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Tuberculosis (TB) is a bacterial disease caused by Mycobacterium tuberculosis (Mtb). Despite 

the availability of antibiotics, it remains an insidious problem worldwide, and the rise of drug 

resistant strains has threatened the ability to treat and eradicate the disease. We are looking to 

target host pathways as adjunct therapies to shorten drug treatment and improve survival. Our lab 

studies host pathways involved in immunity and pathogenesis of TB using the zebrafish-M. 

marinum (Mm) model of infection. Matrix metalloproteinases (MMPs), a class of proteases that 

are known to participate in inflammation and immunity, are upregulated during Mm and Mtb 

infection. Since MMPs are correlated to severity of infection, we wanted to what roles they play 

during tuberculosis. We have previously published that mmp9 is subverted by mycobacteria to 

enhance granuloma formation and bacterial spread[1, 2]. Here, we have found that mmp13a is 

induced in response to infection with bacteria that express the ESX-1 virulence factor, similar to 

mmp9. However, unlike mmp9, mmp13a knockdown causes hypersusceptibility, indicating that it 

is a host-protective factor. Indeed, mmp13a expression enhances bactericidal activity by 
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macrophages. The knockdown phenotype for mmp13a is similar to that of tnf signaling 

deficiency. We show that MMP13a can cleave TNF in vitro, and that it may be an important 

TNF sheddase during mycobacterial infection. MMP13a may act by regulating the amount of 

bio-active TNF that is available during infection, and is a viable target for inhibition to treat 

hyper-inflammatory TB patients. 
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Chapter 1:  

Introduction 

 
 

Infection by Mycobacterium tuberculosis (Mtb), the causative agent of tuberculosis (TB), 

is a leading cause of morbidity and mortality in the world, disproportionately affecting low- and 

middle-income countries. The World Health Organization (WHO) estimates that in 2013, 9 

million people were diagnosed with TB and 1.5 million died of the disease, but over 95% of the 

cases and mortalities occurred in developing countries. TB is a treatable disease; however, 

difficulties in diagnosis and an extended treatment time of a minimum of 6 months have 

contributed to the slow eradication of the disease[3]. With the rise of multi-drug resistant strains 

of Mtb, better understanding of the immune responses during TB are of the utmost importance in 

order to find new drug and vaccine targets[4]. It is believed that about one-third of the world’s 

population has been infected by Mtb, but remarkably, only 10% of this population has a lifetime 

risk of developing disease[3]. This discrepancy is an indication that the immune response can be 

effective in controlling Mtb and can potentially be harnessed to increase resistance to disease. 

The broad strokes of the immune response to Mtb are understood, but much remains unknown 

regarding specific factors that limit bacterial growth or mechanisms by which the bacterium 

escapes immune control.  

 Although Mtb can infect almost any part of the body, TB manifests primarily as a disease 

of the lungs since the bacterium is transmitted by aerosolized droplets[5]. Once inhaled, the 

droplets are deposited in alveoli deep in the lung, where they are phagocytosed by alveolar 

macrophages[6]. Mycobacteria can avoid intracellular killing through multiple mechanisms[7, 
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8]. Those that survive will continue to multiply while utilizing the macrophage to reach deeper 

tissues[5, 6]. Here, the infected macrophage aggregates with other uninfected leukocytes to form 

the granuloma, the hallmark pathology of TB. The granuloma continues to grow in size and 

eventually incorporates B and T lymphocytes as the adaptive immune response is activated. 

Granuloma progression typically involves necrosis at the core, forming a solid caseous center, 

and may lead to formation of cavities in the lung parenchyma. The engagement of the adaptive 

immune response is effective in limiting around 90% of infected cases[9], though exactly when 

this occurs remains unclear. In individuals who are unable to control infection, destruction of 

lung tissues will progress. Once the cavities reach airways, the granuloma may rupture, allowing 

Mtb to reach the airways and be aerosolized through coughing, starting the cycle again in a new 

host[5, 10].  

 The granuloma has traditionally been considered a host protective structure. Indeed, Mtb 

infection in individuals that are immunocompromised are characterized by widely disseminated 

disease and poor granuloma formation[9]. However, recent studies from the Ramakrishnan lab 

and other labs have challenged this notion. By developing a zebrafish larvae model of 

tuberculosis, we are able to observe the dynamic early immune responses to bacterial infection. 

For example, we have found that granuloma formation is actually driven by a bacterial virulence 

factor rather than by the host response to infection[1, 2, 11]. Interestingly, the bacterial virulence 

factor hijacks a host gene, matrix metalloproteinase-9 (mmp9), to induce macrophage 

aggregation, which facilitates bacterial replication and spread.  

 I am particularly interested in the processes involved in the innate immune response to 

infection. Many genes are known to be quickly upregulated by cells that encounter mycobacteria, 

however, their roles cannot not be studied in traditional animal models of tuberculosis due to the 
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inability to follow infection over multiple time points in a single organism. As a result, it was 

thought that the innate immune response was ineffective in mycobacterial control[9]. The 

zebrafish model of infection circumvents this problem since larvae are optically transparent, 

allowing real-time visualization of infection[12].  

