (Cooper et al., 1993; Cooper et al., 1995).  Additionally, IFNγ has been 

reported to collaborate with TNF for optimum macrophage activation for killing of 

intracellular pathogens including mycobacteria (Ding et al., 1988; Flesch and Kaufmann, 

1990).  Chakravarty and colleagues (2008) showed that in mice chronically infected with 

M. tuberculosis, TNF neutralization resulted in increased lung mRNA expression of IL-

12p40 and IFNγ, suggesting an anti-inflammatory role for TNF.  We quantified the 

concentration of IL-12p70 and IFNγ in relation to susceptibility observed in Tm-TNF 

mice during chronic M. tuberculosis infection.  Lungs from infected mice were harvested 

at specific time points and the quantity of IL-12p70 and IFNγ was determined by ELISA.  

Shown in Figure 4A, the amount of IL-12p70 in Tm-TNF mice was slightly higher than 

WT mice with no significant difference attained at 154 days post-infection.  In both 

groups, the levels of IL-12p70 declined by day 169 post-infection but Tm-TNF mice had 

significantly higher (p < 0.01) concentration compared to WT mice (Fig. 4A).  IFNγ 

levels were found to be significantly higher in Tm-TNF mice compared to WT mice at 

154 days (p < 0.01) and 169 days (p < 0.05) post-infection (Fig. 4B).  These data support 

the earlier observation of increased inflammatory response in Tm-TNF mice (Fig. 2A).  

Next, we measured the level IL-10 because of its reported ability to down modulate Th1 

responses (Gong et al., 1996).  Results obtained showed comparable IL-10 levels at  day 

154 post-infection in both strains but, in contrast to WT mice, a significant rise (p < 0.05) 
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in IL-10 concentration was observed in Tm-TNF mice at day 169 post-infection (Fig. 

4C).  These data suggest that in absence of solTNF, increased IL-12p70 and IFNγ 

mediate excessive inflammation during the late stages M. tuberculosis infection and the 

elevated IL-10 production suggest a counter response by the host due to excess 

inflammation.  
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Figure 4.  Increased cytokine production in Tm-TNF mice during chronic M. tuberculosis infection.  

WT mice (black bars) and Tm-TNF mice (striped bars) were challenged by aerosol inhalation with 100 

CFUs/mouse M. tuberculosis H37Rv.  Lungs were obtained from infected mice at 154 days and 169 days 

post-infection and the amount of IL-12p70, IFNᵧ and IL-10 present in the homogenates was determined by 

ELISA.  Data are a representation of 3 similar experiments and the values are expressed as mean ± SD of 4 

animals/group.  Significant differences (*p < 0.05; **p < 0.01) were determined by Student‘s t test. 

 

 

B A 

154 169
0.0

0.3

0.6

0.9

1.2

1.5

1.8

*

Time (days)

IL
-1

0 
(n

g/
m

l)

154 169
0

1

2

3

4

5

6

**

Time (days)

IL
-1

2p
70

 (n
g/

m
l)

154 169
0.0

0.3

0.6

0.9

1.2

1.5

1.8

**

*

Time (days)
IF

N

 (n

g/
m

l)
C 

A B 

Univ
ers

ity
 O

f C
ap

e T
ow

n 



 76 

Section III: Tm-TNF and M. tuberculosis reactivation murine model 

 

Summary 

This study investigated the contribution(s) made by solTNF and Tm-TNF in immune 

responses generated against reactivation tuberculosis.  We employed a chemotherapy 

induced tuberculosis reactivation model, whereby groups of mice were challenged by 

aerosol infection with low dose M. tuberculosis for three weeks to establish infection 

followed by 25 mg/Kg INH and 25 mg/kg RIF treatment for six weeks in drinking water, 

after which therapy was terminated and tuberculosis reactivation was investigated.  We 

demonstrate that complete absence of TNF results in host susceptibility to M. 

tuberculosis reactivation in the presence of established mycobacteria-specific immunity 

with mice displaying unrestricted bacilli growth and diffused granuloma structures 

compared to WT control mice.  Interestingly, our data illustrate that bacterial re-

emergence in Tm-TNF mice is contained during the initial phases of tuberculosis 

reactivation, sustaining immune pressure in a manner comparable to WT mice.  We 

demonstrate that Tm-TNF mice however, show susceptibility to long term M. 

tuberculosis exposure associated with uncontrolled influx of immune cells in the lungs 

and reduced IL-12p70, IFNγ, enlarged granuloma structures, and failure to contain 

mycobacterial replication relative to WT mice.  In conclusion, we demonstrate that both 

solTNF and Tm-TNF are required for maintaining immune pressure even after 

mycobacteria-specific immunity has been established. 
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Results 

Tm-TNF protects mice from severe tuberculosis reactivation. 

In a study performed by McCune et al., (1966), it was observed that immunizing mice 

with M. tuberculosis then reinfecting them preceding treatment with anti-tuberculous 

drugs resulted in mice reactivating with lower M. tuberculosis CFU numbers compared to 

control groups.  This result was interpreted as the influence of the host‘s acquired 

immune resistance to mycobacteria.  In this study, we investigated the contribution of 

two molecular forms of TNF, in particular Tm-TNF in host immunity in mice immunized 

by antecedent infection with M. tuberculosis.  The model used entailed aerosol inhalation 

infection of WT mice, TNF-/- mice and Tm-TNF mice with 100 viable M. tuberculosis 

H37Rv bacilli.  The infection was allowed to progress for 21 days before commencement 

of treatment with 25 mg/Kg INH and 25 mg/kg RIF in drinking water for 6 weeks to 

reduce bacilli numbers to at least less than 100 CFUs in the lungs after which treatment 

was withdrawn and tuberculosis reactivation was monitored.  

 

Firstly, body weights were recorded throughout the infection period and body weight loss 

was interpreted as severe disease due to reappearing tuberculosis and correlated with 

susceptibility to infection.  We found that that WT mice showed a steady increase in body 

weights over the duration of the infection in contrast to TNF-/- mice which displayed 

significantly lower body weights (p < 0.05) between 69 days and 116 days post-infection 

(Fig. 1A).  TNF-/- mice also appeared sick with ruffled fur and hunched backs and 

eventually became moribund.  In contrast, Tm-TNF showed an increase in body weights 

comparable to WT mice for the first 130 days post-infection (Fig. 1A) but significant 
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weight loss (p < 0.05) was recorded in Tm-TNF mice between 237 days and 265 days 

post-infection while the body weights in WT mice remained stable (Fig. 1A).  For the 

remainder of the experimental period, Tm-TNF mice maintained slightly lower body 

weights relative to WT mice with no significant differences observed (Fig. 1A) but 

exhibited no physical signs of severe disease apparent in TNF-/- mice.  These data indicate 

that complete absence of TNF renders mice susceptible to severe reactivating 

tuberculosis which is alleviated by the presence of Tm-TNF. 

 

Secondly, culturable bacilli numbers in lungs and spleens of infected mice were 

determined at specific time points to investigate the effect of pre-existing immunity on 

recrudescence mycobacteria in WT mice, TNF-/- mice and Tm-TNF mice.  Bacilli 

burdens in WT mice were reduced by 3.5 log10 in the lungs (Fig. 1B) and by 2.5 log10 in 

the spleens (Fig. 1C) after exposure to 6 weeks INH-RIF treatment.  Withdrawal of 

treatment resulted in spontaneous M. tuberculosis reactivation with bacilli burdens 

reaching up to 4 log10
 in lungs and 2.5 log10

 in the spleens (Fig. 1B & C, respectively).  In 

the contrary, INH-RIF treatment in TNF-/- mice reduced bacilli burdens by 6.5 log10 in the 

lungs (Fig. 1B) and 4.5 log10 in the spleens (Fig. 1C) after 6 weeks exposure.  The 

observed significant reduction in (p < 0.05) bacterial burdens in the lungs of TNF-/- mice 

relative to WT mice after the 6 weeks INH-RIF treatment regimen (Fig. 1B) is consistent 

with published data on the hypothesis that release of immune pressure is intimately 

associated with improved antibiotic-mediated mycobacterial clearance (Horne, 1960).  

Within 70 days post-treatment, mycobacteria reappeared in TNF-/- mice and bacilli 

burdens reached at least 6 log10
 in the lungs (Fig. 1B) and 4 log10 in the spleens (Fig. 1C).  
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Interestingly, Tm-TNF mice responded to INH-RIF treatment in a manner comparable to 

WT mice and showed a similar slow kinetic in the rate of reactivation comparable to that 

of WT mice, however, by 259 days post-treatment, bacterial burdens in the lungs of Tm-

TNF mice increased significantly (p < 0.05) by 2 log10 compared to 1 log10 increase 

observed in WT mice (Fig. 1B).  Bacilli burdens in the spleens of Tm-TNF mice were 

found to be comparable to WT mice in all the time points investigated (Fig. 1C).  These 

data show that Tm-TNF plays a role in early bacterial killing mechanisms even after the 

host has encountered M. tuberculosis previously.  And, although Tm-TNF confers 

protection against recrudescence M. tuberculosis, solTNF is crucial for long term control 

of the infection. 
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Figure 1.  Progression of M. tuberculosis infection in the presence of specific immunity.  WT mice 

(black circles), TNF-/- mice (white diamonds) and Tm-TNF mice (white squares) were treated for 6 weeks 

with 25 mg/Kg INH and 25 mg/kg RIF in drinking water subsequent to 3 weeks aerosol infection with 100 

M. tuberculosis H37Rv.  (A) Body weights were recorded throughout the course of the infection period and 

bacterial burdens in lungs (B) and spleens (C) were enumerated at time points indicated above.  Data are 

representative of two experiments and data points are expressed as the mean ± SD of 5 mice/group (for 

CFUs).  The body weight study consisted of between 6 – 16 mice/group. Significant differences (*p < 0.05; 

**p < 0.01) were determined by Student‘s t test for comparisons between two groups and ANOVA for 

comparisons between three groups. 
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Abnormal inflammatory response in the absence of total TNF during tuberculosis 

reactivation is delayed in Tm-TNF mice. 

TNF has previously been shown to be at the apex of inflammatory responses (Algood et 

al., 2005).  To determine whether Tm-TNF was sufficient in mediating an inflammatory 

response during tuberculosis reactivation, mouse lung weights were recorded at specific 

time points during the infection period as a surrogate marker of inflammation.  Compared 

to lung weights determined at day 21 post-infection, WT mice displayed no change in 

lung weights after exposure to INH-RIF for 6 weeks however; an increase in lung 

weights was observed during later stages of disease (322 days post-infection) (Fig. 2.1A) 

which was consistent with the increase in bacilli burdens at this time point (Fig. 1B).  In 

sharp contrast, by 21 days post-infection, TNF-/- mice already displayed significantly (p < 

0.05) higher lung weights compared to WT mice (Fig. 2.1A).  Paradoxically, 63 days 

post-infection at the end of the therapy period, the lung weights had increased 

significantly (p < 0.001) compared to WT mice (Fig. 2.1A) but did not correlate with the 

decreased number of culturable bacilli at this time point (Fig. 1B).  Susceptibility of TNF-

/- mice was confirmed with a further significant increase (p < 0.001) in lung weights 

noted at 113 days post-infection, 50 days after cessation of therapy.  In contrast, 

inflammation in Tm-TNF mice was similar to WT mice during early infection as they 

maintained consistent lung weights at 21 days, 63 days and 133 days post-infection (Fig. 

2.1A).  However, control of inflammation was not sustained as a significant increase (p < 

0.01) in lung weights was evident in Tm-TNF mice at day 322 post-infection compared 

to WT mice (Fig. 2.1B).  
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Figure 2.1.  Induction of excessive inflammation in the absence of solTNF during reactivation of M. 

tuberculosis.  WT (black circles), TNF-/- (white diamonds) and Tm-TNF (white squares) mice were 

exposed by aerosol inhalation infection to 100 CFUs/mouse M. tuberculosis H37Rv for 3 weeks preceding 

chemotherapy with 25 mg/Kg INH and 25 mg/kg RIF for 6 weeks in drinking water.  (A) Lung weights 

were measured at specific time points and BAL derived cell numbers were determined 77 days (B) and 378 

days (C) post-infection.  Data are representative of 1 of 2 experiments performed and are expressed as 

mean ± SD of 5 mice/group.  Significant differences (*p < 0.05; **p < 0.01; ***p < 0.001) were 

determined by Student‘s t test for comparisons between two groups and ANOVA for comparisons between 

three groups. 
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To quantify inflammation in the respective mouse strains, the number of cells in BAL 

(bronchoalveolar lavage) fluid was determined after infection.  The cellularity in the 

lavage fluid was found to be significantly higher (p < 0.01) in TNF-/- mice compared to 

WT mice, whereas, Tm-TNF mice had number of cells comparable to WT mice at day 77 

post-infection (Fig. 2.1B) confirming that the control of inflammation during early 

infection was membrane TNF dependent.  Consistent with lung weights data, Tm-TNF 

mice displayed significantly increased (p < 0.01) number of cells in lavage fluids relative 

to WT mice analyzed at day 378 post-infection (Fig. 2.1C).  Together, these data indicate 

that control of early inflammation is mediated primarily by Tm-TNF but solTNF is 

required for regulation of inflammation during chronic infection.  However, the lack of 

control of inflammation appears to be strongly associated with the onset of tuberculosis 

reactivation. 

 

We next asked whether granuloma structures were formed in the presence of Tm-TNF 

molecule during tuberculosis reactivation.  Studies performed Mohan et al., (2001), 

illustrated that TNF was required for maintenance of granuloma structure during 

persistent M. tuberculosis infection whereby upon treatment with TNF-neutralizing 

antibody, mice displayed severe histopathology marked with excessive inflammation and 

loss of structured granulomas.  Lung sections were obtained from infected WT mice, 

TNF-/- mice and Tm-TNF mice 133 days post-infection and granuloma structures were 

analyzed.  Depicted in Fig. 2.2A, WT mice displayed small compact lesions with tight 

lymphocytic wedges and a high degree of clear airway spaces.  In sharp contrast, TNF-/- 

mice showed larger lesions with inflammation occupying larger areas of the lung with 
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some evidence of necrosis (Fig. 2.2C).  These findings were congruent with earlier 

published findings from our group (Botha and Ryffel, 2003).   
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Figure 2.2.  Tm-TNF contributes to protective granuloma formation during M. tuberculosis reactivation.  

WT mice (A & B), TNF-/- mice (C & D) and Tm-TNF mice (E & F) were infected by aerosol inhalation 

with 100 CFUs/mouse M. tuberculosis H37Rv for 3 weeks preceding chemotherapy with 25 mg/Kg INH 

and 25 mg/kg RIF for 6 weeks in drinking water.  Lung sections were removed 113 days post-infection and 

stained with haematoxylin and eosin (A, C & E) to determine the granulomatous response.  Sections B, D 

and F were stained with polyclonal rabbit anti-mouse antibody (see Materials and methods).  The brown 

stain represents iNOS expression by activated macrophages.  Micrographs represent 4 animals/group and 

shown at x32 magnification. 
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In converse, granuloma lesions observed in Tm-TNF were comparable to that of WT 

mice (Fig. 2.2E) analyzed 133 days post-infection.  However, by day 322 post-infection, 

in contrast to WT granulomas (Fig. 2.3A), Tm-TNF displayed larger lesions with excess 

inflammatory response and interstitial pneumonia (Fig. 2.3C).  These observations 

demonstrate that Tm-TNF does not afford long term maintenance of protective 

granuloma structure in the absence of solTNF resulting in malformed lesions that 

associate with failure to inhibit M. tuberculosis growth.  We therefore determined 

whether effector macrophage anti-mycobacterial function was intact in Tm-TNF mice. 

 

Studies have shown that a cell mediated mycobacterial killing function is achieved 

through production of toxic reactive intermediates (RNI) via the enzymatic action of 

macrophage iNOS (Chan et al., 1995; Flynn et al., 1993).  Previously, Flynn et al., 

(1998), demonstrated that inhibition of iNOS in mice chronically infected with M. 

tuberculosis resulted in reactivation of tuberculosis disease with increased organ bacillary 

burdens and extensive granulomatous response.  In view of these findings we determined 

iNOS expression immunohistochemically in lung tissue sections of infected WT mice, 

TNF-/- mice and Tm-TNF mice.  Results obtained demonstrated that iNOS expression 

pattern was largely within the confinement of granuloma lesions in WT mice (Fig. 2.2B) 

in contrast to TNF-/- mice where the pattern was dispersed and associated with the 

diffused granuloma lesions in these mice (Fig. 2.2D) analyzed 133 days post-infection.  

Tm-TNF mice displayed similar iNOS expression at day 133 days post-infection, 

however, later during infection (day 322 post-infection), in contrast to WT mice (Fig. 

2.3B), more iNOS expression was evident in Tm-TNF with a more random distribution 
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and some evidence of lung tissue destruction (Fig. 2.3D).  Therefore, these observations 

indicate data iNOS induction on its own is insufficient for controlling mycobacterial 

growth if the granuloma structure is not properly formed and the increased iNOS 

expression may be harmful to the host.  This is in with line published observations by 

Guler et al., (2004); showing that iNOS-/- mice were protected from tissue damage in M. 

bovis BCG infected mice.  
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Figure 2.3.  Tm-TNF is not sufficient to maintain bactericidal granuloma structures during late phase 

M. tuberculosis reactivation.  WT mice (A & B) and Tm-TNF mice (C & D) were infected by aerosol 

inhalation with 100 CFUs/mouse M. tuberculosis H37Rv for 3 weeks preceding chemotherapy with 25 

mg/Kg INH and 25 mg/kg RIF for 6 weeks in drinking water.  Lung sections were removed 322 days post-

infection and stained with haematoxylin and eosin (A, C & E) to determine the granulomatous response.  

Sections B and D indicate iNOS-positive activated macrophages.  Micrographs represent 4 animals/group 

and shown at x32 magnification. 
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Breakdown in protective cytokine induction in Tm-TNF mice during late stages of M. 

tuberculosis reactivation.   

Next we assessed immune responses in infected mice prior to and subsequent to INH-RIF 

treatment.  IFNγ and IL-12 levels were quantified because of the reported functions they 

have in generating and maintaining protective immunity against M. tuberculosis 

infection.  Shown in Fig. 3.1A, IL-12p40 levels were comparable in all the strains 21 

days post-infection.  After exposure to INH-RIF treatment, although not significant, an 

elevation of IL-12p40 was observed in TNF-/- mice compared to WT mice quantified at 

day 77 post-infection.  Tm-TNF mice displayed a decreasing trend in IL-12p40 levels 

that were comparable to that of WT mice at day 77 post-infection (Fig. 3.1A).  There was 

no significant difference observed in the expression level of IL-12p70 although there was 

a decreasing trend in TNF-/- mice and Tm-TNF mice compared to WT mice 21 days post-

infection (Fig. 3.1B).  No IL-12p70 could be detected in all the strains at day 77 post-

infection (Fig. 3.1B).  IFNγ was found to be significantly higher (p < 0.01) in TNF-/- mice 

compared to WT mice 21 days post-infection (Fig. 3.1C).  In contrast, Tm-TNF mice 

showed IFNγ levels comparable to WT mice 21 days post-infection (Fig. 3.1C).  No 

differences were observed 77 days post-infection in IFNγ levels in all the strains (Fig. 