 Many MMPs aside from mmp9 are known to be upregulated during Mtb infection. Their 

roles in either immunity or pathogenesis of TB have not yet been explored. I will show that 

mmp9 and mmp13a are induced specifically by virulent mycobacteria, and then demonstrate that 

the induction of mmp13a, unlike mmp9, is a host protective response by acting as a TNF 

converting enzyme during infection. We present data indicating that mmp13a is a target for 

pharmacologic control of hyper-inflammation in TB patients. 
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Chapter 2:  

Background: Innate Immunity in Tuberculosis 

 

2.1. Animal models of TB pathogenesis 

 The use of animal models has been vital to our understanding of TB pathogenesis. 

Studies in of TB in rabbits in the early to mid-1900s, for example, gave researchers an early 

understanding of the chronology of granuloma formation and requirements for cavity 

formation[10]. Lurie’s TB susceptible and resistant rabbits confirmed the observation that 

susceptibility to TB in humans had a genetic component[5]. Despite the fact that rabbits show 

similar pathogenesis as humans during Mtb infection, this model is difficult to use owing to the 

size of the organism and the lack of genetic tools. Similarly, guinea pigs are exquisitely 

susceptible to TB infection and form granulomas similar to humans, but also lack genetic tools. 

By contrast, the mouse model is genetically tractable and replete with experimental tools by 

which the immune response can be manipulated and probed. These features have allowed 

researchers to investigate the role of specific genes such as NRAMP1 and whole populations of 

immune cell types in establishing immunity to infection. Studies in mice have also confirmed the 

important role of inflammatory cytokines, such as tumor necrosis factor (TNF) and interleukin-

1β (IL-1β), in limiting bacterial growth[13, 14]. Despite the similarity in many aspects of 

immunity between mice and humans, there are a number of major drawbacks in this model that 

obscure understanding of human TB. For example, TB granulomas in mice do not take on the 

same architecture as those found in humans or rabbits: they are less organized and do not caseate 

or cavitate[10]. Experiments also require that the mice be culled to determine bacterial load or 

granuloma structures, making it difficult to study the dynamic nature of immunity and 
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understand the role of cell migration during infection. Finally, despite numerous studies in cell 

culture that show the importance of various innate immune factors on the control of 

mycobacterial growth in macrophages, these phenotypes are difficult to observe in mice. These 

phenotypes are not apparent until after 20 days post infection (dpi), by which time, adaptive 

immunity may have already begun to respond[9].  

 

2.2. Modeling Tuberculosis infection in zebrafish 

To address the earliest events during mycobacterial infection, our lab developed a model 

system utilizing zebrafish (Danio rerio) as a host to M. marinum, a close genetic relative of the 

Mtb complex. 

 

2.2.1. The zebrafish as a model organism 

 The zebrafish is a small fresh water fish that has been an important model for 

developmental biologists. Their development, starting with the fertilization of the egg, are all 

viewable ex-utero, and live larvae are also transparent, allowing for observation of cell migration 

in vivo and in real-time[15]. Moreover, they are easy to breed and are fecund, each female laying 

up to 200 eggs per week. Their genome has been sequenced, allowing for both forward and 

reverse genetic approaches[16, 17]. Until recently, reverse genetics has been limited to 

temporary knock-down of gene translation through the use of morpholino oligonucleotides 

(MOs), which are 25-mer oligonucleotides with a modified backbone that can prevent proper 

processing of pre-mRNA or prevent translation binding machinery from binding the start 

site[18]. Targeted gene knockout strategies are available now, thanks to improvements in gene-

editing technologies[19, 20]. MOs are still useful, since they offer the ability to investigate gene 
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function directly in injected larvae, rather than having to wait for breedable adults. Additionally, 

the small size and cheap cost of zebrafish housing allow researchers to relatively easily conduct 

forward genetic screens with randomly mutagenized populations to discover novel genes that 

produce measurable phenotypes[21]. Importantly, zebrafish share many important signaling 

pathways found in mammalian systems, allowing findings to be interpreted in the context of 

human disease[21]. 

 

2.2.2. Zebrafish immunology 

The main components of the mammalian immune system and response are conserved in 

zebrafish and are observable early in development. Most classes of immune cells in humans are 

in adult zebrafish, including macrophages, neutrophils, eosinophils, mast cells/basophils, 

dendritic cells, B lymphocytes, T lymphocytes, and natural killer (NK) cells[22-24]. Many 

components of humoral immunity are present in the fish, including a well-developed 

complement system and antimicrobial proteins, such as lysozymes and defensins. Zebrafish 

orthologs of immune signaling components have also been discovered and appear to be similar to 

that of mammals, including pathogen recognition receptor families of toll-like receptors (TLRs) 

and NOD-like receptors (NLRs). In fact, zebrafish have more genes representing these 

components than what is present in mammalian systems, likely as a result of differences in the 

frequency and variety of microbes that fish encounter[25-27].  

Owing to the transparency of zebrafish larvae, hematopoiesis is well understood in this 

system. The immune system of the developing embryo resembles that of embryonic mammals, 

and thus, the adaptive immune response is not fully functional until 4 weeks post 

fertilization[28]. The innate immune responses of zebrafish larvae, by contrast, are well 
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developed early in development, allowing for the isolated study of innate immune responses to 

various pathogens. Primitive macrophages in the zebrafish larvae arise by 22 hours post 

fertilization (hpf) and by 30hpf, are capable of detecting and responding to infection. Infection of 

larvae with non-pathogenic bacteria at this time will induce macrophage migration and 

phagocytosis, leading to bacterial killing[29]. In addition, macrophages are necessary to clear 

apoptotic cells that arise as a normal part of development, especially in the brain. Macrophage 

depletion results in the accumulation of apoptotic bodies in the brain of 3 day post fertilization 

(dpf) larvae, underscoring the homeostatic importance of early zebrafish macrophages[30]. 

Markers of neutrophils, such as myeloperoxidase (mpx) and lysozyme (lyz), are expressed in 

primitive macrophages through 32hpf, however, this changes when definitive hematopoiesis 

begins at 48hpf. At this time, lyz is specifically expressed by neutrophils, which now respond to 

signals distinct from that of macrophages, including interleukin-8 (IL-8) and leukotriene B4 

(LTB4)[31].  

   

2.2.3. Mycobacterium marinum causes tuberculosis in zebrafish 

One of the natural pathogens that infect zebrafish is Mycobacterium marinum (Mm), a 

close genetic relative to the Mtb complex that has been used to model various aspects of Mtb 

biology. Unlike Mtb, which is a biosafety level 3 (BSL3) organism requiring special laboratory 

equipment and personal protective equipment, Mm is a BSL2 organism owing to the fact that its 

optimal growth temperature is between 25-35ºC and grows poorly at 37ºC. It is still capable of 

infecting mammals, however, and infection in humans is clinically recognized as ‘fish tank 

granulomas’, which are restricted to extremities[32]. Mm granulomas in humans are also 

pathologically indistinguishable from Mtb granulomas, pointing to the similarities in 
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mechanisms that Mm and Mtb use to cause disease[33]. Additionally, Mtb is also difficult to 

study since it doubles every 22 hours, and colonies take up to 3 weeks to develop[34]. By 

contrast, Mm doubles every 4-6 hours[33], and colonies are visible in 5-7 days, making genetic 

manipulations and in vitro assays easier to conduct.  

Comparison of the Mm and Mtb genomes reveal that the two share genes that are 

attributed to virulence. The Mm genome, at 6.6 Mb, is about 1.5x larger than that of Mtb. Some 

of the genes missing in Mtb are thought to confer the ability of Mm to survive in environmental 

niches and appear to have been lost in Mtb as it adapted to survive exclusively within hosts[33]. 

Many of the genes shared by the two mycobacteria have roles in pathogenesis, which is not 

surprising given the similarities in the pathological features of infection. These include genes 

involved in intracellular survival (e.g., cell wall synthesis, efflux pumps) and virulence factor 

transport (e.g., the ESX secretion systems)[33, 34].  

 Mm granulomas in zebrafish are similar to that of humans. Infection of adult zebrafish 

with even 5 colony forming units (CFU) of Mm leads to progressive and chronic disease, 

characterized by the formation of well-structured granulomas[35]. Histological examination of 

these granulomas revealed that they are highly organized structures with an outer layer of 

epithelioid cells and an inner layer consisting of macrophages and some granulocytes and 

lymphocytes[36], similar in structure to what is seen in human granulomas. Over time, some 

granulomas form necrotic cores containing far greater numbers of bacteria than found in 

nonnecrotizing granulomas[35]. These features of the Mm granuloma in zebrafish are similar to 

human granulomas caused by Mtb, but in stark contrast to Mtb infection in mice, which do not 

result in the formation of organized or necrotizing granulomas[33, 35]. Unlike mammalian Mtb 

or Mm granulomas, which are characterized by an abundance of lymphocytes, zebrafish 
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granulomas contain very few lymphocytes. Regardless, lymphocytes play a protective role in 

zebrafish infection since rag1 KO fish are more susceptible to Mm infection[35].  

 The similarity of the granuloma structure with humans indicate that the zebrafish is an 

ideal host to further probe the interaction between the host and mycobacteria during infection. 

The ability to observe cellular interactions and intracellular events in vivo will also help elucidate 

event in early infection that are difficult, if not impossible, to study using traditional mammalian 

models.   

  

2.3. Innate immunity is critical in early restriction of bacterial growth 

Studies of Mm pathogenesis in the larval zebrafish have allowed visual observation of 

early events during mycobacterial infection. Fluorescently-labeled Mm injected at 32hpf are 

rapidly taken up by macrophages, which do not clear infection. Phagocytosed Mm respond by 

expressing genes that induced during infection of human macrophages in culture, suggesting that 

the environment within the larval macrophage resembles that of human macrophages. By 3dpi, 

aggregates of infected macrophages appear, bearing features resembling epithelioid and 

multinucleated giant cells found in human TB granulomas[12, 37]. Notably, Mm genes that are 

induced in granulomas of adult frogs (Rana pipiens)[38] are also induced in zebrafish larvae 

granulomas. In all, since larvae are devoid of adaptive immunity, these indicate that innate 

immune factors are sufficient to drive granuloma formation during TB, contrary to popular belief 

at the time[9, 33, 39]. 