3.1C).  Next we quantified the levels of immunoregulatory cytokine, IL-10.  Results 

obtained showed that IL-10 production was slightly higher in TNF-/- mice compared to 

WT mice 21 days post-infection but was statistically insignificant, whereas, in Tm-TNF 

mice the IL-10 values were found to be comparable to that of WT mice (Fig. 3.1D).  The 

concentration of IL-10 measured 77 days post-infection did not vary in all the strains 

(Fig. 3.1D).  Together these data indicate that Tm-TNF mice behave in similar manner to 
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WT mice with respect to pulmonary expression levels of cytokines investigated and the 

elevated IFNγ in absence of total TNF after acute M. tuberculosis infection correlate with 

excessive inflammation observed in these mice.  And, the reduced cytokines expression 

levels post INH-RIF treatment is associated with reduced bacilli burdens with exception 

to IL-12p40 in TNF deficient mice which correlates with excess inflammation. 

 

Studies by Feng et al., (2005), demonstrated that continuous IL-12 production is 

necessary for maintenance of pulmonary IFNγ-producing effector CD4+ T cells and 

subsequent bacilli control during chronic M. tuberculosis infection suggesting that 

interruption of IL-12 signal transduction contribute to development of reactivation of 

tuberculosis.  Therefore, we quantified pulmonary IL-12 and IFNγ production during 

tuberculosis reactivation.  Results obtained showed comparable amounts of IL-12p40 

(Fig. 3.2A), IL-12p70 (Fig. 3.2B), and IFNγ (Fig. 3.3C) in both WT mice and Tm-TNF 

mice assessed 133 days post-infection.  However, there was a significant decrease in IL-

12p70 (p < 0.01) and IFNγ (p < 0.05) production in Tm-TNF compared to WT mice 322 

days post-infection (Fig. 3.2B & C, respectively) which associated with susceptibility of 

Tm-TNF mice to M. tuberculosis reactivation at this time point.  IL-12p40 production 

was maintained to be equivalent levels in both strains 322 days post-infection (Fig. 3.2A).  

The concentration of anti-inflammatory IL-10 was found to be comparable measured 133 

days post-infection but increased in WT mice by day 322 post-infection and remained 

significantly lower (p < 0.05) in Tm-TNF mice.  These data suggest that Tm-TNF is not 

enough to sustain protective cytokine induction in post-infection M. tuberculosis 

immunity and this phenotype is associated with lethality of these mice. 
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Figure 3.1.  Decreasing trend of pulmonary cytokine production with exception to IL-12p40 correlates 

with reduced bacterial burdens after antibiotic treatment.  WT (black bars), TNF-/- mice (white bars) and 

Tm-TNF mice (striped bars) were exposed by aerosol infection to 100 CFU M. tuberculosis H37Rv strain 

for 3 weeks then treated with 25 mg/Kg INH and 25 mg/kg RIF for 6 weeks in drinking water.  

Bronchoalveolar lavage was performed 21 days and 77 days post-infection and the level of IL-12 p40, IL-

12p70, IFNᵧ and IL-10 present in the fluid was determined by ELISA.  Data represent 1 of 2 similar 

experiments and values are expressed as mean ± SD of 5 animals/group.  Significant differences (*p < 0.05; 

**p < 0.01, ns: p > 0.05) were determined by ANOVA. 

 

 

0.0

0.5

1.0

1.5

2.0

**

21 77

**

Time (days)

IF
N

 (n

g/
m

l)

0.0

0.1

0.2

0.3

0.4

0.5

21 77

ND

Time (days)
 IL

-1
2p

70
 (n

g/
m

l)

0.00

0.05

0.10

0.15

0.20

ns

21 77
Time (days)

IL
-1

0 
(n

g/
m

l)

0.00

0.05

0.10

0.15

0.20

ns

21 77
Time (days)

IL
-1

0 
(n

g/
m

l)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

21 77

ns

Time (days)

IL
-1

2p
40

 (n
g/

m
l)

A B 

D C 

Univ
ers

ity
 O

f C
ap

e T
ow

n 



 92 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.2.  Decrease in pulmonary cytokine production is associated with increased susceptibility 

observed in Tm-TNF mice during M. tuberculosis reactivation.  WT (black bars) and Tm-TNF mice 

(striped bars) were exposed by aerosol inhalation to 100 CFUs/mouse M. tuberculosis H37Rv for 3 weeks 

preceding chemotherapy with 25 mg/Kg INH and 25 mg/kg RIF for 6 weeks in drinking water.  Lungs 

were obtained 133 days and 322 days post-infection and the level of IL-12 p40, IL-12p70, IFNᵧ and IL-10 

present in the homogenates was determined by ELISA.  Data represent 1 of 2 experiments performed and 

values are expressed as mean ± SD of 5 animals/group.  Significant differences (*p < 0.05; **p < 0.01, ns: 

p > 0.05) were determined by Student‘s t test.  
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Discussion 

It has been established that TNF signaling is vital for control of mycobacterial infections 

(Bean et al., 1999; Botha and Ryffel, 2003; Flynn et al., 1995; Jacobs et al., 2000b; 

Kindler et al., 1989).  Specifically, TNF signaling through the p55TNFR (Flynn et al., 

1995), was shown to be important in protective immune responses in mycobacterial 

infections rather than p75TNFR signaling (Jacobs et al., 2000).  In another study, 

challenging TNF-/- mice with recombinant BCG expressing TNF reconstituted granuloma 

structure formation and immune responses but this was not observed in p55TNFR 

deficient mice, supporting the critical role of TNF-p55TNFR signaling in mycobacterial 

specific immunity (Bekker et al., 2001).   

In this study, we investigated the contribution(s) made by the two molecular forms of 

TNF: solTNF and Tm-TNF in generating protective immunity or immunopathology in 

different phases of M. tuberculosis infection.  We used a genetically manipulated knock-

in mouse model where the endogenous TNF allele was replaced with a non-sheddable 

cell surface TNF molecule that is under normal expression and regulation with 

functionality equivalent to its WT counterpart but is resistant to TACE mediated cleavage 

(Ruuls et al., 2001).  Our data confirm that complete absence of TNF results in rapid 

weight loss, unrestricted mycobacterial replication in the lungs and spleens and death 

with a mean survival time of 44 days after challenge with M. tuberculosis H37Rv.  In 

contrast, we show that Tm-TNF is sufficient to induce protective immune responses, 

reflected by the ability of Tm-TNF mice to control mycobacterial growth and 

maintenance of body weight in a manner similar to WT control mice.  Tm-TNF however, 

is insufficient to maintain chronic M. tuberculosis infection displaying increased bacilli 
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burdens and death in contrast to WT mice and these observations are supported by 

previous reports (Fremond et al., 2005; Saunders et al., 2005).  Moreover, our data 

illustrate that TNF is important for control of recrudescence of M. tuberculosis infection.  

We found that in our drug-induced tuberculosis reactivation model; although there was 

some degree of inhibition of bacterial replication relative to bacterial replication rate 

observed during the primary infection, the immune response mounted in TNF-/- mice was 

insufficient to inhibit propagation of mycobacteria after cessation of antibiotic treatment.  

This observation confirmed previous findings by Botha and Ryffel (2003), and support 

previous findings showing that treatment of chronically infected mice (Mohan et al., 

2001) or latently infected humans (Dimakou et al., 2004) with TNF neutralizing 

antibodies results in reappearance of tuberculosis.  By contrast, in Tm-TNF mice, 

mycobacterial replication progressed slowly during tuberculosis reactivation in 

comparison to primary infection and this rate was comparable to that observed in WT 

mice indicating that at least in the context of bacilli control, antigen specific effector 

memory responses mounted were equivalent in both strains.  However, Tm-TNF was 

observed to be insufficient for control of long term mycobacterial containment 

resembling the outcome of chronic infection.  Together, these observations demonstrate 

that Tm-TNF can elicit mycobacteria-specific recall responses that are able to suppress 

re-emergence of M. tuberculosis infection but there is a requirement of solTNF for 

maintenance of immune pressure during persistent infection.   

Granuloma formation is an underlying characteristic feature of protective immunity and 

its absence is usually associated with mycobacterial dissemination and lethality (Bean et 

al., 1999; Emile et al., 1997; Saunders et al., 1999).  Establishment of granulomas 
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requires cell migration to sites of infection and is associated with TNF dependent 

chemokine induction and regulation of adhesion molecule expression (Hickey et al., 

1997; Mulligan et al., 1993; Roach et al., 2002).  Previous studies described disruptive 

granuloma formation or delayed of granuloma initiation in the absence of TNF signaling 

(Bean et al., 1999; Flynn et al., 1995; Jacobs et al., 2000b).  We show that Tm-TNF 

supports early granuloma formation during attenuated and virulent mycobacterial 

challenge (Dambuza et al., 2008).  However it is clear from comparative bacterial 

burdens in WT mice and Tm-TNF mice that granulomas established in the presence of 

Tm-TNF only, are inferior in bactericidal potential.  This is evident from the onset after 

M. bovis BCG infection and becomes apparent during chronic infection after M. 

tuberculosis challenge.  Interestingly, in contrast to the abnormal pulmonary 

inflammation of CD4+ T cells and CD8+ T cells observed in the absence of total TNF 

during M. bovis BCG infection (Dambuza et al., 2008), enhanced recruitment of both 

lymphocytic subsets were stimulated by Tm-TNF also supported by previous reports 

(Fremond et al., 2005; Saunders et al., 2005).  This may imply that solTNF has an 

inhibitory function during inflammation and that the two molecular forms have distinct 

roles during mycobacterial infection.  The observation during attenuated M. bovis BCG 

challenge is supported by our findings during virulent M. tuberculosis challenge.  In the 

latter case, our data demonstrate the absence of solTNF is characterized by enhanced 

inflammation during persistent infection and leads to formation of large granulomas that 

occupy larger areas of the lung tissue.  Previously Zganiacz et al., (2004), proposed that 

TNF is a negative regulator of Th1-type inflammatory responses and found enhanced 

inflammation of both CD4+ T cells and CD8+ T cells in TNF-/- mice after M. bovis BCG 
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infection.  In addition to their observations, we propose that Tm-TNF has a cellular 

recruitment function and that solTNF has an important role in mediating inhibitory 

responses during Th1-type inflammation and this holds true for chronic infection and 

drug-induced reactivation tuberculosis.  In other studies, clinical relevance of Tm-TNF 

function in cellular recruitment has been illustrated through its ability to induce 

inflammation and contributing to chronic arthritis (Georgopoulos et al., 1996) and EAE 

(Ruuls et al., 2001).  The concept of different functions of the molecular forms of TNF is 

not unprecedented.  Separate functions for Tm-TNF and solTNF were also described by 

Birkland et al., (1992), who showed that solTNF and membrane TNF expressed on CD4+ 

T cells differentially activates anti-leishmanial mechanisms in macrophages.  

Furthermore, additional studies found that cells insensitive to lysis by solTNF can be 

killed by Tm-TNF (Peck et al., 1989), and growth of retrovirally transduced tumours was 

inhibited by solTNF but not Tm-TNF (Karp et al., 1992).    

IFN is essential for mediating Th1 protective immunity against mycobacterial infections 

(Cooper et al., 1993; Flynn et al., 1993), but in the absence of TNF does not afford 

protection during mycobacterial infections.  In contrast, excessive levels of IFN promote 

tissue necrosis leading to host lethality (Zganiacz et al., 2004).  In this study we found 

significantly higher pulmonary IFN production during late stage infection in TNF-/- mice 

challenged with M. tuberculosis.  Although WT mice and Tm-TNF mice produced 

similar levels of pulmonary IFN during early infection, chronic M. tuberculosis infection 

was associated with significantly higher production of IFNγ in Tm-TNF mice.  We 

therefore propose that Tm-TNF is capable of regulating type 1 immune responses during 

early M. tuberculosis challenge but that host immunity requires solTNF during persistent 
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infection to control onset of IFN mediated pathology.  In addition, we found that during 

early stages of tuberculosis reactivation, the levels of IFN were comparable between 

Tm-TNF mice and WT mice supporting further the notion that the emerging 

mycobacteria-specific immune responses are equivalent between the two strains.  

However, a different scenario was observed at later stages of disease reactivation, in 

which we found that relative to WT control, Tm-TNF mice displayed a decline in IFNγ 

levels.  In this context, we suggest that the mechanisms that govern protection collapse 

during tuberculosis reactivation and may involve reduced macrophage-T lymphocyte 

contact required in the case of Tm-TNF to induce a signal.    

With regards to activation of macrophages, IFN-mediated signal during infection results 

in pathogen control.  However uncontrolled IFN production can cause detrimental 

effects and contribute to tissue damage (Parfrey et al., 1999; Zganiacz et al., 2004).  

Similarly, sustained macrophage activation, characterized by increased MHC Class II 

expression has been associated with promoting tissue injury (Huang et al., 2000).  We 

found that in contrast to WT mice, TNF-/- mice displayed increased macrophage 

activation characterized by enhanced surface expression levels of MHC Class II, CD80 

and CD86 on recruited pulmonary CD11b+ cells.  This was further demonstrated by 

increased pulmonary IL-12p70 levels.  Furthermore, there was an increased frequency of 

CD4+ T cells with an enhance activation phenotype reflected by enhanced cell surface 

expression of CD44 which associated with elevated levels of pulmonary IFNγ in TNF-/- 

mice.  It was interesting to note that a similar phenotype is observed in Tm-TNF mice 

during chronic M. tuberculosis infection closer to their death.  It is therefore plausible 

that sustained macrophage activation was maintained by high IFN levels contributing to 
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tissue injury.  solTNF may therefore have an inhibitory function in regulating 

macrophage activation during persistent M. tuberculosis infection.  In fact, Watanabe and 

Jacob (1991) found that TNF antagonizes IFN mediated upregulation of MHC class II 

on macrophages in vivo.  Furthermore, we found enhanced levels of iNOS expression 

present in lungs of M. tuberculosis infected Tm-TNF mice which may have contributed 

to local tissue necrosis.  This is supported by findings which demonstrated that BCG 

induced iNOS expression promoted tissue damage whereas iNOS-/- mice were protected 

(Guler et al., 2004). 

Studies have illustrated that both TNF and IL-12 are required to mediate protective 

immunity in part through maintaining the structural integrity of granulomas to limit 

spread of bacilli (Bean et al., 1999; Cooper et al., 1997; Ehlers et al., 2000; Wakeham et 

al., 1998).  In the absence of either cytokines, structural integrity is compromised during 

mycobacterial challenge.  Similarly, both cytokines are required to control infection 

during persistent infection (Botha and Ryffel, 2003; Feng et al., 2005; Mohan et al., 

2001).  In this context, we investigated expression of both IL-12p70 and IL-12p40 during 

tuberculosis reactivation.  Our data show relative to WT control mice, there was 

significant reduction of pulmonary IL-12p70 and not IL-12p40 levels in Tm-TNF mice 

during M. tuberculosis reactivation closer to their demise.  Our results are interesting in 

view of recent data which showed that M. bovis BCG infection reduces IL-12 production 

from host cells (Gagliardi et al., 2005), and suggest that solTNF may regulate IL-12 

production in vivo.  Here we propose that collapse of protective immunity in Tm-TNF 

mice during late phase reactivation is possibly due to reduced cell-cell contact required in 

the case of membrane expressed TNF to induce relevant signals, we suggest that this is 
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partly associated with enlarged granulomatous response that does not allow for sufficient 

macrophage-T cell interactions leading to decreased IL-12p70-dependent IFNγ 

production. 

It is interesting to speculate on M. tuberculosis virulence factors that compromise Tm-

TNF mediated immunity.  Genes encoded within the RD1 are obvious candidates because 

of their absence from all M. bovis BCG strains.  ESAT-6 and CFP-10 are located within 

RD1 and have been implicated in regulating immune responses.  Studies supporting this 

suggestion demonstrated that deletion of RD1 from M. tuberculosis H37Rv significantly 

attenuated virulence to assume growth characteristics and granuloma induction potential 

analogous to that of M. bovis BCG (Lewis et al., 2003).  Similarly, reintroduction of RD1 

into M. bovis BCG restored virulence and pathogenicity to rival that of M. tuberculosis 

H37Rv (Majlessi et al., 2005).  It is therefore likely that genes encoded within RD1 may 

have contributed to mycobacterial virulence that resulted in compromised immunity and 

eventual lethality in Tm-TNF mice during pathogenic challenge. 

IL-10 is an inhibitory cytokine required to regulate inflammation in several infectious 

diseases resulting in improved pathogen control (Moore et al., 2001).  Previously, studies 

found enhanced mycobacterial clearance in the absence of IL-10 whereas a limited or no 

role for IL-10 was also described (Jacobs et al., 2000a; North, 1998; Roach et al., 2001).  

In this study we found enhanced IL-10 production associated with end stage disease in 

TNF-/- mice relative to WT mice and Tm-TNF mice during acute M. tuberculosis 

challenge.  Similarly, we found enhanced pulmonary IL-10 production in Tm-TNF mice 

during persistent M. tuberculosis infection.  We therefore propose that increased IL-10 

production promotes host susceptibility to acute M. tuberculosis infection in total absence 
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of TNF and likewise support bacterial persistence in the absence of solTNF during 

chronic infection.  However, our data demonstrates further that low pulmonary IL-10 

levels were not beneficial with respect to M. tuberculosis reactivation as observed for 

Tm-TNF mice.  In this context, our findings contradict studies of Turner et al., (2002), 

who showed that overexpression of IL-10 in chronically but not acutely infected 

C57BL/6 mice resulted in reactivation of disease.  Interestingly, these authors also found 

that susceptibility of mice was associated with reduced IL-12 and TNF levels.  We 

suggest here, that during M. tuberculosis reactivation, excess pulmonary inflammation 

over longer periods possibly depletes IL-10 by a mechanism presently unknown and Tm-

TNF mice eventually succumb to pathology induced by the vigorous immune responses 

to persistent M. tuberculosis.  

 

 In conclusion, data presented here illustrate that TNF mediated immunity against 

M. tuberculosis infections requires both Tm-TNF and solTNF.  Tm-TNF protects mice 

against acute M. tuberculosis infection and is adequate to elicit immune pressure during 

tuberculosis reactivation; solTNF is however necessary for the down modulation of the 

Th1 immune responses during M. tuberculosis infections.  The characterization of the 

molecular forms of TNF in disease outcome will inform design of better therapeutic 

interventions for human subjects suffering from TNF-mediated autoinflammatory 

disorders who become susceptible to intracellular pathogens due to administration of the 

currently used anti-TNF therapies i.e. etanercept, infliximab, and adalimumab; these 

biologics block both Tm-TNF and solTNF (Agnholt et al., 2003; Mitoma et al., 2004; 

Mitoma et al., 2005; Scallon et al., 2002).  Recently, research laboratories have tested 
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new approaches of solely targeting the soluble form of TNF while sparing Tm-TNF and it 

was found that mice were protected from the experimental model of arthritis (Spohn et 

al., 2007; Steed et.al., 2003), Parkinson‘s disease (McCoy et al., 2006) and endotoxin-

induced liver inflammation (Olleros et al., 2009) and still retained immunity against M. 

tuberculosis, M. bovis BCG or L. monocytogenes infections.       
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4Persistent p55TNFR signaling in M. tuberculosis 
infection and the limiting role of p75TNFR  
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Summary 

The pleiotropic activities of TNF are mediated by two structurally related but functionally 

distinct type-1-transmembrane receptors, p55TNFR and p75TNFR expressed in most cell 

types (Aggarwal et al., 1985; Smith and Baglioni, 1989; Tsujimoto et al., 1985).  The 

recent generation of a nonsheddable p55TNFR (p55NS) has provided insights into the 

roles played by both the soluble and the membrane-bound p55TNFR in pathogenesis of 

infectious, inflammatory and autoimmune diseases (Xanthoulea et al., 2004).  We 

hypothesized that sustained p55TNFR cell surface expression will lead to enhanced TNF-

p55TNFR interaction resulting in enhanced immune activation.  Here, our data 

demonstrate that persistent p55TNFR cell surface expression does not afford better 

protection to M. tuberculosis infection, reflected by comparable containment of bacilli 

replication and mortality rates.  We observed a transient elevation in the frequency of 

pulmonary CD11b+/MHC-II+ cells in p55∆NS mice relative to WT mice and comparable 

lung recruitment of CD4+ T cells in both strains but CD44 cell surface expression was 

reduced in p55∆NS mice compared to WT mice.  We also show that pulmonary IL-12p70 

and TNF concentrations were elevated whereas IFNγ levels were reduced in p55∆NS mice 

relative to WT mice.  Furthermore, we propose that enhanced p75TNFR release in p55∆NS 

mice limit TNF signaling.  We demonstrate using a double mutant mouse strain that in 

the absence of p75TNFR, p55∆NS mice controlled bacterial replication better that WT 

control mice.      
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Results 

Sustained p55TNFR surface expression in p55∆NS peritoneal elicited cells after M. 

tuberculosis infection.  

The literature is replete with studies that demonstrate loss of TNFRs after infection or 

immunization in vitro and in vivo.  TNFR cleavage from the surface coincides with the 

generation of TNF and its functional significance has been associated with the regulation 

of TNF mediated effects (Engelmann et al., 1989; Engelmann et al., 1990a; Engelmann et 

al., 1990b; Olsson et al., 1989).  Studies by Xanthoulea et al., (2004), showed that upon 

activation with PMA, peritoneal exudate cells derived from p55∆NS mice expressed a 

nonsheddable p55TNFR.  Here we investigated the relationship of p55TNFR expression 

and M. tuberculosis infection.  Thioglycollate elicited macrophages from WT mice or 

p55∆NS mice were exposed to M. tuberculosis H37Rv for 20 minutes and p55TNFR cell 

surface expression was determined by flow cytometry.  p55TNFR cell surface expression 

was detected in both the WT and p55∆NS unstimulated macrophages (Fig. 1.1).  However, 

exposure to M. tuberculosis H37Rv resulted in loss of p55TNFR surface expression on 

WT macrophages (reflected by reduced Mean Fluorescent Intensity) compared to the 

elevated and sustained expression noted in p55∆NS macrophages (Fig. 1.1).  This 

experiment investigated cleavage, as opposed to internalization of p55TNFR; hence 

soluble p55TNFR accumulation in the supernatants of WT and p55∆NS cultures was 

quantified by ELISA.  Detectable levels of soluble p55TNFR were present in 

unstimulated culture supernatants of thioglycollate elicited macrophages from WT mice, 

which increased significantly (p < 0.01) after LPS (Fig. 1.2A) or viable M. tuberculosis 

H37Rv (Fig. 1.2B) activation.  No soluble p55TNFR was detected in supernatants of 
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p55∆NS macrophages before or after stimulation (Fig. 1.2).  These data show that in vitro, 

macrophage activation with M. tuberculosis H37Rv does not induce receptor shedding in 

p55∆NS macrophages. 
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Figure 1.1.  Sustained p55TNFR cell surface expression in p55∆NS cells.  Thioglycollate elicited 

peritoneal macrophages from p55∆NS and WT were stained with anti-p55TNFR before stimulation (black 

histogram) or after 20 min stimulation with M. tuberculosis H37Rv (MOI = 2:1) and analyzed by flow 

cytometry to determine p55TNFR cell surface expression (red histogram, loss in Mean Fluorescent 

Intensity is indicative of receptor shedding).  Results represent 1 of 2 experiments performed.  

 

 

 

 

WT 

p55∆NS 

Univ
ers

ity
 O

f C
ap

e T
ow

n 



 107 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2.  Activation induced soluble p55TNFR cleavage in WT but not p55∆NS cells.  Thioglycollate 

elicited peritoneal macrophages were isolated from WT mice (black squares represent resting cells and 

black circles represent stimulated cells)  and p55∆NS mice (white squares represent resting cells and white 

circles show stimulated cells) and stimulated with 100 ng/ml LPS (A) or M. tuberculosis H37Rv (MOI = 

2:1) (B).  Soluble p55TNFR accumulation in the supernatants was measured at time points indicated above 

by ELISA.  Data are expressed as mean ± SD of 5x105 cells/well performed in triplicates and results are 

representative of 1 of 2 experiments performed.  
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Sustained expression of surface p55TNFR does not enhance mycobactericidal 

response. 

The abrogation of TNF-p55TNFR signaling either genetically or with neutralizing 

antibodies has been reported to result in susceptibility to mycobacterial and other 

intracellular infections (Bean et al., 1999; Bekker et al., 2001; Flynn et al., 1995; Kindler 

et al., 1989).  However, dysfunctional TNF regulation has also been reported to have a 

central role in pathogenesis of autoimmune disorders such as rheumatoid arthritis and 

Crohn‘s disease (Dimakou et al., 2004).  The specific functions attributable to soluble and 

membrane TNFRs in various infections and disease states is still not fully understood.  In 

both mice and humans, interference of the shedding of p55TNFR showed enhanced 

sensitivity to TNF mediated immunopathology (Jesus et al., 2008).  Xanthoulea et al., 

(2004), reported enhanced innate immune activation in p55∆NS mice, which mediated 

increased resistance to L. monocytogenes infection in vivo and suggested that persistently 

expressed membrane p55TNFR conferred enhanced protective antibacterial immunity.  In 

consideration of these results, we addressed the in vivo functional role of membrane 

bound p55TNFR and receptor shedding during M. tuberculosis H37Rv infection.  WT 

mice and p55∆NS mice were exposed to a low dose aerosol inhalation infection of 100 

CFUs/mouse M. tuberculosis H37Rv and pulmonary bacilli numbers as well as the extent 

of extra pulmonary dissemination were assessed.  Results obtained showed that p55∆NS 

mice controlled acute phase infection with comparable kinetics to WT mice reflected by 

equivalent bacilli numbers in the lungs (Fig. 2.1A), spleens (Fig. 2.1B) and livers (Fig. 

2.1C) at all the time points investigated. 
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To determine the effect of sustained p55TNFR expression on disease outcome during 

chronic infection, infected p55∆NS mice and WT mice were monitored for > 500 days.  

Bacilli numbers were maintained at equivalent levels in both strains in the lungs (Fig. 

2.2A) and spleens (Fig. 2.2B) at every time point investigated.  Mortality rates between 

both strains were also found to be comparable (Fig. 2.2C).  These data indicate that 

persistent p55TNFR surface expression does not result in enhanced effector anti-

mycobacterial mechanisms.  
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Figure 2.1.  Persistent membrane p55TNFR expression does not enhance control of mycobacterial 

replication.  WT mice (black circles) and p55∆NS mice (white circles) were challenged by aerosol inhalation 

with 100 CFUs/mouse with M. tuberculosis H37Rv.  Bacilli numbers were enumerated in the lungs (A), 

spleens (B) and livers (C) at time points indicated above.  Data are representative of 3 similar experiments 

and results are expressed as mean ± SD of 4 animals/group.  
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Figure 2.2.  Control of M. tuberculosis replication is equivalent in p55ΔNS mice and WT mice during 

chronic infection.  WT mice (black circles) and p55∆NS mice (white circles) were challenged by aerosol 

inhalation with 100 CFUs/mouse M. tuberculosis H37Rv.  Bacilli numbers in the lungs (A) and spleens (B) 

were enumerated at time points indicated.  Data are expressed as mean ± SD of 3- 4 animals/group.  (C) 

Mortality rates were monitored over the infection period (n =11).  Results represent 1 of 2 similar 

experiments.   
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Transient enhanced CD11b cell recruitment to the lung in p55∆NS infected mice. 

To understand how persistent membrane p55TNFR expression affects macrophage 

function in vivo, CD11b+ cell recruitment to the lung and activation state of the cells was 

assessed in WT mice and p55ΔNS mice after M. tuberculosis H37Rv infection.  Single 

cells suspensions were generated from whole lungs and stained for CD11b, MCH-II or 

CD80 expression.  Figure 3A shows that the total cell counts were moderately higher in 

p55∆NS mice compared to WT mice 14 days post-infection.  However, 21 days later, cell 

numbers in WT mice increased at least two fold in contrast to p55∆NS mice which 

remained significantly low (p < 0.05) (Fig. 3A).  These results suggest that persistent cell 

surface p55TNFR expression may negatively regulate cellular migration into the lung. 

 

Flow cytometric analyses of pulmonary cells revealed that there was a significant 

increase (p < 0.01) in the frequency of CD11b+ cells in p55∆NS compared to WT mice at 

day 14 post-infection which increased to equivalent levels in both strains by day 21 post-

infection (Fig. 3B).  We then analyzed the percentage of a subpopulation of CD11b+ cells 

that expressed the MHC-II molecule.  p55ΔNS mice displayed  a significantly higher (p < 

0.05)  CD11b+/MHC-II+ frequency compared to the WT mice 14 days post-infection but, 

by 21 days post-infection, both groups had comparable increased levels of infiltrating 

CD11b+/MHC-II+ cells (Fig. 3C).  The analysis of cell surface expression of MHC-II 

gated on CD11b+ cells was found to be equivalent in both strains at 14 days and 21 days 

post-infection (Fig. 3D).  The expression of co-stimulatory molecule CD80 gated on 

CD11b+ cells was also analyzed and was found to be equivalent in both strains at 14 days 

and 21 days post-infection (Fig. 3E).  These data show that persistent membrane 
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p55TNFR expression facilitates an increased but transient recruitment of CD11b+/MCH-

II+ cells in vivo but does not enhance the expression levels of MHC-II and CD80 

molecules.  Nonetheless, we postulated that the increased frequency of CD11b+/MHC-II+ 

cells in p55ΔNS mice might drive enhanced M. tuberculosis H37Rv specific type 1 

immune response.  Therefore in view of this, the influx and activation state of CD4+ T 

cells in the lungs of infected WT mice and p55ΔNS mice was then evaluated.  The 

frequency of CD4+ T cells in both strains was found to be equivalent  analyzed at 14 days 

and 21 days post-infection (Fig. 4A).  In addition, the frequency of CD4+/CD44+ T cells 

was also found to be comparable in both strains determined 14 days and 21 days post-

infection (Fig. 4B).  Interestingly, the cell surface expression of CD44 gated on CD4+ T 

cells was found to be significantly lower (p < 0.05) in p55ΔNS mice compared to WT mice 

at day 14 post-infection and increased in both strains by day 21 post-infection, but the 

expression was lower in p55∆NS mice relative to WT mice with no statistical difference 

attained (Fig. 4C).  These data illustrate that despite the comparable CD4+ T cell 

recruitment to lung of WT mice and p55∆NS mice, persistent p55TNFR expression in 

CD4+ T cells might play a suppressive role in T cell activation. 
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Figure 3.  Transient elevation of CD11b+/MHC-II+ cells in the lungs of p55ΔNS mice compared to WT 

controls.  WT mice (black bars) and p55∆NS mice (white bars) were infected by aerosol inhalation with 100 

CFUs/mouse M. tuberculosis H37Rv.  (A) Lung single cell were generated at day 14 and day 21 post-

infection and stained for CD11b, MHC-II or CD80 then analyzed by flow cytometry.  Percentages of 

CD11b+ (B) and CD11b+/MHC-II+ (C) cells in the lung and MFIs of cell surface expression of MHC-II (D) 

and CD80 (E) gated on CD11b+ cells.  Data are representative of 1 of 3 experiments performed and results 

are expressed as mean ± SD from 4 mice/group.  Significant differences (*p < 0.05; **p < 0.01) were 

determined by Student‘s t test.  
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Figure 4.  Persistent membrane p55TNFR expression does not improve CD4 + T cell recruitment into the 

lung but CD4+ T cell activation is reduced.  WT mice (black bars) and p55∆NS mice (white bars) were 

infected by aerosol inhalation with 100 CFUs/mouse M. tuberculosis H37Rv.  Single cell suspensions were 

generated from lung tissue at day 14 and day 21 post-infection and cells were stained with anti-CD4 and 

anti-CD44.  (A) Percentages of CD4+ T cells and CD4+/CD44+ T cells (B) as well MFIs of cell surface 

expression of CD44 (C) gated on CD4+ T cells were analyzed by flow cytometry.  Data represent 1 of 3 

experiments performed and results are expressed as mean ± SD of 4 mice/group.  Statistical difference (*p 

< 0.05) was determined by the Student‘s t test. 
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Persistent p55TNFR expression has varying effects on macrophage and T lymphocyte 

function in acute M. tuberculosis H37Rv-infected mice. 

IL-12p70, TNF and IFNγ are known critical mediators of anti-mycobacterial immunity 

(Cooper et al., 1993; Cooper et al., 1997; Feng et al., 2005; Flynn et al., 1993; Frankova 

and Zidek, 1998).  To determine the influence of persistent p55TNFR expression on 

cytokine production, lungs from M. tuberculosis H37Rv infected WT mice and p55∆NS 

mice were obtained at specific time points and the concentration of cytokines was 

measured by ELISA.  The concentration of IL-12p70 in p55∆NS mice was higher at 14 

days and 21 days post-infection but was not statistically different from WT mice 

declining to equivalent levels in both strains by day 28 post-infection (Fig. 5A).  

Although TNF levels were equivalent at day 14 post-infection for both strains, higher 

concentrations were subsequently measured at day 21 and day 28 post-infection in p55∆NS 

mice with significant difference at day 21 (p < 0.05) (Fig. 5B).  These data suggest that 

macrophage activation at least with respect to IL-12p70 production is moderately 

enhanced in p55∆NS mice relative to WT mice. 

 

An inverse trend was observed when comparing the kinetics of IFNγ production.  p55∆NS 

mice displayed lower concentrations with significant differences observed at day 21 (p < 

0.05) and day 28 (p < 0.01) post-infection (Fig. 5C) compared to WT mice.  Next, we 

analyzed the levels of the immunoregulatory cytokine, IL-10.  Here, WT mice and p55∆NS 

mice showed comparable IL-10 concentrations at all the time points investigated (Fig. 

5D).  Together, these data suggest that persistent p55TNFR expression is associated with 

reduced pulmonary IFNγ production which is not regulated by IL-10.  
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Figure 5.  Enhanced pulmonary TNF and IL-12p70 but reduced IFNγ production in p55∆NS mice.  WT 

mice (black circles) and p55∆NS mice (white circles) were infected by aerosol inhalation with 100 

CFUs/mouse M. tuberculosis H37Rv.  Lungs were isolated and homogenized at time points indicated and 

the levels of IL-12p70 (A), TNF (B), IFNγ (C) and IL-10 (D) were quantified by ELISA.  Data are 

representative of 1 of 3 experiments performed and the results are expressed as mean ± SD from 4 mice/ 

group.  Statistical difference (*p < 0.05; **p < 0.01) was determined by Student‘s t test. 
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We next analyzed memory antigen-specific T cell IFNγ induction in WT mice and p55∆NS 

mice.  Whole mediastinal lymph node cells were isolated 28 days post-infection and 

single cell suspensions were generated then restimulated with either viable M. 

tuberculosis H37Rv, or mycobacteria-specific ESAT-6.  Depicted in Fig. 6, the 

concentration of IFNγ was found to be equivalent in both strains after 72 h restimulation 

with M. tuberculosis H37Rv or ESAT.  TCR/CD3 ligation of T cells with anti-CD3 and 

co-stimulatory anti-CD28 resulted in comparable IFNγ levels in both strains (Fig. 6).  

These data suggest that in vivo, lymphocyte antigen-specific memory responses are not 

affected by persistent p55TNFR expression.  
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Figure 6.  Assessment of T cell IFNγ antigen-specific recall responses in p55ΔNS.  WT mice (black bars) 

and p55∆NS mice (white bars) were infected by aerosol inhalation with 100 CFUs/mouse M. tuberculosis 

H37Rv and whole mediastinal lymph nodes cells were isolated 28 days post-infection and restimulated 

with either viable M. tuberculosis H37Rv (MOI = 2:1) or 5 µg/ml anti-CD3/anti-CD28 or 10 µg/ml ESAT-

6 for 72 h, and IFNγ concentration was quantified in the supernatants by ELISA.  Results are representative 

of 1 of 2 experiments and data are expressed as mean ± SD of 5x105 cell/well plated in duplicates.   
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Persistent membrane p55TNFR expression is associated with enhanced production of 

pro-inflammatory mediators from macrophages in vitro. 

We hypothesized that the inability to shed p55TNFR might result in enhanced TNF 

signaling.  Results obtained from our in vivo studies showing that M. tuberculosis H37Rv 

bacilli growth was controlled in p55ΔNS mice in a manner similar to WT mice (Fig. 2.1 & 

2.2) were therefore interesting and warranted further investigation.  To determine how 

sustained membrane p55TNFR expression influences macrophage activation, 

macrophages from WT mice and p55∆NS mice were prestimulated with equimolar IFNγ 

concentrations for 4 h and TNF and nitric oxide (NO) levels were quantified following 

stimulation with LPS or M. tuberculosis H37Rv.  Consistent with published data 

(Xanthoulea et al., 2004), stimulating p55∆NS  derived macrophages with 100 ng/ml LPS 

resulted in increased TNF concentration in a time dependent manner with a significant 

difference (p < 0.05) observed at 300 min compared to WT derived macrophages (Fig. 

7.1A).  A similar result was obtained when macrophages were challenged with M. 

tuberculosis H37Rv, however, TNF concentrations were found to be 10 fold less when 

compared to LPS stimulation (Fig. 7.1B).  These data suggest that persistent p55TNFR 

expression positively enhance macrophage TNF production during LPS or M. 

tuberculosis stimulation. 