 The significance of innate immunity in TB was unclear until recently. Although many 

genes involved in innate immunity were shown to be important to host resistance, studies in 

mice, rabbits, and guinea pigs also showed that bacteria replicated quickly for the first 20 days of 
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infection, only tapering off at the onset of the adaptive response, leading some to believe that the 

innate immune response was completely ineffectual[9, 40]. To further support this view, 

pathogenic mycobacteria are capable of growing in macrophages and are restricted only after 

activation of macrophages through the addition of interferon-γ (IFNγ) and TNF[41]. Other 

studies point to a protective role for innate immunity prior to the onset of the adaptive immune 

response. In one of the early studies of TB in animal models, Lurie observed that lines of rabbits 

susceptible to Mtb harbored 20-30 times greater numbers of bacteria relative to resistant rabbits 

at 7dpi. Furthermore, human epidemiological studies have linked polymorphisms in innate 

immune response genes, such as IL-1β, VDR, NRAMP1, to tuberculosis to susceptibility[5, 42-

44].  

 The ease of macrophage depletion and observation of infection makes the zebrafish a 

prime candidate for asking questions regarding the complicated nature of innate immunity. 

Where as bacterial numbers are difficult to count in mammalian hosts, the transparent zebrafish 

larvae allows for observation of bacterial growth in vivo and in real time. When macrophages 

were knocked down in zebrafish larvae using a MO targeting a transcription factor essential to 

the development of the myeloid lineage[45], the larvae became exquisitely susceptible to Mm 

infection[46]. Even though bacterial replication appears out of control in the first three weeks of 

infection in mammalian models, complete loss of macrophages would likely result in more 

severe outcomes. In agreement with previous studies, these findings also also showed that 

macrophages quickly respond to infection by upregulating the inflammatory cytokines TNF and 

IL-1β, which are both implicated in bacterial killing in macrophages[46]. Bacterial mutants that 

survive poorly in macrophage cell cultures are rescued in macrophage-deficient larvae, 

confirming that macrophage activity is an important factor in bacterial restriction[46].  
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2.4. Balanced TNF expression is host protective 

 One of the earliest cytokines to be implicated in host protection during mycobacterial 

infection was TNF. It is highly upregulated in lungs of infected mice and in macrophages 

infected in culture[47] and treatment of macrophages with TNF and IFNγ increases their 

mycobactericidal capabilities[48]. The importance of TNF in human TB infection is apparent in 

patients treated with anti-TNF antibody therapies for autoimmune disorders, and were later 

diagnosed with disseminated tuberculosis, usually as a result of reactivation of a latent 

infection[49, 50]. Mice deficient for TNF or TNFR1, either through genetic means or treatment 

with anti-TNF antibodies, are hypersusceptible and succumb to infection as early as 20 dpi[13, 

51, 52]. These early studies implicated loss of TNF with delayed formation of granulomas and 

failure of T-cell priming, both of which were considered to be critical for control of bacterial 

growth[52]. It was unclear from these studies if or how TNF played a role in bacterial control 

before granuloma formation.  

 Using the zebrafish model of infection allowed our lab to investigate the role of TNF in 

early responses to mycobacterial infection. The optical transparency of our model and ease of 

tracking bacterial growth at the single cell resolution lead to the discovery that TNF signaling in 

macrophages leads to the induction of intracellular bacterial killing[46, 53]. Later studies showed 

that bacterial killing was mediated through mitochondria produced reactive oxygen species 

(ROS) dependent mechanisms, as opposed to induction of iNOS, as macrophage culture studies 

indicated[54]. Rather than preventing granuloma formation, the accelerated bacterial growth in 

TNF-Receptor 1 (TNFR1) deficient larvae augmented granuloma formation. Despite this, the 

host quickly succumbs to infection as overburdened macrophages undergo necrosis and release 

bacteria in to extracellular space, where they can continue to grow unchecked[55]. Thus, TNF 
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influences immunity to TB at the earliest stages of infection, which are difficult to study in 

mammalian models of infection.  

 Not surprisingly, pathways that regulate the expression and activity of TNF are also 

important in TB in both zebrafish and humans. A forward genetic screen conducted in our lab 

identified leukotriene-A-4-hydrolase (lta4h) as a critical gene upstream of TNF gene 

expression[56]. Fish deficient in lta4h fail to produce sufficient levels of TNF, and infection 

phenocopies TNF deficient larvae. Importantly, genetic polymorphisms in this gene exist in 

human populations, and patients homozygous for the low expressing allele are more succumb to 

infection during TB meningitis[56]. A surprising finding from studying this patient population, 

was that while patients heterozygous for the allele were protected, homozygotes of the high-

expressing LTA4H allele were also highly susceptible to death. Patients and zebrafish expressing 

high levels of LTA4H were also overexpressing TNF. This decreases bacterial growth in single 

macrophages through the overproduction of mitochondrial ROS. This paradoxically activates 

necroptosis, or programmed necrosis, of macrophages, and uncontrolled extracellular bacterial 

growth[53, 54]. Thus, a combination of studies in human patients and zebrafish lead to the 

discovery that TNF levels must be carefully controlled to enhance bacterial killing while 

preventing host damage. 