 

Previous studies have established that TNF and IFNγ synergize to optimally activate 

macrophages to produce the effector molecule Nitric Oxide (NO) for mycobacterial 

killing (Ding et al., 1988; Flesch and Kaufmann, 1990).  Therefore, we quantified the 

amount NO in supernatants of activated macrophages and it was observed that NO level 
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was significantly enhanced (p < 0.05) in p55∆NS derived macrophages relative to WT 

controls after 48 hours stimulation with LPS (Fig. 7C).  Similar results were attained 

when macrophages were stimulated with M. tuberculosis H37Rv, with significant NO 

increase (p < 0.001) observed as early as 24 h after stimulation and a further increase in 

NO synthesis (p < 0.05) was observed 48 h after stimulation in p55∆NS mice compared to 

WT mice (Fig. 7D).  Therefore, the increased synthesis of TNF and NO in p55∆NS 

macrophages points to a heightened state of cellular activation.   
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Figure 7.1.  Enhanced TNF and Nitric Oxide production in peritoneal exudate cells expressing a non-

sheddable form of p55TNFR.  Bone marrow derived macrophages were isolated from WT mice (black 

circles) and p55∆NS mice (white circles) were prestimulated with 100 U/ml IFNᵧ for 24 h prior stimulation 

with (A & C) 100 ng/ml LPS or (B & D) M. tuberculosis H37Rv,  MOI = 2:1.  The kinetics of soluble TNF 

accumulation in the supernatants was measured by ELISA (A & B), and the production of nitrite 

(pulmonary nitrate produced is reduced by nitrite reductase to nitrite) was quantified using Griess reagent 

(C & D).  Results represent 1 of 3 similar experiments and data are expressed as mean ± SD of 5x105 

cells/well plated in triplicates.  Statistical significance (*p < 0.05; **p < 0.01; ***p < 0.001) was 

determined by Student‘s t test.  
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Elevated levels of soluble p75TNFR in p55ΔNS macrophages: possible limiting factor of 

TNF bioavailability 

Soluble TNFRs are thought to modulate TNF responsiveness.  However, there is 

controversy about the role mediated by these receptors -whether they serve as agonists or 

antagonists of TNF effects.  Nonetheless, both TNFRs are proteolytically cleaved from 

the cell surface in the presence of inflammatory stimuli and the levels of soluble 

p75TNFR greatly exceed those of soluble p55TNFR.  This increased shedding implies a 

more dominant role for p75TNFR in down regulating TNF driven responses (Peschon et 

al., 1998).  To determine whether there is a difference in p75TNFR shedding between 

WT and p55ΔNS derived macrophages, the levels of soluble p75TNFR were quantified in 

the supernatants after cells were stimulated with 100 ng/ml LPS or viable M. tuberculosis 

H37Rv bacilli at MOI of 2:1.  Results obtained showed that p55ΔNS  derived macrophages 

produced significantly higher levels (p < 0.01) of soluble p75TNFR when stimulated with 

either LPS (Fig. 7.2A) or M. tuberculosis H37Rv (Fig. 7.2B) for 300 minutes.  These data 

indicate that defective p55TNFR shedding results in significant increased release of 

soluble p75TNFR as a compensatory mechanism with potential to modulate TNF 

activity.  To determine whether this increased soluble p75TNFR had an effect on TNF 

bioactivity, TNF mediated cytotoxicity was evaluated using WEHI cells.  Interestingly, 

the amount of bioactive TNF was comparable in both strains (Fig. 7.2C).  The results 

therefore indicate that even though there is significantly increased total TNF in p55ΔNS 

mice (Fig. 7.1B); increased soluble p75TNFR normalizes the concentrations of bioactive 

TNF. 
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Figure 7.2  Increased soluble p75TNFR correlates with equimolar bioactive TNF in WT and p55∆NS.  

Bone marrow derived macrophages from WT mice (black circles) and p55∆NS mice (white circles) were 

stimulated with 100 ng/ml LPS (A) or M. tuberculosis H37Rv MOI = 2:1 (B) and the levels of soluble 

p75TNFR were quantified by ELISA.  (C) Bioactive TNF was measured by cytotoxicity assay using TNF 

sensitive WEHI cell line.  Data represent 1 of 2 experiments performed and results are expressed as mean ± 

SD of 5x105 cells/well plated in triplicates.  Significant differences (**p < 0.01) were obtained by Student‘s 

t test. 
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p75TNFR deficiency in the presence of persistent p55TNFR expression results in 

improved bacterial clearance. 

We postulated that increased p75TNFR shedding in p55∆NS mice resulted in 

neutralization of TNF bioactivity to levels equivalent to that of WT mice despite the 

higher levels of TNF synthesis observed in this strain.  To test this postulate, we 

investigated immune responses in p55∆NS in the absence of p75TNFR.  We generated a 

double mutant p55∆NS-p75-/- mouse strain for comparative challenge studies.  Here, we 

infected WT mice, p55∆NS mice, p75-/- mice and p55∆NS-p75-/- mice with 100 

CFUs/mouse M. tuberculosis by aerosol inhalation and the lungs and spleens were 

harvested at day 28 post-infection to compare bacilli burdens in the respective mouse 

strains.  Results obtained showed that there was no statistical difference in bacilli burdens 

between WT control mice and p55∆NS mice in the lungs (Fig. 8A) and spleens (Fig. 8B) at 

day 28 post-infection.  Mice deficient for p75TNFR were found to have reduced bacilli 

numbers in the lungs (Fig. 8A) and spleens (Fig. 8B) relative to WT mice at day 28 post-

infection but no statistical difference was attained, in contrast, p55∆NS-p75-/- mice 

displayed a significant reduction in bacilli burdens in the lungs (p < 0.01) and more 

impressively in the spleens (p < 0.01) (Fig. 8A & B, respectively).  These data indicate 

that persistent p55TNFR expression in the absence of p75TNFR mediate an enhanced 

mycobactericidal response in vivo and imply that p75TNFR shedding play a dominant 

role in modulating TNF bioavailability.   

 

We next compared granuloma structure formation in WT mice, p55∆NS mice, p75-/- mice 

and p55∆NS-p75-/- 28 days post-infection.  We found that there was no discernable 
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differences in granuloma structures that were formed in all the mouse strains investigated 

(Fig. 9.1); in addition, iNOS expression pattern was comparable in all the groups (Fig. 

9.2).  Thus, these results illustrate that p75TNFR is not required for granuloma structure 

formation and induction of iNOS. 
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Figure 8.  Absence of p75TNFR in the presence of persistent p55TNFR expression improves 

mycobactericidal responses in vivo.  WT mice (black circles), p55∆NS mice (white circles), p75-/- mice 

(grey circles) and p55∆NS-p75-/- mice (green circles) were infected by aerosol inhalation with 100 

CFUs/mouse M. tuberculosis H37Rv.  Bacilli numbers were enumerated in the lungs (A) and spleens (B) at 

day 28 post-infection.  Data are representative of 1 of 2 experiments and results are expressed as mean ± 

SD of between 4-5 mice/group.  Statistical differences (*p < 0.05; **p < 0.01) were determined by 

ANOVA. 
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Figure 9.1.  p75TNFR is not required for granuloma structure formation in M. tuberculosis infection..  

WT mice (A), p55∆NS mice (B), p75-/- mice (C) and p55∆NS-p75-/- mice (D) were infected by aerosol 

inhalation with 100 CFUs/mouse M. tuberculosis H37Rv.  Lung sections were removed at day 28 post-

infection and stained with haematoxylin and eosin.  Micrographs are representative of 5mice/group shown 

at x32 magnification.  
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Figure 9.2.  iNOS expression is similar in all the strains after M. tuberculosis infection.  WT mice (A), 

p55∆NS mice (B), p75-/- mice (C) and p55∆NS-p75-/- mice (D) were infected by aerosol inhalation with 100 

CFUs/mouse M. tuberculosis H37Rv.  Lung sections were removed at day 28 post-infection and stained 

with polyclonal rabbit anti-mouse antibody (see Materials and methods), the brown stain is indicative of 

iNOS-positive epitheloid macrophages.  Micrographs are representative of 5mice/group shown at x32 

magnification.  
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Discussion  

Several studies have shown that TNF mediate protective effects in immunity against 

invading pathogens (Bean et al., 1999; Florido and Appelberg, 2007; Garcia et al., 1997; 

Jacobs et al., 2000b; Kindler et al., 1989; Roach et al., 2002) but is also one the chief 

mediators in pathogenesis of endotoxic shock (Rothstein and Schreiber, 1988) and its 

neutralization with antibodies results in alleviation of autoimmune inflammatory 

disorders such as rheumatoid arthritis and Crohn‘s disease (Dimakou et al., 2004; 

Sichletidis et al., 2006).  The widespread expression of the TNFRs on different cell types 

and tissues reported by several researchers (Aggarwal et al., 1985; Smith and Baglioni, 

1989; Tsujimoto et al., 1985) show that TNF can interact with a vast array of target cells 

and hence TNF-TNFR mediated effects are tightly regulated.  TNF mediated activities 

are regulated by multiple regulatory mechanisms and one important way is thought to be 

proteolytic shedding of TNFRs from cell surfaces resulting in soluble TNFRs that can 

bind TNF thereby competing with cell surface receptors thus limiting TNF function in 

target cells (Engelmann et al., 1989; Engelmann et al., 1990a; Engelmann et al., 1990b; 

Olsson et al., 1989).  However, the in vivo significance of TNFR shedding has remained 

vague.  McDermott et al., (1999), reported that in humans, different missense mutations 

on the p55TNFR gene that associate with defective receptor shedding strongly associate 

with autosomal dominant periodic fever syndromes known as TRAPS which include 

recurrent episodes of fever, myalgia, rash, abdominal pain, conjunctivitis and arthritis and 

are thought to be primarily caused by irregular innate immune function in these patients. 
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In this study, we investigated the functional relevance of persistent p55TNFR cell surface 

expression and p55TNFR shedding during infection with M. tuberculosis H37Rv using a 

mutant mouse strain (p55∆NS) with p55TNFR wild type receptor functionality but have 

defective shedding capability (Xanthoulea et al., 2004).  We show using an in vitro 

macrophage culture system that p55TNFR is released from the cell surface prior to and 

after cell activation with either LPS or viable M. tuberculosis H37Rv bacilli and this 

observation is in agreement with previous reports which also showed in other systems 

that soluble TNFRs are generated after exposure to stimuli (Lantz et al., 1990; 

Leeuwenberg et al., 1994; Porteu and Nathan, 1990).  Moreover, our results show both 

the constitutive and M. tuberculosis-activation induced shedding are inhibited in p55∆NS 

derived cells and this result correlates with the presence of cell surface p55TNFR which 

coincides with previous studies which used PMA to stimulate cells using a similar mutant 

mouse (Xanthoulea et al., 2004) confirming persistency of cell surface receptor 

expression.  

Studies have shown that interference of TNF-p55TNFR signaling pathway either by gene 

deletion of ligand or receptor or by neutralizing antibodies leads to susceptibility to 

mycobacterial and other intracellular pathogens (Bean et al., 1999; Jacobs et al., 2000b; 

Kaneko et al., 1999; Pfeffer et al., 1993; Rothe et al., 1993b) but the characteristic role(s) 

of both soluble p55TNFR and the membrane bound p55TNFR were not clearly defined in 

vivo during challenge with pathogens.  We hypothesized that persistent cell surface 

p55TNFR expression will result in enhanced TNF-p55TNFR interaction leading to 

enhanced immune responses.  Our data demonstrate that persistent cell surface p55TNFR 

expression does not lead to enhanced protection against M. tuberculosis H37Rv infection 
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in both the acute and chronic phases of the infection.  We found that mice expressing the 

mutant persistent cell surface receptor succumbed to infection with similar kinetics to 

control mice and that bacterial clearance was equivalent in both strains suggesting that 

host bactericidal mechanisms were not improved.  These results were surprising because 

an earlier study by Xanthoulea et al., (2004), showed that challenging p55∆NS mice with 

increasing doses of L. monocytogenes results in improved host resistance in mutant mice 

relative to control animals suggesting that defective p55TNFR shedding enables 

enhanced antibacterial host mechanisms and that pathogens may evoke p55TNFR 

shedding as an immune escape mechanism.   

Nevertheless, we investigated the host immune responses in p55∆NS mice to better 

describe what happens during M. tuberculosis infection.  We found that pulmonary 

cellular recruitment does not increase over the course of infection in p55∆NS mice relative 

to control animals, this outcome was interesting because TNF is known as the master 

orchestrator of all stages of inflammation from recruitment of inflammatory cell, 

limitation of the process to its termination with repair of inflammation induced damage 

through promotion of fibroblast growth (Vilcek et al., 1986) and neovascular formation 

(Frater-Schroder et al., 1987).  Closer inspection of the lung cell populations during early 

infection revealed that there is a transient increase in the frequency of CD11b+/MHC-II+ 

expressing cells in mice persistently expressing p55TNFR but the activation state of these 

cells determined by mean fluorescent intensity of the cell surface expression levels of 

MCH-II and co-stimulatory molecule CD80 is not enhanced compared to WT controls.  

However, by virtue of the observed transient increase of pulmonary CD11b+/MHC-II+ 

cells and the increasing trend of lung IL-12p70 levels; which is reported to play a pivotal 
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role in the generation and activation of Th1 immune responses (Hsieh et al., 1993; 

Oswald et al., 1994), we hypothesized heightened type 1 immune induction in mice 

expressing persistent cell surface p55TNFR.  Other studies have demonstrated 

importance of IL-12 showing that in its absence mice are susceptible to infection with 

mycobacteria and this was associated with impaired type 1 cytokine responses as well as 

malformed granuloma structures (Cooper et al., 1997; Wakeham et al., 1998).  We found 

that persistent p55TNFR expression is associated with a decrease of total pulmonary 

IFNγ levels and this observation correlated with a decrease in CD4+ T cell activation state 

reflected by a decrease in mean fluorescent intensity of CD44 expression on CD4+ T cells 

although the total frequency of pulmonary CD4+ T cells was equivalent in both strains.  

As a possible mechanism known to down regulate Th1 immune responses (Gong et al., 

1996), we investigated the kinetics of pulmonary IL-10 levels and interestingly we found 

equivalent concentrations in both strains, suggesting other mechanisms that modulate 

IFNγ production might be at play.  One such mechanism explores the potent TNF-TNFR 

immunomodulatory effects and has been elegantly demonstrated by Isomaki and 

colleagues (2001), using T cell hybriboma clones which were exposed chronically to 

TNF resulting in down regulation of TCRδ and expression of the TCR/CD3 complex at 

the cell surface and ultimately leading to T cell hyporesponsiveness reflected by decrease 

in antigen-specific proliferation and suppression of cytokine responses.  In addition, the 

authors demonstrate that this T cell hyporesponsiveness is mediated through p55TNFR 

and is TNF dependent as IL-1 which shares some signaling pathways with TNF does not 

induce the suppressive effects on the T cell hybridomas.  Another study by Cope et al., 

(1997), also shows that in a model of chronic inflammation involving TCR transgenic 
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mice that persistent p55TNFR signaling leads to down modulation of T cell responses.  

Therefore, the results obtained suggest that persistent p55TNFR expression have different 

outcomes with regards to macrophage and CD4+ T cells activation and this is further 

corroborated by results presented by Xanthoulea et al., (2004), which demonstrate 

macrophage hyperactivation following stimulation with LPS and the authors suggest 

presence of a positive feed-back loop operating between cell surface p55TNFR and TNF 

mRNA transcription and/or stabilization.  These outcomes however, have not been 

demonstrated in M. tuberculosis H37Rv infections. 

It was intriguing though, that the observed reduced levels of IFNγ did not result in less 

resistance to challenge with M. tuberculosis in p55∆NS mice possibly because the IFNγ 

levels were still sufficient to induce protective effects, moreover, we found that cells 

derived from lung draining lymphoid tissue of these mice produced IFNγ similar to WT 

controls after 72 h stimulation with either mycobacteria-specific ESAT-6 antigen, or live 

M. tuberculosis bacilli, or stimulation with anti-CD3/CD28.  Although commonly used, 

this ex-vivo method does not take into account when comparing the different mouse 

strains the number of peptide/MHC complexes on antigen presenting cells or the level of 

costimulatory molecules at the T cell-antigen presenting cell interface which may 

influence the amplitude of the T cell activation and therefore, the results obtained may be 

difficult to interpret (Kupfer, A., and Singer, S.J., 1989; Kupfer et.al.,1989; Wülfing, C., 

and Davis, M.M., 1998; Wülfing et al., 1998). 

Regarding possibilities of TNF-TNFR immunomodulatory effects in our system, we 

focused our attention on TNF neutralizing potential of soluble TNFRs as a way of 

mechanism that mediates TNF available for inducing physiological responses.  Several 
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reports have indicated that soluble TNFRs are natural inhibitors of TNF and were shown 

be present in blood and urine (Engelmann et al., 1989; Engelmann et al., 1990b; Novick 

et al., 1989).  Pinckard and colleagues (1997), showed that both the TNFRs are 

constitutively shed in the circulation and their levels increase during the course of 

different disease states (Diez-Ruiz et al., 1995) and after stimulation with TNF (Lantz et 

al., 1990).  More recently, van Mierlo et al., (2008), identified p75TNFR shedding to be a 

novel mechanism by which T regulatory cells down modulates inflammatory mediators.  

Our data show that p55TNFR is released in WT macrophages after stimulation with 

either LPS or viable M. tuberculosis H37Rv bacilli which contradicts the observation 

reported by Balcewicz-Sablinska et al., (1998).  In their in vitro culture system soluble 

p55TNFR levels were not significantly elevated after stimulation of human alveolar 

macrophages with either avirulent M. tuberculosis H37Ra or virulent M. tuberculosis 

H37Rv, however our results do support p55TNFR release shown in other studies (Aderka 

et al., 1991; Carpenter et al., 1995; Pinckard et al., 1997).  Furthermore, we show that 

more p75TNFR is released after macrophage activation with either LPS or viable M. 

tuberculosis H37Rv compared to p55TNFR release, this phenomenon has been reported 

elsewhere (Aderka et al., 1991; Carpenter et al., 1995; Pinckard et al., 1997).  Moreover, 

we show that persistent p55TNFR leads to further release of p75TNFR after macrophage 

stimulation with both stimulants used, LPS or viable M. tuberculosis H37Rv bacilli.  This 

could be explained by the increased TNF levels in macrophages expressing persistent cell 

surface p55TNFR and this result coincides with previous reports (Xanthoulea et al., 

2004) but another possibility is receptor cross-regulation suggested by Higuchi and 

Aggarwal (1992).   
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TNF, IL-1 (Joyce and Steer, 1995)and IL-10 (Balcewicz-Sablinska et al., 1998; Joyce et 

al., 1994) were reported to influence release of p75TNFR.  In this context, it appears that 

p75TNFR shedding may be regulated by multiple mechanisms.  In addition, the 

enzymatic regulatory mechanisms that influence metalloprotease TNF-α-converting 

enzyme (Peschon et al., 1998) and carboxy-peptidase cathepsin-D (Coyne et al., 1999) 

established as key players of p75TNFR release need further investigation to determine 

whether their activity during inflammatory processes and infections is affected. 

We demonstrate that the increased p75TNFR expression in p55∆NS macrophages is 

associated with TNF bioactivity that is equivalent to WT control macrophages and we 

associated this with the similar outcome of M. tuberculosis infection in p55∆NS mice and 

WT mice.  Many studies have shown TNF-TNFR complexes and the therapeutic benefits 

for down modulating excess TNF using anti-TNF antibodies or administration of soluble 

TNFRs have been realized as well as the consequences of complete TNF neutralization.  

We investigated genetic deletion of p75TNFR in mice persistently expressing p55TNFR 

to determine whether control of mycobacterial infection is enhanced.  We reasoned that 

the resultant double mutant mouse strain p55∆NS-p75-/- will allow for better TNF-

p55TNFR signaling which should enhance immune responses against M. tuberculosis 

H37Rv and lead to better clearance because of more biologically active TNF.  We found 

that after challenging mice with M. tuberculosis H37Rv, absence of p75TNFR alone 

results in better bacterial control relative to WT control mice and this outcome is slightly 

better than p55∆NS mice.  Our data further demonstrate more significant bacterial control 

is observed in mice expressing persistent p55TNFR in absence of p75TNFR (p55∆NS-p75-

/-) relative to WT mice and in addition, the granulomas that are formed seem slightly 
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smaller consequently due to reduced bacilli burdens.  It must be noted that p75TNFR is 

redundant with regards to granuloma structure formation because in p75TNFR deficient 

mice the bactericidal granulomas are formed. 

Although we show that p75TNFR shedding controls bioactive TNF levels, our results do 

not exclude the possibility that M. tuberculosis itself use p75TNFR shedding as an 

immune evasion mechanism and this line of thought is supported by Balcewicz-Sablinska 

et al., (1998), showing decrease in macrophages apoptosis after challenge with M. 

tuberculosis and the authors suggest that virulent mycobacterial strains achieve this by 

inducing IL-10-dependent p75TNFR shedding.  

The role of signaling through p75TNFR in host immunity must not be ignored.  To date, 

there is controversy regarding the in vivo functional role of p75TNFR, Allendoerfer and 

Deepe Jr., (2000), show a protective function against infection with fungus such as H. 

capsulatum, where deficiency of p75TNFR leads to reduced IFNγ production and 

treatment with this cytokine restores protective immunity.  Furthermore, infections with 

the intracellular parasite T. brucei result in reduced infection-associated pathology in 

absence of p75TNFR (Magez et al., 2004).  By contrast, Peschon et al., (1998), showed 

that p75TNFR does not play a role in host immunity after L. monocytogenes infection.   

 

 In conclusion, our results confirm previous reports that show that signaling 

through p55TNFR is important for control of M. tuberculosis infection and p75TNFR 

signaling is redundant.  We demonstrate clearly that p55TNFR shedding is subservient to 

p75TNFR shedding in attenuating TNF activities.  Therefore, the enhanced immune 

response at least with regard to M. tuberculosis infection is a factor of TNF 
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bioavailability and specific targeting of soluble p75TNFR might be beneficial for 

improving immune responses towards M. tuberculosis infections.  

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Univ
ers

ity
 O

f C
ap

e T
ow

n 



 139 

References 

Aderka, D., Englemann, H., Hornik, V., Skornick, Y., Levo, Y., Wallach, D., and  
Kushtai, G. (1991). Increased serum levels of soluble receptors for tumor necrosis 
factor in cancer patients. Cancer Res 51, 5602-5607. 

Aggarwal, B. B., Kohr, W. J., Hass, P. E., Moffat, B., Spencer, S. A., Henzel, W. J., 
Bringman, T. S., Nedwin, G. E., Goeddel, D. V., and Harkins, R. N. (1985). 

 Human tumor necrosis factor. Production, purification, and characterization. J 
 Biol Chem 

260, 2345-2354. 
Agnholt,  J., Dahlerup,  J.F., Kaltoft,  K. (2003). The effect of etanercept and infliximab 
 on the production of tumour necrosis factor alpha, interferon-gamma and GM-
 CSF in in vivo activated intestinal T lymphocyte cultures. Cytokine 23, 76-85. 
Algood, H. M., Lin, P. L., and Flynn, J. L. (2005). Tumor necrosis factor and chemokine 
 interactions in the formation and maintenance of granulomas in tuberculosis. Clin 
 Infect Dis 41 Suppl 3, S189-193. 
Allen, J. L. (1992). A modified Ziehl-Neelsen stain for mycobacteria. Med Lab Sci 49, 

99-102. 
Altare, F., Durandy, A., Lammas, D., Emile, J. F., Lamhamedi, S., Le Deist, F., Drysdale, 

P., Jouanguy, E., Doffinger, R., Bernaudin, F., et al. (1998). Impairment of 
mycobacterial immunity in human interleukin-12 receptor deficiency. Science 
280, 1432-1435. 

Appelberg, R., Castro, A. G., Gomes, S., Pedrosa, J., and Silva, M. T. (1995). 
Susceptibility of beige mice to Mycobacterium avium: role of neutrophils. Infect 
Immun 63, 3381-3387. 

Balcewicz-Sablinska, M. K., Keane, J., Kornfeld, H., and Remold, H. G. (1998).  
Pathogenic Mycobacterium tuberculosis evades apoptosis of host macrophages by 
release of TNF-R2, resulting in inactivation of TNF-alpha. J Immunol 161, 2636-
2641. 

Baud, L., Oudinet, J. P., Bens, M., Noe, L., Peraldi, M. N., Rondeau, E., Etienne, J., and 
Ardaillou, R. (1989). Production of tumor necrosis factor by rat mesangial cells in 
response to bacterial lipopolysaccharide. Kidney Int 35, 1111-1118. 

Bean, A. G., Roach, D. R., Briscoe, H., France, M. P., Korner, H., Sedgwick, J. D., and  
Britton, W. J. (1999). Structural deficiencies in granuloma formation in TNF 
gene-targeted mice underlie the heightened susceptibility to aerosol 
Mycobacterium tuberculosis infection, which is not compensated for by 
lymphotoxin. J Immunol 162, 3504-3511. 

Bekker, L. G., Freeman, S., Murray, P. J., Ryffel, B., and Kaplan, G. (2001). TNF-alpha  
controls intracellular mycobacterial growth by both inducible nitric oxide 
synthase-dependent and inducible nitric oxide synthase-independent pathways. J 
Immunol 166, 6728-6734. 

Biragyn, A., and Nedospasov, S. A. (1995). Lipopolysaccharide-induced expression of  
 TNF-alpha gene in the macrophage cell line ANA-1 is regulated at the level of 

transcription processivity. J Immunol 155, 674-683. 
Birkland, T.P., Sypek, J.p., and Wyler, D.J. (1992). Soluble TNF and membrane 

Univ
ers

ity
 O

f C
ap

e T
ow

n 

http://www.ncbi.nlm.nih.gov/pubmed/12906870
http://www.ncbi.nlm.nih.gov/pubmed/12906870
http://www.ncbi.nlm.nih.gov/pubmed/12906870


 140 

expressed on CD4+ T lymphocytes differ in their ability to activate macrophage 
antileishmanial defense. J Leukoc Biol 51, 296-9 

Black, R. A., Rauch, C. T., Kozlosky, C. J., Peschon, J. J., Slack, J. L., Wolfson, M. F., 
Castner, B. J., Stocking, K. L., Reddy, P., Srinivasan, S., et al. (1997). A 
metalloproteinase disintegrin that releases tumour-necrosis factor-alpha from 
cells. Nature 385, 729-733. 

Bodmer, J.L., Schneider, P., and Tschopp, J. (2002). The molecular architecture of the 
 TNF superfamily. Trends Biochem. Sci. 27, 19-26. 
Bonecini-Almeida, M. G., Chitale, S., Boutsikakis, I., Geng, J., Doo, H., He, S., and Ho, 

J. L. (1998). Induction of in vitro human macrophage anti-Mycobacterium 
tuberculosis activity: requirement for IFN-gamma and primed lymphocytes. J 
Immunol 160, 4490-4499. 

Bopst, M., Garcia, I., Guler., R., Olleros, M.L., Rulicke, T., Muller, M., Wyss, S., Frie, 
 K., Le Hir, M., and Eugster, H. (2001). Differential effects of TNF and LTα in the 
 host defense against M. bovis BCG. Eur. J. Immunol 31, 1935-1943. 
Botha, T., and Ryffel, B. (2003). Reactivation of latent tuberculosis infection in TNF- 
 deficient mice. J Immunol 171, 3110-3118. 
Brennan, P. J., and Nikaido, H. (1995). The envelope of mycobacteria. Annu Rev  
 Biochem 64, 29-63. 
Bryk, R., Griffin, P., and Nathan, C. (2000). Peroxynitrite reductase activity of bacterial  
 peroxiredoxins. Nature 407, 211-215. 
Bryk, R., Lima, C. D., Erdjument-Bromage, H., Tempst, P., and Nathan, C. (2002).  

Metabolic enzymes of mycobacteria linked to antioxidant defense by a 
thioredoxin-like protein. Science 295, 1073-1077. 

Calzascia, T., Pellegrini, M., Hall, H., Sabbagh, L., Ono, N., Elford, A. R., Mak, T. W., 
and Ohashi, P. S. (2007). TNF-alpha is critical for antitumor but not antiviral T 
cell immunity in mice. J Clin Invest 117, 3833-3845. 

Carpenter, A., Evans, T. J., Buurman, W. A., Bemelmans, M. H., Moyes, D., and Cohen, 
J. (1995). Differences in the shedding of soluble TNF receptors between 
endotoxin-sensitive and endotoxin-resistant mice in response to 
lipopolysaccharide or live bacterial challenge. J Immunol 155, 2005-2012. 

Carswell, E. A., Old, L. J., Kassel, R. L., Green, S., Fiore, N., and Williamson, B. (1975). 
An endotoxin-induced serum factor that causes necrosis of tumors. Proc Natl 
Acad Sci U S A 72, 3666-3670. 

Caruso, A. M., Serbina, N., Klein, E., Triebold, K., Bloom, B. R., and Flynn, J. L. (1999). 
Mice deficient in CD4 T cells have only transiently diminished levels of IFN-
gamma, yet succumb to tuberculosis. J Immunol 162, 5407-5416. 

Chackerian, A. A., Alt, J. M., Perera, T. V., Dascher, C. C., and Behar, S. M. (2002).  
Dissemination of Mycobacterium tuberculosis is influenced by host factors and 
precedes the initiation of T-cell immunity. Infect Immun 70, 4501-4509. 

Chakravarty, S. D., Zhu, G., Tsai, M. C., Mohan, V. P., Marino, S., Kirschner, D. E., 
Huang, L., Flynn, J., and Chan, J. (2008). Tumor necrosis factor blockade in 
chronic murine tuberculosis enhances granulomatous inflammation and 
disorganizes granulomas in the lungs. Infect Immun 76, 916-926. 

Chan, J., Tanaka, K., Carroll, D., Flynn, J., and Bloom, B. R. (1995). Effects of nitric 

Univ
ers

ity
 O

f C
ap

e T
ow

n 



 141 

oxide synthase inhibitors on murine infection with Mycobacterium tuberculosis. 
Infect Immun 63, 736-740. 

Chen, L., Xie, Q. W., and Nathan, C. (1998). Alkyl hydroperoxide reductase subunit C 
(AhpC) protects bacterial and human cells against reactive nitrogen 
intermediates. Mol Cell 1, 795-805. 

Chiu, N. M., Chun, T., Fay, M., Mandal, M., and Wang, C. R. (1999). The majority of  
H2-M3 is retained intracellularly in a peptide-receptive state and traffics to the 
cell surface in the presence of N-formylated peptides. J Exp Med 190, 423-434. 

Constant, P., Davodeau, F., Peyrat, M. A., Poquet, Y., Puzo, G., Bonneville, M., and 
Fournie, J. J. (1994). Stimulation of human gamma delta T cells by nonpeptidic 
mycobacterial ligands. Science 264, 267-270. 

Cooper, A. M., Dalton, D. K., Stewart, T. A., Griffin, J. P., Russell, D. G., and Orme, I. 
M. (1993). Disseminated tuberculosis in interferon gamma gene-disrupted mice. J 
Exp Med 178, 2243-2247. 

Cooper, A. M., Magram, J., Ferrante, J., and Orme, I. M. (1997). Interleukin 12 (IL-12) is 
crucial to the development of protective immunity in mice intravenously infected 
with mycobacterium tuberculosis. J Exp Med 186, 39-45. 

Cooper, A. M., Roberts, A. D., Rhoades, E. R., Callahan, J. E., Getzy, D. M., and Orme, 
I. M. (1995). The role of interleukin-12 in acquired immunity to Mycobacterium 
tuberculosis infection. Immunology 84, 423-432. 

Cooper, A. M., Segal, B. H., Frank, A. A., Holland, S. M., and Orme, I. M. (2000). 
Transient loss of resistance to pulmonary tuberculosis in p47 (phox-/-) mice. 
Infect Immun 68, 1231-1234. 

Cope, A.P., Liblau, R.S., Yang, X.D., Congia, M., Laudanna, C., Schrieber, R.D., 
Probert, L., Kollias, G., McDevitt, H.O. (1997). Chronic tumor necrosis factor 
alters T cell reponses by attenuating T cell receptor signalling. J Exp Med 185, 
1573-84 

Coyne, C. P., Willetto, C., and Fenwick, B. W. (1999). A mechanism of TNFR type II 
(75 kDa) "shedding" in macrophages. Shock 11, 19-28. 

Crowe, P.D., VanArsdale, T.L., Walter, B.N., Ware, C.F., Hession, C., Ehrenfels, B., 
 Browning, J.L., Din, W.S., Goodwin, R.G., and Smith, C.A. (1994). A 
 lymphotoxin-β-specific receptor. Science 264, 707.  
D'Souza, C. D., Cooper, A. M., Frank, A. A., Mazzaccaro, R. J., Bloom, B. R., and Orme, 

I. M. (1997). An anti-inflammatory role for gamma delta T lymphocytes in 
acquired immunity to Mycobacterium tuberculosis. J Immunol 158, 1217-1221. 

Dahl, K. E., Shiratsuchi, H., Hamilton, B. D., Ellner, J. J., and Toossi, Z. (1996). 
Selective induction of transforming growth factor beta in human monocytes by 
lipoarabinomannan of Mycobacterium tuberculosis. Infect Immun 64, 399-405. 

Dambuza, I., Allie, N., Fick, L., Johnston, N., Fremond, C., Mitchell, J., Quesniaux, V. 
F., Ryffel, B., and Jacobs, M. (2008). Efficacy of membrane TNF mediated host 
resistance is dependent on mycobacterial virulence. Tuberculosis (Edinb) 88, 221-
234. 

Diez-Ruiz, A., Tilz, G. P., Zangerle, R., Baier-Bitterlich, G., Wachter, H., and Fuchs, D. 
(1995). Soluble receptors for tumour necrosis factor in clinical laboratory 
diagnosis. Eur J Haematol 54, 1-8. 

Dimakou, K., Papaioannides, D., Latsi, P., Katsimboula, S., Korantzopoulos, P., and 

Univ
ers

ity
 O

f C
ap

e T
ow

n 



 142 

Orphanidou, D. (2004). Disseminated tuberculosis complicating anti-TNF-alpha 
treatment. Int J Clin Pract 58, 1052-1055. 

Ding, A., Nathan, C. F., Graycar, J., Derynck, R., Stuehr, D. J., and Srimal, S. (1990). 
Macrophage deactivating factor and transforming growth factors-beta 1 -beta 2 
and -beta 3 inhibit induction of macrophage nitrogen oxide synthesis by IFN-
gamma. J Immunol 145, 940-944. 

Ding, A. H., Nathan, C. F., and Stuehr, D. J. (1988). Release of reactive nitrogen 
intermediates and reactive oxygen intermediates from mouse peritoneal 
macrophages. Comparison of activating cytokines and evidence for independent 
production. J Immunol 141, 2407-2412. 

Ehlers, S., Kutsch, S., Ehlers, E. M., Benini, J., and Pfeffer, K. (2000). Lethal granuloma 
disintegration in mycobacteria-infected TNFRp55-/- mice is dependent on T cells 
and IL-12. J Immunol 165, 483-492. 

Emile, J. F., Patey, N., Altare, F., Lamhamedi, S., Jouanguy, E., Boman, F., Quillard, J., 
Lecomte-Houcke, M., Verola, O., Mousnier, J. F., et al. (1997). Correlation of 
granuloma structure with clinical outcome defines two types of idiopathic 
disseminated BCG infection. J Pathol 181, 25-30. 

Engelmann, H., Aderka, D., Rubinstein, M., Rotman, D., and Wallach, D. (1989). A 
tumor necrosis factor-binding protein purified to homogeneity from human urine 
protects cells from tumor necrosis factor toxicity. J Biol Chem 264, 11974-11980. 

Engelmann, H., Holtmann, H., Brakebusch, C., Avni, Y. S., Sarov, I., Nophar, Y., Hadas, 
E., Leitner, O., and Wallach, D. (1990a). Antibodies to a soluble form of a tumor 
necrosis factor (TNF) receptor have TNF-like activity. J Biol Chem 265, 14497-
14504. 

Engelmann, H., Novick, D., and Wallach, D. (1990b). Two tumor necrosis factor-binding 
proteins purified from human urine. Evidence for immunological cross-reactivity 
with cell surface tumor necrosis factor receptors. J Biol Chem 265, 1531-1536. 

Eriks, I. S., and Emerson, C. L. (1997). Temporal effect of tumor necrosis factor alpha on 
murine macrophages infected with Mycobacterium avium. Infect Immun 65, 
2100-2106. 

Erickson, S.L., de Sauvage, F.J., Kikly, K., Carver-Moore, K., Pitss-Meek, S., Gillet, N., 
Sheehan, K.C., Schrieber, R.D., Goeddel, D.V., and Moore, M.W. (1994). 
Decreased sensitivity to tumour-necrosis factor but normal T cell development in 
TNF receptor-2-deficient mice. Nat 372, 560-563. 

Fayyazi, A., Eichmeyer, B., Soruri, A., Schweyer, S., Herms, J., Schwarz, P., and 
Radzun, H. J. (2000). Apoptosis of macrophages and T cells in tuberculosis 
associated caseous necrosis. J Pathol 191, 417-425. 

Feng, C. G., Jankovic, D., Kullberg, M., Cheever, A., Scanga, C. A., Hieny, S., Caspar, 
P., Yap, G. S., and Sher, A. (2005). Maintenance of pulmonary Th1 effector 
function in chronic tuberculosis requires persistent IL-12 production. J Immunol 
174, 4185-4192. 

Flesch, I., and Kaufmann, S. H. (1987). Mycobacterial growth inhibition by interferon- 
gamma-activated bone marrow macrophages and differential susceptibility among 
strains of Mycobacterium tuberculosis. J Immunol 138, 4408-4413. 

Flesch, I. E., and Kaufmann, S. H. (1990). Activation of tuberculostatic macrophage 

Univ
ers

ity
 O

f C
ap

e T
ow

n 



 143 

functions by gamma interferon, interleukin-4, and tumor necrosis factor. Infect 
Immun 58, 2675-2677. 

Florido, M., and Appelberg, R. (2007). Characterization of the deregulated immune 
 activation occurring at late stages of Mycobacterial infection in TNF-deficient 
 mice. J Immunol 179, 7702–7708. 
Flynn, J. L., and Chan, J. (2001). Tuberculosis: latency and reactivation. Infect Immun 

 69, 4195-4201. 
Flynn, J. L., Chan, J., Triebold, K. J., Dalton, D. K., Stewart, T. A., and Bloom, B. R. 

(1993). An essential role for interferon gamma in resistance to Mycobacterium 
tuberculosis infection. J Exp Med 178, 2249-2254. 

Flynn, J. L., Goldstein, M. M., Chan, J., Triebold, K. J., Pfeffer, K., Lowenstein, C. J., 
Schreiber, R., Mak, T. W., and Bloom, B. R. (1995). Tumor necrosis factor-alpha 
is required in the protective immune response against Mycobacterium 
tuberculosis in mice. Immunity 2, 561-572. 

Flynn, J. L., Goldstein, M. M., Triebold, K. J., Koller, B., and Bloom, B. R. (1992). 
Major histocompatibility complex class I-restricted T cells are required for 
resistance to Mycobacterium tuberculosis infection. Proc Natl Acad Sci U S A 89, 
12013-12017. 