  

2.5. ESX-1 promotes granuloma formation 

 Among the virulence factors shared by Mtb and Mm is the ESAT-6 secretion system-1 

(ESX-1). This is a type VII secretion system that is encoded within the Region of Difference-1 

(RD1) locus, named since it is missing in all M. bovis BCG vaccine strains, which are highly 

attenuated. The structure and function of components of this secretion system are still being 
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investigated, but the most characterized of its substrates are 6-kDa early secreted antigenic target 

(ESAT-6) and its chaperone, culture filtrate protein-10 (CFP-10)[11]. ΔRD1 mutants of both Mm 

and Mtb are defective for growth in cultured macrophages and during infection of zebrafish , 

frogs, and mice. Notably, granulomas of ΔRD1 mutants are smaller[11, 57, 58]. Unlike some 

mycobacterial mutants, such as Δkasb and Δerp, ΔRD1 do not exhibit a defect in intracellular 

growth; instead, the mutants fail to spread into neighboring macrophages[57, 59]. Dynamic 

visualization of in larvae revealed that where as macrophages infected with WT Mm aggregate 

soon after inoculation, ΔRD1 infected macrophages do not, often remaining as single infected 

cells through out the individual[11]. Moreover, once in aggregates, WT Mm induces increased 

apoptosis of its macrophage host, apparently to induce nearby uninfected macrophages to take up 

infected particles through the process of efferocytosis[2, 11]. In other words, Mm induce 

granuloma formation to facilitate spread into additional macrophages, contrary to the dogma that 

granulomas were solely host protective. 

 To dissect the host factors responding to the ESX-1 secretion system, the Ramakrishnan 

lab compared zebrafish gene expression during WT infection and ΔRD1 infection. As expected, 

many immune response genes were induced by infection, such as tnf and il17a[1]. Only two 

genes were induced higher during WT infection, which were matrix metalloproteinase-9 

(mmp9), a zinc dependent protease, and one of its endogenous inhibitors, tissue inhibitor of 

metalloproteases-1 (timp2b). Knockdown of mmp9 resulted in reduced growth of WT bacteria, 

as well as reduced formation of granulomas, reproducing the phenotype seen in ΔRD1 infected 

wild-type zebrafish[1]. This phenotype is reproduced in mouse models of TB infection, where 

mmp9 KO mice, as well as mice treated with the broad-spectrum MMP inhibitor, BB-94, 

develop smaller granulomas and had reduced bacterial loads[60, 61]. Although mmp9 expression 
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is generally associated with leukocytes, ΔRD1-dependent induction of mmp9 occurred in 

epidermal cells near infected macrophages[1]. This highlights a possible role of the epithelium in 

host immunity to just as a barrier, but also as a coordinator of host immune responses, albeit in 

this case it is to the host’s detriment.  
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Chapter 3:  

Matrix Metalloproteinases as modulators of immunity and inflammation 

 

3.1. Introduction 

Matrix metalloproteinases (MMPs) are a family of zinc-dependent endopeptidases belonging to 

the metzincin clan of proteases thought to cleave components of the extracellular matrix (ECM). 

In humans, this family consists of 24 members, which were initially named and grouped 

according to their ECM substrate preference and structure (e.g. gelatinase, collagenase, 

elastase)[62]. Despite what their names suggest, MMPs have a diverse range of substrates 

beyond components of the ECM and are recognized to cleave a range of extracellular substrates, 

such as cytokines and chemokines, and are believed to also have some intercellular functions. 

Their role is particularly well studied in processes involving tissue remodeling, such as 

developmental processes, wound healing, and bone growth[63], but there is an increasing body 

of literature showing the MMPs roles in non-remodeling processes, such as cell signaling, 

immune cell migration, and transcriptional regulation, to name a few[64-66].  

Of the MMPs, the interstitial collagenases (MMP1, -8, -13) represent a subfamily that is 

of particular interest for their roles in inflammation and immunity. In fact, the collagenases were 

the first MMPs to be discovered, when Gross and Lapiere (1962) identified the enzyme in the tail 

of tadpoles undergoing metamorphosis that was capable of digesting fibrillar collagens at a 

neutral pH. Now known as MMP18, this tadpole collagenase kicked off the search for similar 

enzymes in humans and led to the cloning of the first human ortholog, MMP1 (Collagenase-

1)[67]. Initially named for the ability to cleave native fibrillar collagens, the collagenases have 

been primarily studied for their role in ECM remodeling conditions, such as arthritis (both 
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rheumatoid arthritis and osteoarthritis), wound healing, and bone development[67-70]. Non-

ECM substrates of the collagenases have been identified through in vitro assays and proteomics 

starting in the 1990s, however, the implications of collagenase activity on these substrates are 

only beginning to be understood now[71, 72]. 