Flynn, J. L., Scanga, C. A., Tanaka, K. E., and Chan, J. (1998). Effects of 
 aminoguanidine on latent murine tuberculosis. J Immunol 160, 1796-1803. 

Frankova, D., and Zidek, Z. (1998). IFN-gamma-induced TNF-alpha is a prerequisite for 
in vitro production of nitric oxide generated in murine peritoneal macrophages by 
IFN-gamma. Eur J Immunol 28, 838-843. 

Frater-Schroder, M., Risau, W., Hallmann, R., Gautschi, P., and Bohlen, P. (1987). 
Tumor necrosis factor type alpha, a potent inhibitor of endothelial cell growth in 
vitro, is angiogenic in vivo. Proc Natl Acad Sci U S A 84, 5277-5281. 

Fremond, C., Allie, N., Dambuza, I., Grivennikov, S. I., Yeremeev, V., Quesniaux, V. F., 
Jacobs, M., and Ryffel, B. (2005). Membrane TNF confers protection to acute 
mycobacterial infection. Respir Res 6, 136. 

Fu, Y. X., and Chaplin, D. D. (1999). Development and maturation of secondary 
 lymphoid tissues. Annu Rev Immunol 17, 399-433. 

Gagliardi, M. C., Teloni, R., Giannoni, F., Pardini, M., Sargentini, V., Brunori, L., 
Fattorini, L., and Nisini, R. (2005). Mycobacterium bovis Bacillus Calmette-
Guerin infects DC-SIGN- dendritic cell and causes the inhibition of IL-12 and the 
enhancement of IL-10 production. J Leukoc Biol 78, 106-113. 

Garcia, I., Guler, R., Vesin, D., Olleros, M.L., Vassalli, P., Chvatchko, Y., Jacobs, M., 
and Ryffel., B. (2000). Lethal Mycobacterium bovis Calmette Guerin infection in 
nitric oxide synthase 2-deficient mice: cell-mediated immunity requires nitric 
oxide synthase 2. Lab Invest 80, 1385-97. 

Garcia, I., Miyazaki, Y., Marchal, G., Lesslaue, W., and Vassalli, P. (1997). High 
 sensitivity of transgenic mice expressing soluble TNFRl fusion protein to 
 mycobacterial infections: synergistic action of TNF and IFN-y in the 
 differentiation of protective granulomas. Eur. J. Immunol 27, 3182-3190 
Georgopoulos, S., Plows, D., and Kollias, G. (1996). Transmembrane TNF is sufficient to 

induce localized tissue toxicity and chronic inflammatory arthritis in transgenic 
mice. J Inflamm 46, 86-97. 

Univ
ers

ity
 O

f C
ap

e T
ow

n 



 144 

Gong, J. H., Zhang, M., Modlin, R. L., Linsley, P. S., Iyer, D., Lin, Y., and Barnes, P. F. 
(1996). Interleukin-10 downregulates Mycobacterium tuberculosis-induced Th1 
responses and CTLA-4 expression. Infect Immun 64, 913-918. 

Gonzalez-Juarrero, M., Shim, T. S., Kipnis, A., Junqueira-Kipnis, A. P., and Orme, I. M. 
(2003). Dynamics of macrophage cell populations during murine pulmonary 
tuberculosis. J Immunol 171, 3128-3135. 

Gordon, J. R., and Galli, S. J. (1990). Mast cells as a source of both preformed and 
immunologically inducible TNF-alpha/cachectin. Nature 346, 274-276. 

Grell, M., Wajant, H., Zimmermann, G., and Scheurich, P. (1998). The type 1 receptor 
(CD120a) is the high-affinity receptor for soluble tumor necrosis factor. Proc Natl 
Acad Sci U S A 95, 570-575. 

Guler, R., Olleros, M. L., Vesin, D., Parapanov, R., Vesin, C., Kantengwa, S., Rubbia- 
Brandt, L., Mensi, N., Angelillo-Scherrer, A., Martinez-Soria, E., et al. (2004). 
Inhibition of inducible nitric oxide synthase protects against liver injury induced 
by mycobacterial infection and endotoxins. J Hepatol 41, 773-781. 

Han, J., Brown, T., and Beutler, B. (1990). Endotoxin-responsive sequences control 
cachectin/tumor necrosis factor biosynthesis at the translational level. J Exp Med 

171, 465-475. 
Hernandez-Pando, R., Orozcoe, H., Sampieri, A., Pavon, L., Velasquillo, C., Larriva- 

Sahd, J., Alcocer, J. M., and Madrid, M. V. (1996). Correlation between the 
kinetics of Th1, Th2 cells and pathology in a murine model of experimental 
pulmonary tuberculosis. Immunology 89, 26-33. 

Hickey, M. J., Reinhardt, P. H., Ostrovsky, L., Jones, W. M., Jutila, M. A., Payne, D., 
Elliott, J., and Kubes, P. (1997). Tumor necrosis factor-alpha induces leukocyte 
recruitment by different mechanisms in vivo and in vitro. J Immunol 158, 3391-
3400. 

Higuchi, M., and Aggarwal, B.B. (1992). Modulation of two forms of tumor necrosis  
factor receptors and their cellular response by soluble receptors and their 
monoclonal antibodies. J Biol Chem 267, 20892-9. 

Hirsch, C. S., Ellner, J. J., Blinkhorn, R., and Toossi, Z. (1997). In vitro restoration of T 
cell responses in tuberculosis and augmentation of monocyte effector function 
against Mycobacterium tuberculosis by natural inhibitors of transforming growth 
factor beta. Proc Natl Acad Sci U S A 94, 3926-3931. 

Hmama, Z., Gabathuler, R., Jefferies, W. A., de Jong, G., and Reiner, N. E. (1998). 
Attenuation of HLA-DR expression by mononuclear phagocytes infected with 
Mycobacterium tuberculosis is related to intracellular sequestration of immature 
class II heterodimers. J Immunol 161, 4882-4893. 

Horne, N. W. (1960). Prednisolone in treatment of pulmonary tuberculosis: a controlled 
trial. Final report to the Research Committee of the Tuberculosis Society of 
Scotland. Br Med J 2, 1751-1756. 

Hsieh, C. S., Macatonia, S. E., Tripp, C. S., Wolf, S. F., O'Garra, A., and Murphy, K. M. 
(1993). Development of TH1 CD4+ T cells through IL-12 produced by Listeria-
induced macrophages. Science 260, 547-549. 

Huang, X. R., Kitching, A. R., Tipping, P. G., and Holdsworth, S. R. (2000). Interleukin- 
10 inhibits macrophage-induced glomerular injury. J Am Soc Nephrol 11, 262-
269. 

Univ
ers

ity
 O

f C
ap

e T
ow

n 



 145 

Isomaki, P., Panesar, M., Annenkov, A., Clark, J.M., Foxwell, B.M., Chernajovsky, Y., 
Cope, A.P. (2001). Prolonged exposure of Tcells to TNF down-regulates TCR 
zeta and expression of the TCR/CDR3 complex at the cell surface. J Immunol 
166, 5495-507  

Jacobs, M., Brown, N., Allie, N., Gulert, R., and Ryffel, B. (2000a). Increased resistance 
to mycobacterial infection in the absence of interleukin-10. Immunology 100, 
494-501. 

Jacobs, M., Marino, M. W., Brown, N., Abel, B., Bekker, L. G., Quesniaux, V. J., Fick, 
L., and Ryffel, B. (2000b). Correction of defective host response to 
Mycobacterium bovis BCG infection in TNF-deficient mice by bone marrow 
transplantation. Lab Invest 80, 901-914. 

Jesus, A. A., Oliveira, J. B., Aksentijevich, I., Fujihira, E., Carneiro-Sampaio, M. M., 
Duarte, A. J., and Silva, C. A. (2008). TNF receptor-associated periodic syndrome 
(TRAPS): description of a novel TNFRSF1A mutation and response to 
etanercept. Eur J Pediatr 167, 1421-1425. 

Jouanguy, E., Altare, F., Lamhamedi, S., Revy, P., Emile, J. F., Newport, M., Levin, M., 
Blanche, S., Seboun, E., Fischer, A., and Casanova, J. L. (1996). Interferon-
gamma-receptor deficiency in an infant with fatal bacille Calmette-Guerin 
infection. N Engl J Med 335, 1956-1961. 

Joyce, D. A., Gibbons, D. P., Green, P., Steer, J. H., Feldmann, M., and Brennan, F. M. 
(1994). Two inhibitors of pro-inflammatory cytokine release, interleukin-10 and 
interleukin-4, have contrasting effects on release of soluble p75 tumor necrosis 
factor receptor by cultured monocytes. Eur J Immunol 24, 2699-2705. 

Joyce, D. A., and Steer, J. H. (1995). Tumor necrosis factor alpha and interleukin-1 alpha 
stimulate late shedding of p75 TNF receptors but not p55 TNF receptors from 
human monocytes. J Interferon Cytokine Res 15, 947-954. 

Kaneko, H., Yamada, H., Mizuno, S., Udagawa, T., Kazumi, Y., Sekikawa, K., and 
Sugawara, I. (1999). Role of tumor necrosis factor-alpha in Mycobacterium-
induced granuloma formation in tumor necrosis factor-alpha-deficient mice. Lab 
Invest 79, 379-386. 

Karp, S. E., Hwu, P., Farber, A., Restifo, N. P., Kriegler, M., Mule, J. J., and Rosenberg, 
S. A. (1992). In vivo activity of tumor necrosis factor (TNF) mutants. Secretory 
but not membrane-bound TNF mediates the regression of retrovirally transduced 
murine tumor. J Immunol 149, 2076-2081. 

Kawakami, M., and Cerami, A. (1981). Studies of endotoxin-induced decrease in 
lipoprotein lipase activity. J Exp Med 154, 631-639. 

Keane, J., Balcewicz-Sablinska, M. K., Remold, H. G., Chupp, G. L., Meek, B. B., 
Fenton, M. J., and Kornfeld, H. (1997). Infection by Mycobacterium tuberculosis 
promotes human alveolar macrophage apoptosis. Infect Immun 65, 298-304. 

Keffer, J., Probert, L., Cazlaris, H., Georgopoulos, S., Kaslaris, E., Kioussis, D., and 
Kollias, G. (1991). Transgenic mice expressing human tumour necrosis factor: a 
predictive genetic model of arthritis. Embo J 10, 4025-4031. 

Keshav, S., Lawson, L., Chung, L. P., Stein, M., Perry, V. H., and Gordon, S. (1990). 
Tumor necrosis factor mRNA localized to Paneth cells of normal murine 
intestinal epithelium by in situ hybridization. J Exp Med 171, 327-332. 

Kindler, V., Sappino, A. P., Grau, G. E., Piguet, P. F., and Vassalli, P. (1989). The  

Univ
ers

ity
 O

f C
ap

e T
ow

n 



 146 

inducing role of tumor necrosis factor in the development of bactericidal 
granulomas during BCG infection. Cell 56, 731-740. 

Kock, A., Schwarz, T., Kirnbauer, R., Urbanski, A., Perry, P., Ansel, J. C., and Luger, T. 
A. (1990). Human keratinocytes are a source for tumor necrosis factor alpha: 
evidence for synthesis and release upon stimulation with endotoxin or ultraviolet 
light. J Exp Med 172, 1609-1614. 

Kock, R. (1882). Die Aetiologie der Tuberculosis. Ber. Klin. Wochernschr. 19, 221. 
Kontoyiannis, D., Pasparakis, M., Pizarro, T. T., Cominelli, F., and Kollias, G. (1999). 

Impaired on/off regulation of TNF biosynthesis in mice lacking TNF AU-rich 
elements: implications for joint and gut-associated immunopathologies. Immunity 
10, 387-398. 

Kriegler, M., Perez, C., DeFay, K., Albert, I., and Lu, S. D. (1988). A novel form of  
TNF/cachectin is a cell surface cytotoxic transmembrane protein: ramifications 
for the complex physiology of TNF. Cell 53, 45-53. 

Kupfer,  A., and Singer, S.J. (1989). Cell biology of cytotoxic and helper T cell functions: 
 immunofluorescence microscopic studies of single cells and cell couples. Annu. 
 Rev. Immunol. 7, 309-37. 
Kupfer, A., and Singer, S.J. (1989). The specific interaction of helper T cells and antigen-
 presenting B cells IV. Membrane and cytoskeletal reorganizations in the bound T 
 cell as a function of antigen dose.  J. Exp. Med 170, 1697-1713 
Ladel, C. H., Szalay, G., Riedel, D., and Kaufmann, S. H. (1997). Interleukin-12  

secretion by Mycobacterium tuberculosis-infected macrophages. Infect Immun 
65, 1936-1938. 

Lantz, M., Malik, S., Slevin, M. L., and Olsson, I. (1990). Infusion of tumor necrosis  
factor (TNF) causes an increase in circulating TNF-binding protein in humans. 
Cytokine 2, 402-406. 

Laskin, D. L., and Pendino, K. J. (1995). Macrophages and inflammatory mediators in 
tissue injury. Annu Rev Pharmacol Toxicol 35, 655-677. 

Leeuwenberg, J. F., Dentener, M. A., and Buurman, W. A. (1994). Lipopolysaccharide 
LPS-mediated soluble TNF receptor release and TNF receptor expression by 
monocytes. Role of CD14, LPS binding protein, and bactericidal/permeability-
increasing protein. J Immunol 152, 5070-5076. 

Lewis, K. N., Liao, R., Guinn, K. M., Hickey, M. J., Smith, S., Behr, M. A., and 
Sherman, D. R. (2003). Deletion of RD1 from Mycobacterium tuberculosis 
mimics bacille Calmette-Guerin attenuation. J Infect Dis 187, 117-123. 

Lin, Y., Zhang, M., Hofman, F. M., Gong, J., and Barnes, P. F. (1996). Absence of a 
prominent Th2 cytokine response in human tuberculosis. Infect Immun 64, 1351-
1356. 

Lipsky, P. E., van der Heijde, D. M., St Clair, E. W., Furst, D. E., Breedveld, F. C., 
Kalden, J. R., Smolen, J. S., Weisman, M., Emery, P., Feldmann, M., et al. 
(2000). Infliximab and methotrexate in the treatment of rheumatoid arthritis. Anti-
Tumor Necrosis Factor Trial in Rheumatoid Arthritis with Concomitant Therapy 
Study Group. N Engl J Med 343, 1594-1602. 

Mackaness, G. B. (1969). The influence of immunologically committed lymphoid cells 
on macrophage activity in vivo. J Exp Med 129, 973-992. 

MacMicking, J. D., North, R. J., LaCourse, R., Mudgett, J. S., Shah, S. K., and Nathan, 

Univ
ers

ity
 O

f C
ap

e T
ow

n 



 147 

C. F. (1997). Identification of nitric oxide synthase as a protective locus against 
tuberculosis. Proc Natl Acad Sci U S A 94, 5243-5248. 

Magez, S., Truyens, C., Merimi, M., Radwanska, M., Stijlemans, B., Brouckaert, P., 
Brombacher, F., Pays, E., and De Baetselier, P. (2004). P75 tumor necrosis factor-
receptor shedding occurs as a protective host response during African 
trypanosomiasis. J Infect Dis 189, 527-539. 

Majlessi, L., Brodin, P., Brosch, R., Rojas, M. J., Khun, H., Huerre, M., Cole, S. T., and 
Leclerc, C. (2005). Influence of ESAT-6 secretion system 1 (RD1) of 
Mycobacterium tuberculosis on the interaction between mycobacteria and the host 
immune system. J Immunol 174, 3570-3579. 

Manganelli, R., Dubnau, E., Tyagi, S., Kramer, F. R., and Smith, I. (1999). Differential 
expression of 10 sigma factor genes in Mycobacterium tuberculosis. Mol 
Microbiol 31, 715-724. 

Marino, M. W., Dunn, A., Grail, D., Inglese, M., Noguchi, Y., Richards, E., Jungbluth 
, A., Wada, H., Moore, M., Williamson, B., et al. (1997). Characterization of 
tumor necrosis factor-deficient mice. Proc Natl Acad Sci U S A 94, 8093-8098. 

Mazzaccaro, R. J., Gedde, M., Jensen, E. R., van Santen, H. M., Ploegh, H. L., Rock, K. 
L., and Bloom, B. R. (1996). Major histocompatibility class I presentation of 
soluble antigen facilitated by Mycobacterium tuberculosis infection. Proc Natl 
Acad Sci U S A 93, 11786-11791. 

McCoy, M.K., Martinez, T.N., Ruhn, K.A., Szymkowski, D.E., Smith, C.G., Botterman, 
 B.R., Tansey, K.E., Tansey, M.G. (2006). Blocking soluble tumor necrosis factor 
 signaling with dominant-negative tumor necrosis factor inhibitor attenuates loss 
 of dopaminergic neurons in models of Parkinson's disease. J Neurosci 26, 9365-
 75. 
McCune, R.M., Fieldmann, F.M., Lambart, H.P., McDermott, W. (1965). Microbial 

persistence. I. The capacity of tubercle bacilli to survive sterilization in mouse 
tissues. J Exp Med 123, 445-86. 

McDermott, M.F., Aksentijevich, I., Galon, J., McDermott, E.M., Ogunkolade, B.W., et 
al. (1999). Germline mutations in the extracellular domains of the 55kDa TNF 
receptor, TNFR1, define a family of dominantly inherited autoimmatory 
syndromes. Cell 97, 133-44 

MacEwan, J.D. (2002). TNF ligands and receptors – a matter of life and death. British J 
 Pharmac 135, 855-857. 
Medina, E., and North, R. J. (1996). Evidence inconsistent with a role for the Bcg gene 

(Nramp1) in resistance of mice to infection with virulent Mycobacterium 
tuberculosis. J Exp Med 183, 1045-1051. 

Mitoma, H., Horiuchi, T., and Tsukamoto, H. (2004). Binding activities of infliximab and 
 etanercept to transmembrane tumor necrosis factor-alpha. Gastroenterology 126, 
 934-5. 
Mitoma H, Horiuchi T, Hatta N, Tsukamoto H, Harashima S, Kikuchi Y, Otsuka J, 
 Okamura S, Fujita S, Harada M. (2005). Infliximab induces potent anti-
 inflammatory responses by outside-to-inside signals through transmembrane 
 TNF-alpha. Gastroenterology 128, 376-92. 
Mitsos, L. M., Cardon, L. R., Ryan, L., LaCourse, R., North, R. J., and Gros, P. (2003). 

Univ
ers

ity
 O

f C
ap

e T
ow

n 

http://www.ncbi.nlm.nih.gov/pubmed/16971520
http://www.ncbi.nlm.nih.gov/pubmed/16971520
http://www.ncbi.nlm.nih.gov/pubmed/16971520
http://www.ncbi.nlm.nih.gov/pubmed/14988859
http://www.ncbi.nlm.nih.gov/pubmed/14988859
http://www.ncbi.nlm.nih.gov/pubmed/15685549
http://www.ncbi.nlm.nih.gov/pubmed/15685549
http://www.ncbi.nlm.nih.gov/pubmed/15685549


 148 

Susceptibility to tuberculosis: a locus on mouse chromosome 19 (Trl-4) regulates 
Mycobacterium tuberculosis replication in the lungs. Proc Natl Acad Sci U S A 
100, 6610-6615. 

Mogues, T., Goodrich, M. E., Ryan, L., LaCourse, R., and North, R. J. (2001). The 
relative importance of T cell subsets in immunity and immunopathology of 
airborne Mycobacterium tuberculosis infection in mice. J Exp Med 193, 271-280. 

Mohan, V. P., Scanga, C. A., Yu, K., Scott, H. M., Tanaka, K. E., Tsang, E., Tsai, M. M., 
Flynn, J. L., and Chan, J. (2001). Effects of tumor necrosis factor alpha on host 
immune response in chronic persistent tuberculosis: possible role for limiting 
pathology. Infect Immun 69, 1847-1855. 

Monks, C.R., Freiberg, B.A., Kupfer, H., Sciaky N., Kupfer, A. . (1998). Three-
 dimensional segregation of supramolecular activation clusters in T cells. Nature 3, 
 82-6. 
Moore, K. W., de Waal Malefyt, R., Coffman, R. L., and O'Garra, A. (2001). Interleukin- 
 10 and the interleukin-10 receptor. Annu Rev Immunol 19, 683-765. 
Moore, R. J., Owens, D. M., Stamp, G., Arnott, C., Burke, F., East, N., Holdsworth, H., 

Turner, L., Rollins, B., Pasparakis, M., et al. (1999). Mice deficient in tumor 
necrosis factor-alpha are resistant to skin carcinogenesis. Nat Med 5, 828-831. 

Mueller, C., Corazza, N., Trachsel-Loseth, S., Eugster, H. P., Buhler-Jungo, M., Brunner, 
T., and Imboden, M. A. (1999). Noncleavable transmembrane mouse tumor 
necrosis factor-alpha (TNFalpha) mediates effects distinct from those of wild-type 
TNFalpha in vitro and in vivo. J Biol Chem 274, 38112-38118. 

Mulligan, M. S., Vaporciyan, A. A., Miyasaka, M., Tamatani, T., and Ward, P. A. (1993). 
Tumor necrosis factor alpha regulates in vivo intrapulmonary expression of 
ICAM-1. Am J Pathol 142, 1739-1749. 

Nedwin, G. E., Naylor, S. L., Sakaguchi, A. Y., Smith, D., Jarrett-Nedwin, J., Pennica, 
D., Goeddel, D. V., and Gray, P. W. (1985). Human lymphotoxin and tumor 
necrosis factor genes: structure, homology and chromosomal localization. Nucleic 
Acids Res 13, 6361-6373. 

Newport, M. J., Huxley, C. M., Huston, S., Hawrylowicz, C. M., Oostra, B. A.,  
Williamson, R., and Levin, M. (1996). A mutation in the interferon-gamma-
receptor gene and susceptibility to mycobacterial infection. N Engl J Med 335, 
1941-1949. 

Nicholson, S., Bonecini-Almeida Mda, G., Lapa e Silva, J. R., Nathan, C., Xie, Q. W., 
Mumford, R., Weidner, J. R., Calaycay, J., Geng, J., Boechat, N., et al. (1996). 
Inducible nitric oxide synthase in pulmonary alveolar macrophages from patients 
with tuberculosis. J Exp Med 183, 2293-2302. 

North, R. J. (1998). Mice incapable of making IL-4 or IL-10 display normal resistance to 
infection with Mycobacterium tuberculosis. Clin Exp Immunol 113, 55-58. 

North, R. J., LaCourse, R., Ryan, L., and Gros, P. (1999). Consequence of Nramp1 
deletion to Mycobacterium tuberculosis infection in mice. Infect Immun 67, 5811-
5814. 

North, R. J., and Medina, E. (1998). How important is Nramp1 in tuberculosis? Trends 
Microbiol 6, 441-443. 

Novick, D., Engelmann, H., Wallach, D., and Rubinstein, M. (1989). Soluble cytokine 
receptors are present in normal human urine. J Exp Med 170, 1409-1414. 

Univ
ers

ity
 O

f C
ap

e T
ow

n 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Monks%20CR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Freiberg%20BA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kupfer%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sciaky%20N%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kupfer%20A%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Nature.');


 149 

Olleros, M., Guler, R., Corazza, N., Vesin, D., Eugester, H., Marchal, G., Chavarot, P., 
 Mueller, C., and Garcia, I. (2002). Transmembrane TNF induces an effective cell-
 mediated immunity and resistance to Mycobacterium bovis Bacillus Calmette-
 Guerin infection in the absence of secreted TNF and Lymphotoxin-α. J. Immunol 
 168, 3394-3401. 
Olleros, M., Guler, R., Vesin, D., Parapanov., R., Marchal, G., Martinez-Soria, E., 
 Corazza, N., Pache., J., Mueller, C., and Garcia, I. (2005). Contribution of 
 transmembrane tumor necrosis factor to host defense against Mycobacterium 
 bovis Calmette-Guerin and Mycobacterium tuberculosis infections. Am J  Pathol 
 166, 1109-1120. 
Olleros, M., Vesin, D., Lambou, A.F., Janssens, J., Ryffel, B., Rose, S., Fremond, C., 
 Quesniaux, V., Szymkowski, D.E., and Garcia, I. (2009). Dominant-negative 
 tumor necrosis factor protects from Mycobacterium bovis Calmette-Guerin (
 BCG) and endotoxin-induced liver injury without compromising host immunity to 
 BCG and Mycobacterium tuberculosis. JID 199, 1053– 63 
Olsson, I., Lantz, M., Nilsson, E., Peetre, C., Thysell, H., Grubb, A., and Adolf, G. 

(1989). Isolation and characterization of a tumor necrosis factor binding protein 
from urine. Eur J Haematol 42, 270-275. 

Orme, I.M. (1987). The kinetics of emergence and loss of mediator T Lymphocytes 
 acquired in response to infection with Mycobacterium tuberculosis. J. Immunol 
 138, 293-298. 
Orme, I. M., Roberts, A. D., Griffin, J. P., and Abrams, J. S. (1993). Cytokine secretion 

by CD4 T lymphocytes acquired in response to Mycobacterium tuberculosis 
infection. J Immunol 151, 518-525. 

Oswald, I. P., Caspar, P., Jankovic, D., Wynn, T. A., Pearce, E. J., and Sher, A. (1994). 
IL-12 inhibits Th2 cytokine responses induced by eggs of Schistosoma mansoni. 
J Immunol 153, 1707-1713. 

Parfrey, N. A., El-Sheikh, A., Monckton, E. A., Cockfield, S. M., Halloran, P. F., and 
Linetsky, E. (1999). Interferon-gamma gene expression during acute graft-versus-
host disease: relationship to MHC induction and tissue injury. J Pathol 189, 99-
104. 

Pasparakis, M., Alexopoulou, L., Grell, M., Pfizenmaier, H., Bluethmann, H., and 
Kollias, G. (1997). Peyer‘s patch organogenesis is intact yet formation of B 
lymphocyte follicles is defective in peripheral lymphoid organs of mice deficient 
for tumor necrosis factor and its 55-kDa receptor. Proc Natl Acad Sci USA 94, 
6319-23.   

Peck, R., Brockhaus, M., and Frey, J. R. (1989). Cell surface tumor necrosis factor (TNF) 
accounts for monocyte- and lymphocyte-mediated killing of TNF-resistant target 
cells. Cell Immunol 122, 1-10. 

Pekala, P., Kawakami, M., Vine, W., Lane, M. D., and Cerami, A. (1983). Studies of 
insulin resistance in adipocytes induced by macrophage mediator. J Exp Med 157, 
1360-1365. 

Perez, C., Albert, I., DeFay, K., Zachariades, N., Gooding, L., and Kriegler, M. (1990). A 
nonsecretable cell surface mutant of tumor necrosis factor (TNF) kills by cell-to-
cell contact. Cell 63, 251-258. 

Peschon, J. J., Torrance, D. S., Stocking, K. L., Glaccum, M. B., Otten, C., Willis, C. R., 

Univ
ers

ity
 O

f C
ap

e T
ow

n 



 150 

Charrier, K., Morrissey, P. J., Ware, C. B., and Mohler, K. M. (1998). TNF 
receptor-deficient mice reveal divergent roles for p55 and p75 in several models 
of inflammation. J Immunol 160, 943-952. 

Pfeffer, K., Matsuyama, T., Kundig, T. M., Wakeham, A., Kishihara, K., Shahinian, A., 
Wiegmann, K., Ohashi, P. S., Kronke, M., and Mak, T. W. (1993). Mice deficient 
for the 55 kd tumor necrosis factor receptor are resistant to endotoxic shock, yet 
succumb to L. monocytogenes infection. Cell 73, 457-467. 

Pinckard, J. K., Sheehan, K. C., Arthur, C. D., and Schreiber, R. D. (1997). Constitutive 
shedding of both p55 and p75 murine TNF receptors in vivo. J Immunol 158, 
3869-3873. 

Porcelli, S. A., and Modlin, R. L. (1999). The CD1 system: antigen-presenting molecules 
for T cell recognition of lipids and glycolipids. Annu Rev Immunol 17, 297-329. 

Porteu, F., and Nathan, C. (1990). Shedding of tumor necrosis factor receptors by 
activated human neutrophils. J Exp Med 172, 599-607. 

Present, D.H. (1999). Review article: The efficacy of infliximab in Crohn‘s disease— 
 healing fistulae. Aliment Pharmacol Ther 13 Suppl 4, 23-8. 
Probert, L., Akassoglou, K., Pasparakis, M., Kontogeorgos, G., and Kollias, G. (1995). 

Spontaneous inflammatory demyelinating disease in transgenic mice showing 
central nervous system-specific expression of timour necrosis factor alpha. Proc 
Natl Adcad Sci USA 92, 11294-8. 

Ramachandra, L., Noss, E., Boom, W. H., and Harding, C. V. (2001). Processing of 
Mycobacterium tuberculosis antigen 85B involves intraphagosomal formation of 
peptide-major histocompatibility complex II complexes and is inhibited by live 
bacilli that decrease phagosome maturation. J Exp Med 194, 1421-1432. 

Roach, D. R., Bean, A. G., Demangel, C., France, M. P., Briscoe, H., and Britton, W. J. 
(2002). TNF regulates chemokine induction essential for cell recruitment, 
granuloma formation, and clearance of mycobacterial infection. J Immunol 168, 
4620-4627. 

Roach, D. R., Martin, E., Bean, A. G., Rennick, D. M., Briscoe, H., and Britton, W. J. 
(2001). Endogenous inhibition of antimycobacterial immunity by IL-10 varies 
between mycobacterial species. Scand J Immunol 54, 163-170. 

Rockett, K. A., Brookes, R., Udalova, I., Vidal, V., Hill, A. V., and Kwiatkowski, D. 
(1998). 1,25-Dihydroxyvitamin D3 induces nitric oxide synthase and suppresses 
growth of Mycobacterium tuberculosis in a human macrophage-like cell line. 
Infect Immun 66, 5314-5321. 

Rolph, M. S., Raupach, B., Kobernick, H. H., Collins, H. L., Perarnau, B., Lemonnier, F. 
A., and Kaufmann, S. H. (2001). MHC class Ia-restricted T cells partially account 
for beta2-microglobulin-dependent resistance to Mycobacterium tuberculosis. Eur 
J Immunol 31, 1944-1949. 

Rothe, J., Bluethmann, H., Gentz, R., Lesslauer, W., and Steinmetz, M. (1993a). 
Genomic organization and promoter function of the murine tumor necrosis factor 
receptor beta gene. Mol Immunol 30, 165-175. 

Rothe, J., Lesslauer, W., Lotscher, H., Lang, Y., Koebel, P., Kontgen, F., Althage, A., 
Zinkernagel, R., Steinmetz, M., and Bluethmann, H. (1993b). Mice lacking the 
tumour necrosis factor receptor 1 are resistant to TNF-mediated toxicity but 
highly susceptible to infection by Listeria monocytogenes. Nature 364, 798-802. 

Univ
ers

ity
 O

f C
ap

e T
ow

n 



 151 

Rothstein, J. L., and Schreiber, H. (1988). Synergy between tumor necrosis factor and 
bacterial products causes hemorrhagic necrosis and lethal shock in normal mice. 
Proc Natl Acad Sci U S A 85, 607-611. 

Ruuls, S. R., Hoek, R. M., Ngo, V. N., McNeil, T., Lucian, L. A., Janatpour, M. J., 
Korner, H., Scheerens, H., Hessel, E. M., Cyster, J. G., et al. (2001). Membrane-
bound TNF supports secondary lymphoid organ structure but is subservient to 
secreted TNF in driving autoimmune inflammation. Immunity 15, 533-543. 

Santee, S. M., and Owen-Schaub, L. B. (1996). Human tumor necrosis factor receptor 
p75/80 (CD120b) gene structure and promoter characterization. J Biol Chem 271, 
21151-21159. 

Saunders, B. M., and Cooper, A. M. (2000). Restraining mycobacteria: role of  
 granulomas in mycobacterial infections. Immunol Cell Biol 78, 334-341. 
Saunders, B. M., Frank, A. A., and Orme, I. M. (1999). Granuloma formation is required 

to contain bacillus growth and delay mortality in mice chronically infected with 
Mycobacterium tuberculosis. Immunology 98, 324-328. 

Saunders, B. M., Tran, S., Ruuls, S., Sedgwick, J. D., Briscoe, H., and Britton, W. J.  
(2005). Transmembrane TNF is sufficient to initiate cell migration and granuloma 
formation and provide acute, but not long-term, control of Mycobacterium 
tuberculosis infection. J Immunol 174, 4852-4859. 

Sawada, M., Kondo, N., Suzumura, A., and Marunouchi, T. (1989). Production of tumor 
necrosis factor-alpha by microglia and astrocytes in culture. Brain Res 491, 394-
397. 

Scanga, C. A., Mohan, V. P., Tanaka, K., Alland, D., Flynn, J. L., and Chan, J. (2001). 
The inducible nitric oxide synthase locus confers protection against aerogenic 
challenge of both clinical and laboratory strains of Mycobacterium tuberculosis in 
mice. Infect Immun 69, 7711-7717. 

Scanga, C. A., Mohan, V. P., Yu, K., Joseph, H., Tanaka, K., Chan, J., and Flynn, J. L. 
(2000). Depletion of CD4(+) T cells causes reactivation of murine persistent 
tuberculosis despite continued expression of interferon gamma and nitric oxide 
synthase 2. J Exp Med 192, 347-358. 

Scallon B, Cai A, Solowski N, Rosenberg A, Song XY, Shealy D, Wagner C. (2002). 
 Binding and functional comparisons of two types of tumor necrosis factor 
 antagonists. J Pharmacol Exp Ther. 301, 418-26. 
Schell, R. F., Ealey, W. F., Harding, G. E., and Smith, D. W. (1974). The influence of 

vaccination on the course of experimental airborne tuberculosis in mice. J 
Reticuloendothel Soc 16, 131-138. 

Schottelius, A. J., Moldawer, L. L., Dinarello, C. A., Asadullah, K., Sterry, W., and 
Edwards, C. K., 3rd (2004). Biology of tumor necrosis factor-alpha- implications 
for psoriasis. Exp Dermatol 13, 193-222. 

Selwyn, P. A., Hartel, D., Lewis, V. A., Schoenbaum, E. E., Vermund, S. H., Klein, R. 
S., Walker, A. T., and Friedland, G. H. (1989). A prospective study of the risk of 
tuberculosis among intravenous drug users with human immunodeficiency virus 
infection. N Engl J Med 320, 545-550. 

Setoguchi, S., Solomon, D. H., Weinblatt, M. E., Katz, J. N., Avorn, J., Glynn, R. J., 

Univ
ers

ity
 O

f C
ap

e T
ow

n 

http://www.ncbi.nlm.nih.gov/pubmed/11961039
http://www.ncbi.nlm.nih.gov/pubmed/11961039


 152 

Cook, E. F., Carney, G., and Schneeweiss, S. (2006). Tumor necrosis factor alpha 
antagonist use and cancer in patients with rheumatoid arthritis. Arthritis Rheum 
54, 2757-2764. 

Shakhov, A. N., Collart, M. A., Vassalli, P., Nedospasov, S. A., and Jongeneel, C. V. 
(1990). Kappa B-type enhancers are involved in lipopolysaccharide-mediated 
transcriptional activation of the tumor necrosis factor alpha gene in primary 
macrophages. J Exp Med 171, 35-47. 

Sichletidis, L., Settas, L., Spyratos, D., Chloros, D., and Patakas, D. (2006). Tuberculosis 
in patients receiving anti-TNF agents despite chemoprophylaxis. Int J Tuberc 
Lung Dis 10, 1127-1132. 

Silva, M. R., Hoffman, R., Srour, E. F., and Ascensao, J. L. (1994). Generation of human 
natural killer cells from immature progenitors does not require marrow stromal 
cells. Blood 84, 841-846. 

Smith, C.A., Farrah, T., and Goodwin, R.G. (1994). The TNF receptor superfamily of 
 cellular and viral proteins: activation, costimulation, and death. Cell 76, 959 
Smith, R. A., and Baglioni, C. (1989). Multimeric structure of the tumor necrosis factor 

receptor of HeLa cells. J Biol Chem 264, 14646-14652. 
Smyth, M. J., Kelly, J. M., Baxter, A. G., Korner, H., and Sedgwick, J. D. (1998). An 

essential role for tumor necrosis factor in natural killer cell-mediated tumor 
rejection in the peritoneum. J Exp Med 188, 1611-1619. 

Spohn, G., Guler, R., Johansen, P., Keller, I., Jacobs, M., Markus Beck, M., Rohner, F., 
 Bauer, M., Kundig, D.M., Jennings, G.T., Brombacher, F., and Bachmann, M.F. 
 (2007). A Virus-Like particle-based vaccine selectively targeting soluble TNF 
 protects from arthritis without inducing reactivation of latent tuberculosis. J 
 Immunol 178, 7450-7557. 

Steed, P.M., Tansey, M.G., Zalevsky, J., Zhukovsky, E.A,, Desjarlais, J.R., Szymkowski, 
 D.E., Abbott, C., Carmichael, D., Chan, C., Cherry, L., Cheung, P., Chirino, A.J., 
 Chung, H.H., Doberstein, S.K., Eivazi, A., Filikov, A.V., Gao, S.X., Hubert, R.S., 
 Hwang, M., Hyun, L., Kashi, S., Kim, A., Kim, E., Kung, J., Martinez, S.P., 
 Muchhal, U.S., Nguyen, D.H., O'Brien, C., O'Keefe, D., Singer, K., Vafa, O., 
 Vielmetter, J., Yoder, S.C., Dahiyat, B.I. (2003). Inactivation of TNF signaling by 
 rationally designed dominant-negative TNF variants. Science 301, 1895-8. 

Steffen, M., Ottmann, O. G., and Moore, M. A. (1988). Simultaneous production of 
tumor necrosis factor-alpha and lymphotoxin by normal T cells after induction 
with IL-2 and anti-T3. J Immunol 140, 2621-2624. 

Stenger, S., Hanson, D. A., Teitelbaum, R., Dewan, P., Niazi, K. R., Froelich, C. J., 
Ganz, T., Thoma-Uszynski, S., Melian, A., Bogdan, C., et al. (1998). An 
antimicrobial activity of cytolytic T cells mediated by granulysin. Science 282, 
121-125. 