 

3.2 MMP: Structure 

Although MMPs are functionally diverse as a family, four domains are present in every 

MMP: (1) a signal peptide, directing the extracellular localization of the protein; (2) the pro-

domain, limiting the activity of the enzyme; (3) a hinge domain, which links the pro-domain to 

the (4) the catalytic domain. The catalytic domain contains a conserved zinc-binding motif, 

HEXXHXXGXXH, which is also a signature that is used to differentiate MMPs from other 

members of the metzincin clan[73]. The three histidine residues coordinate a zinc ion, and the 

glutamate residue is the nucleophile required for the hydrolysis of peptide bonds[64]. The N-

terminal pro-domain of the MMP is required to limit enzymatic activity and contains a consensus 

sequence, PRCXXPD[64], where the cysteine residue blocks catalytic activity of the enzyme by 

directly interacting with the zinc-ion.  With the exceptions of MMP7 and MMP26, MMPs have 

additional domains that are thought to confer substrate specificity and localization, such as the 

hemopexin-like (HPX) domain[64]. A subset of MMPs have a GPI- anchoring domain or a 

transmembrane domain, thus limiting their localization to cell surfaces[62, 64].  

The HPX of collagenases are unique in that it is not only responsible for binding 

substrates such as collagen, but it is specifically required for relaxing fibrillar collagen, which is 

composed of three collagen subunits that are tightly associated in a triple-helix. Unwinding 

activity by the collagenase HPX exposes single chains that can fit into the active site of the MMP 
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and subsequently be proteolyzed[74, 75].  

 

3.3 Regulation of MMPs 

3.3.1 Transcriptional regulation of MMPs 

Like other proteases, MMP expression and activity is limited to specific cell types and 

specific conditions [63]. With the exception of MMP2, most MMPs are spatially and temporally 

regulated at the transcriptional level. Thus, although MMPs are not normally expressed by 

healthy tissues, they can be found in almost all inflammatory or remodeling processes, in some 

cases leading to pathology[63, 64]. Signals that regulate MMP transcription are broad and 

include cytokines, hormones, ECM products, integrin-derived signals, cell stress, cell shape, and 

GTPases[62-64]. These diverse signals must be integrated to control the regulatory elements 

present in the promoters of the MMPs.  

In a review on transcriptional regulation of MMPs, Yan and Boyd (2007) classify the 

MMPs in to three groups according to the composition of their promoters: (1) those containing a 

TATA-box at -30bp and an AP-1 binding site around -70bp; (2) those containing a TATA-box at 

-30bp but lacking an AP-1 site at -70bp; (3) those lacking TATA-boxes entirely. Although 

MMPs with group 1 promoters (e.g. MMP1, -7, -9, -12, -13) contain many elements aside from 

AP-1 binding site, their expression pattern is nonetheless dominated by activating protein-1 (AP-

1) transcription factors. AP-1 transcription factors consist of homodimers and heterodimers of 

Jun, Fos, ATF, and JDP protein families, and are activated by the MAPK signaling pathway. 

This can be initiated by cytokine signals such as TNFα, TGFβ, EGF, VEGF, interleukins, and 

interferons[76, 77]. As a result, MMPs in this group are highly responsive to inflammation and 

are often implicated in the immune response and autoimmunity. Conversely, MMPs with group 3 
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promoters (MMP2, -14, -28) are largely under the control of Sp-1 binding sites, which are 

associated with important cellular events such as growth and apoptosis. Thus, the expression of 

these MMPs are more constitutive and less influenced by inflammatory signaling[76, 78]. 

Finally, members with group 2 promoters (MMP8, -11, -21) are also not inducible by 

inflammatory signals, but are influenced by unique elements. For example, MMP11 is the only 

member with a retinoic acid receptor element (RARE)[76].  

This divergence of promoters among highly similar MMPs helps to specify the function 

and role of the MMP within the organism. For example, MMP2 and MMP9 are both gelatinases 

and share many substrates; however, MMP2 has a group 3 promoter and acts more as a “house-

keeping” gene, where as MMP9 has a group 1 promoter and plays a role during 

inflammation[78]. Similarly, MMP1 and MMP8 are both collagenases that have diverged 

relatively recently[79]. MMP1 has a group 1 promoter and is most frequently associated with 

inflammation in multiple cell types including epithelial cells and macrophages, whereas MMP8 

expression primarily occurs in neutrophils. Rather than increasing expression when necessary, 

MMP8 in neutrophils are stored as an inactive enzyme in granules and released if needed[78].  