Stenger, S., Mazzaccaro, R. J., Uyemura, K., Cho, S., Barnes, P. F., Rosat, J. P., Sette, A., 
Brenner, M. B., Porcelli, S. A., Bloom, B. R., and Modlin, R. L. (1997). 
Differential effects of cytolytic T cell subsets on intracellular infection. Science 
276, 1684-1687. 

Univ
ers

ity
 O

f C
ap

e T
ow

n 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Steed%20PM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tansey%20MG%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zalevsky%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zhukovsky%20EA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Desjarlais%20JR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Szymkowski%20DE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Szymkowski%20DE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Abbott%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Carmichael%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chan%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cherry%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cheung%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chirino%20AJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chung%20HH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Doberstein%20SK%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Eivazi%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Filikov%20AV%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gao%20SX%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hubert%20RS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hwang%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hyun%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kashi%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kim%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kim%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kung%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Martinez%20SP%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Muchhal%20US%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nguyen%20DH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22O'Brien%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22O'Keefe%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Singer%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Vafa%20O%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Vielmetter%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Yoder%20SC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dahiyat%20BI%22%5BAuthor%5D


 153 

Stuehr, D.J., and Nathan, C.F. (1989). Nitric oxide. A macrophage product responsible 
for cytostasis and respiratory inhibition in tumor target cell. J Exp Med 169, 
1543-55. 

Sung, S. S., Jung, L. K., Walters, J. A., Chen, W., Wang, C. Y., and Fu, S. M. (1988). 
Production of tumor necrosis factor/cachectin by human B cell lines and tonsillar 
B cells. J Exp Med 168, 1539-1551. 

Tascon, R. E., Stavropoulos, E., Lukacs, K. V., and Colston, M. J. (1998). Protection 
against Mycobacterium tuberculosis infection by CD8+ T cells requires the 
production of gamma interferon. Infect Immun 66, 830-834. 

Ting, L. M., Kim, A. C., Cattamanchi, A., and Ernst, J. D. (1999). Mycobacterium 
tuberculosis inhibits IFN-gamma transcriptional responses without inhibiting 
activation of STAT1. J Immunol 163, 3898-3906. 

Toossi, Z., Gogate, P., Shiratsuchi, H., Young, T., and Ellner, J. J. (1995). Enhanced 
production of TGF-beta by blood monocytes from patients with active 
tuberculosis and presence of TGF-beta in tuberculous granulomatous lung lesions. 
J Immunol 154, 465-473. 

Tracey, K. J., Fong, Y., Hesse, D. G., Manogue, K. R., Lee, A. T., Kuo, G. C., Lowry, S. 
F., and Cerami, A. (1987). Anti-cachectin/TNF monoclonal antibodies prevent 
septic shock during lethal bacteraemia. Nature 330, 662-664. 

Tsujimoto, M., Yip, Y. K., and Vilcek, J. (1985). Tumor necrosis factor: specific binding 
and internalization in sensitive and resistant cells. Proc Natl Acad Sci U S A 82, 
7626-7630. 

Tsukaguchi, K., Balaji, K. N., and Boom, W. H. (1995). CD4+ alpha beta T cell and 
gamma delta T cell responses to Mycobacterium tuberculosis. Similarities and 
differences in Ag recognition, cytotoxic effector function, and cytokine 
production. J Immunol 154, 1786-1796. 

Turner, J., D‘Souza, D.D., Pearl, J.E., Marietta, P., Noel, M., Frank, A.A., Appelberg, 
 I.M., and Cooper, A.M. (2001). CD8- and CD95/95L-dependent mechanisms of 
 resistance in mice with chronic pulmonary tuberculosis. Am. J. Respir. Cell Mol. 
 Biol 24, 203-209.   
Turner, J., Gonzalez-Juarrero, M., Ellis, D.L., Basaraba, R.J., Kipnis, A., Orme, I.M., 

Cooper, A.M. (2002). In vivo IL-10 production reactivates chronic pulmonary 
tuberculosis in C57BL/6 mice. J Immunol 169, 6343-51. 

van Mierlo, G.J.D., Scherer, H.U., Hameetman, M., Morgan, M.E., Flierman, R., 
 Hiuzinga, T.W.J., and Toes, R.E.M. (2008). Cutting Edge: TNFR shedding by 
 CD4+CD25+ regulatory T cells inhibits the induction of inflammatory mediators. 
 J. Immunol 180, 2747-2751  
van Pinxteren, L. A., Cassidy, J. P., Smedegaard, B. H., Agger, E. M., and Andersen, P. 

(2000). Control of latent Mycobacterium tuberculosis infection is dependent on 
CD8 T cells. Eur J Immunol 30, 3689-3698. 

Vilcek, J., Palombella, V. J., Henriksen-DeStefano, D., Swenson, C., Feinman, R., Hirai, 
M., and Tsujimoto, M. (1986). Fibroblast growth enhancing activity of tumor 
necrosis factor and its relationship to other polypeptide growth factors. J Exp Med 
163, 632-643. 

Wakeham, J., Wang, J., Magram, J., Croitoru, K., Harkness, R., Dunn, P., Zganiacz, A., 

Univ
ers

ity
 O

f C
ap

e T
ow

n 



 154 

and Xing, Z. (1998). Lack of both types 1 and 2 cytokines, tissue inflammatory 
responses, and immune protection during pulmonary infection by Mycobacterium 
bovis bacille Calmette-Guerin in IL-12-deficient mice. J Immunol 160, 6101-
6111. 

Watanabe, Y., and Jacob, C. (1991). Regulation of MHC class antigen expression. 
Opposing effects of tumor necrosis factor-alpha on IFN-gamma-induced HLA-
DR and Ia expression depends on the maturation and differentiation stage of the 
cell. J Immunol 146, 899-905 

Warner, S. J., and Libby, P. (1989). Human vascular smooth muscle cells. Target for and 
source of tumor necrosis factor. J Immunol 142, 100-109. 
Wojciechowski, W., DeSanctis, J., Skamene, E., and Radzioch, D. (1999). 
Attenuation of MHC class II expression in macrophages infected with 
Mycobacterium bovis bacillus Calmette-Guerin involves class II transactivator 
and depends on the Nramp1 gene. J Immunol 163, 2688-2696. 

Ware, C.F. (2003). The TNF superfamily. Cytokine Growth Factor Rev. 14, 181-184. 
Wulfing, C., Sjasstad, M.D., and Davis, M.M. (1998). Visualizing the dynamics of Tcell 
 activation: intracellular adhesion molecule 1 migrates rapidly to the T cell/B cell 
 Interface and acts to sustain calcium levels. Proc. Natl. Acad. Sci. USA 95, 6302. 
Xanthoulea, S., Pasparakis, M., Kousteni, S., Brakebusch, C., Wallach, D., Bauer, J., 

Lassmann, H., and Kollias, G. (2004). Tumor necrosis factor (TNF) receptor 
shedding controls thresholds of innate immune activation that balance opposing 
TNF functions in infectious and inflammatory diseases. J Exp Med 200, 367-376. 

Zganiacz, A., Santosuosso, M., Wang, J., Yang, T., Chen, L., Anzulovic, M., Alexander, 
S., Gicquel, B., Wan, Y., Bramson, J., et al. (2004). TNF-alpha is a critical 
negative regulator of type 1 immune activation during intracellular bacterial 
infection. J Clin Invest 113, 401-413. 

WHO (2009). Global Tuberculosis Control: surveillance, planning, financing. Geneva. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Univ
ers

ity
 O

f C
ap

e T
ow

n 



 155 

Appendix 
   
General Solutions 
 
All the chemical reagents used were purchased from Merck Laboratory Supplies 
(Germany) or Sigma-Aldrich (St. Loius, USA) unless otherwise stated. 
 
 
Difco Middlebrook 7H10 agar 
19 g of 7H10 agar was dissolved in distilled H2O with 5 ml glycerol and the volume was 
made up to 900 ml with distilled H2O.  The solution was autoclaved at 121°C for 10 
minutes and was allowed to cool to 55°C before adding 100 ml OADC.  Seven miles per 
side was poured on sterile Sterilin duplicate petridishes.  Agar was allowed to solidify at 
room temperature before storage at 4°C. 
 
Formalin  
100 ml formaldehyde (40% w/v) and 
900 ml PBS (pH 7.4) were mixed and stored at room temperature in the dark. 
 
0.9% Saline 
9 g NaCl was dissolved in 
100 ml distilled H2O and autoclaved at 121°C for 30 minutes.  The solution was stored at  
room temperature. 
 
Tween 80 saline 
0.04% Tween 80 and 
0.9% saline was dissolved in distilled H2O and autoclaved at 121°C for 30 minutes.   
The solution was stored at room temperature. 
 
10x PBS 
80 g NaCl, 
2.4 g KH2PO4, 
2 g KCl and 
14.4 g Na2HPO4.2H2O were dissolved in  
900 ml distilled H2O,  
The pH was adjusted to 7.4 with HCl and the volume was made up to 1000 ml with 
distilled  
H2O then sterilized by filtering through a 0.45 µm filter (Millipore Corporation, Bedford, 
USA).  The solution was stored at room temperature.  
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Flow cytometry solutions 
 
10% NaN3 
10 g NaN3 was dissolved in 
100 ml distilled H2O and sterilized by filtration through a 0.45 µm filter (Millipore 
Corporation, Bedford, USA).  The solution was stored at 4°C. 
 
 
FACS buffer 
1 g BSA (Boeringer Mannhain, Germany) and 
0.1 g NaN3 were dissolved in 

900 ml 1x PBS. 
The pH was adjusted to 7.4 and the volume was made up to 1000 ml then sterilized 
through using a 0.45 µm filter (Millipore Corporation, Bedford, USA) and stored at 4°C. 
 
FACS blocking buffer 
3.75 µl normal rat serum (heat inactivated), 
3.75 µl normal mouse serum (heat inactivated), and 
0.9375 µl anti-CD32/CD16c (anti-FCγRIII/II) (clone 2.4G2, Pharmingen) were made up 
to 150 µl with FACS buffer. 
 
FACS fixation buffer  
4 g NaOH was dissolved in 
100 ml 1x PBS, 
20 g paraformaldehyde was added, the volume was made up to 1000 ml and the pH was  
adjusted to 7.2.  The solution was sterilized by filtering through 0.45 µm filter (Millipore  
Corporation, Bedford, USA) and stored at 4°C in the dark. 
 
The following antibodies purchased from Pharmingen were used in this study : anti-CD4-
FITC (H129.19), anti-CD11a-PE (M17/4), anti-CD44-PE (IM7), anti-CD86-PE (GL1), 
anti-CD80-PE (16-10A1), anti-CD120b-PE (HM 102), anti-CD62L-PE (MEL-14), anti-
CD69-PE (H1.2F3), anti-I-A/I-E-PE (M5/14.15.2), anti-CD11b-FITC, anti-CD49a-PE, 
anti-IgG 2a-FITC (R35-95), anti-IgG 2a-PE (R35-95) and, anti-IgG-PE (G70-204)  . 
 
 
ELISA solutions and brief protocol 
 
Coating buffer 
0.2 g NaN3 was dissolved in 

800 ml 1x PBS.  The pH was adjusted to 7.2 and the volume was made up to 1000 ml 
then sterilized through filtering using 0.45 µm filter (Millipore Corporation, Bedford, 
USA) and stored at 4°C. 
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Dilution buffer 
10 g BSA (Boeringher Mannheim, Germany) and 
0.3 g NaN3 were dissolved in  

800 ml 1x PBS.  The pH was adjusted to 7.4; the volume was made up to 1000 ml then  
sterilized through filtering using 0.45 µm filter (Millipore Corporation, Bedford, USA) 
and stored at 4°C. 
 
Reagent diluent 
0.1% BSA (Boeringher Mannheim, Germany) and 
0.05% Tween 20 were dissolved in saline containing  
20 mM Trizma base and  
150 mM NaCl.  The pH was adjusted to 7.4 then sterilized through filtering using 0.45 
µm filter (Millipore Corporation, Bedford, USA) and stored at 4°C. 
 
Blocking buffer 1 
1% BSA (Boeringher Mannheim, Germany), 
5% Sucrose and 
0.05% NaN3 were dissolved in 1x PBS, the pH of the solution was adjusted to 7.4 then  
sterilized through filtering using 0.45 µm filter (Millipore Corporation, Bedford, USA) 
and stored at 4°C. 
 
Blocking buffer 2 
40 g BSA (Boeringher Mannheim, Germany), 
0.2 g NaN3 were dissolved in  
800 ml 1x PBS.  The pH was adjusted to 7.4 then sterilized through filtering using 0.45 
µm filter (Millipore Corporation, Bedford, USA) and stored at 4°C. 
 
20x Wash buffer 
20 g KCl, 
20 g KH2PO4, 
144 g NaH2PO4, and  
800 g NaCl were dissolved in 4.5 L of distilled H2O. 
50 ml Tween 20 and 
100 ml 10% NaN3 were added.  The volume was made up to 5 L then sterilized through  
filtering using 0.45 µm filter (Millipore Corporation, Bedford, USA) and stored at room  
temperature. 
 
Substrate buffer 
0.2 g NaN3 and 
0.8 g MgCl2 were dissolved in 700 ml distilled H2O, 
97 ml liquefied diethanolamine was added then the volume was made up to 1000 ml.  
The pH was adjusted to 9.8 and the solution was then sterilized through filtering using 
0.45 µm filter (Millipore Corporation, Bedford, USA) and stored at 4°C. 
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ELISA protocol 
 
Supernatants from organ homogenates or from cultured cells were harvested and assayed 
for cytokine concentrations using commercially available ELISA reagents for TNF, IFNγ, 
IL-10, IL-12p40, IL-12p70, p55TNFR and p75TNFR (R&D Systems, Germany and BD 
PharMingen, San Die).  Briefly, Nunc Maxisorp 96 well plates (Nalge Nunc 
International, Naperville, IL, USA) were coated with 50 µl of capture antibody at 2 µg/ml 
except for TNF and IFNγ (coated with 1 µg/ml and 4 µg/ml capture antibody, 
respectively) overnight at 4°C.  Wells were washed with 1x wash buffer and blocked with 
300 µl of block buffer for 1 h at 37°C.  After washing the wells, 50 µl of samples or 50 µl 
appropriate recombinant mouse standards at 2 fold dilutions (diluted in Reagent diluent) 
at a starting concentration of 2 ng/ml except for TNF which was added in 3 fold serial 
dilutions (diluted in dilution buffer) at a starting concentration of 100 ng/ml were 
incubated for 2 h at 37°C.  Wells were washed with 1x wash buffer and 50 µl of 
appropriate biotinylated detection antibody at recommended concentrations were added 
and incubated for 2 h at 37°C.  Wells were washed with 1x wash buffer and incubated in 
50 µl of streptavidin-alkaline phosphatase (R & D Systems, Minneapolis, USA) at 1: 
1000 dilution for at least 45 min at room temperature, for TNF ELISA, wells were 
incubated at 1: 10000 with alkaline phosphatase-labelled goat anti-rabbit (BD 
PharMingen, San Diego, USA) for at least 2 h at room temperature.  Wells were washed 
with 1x wash buffer and 50 µl of p-nitrophenyl phosphate substrate (Boehringher 
Mannheim, Germany) at 1 mg/ml was added, the yellow colour was allowed to develop 
and absorbance was read at 405 nm on a VERSAmax Tunable Microplate Reader 
(Molecular Devices Corporation, California, USA) and for data analysis, SoftMax Pro 
4.3 software (Molecular Devices Corporation, California, USA) was used.     
 
 
Histology reagents and brief protocol 
 
E1 Mayers Haematoxylin 
1 g haematoxylin was dissolved in  
800 ml distilled H2O. 
50 g aluminium ammonium sulphate was added and dissolved. 
0.2 g sodium iodate, 
1 g citric acid and 
50 g chloral hydrate were added in the specified order, dissolving each reagent prior 
addition of the next compound.  The volume was made up to 1000 ml with distilled H2O 
then passed through Whatmann filter paper no. 1 and stored in the dark at room 
temperature. 
 
Wegert’s Haematoxylin 
 
Solution a 
1 g haematoxylin was dissolved in  
100 ml absolute alcohol 
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Solution b 
4 ml 30% aqueous ferric chloride (anhydrate), and 
1 ml concentrated HCl were added to 
95 ml distilled H2O.  Equal volumes of solutions a and b were mixed before use. 
 
Eosin 
150 ml of 1% Eosin was added to 
75 ml 1% Phloxine solution.  The solution was filtered through Whatmann filter paper 
no. 1 and stored at room temperature. 
 
Carbol Fuchsin 
10 ml 6% Basic fuchsin (in absolute alchohol) and 
90 ml 5% carbolic acid were mixed and passed through a Whatmann filter paper no. 1.  
The solution was stored at room temperature. 
 
Loeffers’ Methylene Blue 
1 ml 1% KOH, 
99 ml distilled H2O and 
3 ml 0.8% Methylene Blue (in absolute alcohol) were mixed and filtered through 
Whatmann filter paper no. 1 and the solution was stored at room temperature.   
   
 
Paraffin wax embedding 
Tissue samples were dehydrated using an automated tissue processor (LEICA TP1020, 
Wetzlar, Germany) and were embedded in wax (LEICAEG1140C, Wetzlar, Germany) in 
the following way: 
70% alcohol, 30 min, 
96% alcohol, 45 min (2x), 
100% alcohol, 45 min (4x), 
Xylol, 60 min (2x) 
Wax (55°C - 60°C), 45 min (2x) with vacuum 
 
Sections of 2 µm – 3 µm in size were cut using a microtome (Leica RM-2125RT or SM 
2000R, Heidelberger, Strasse) then floated onto glass slides and fixed overnight at 37°C.  
The wax was removed from tissue section by incubating at 60°C for 2 - 18 h.  Prior to 
staining, tissues were rehydrated in the following way: 
Xylol, 3 min, 
Xylol, 1 min (2x), 
Absolute alcohol, 1 min (2x) 
96% alcohol, 1 min (2x) 
70% alcohol, 1 min (2x), 
Water, 1 min 
 
 
 
 

Univ
ers

ity
 O

f C
ap

e T
ow

n 



 160 

Haematoxylin and Eosin staining protocol (H&E)  
Mice were euthanized by carbon dioxide inhalation at specific time points.  Rehydrated 
tissue was immersed for 8 min in Haematoxylin, rinsed with water then immersed in 1% 
acid alcohol.  Subsequently, tissues were rinsed in running water for 30 min then 
counterstained by soaking in 1% Eosin for 2 min, followed by a quick wash in water and 
dehydrated by 10 sec immersions in 70% alcohol, 96% alcohol and xylol, in that order.  
Sections were mounted using entellen (Merck, Germany). 
 
Ziehl-Neelson staining protocol (ZN) 
Rehydrated tissues were soaked in Carbol Fuschin solution, flamed and then allowed to 
cool for 5 min.  The flaming and cooling procedure was repeated followed by rinsing in 
water.  The slides were subsequently soaked in 1% acid alcohol for 30 sec and rinsed in 
water, followed by staining with 25% H2SO4 for 20 min and then rinsing under running 
water.  Tissues were then stained with Methylene Blue for 1 min then followed by a 
quick rinse with water and subsequently dehydrated by 10 sec immersions in 70% 
alcohol, 96% alcohol and xylol, in that order.  Sections were mounted using entellen 
(Merck, Germany). 
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