 

3.3.2 Regulation of MMP activation 

MMPs are initially translated as proteolytically inactive pro-peptides, or zymogens (this 

form of an MMP will be referred to as a ProMMP). The pro-domain of the MMP folds over the 

catalytic domain allowing the thiol of the conserved cysteine to act as a fourth ligand to the 

active site zinc ion, rendering the ProMMP latent. Activation of the protease requires the 

disruption of this interaction in a process called the “cysteine switch”, allowing the zinc ion to 

bind to a water molecule necessary for hydrolysis of MMP substrates[63, 64]. This disruption 
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can occur in several ways: (1) by the proteolysis of the pro-domain; (2) by the reduction of the 

cysteine residue; (3) by the allosteric disruption of the pro-domain[80]. Some MMPs contain a 

consensus sequence for cleavage by furins (RXKR or RRKR) between the pro- and catalytic 

domains. Since furins are proteases present in the trans-Golgi network, MMPs with this motif are 

activated within the secretory pathway[63, 80]. Other MMPs are activated extracellularly, likely 

by other proteases; for example, MMP2 can be activated through a multi-protein mechanism 

involving MMP14. Reactive oxygen species, such as those produced by activated leukocytes, 

including hypochlorous acid and hydroxyl radicals, can activate MMPs in vitro by disrupting the 

cysteine thiol long enough to allow for autolysis, either through inter- or intra-molecular 

proteolysis. However, there are limited in vivo data that show that this indeed occurs. Likewise, 

allosteric disruption of the pro-domain has been demonstrated to stabilize an “open”, 

intermediate conformation of the pro- and catalytic domains to allow autolysis[80]. Activation of 

MMPs for experimental purposes takes advantage of this mechanism by adding p-

aminophenylmercuric acetate (APMA) to ProMMPs, which interacts with the prodomain 

directly[81]. Biological molecules may be able to do this in vivo, since glycosaminoglycans 

(GAGs) can directly interact with MMPs to both activate and enhance MMP activity[82].  

 

3.3.4 Compartmentalization  

The localization of active MMPs post-translation is an important control mechanism that 

determines its ability to interact with potential substrates. This not only refers to the subcellular 

localization of MMP containing granules and the regulation of its secretion, but also to 

localization of the MMP in the pericellular or extracellular space. While some MMPs have 

domains that directly tether them to the cell surface (transmembrane or GPI anchoring domains) 
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secreted MMPs are bound to specific surfaces through interactions with other 

macromolecules[80]. For example MMP9 is localized to cell surfaces through its interaction with 

CD44, which is thought to increase the invasiveness of tumor cells[83]. Secreted MMP1, which 

is necessary for keratinocyte migration, binds α2β1 integrin on cell surfaces to concentrate 

proteolytic activity[84, 85]. Proteoglycans appear to bind MMPs to specific extracellular space, 

while also enhancing proteolytic activity. MMP7, which is secreted by the endometrial 

epithelium, localizes close to the mucosal surface through its interaction with heparin sulfate[86]. 

Thus, compartmentalization of MMPs may serve to both concentrate proteolysis near 

biologically relevant substrates while also enhancing its catalytic capabilities. 

 

3.3.5 Endogenous inhibition of MMPs 

Like other proteases, many proteins are co-expressed with MMPs to limit proteolysis. These 

include general protease inhibitors such as α2-macroglobulin and the more specific tissue 

inhibitors of metalloproteases (TIMPs) and cell surface tethered reversion-inducing-cysteine-

rich-protein-with-kazal-motifs (RECK), which bind MMP active sites at a 1:1 ratio[73]. Binding 

of MMPs to cell surfaces through receptors can also result in endocytosis to remove it from the 

environment, as demonstrated with Low-density lipoprotein (LDL) receptor related protein-1 

(LRP-1), which reduces extracellular MMPs -2, -9, and -13[87, 88]. 

 

3.4 Discovery of MMP substrates 

Many in vitro approaches have been taken to discover substrates of MMPs, however, 

validating these substrates in vivo continues to be a challenge. Due to the similarities in the 
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structure of MMPs, it is not uncommon for multiple MMPs to be able to process the same 

substrates in vitro. For example, multiple proteases can cleave stromal cell-derived factor-1α 

(SDF1α), a chemokine that plays a role in HIV-related dementia, however only MMP2 seems to 

be the relevant protease in vivo[89, 90]. Thus, the degradome, or the list of possible substrates for 

a given protease, must be validated through studies conducted in the context of the biological 

process in vivo. 

 

3.4.1 Structural determinants of substrate preference 

Unlike proteases such as furins, MMPs do not have strict consensus sequences that direct 

activity, making it impossible to scan sequenced genomes for substrates[91]. Rather, MMPs 

exhibit loose preference for certain peptide sequences to fit into the catalytic groove of the 

enzyme, the most important being the identity of the amino acid immediately following the 

siccile bond (P1’). This is determined by the characteristics and size of the corresponding surface 

of the MMP, called the S1’ specificity pocket[92]. For example, the S1’ of MMP1 is relatively 

small, thus the P1’ of the substrate is limited to small hydrophobic residues[93]. By contrast, the 

S1’ of MMP8 and MMP13 are large and open, allowing the accommodation more diverse amino 

acids[92]. This preference merely narrows possible substrates without identifying specific ones.  

Exosites, or locations out side of the catalytic groove, play an important role in 

determining substrate binding and specificity. These sites can be located on the catalytic domain 

itself or within additional domains such as the HPX domain. One successful unbiased approach 

to identifying MMP2 substrates utilized its HPX domain as bait in a yeast-2-hybrid screen. This 

resulted in the identification of a chemokine, monocyte chemoattractant protein-3 (MCP-3), as a 

novel MMP2 substrate[94, 95]. This has lead to further candidate based search for chemokine 
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substrates of other MMPs, expanding the substrate repertoire and known functions for the 

MMPs[89, 96].  

 

3.4.2 Biochemical approaches to substrate identification 

Traditionally, MMP substrates have been identified through a candidate based approach. 

Potential substrate and protease lists can be created from what is known about the biological 

process, and systematically tested in vitro by incubating recombinant MMPs with the protein of 

interest. Combined with peptide sequencing, this provided initial data regarding ECM substrate 

preferences of the MMPs[63]. This approach, however, is slow and cumbersome, especially if no 

particularly good substrates have been identified for the specific condition. This necessitates the 

use of unbiased approaches that take advantage of proteomics to identify a larger pool of 

candidate substrates. 

Proteomics based unbiased approaches have been refined and popularized over the past 

decade. Details of each methodology is beyond the scope of this thesis, but in essence, these 

methods apply active protease to a pool of substrates (collected from cell culture or tissue 

lysates) then attempt to amplify signal from new peptides that appear as a result of proteolysis.  

Novel labeling techniques amplify these signals by tagging new peptides and concentrating them 

prior to mass spectrometry, as seen in TAILS (terminal amine isotypic labeling of substrates)[97, 

98].  

 

3.4.3 Validation of substrates in in vivo systems 

Validation of in vitro substrates should take advantage of animal models. Showing 

interaction of the MMP with the substrate via co-localization or immunoprecipitation is one way 
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of doing this[64, 98]. A more robust way is to use transgenic or knock out organisms to show, 

for example, that the loss of MMP function results in accumulation of uncleaved substrate, or 

that mutation of the cleavage site prevents its proteolysis[64]. Even using these approaches have 

lead to confusing results, as demonstrated by studies in mice to discover the proteases involved 

in bullous pemphigoid, an autoimmune condition that causes sever blistering[63]. Here, both 

MMP9 and a serine protease, Neutrophil Elastase (NE), were upregulated in blisters and capable 

of cleaving collagen XVII, the key substrate involved in blister formation, but knockouts of 

either gene was sufficient to prevent blisters. Experimentation in the animal model lead to the 

discovery that MMP9 was actually acting upstream of NE, which then directly processed 

collagen XVII to initiate pathology[63, 99].  

To summarize, the identification of physiologically relevant MMP substrates starts with 

the identification of its degradome through biochemical approaches, but must be validated in 

animal models and through genetic approaches.  

 

3.5 MMPs in the zebrafish 

Twenty-five MMPs have been identified in the zebrafish genome to date, representing all 

but one of the six sub-groups of MMPs found in humans[79]. Although it is tempting to compare 

human MMPs to their orthologs in zebrafish, especially since similar numbers of MMP genes 

exist in the two species, phylogenetic analyses show that the MMP family expanded in teleosts 

and in mammals separately (Fig. 5-2). For example, all four members of the human 

transmembrane MMPs are represented in the zebrafish; however, three (mmp14, -15, and -16) 

are present as duplicates in the zebrafish, whereas mmp24 only has one ortholog. The branch of 

MMPs containing the interstitial collagenases indicates duplication and further specialization of 
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MMPs in the mammalian lineages. Whereas this is limited to 2 genes in the zebrafish (mmp13a 

and 13b), this has expanded to include 7 genes in humans (MMP1, -3, -8, -10, -12, -13, and -27). 

Interestingly, unlike the mouse model where knockouts of individual MMPs do not result in 

obvious developmental defects (with the exceptions of  MMP13, -14,  and -16), knockdowns of 

MMPs in the zebrafish often result in severe phenotypes, suggesting that MMPs in the fish have 

distinct substrates, and that MMPs cannot compensate for one another. Alternatively, MMP 

knockdowns using MOs may result in non-specific toxicity; therefore all studies must be 

carefully interpreted. 

Like the mammalian systems, MMPs in zebrafish play important roles in cell migration 

and ECM remodeling. The fish ortholog of MMP14, the only MMP that is indispensable 

development in mouse models, is critical for cell migration during gastrulation and proper 

skeletal development[100, 101]. Its role in ECM degradation is also required in the proper 

development of the gut later in development[102]. Similar to mammalian models of wound 

healing, a number of MMPs are upregulated in response to tail fin amputation, including mmp2, -

9, and -14a. Treatment of tail fins with a broad-spectrum MMP inhibitor, GM6001, results in the 

failure to regenerate the fin[103]. Finally, MMP activity has also been implicated in immune 

responses in the zebrafish, since mmp9 and mmp13a are both upregulated during inflammation, 

and knockdown of the genes result in reduced leukocyte migration[1, 104, 105].  

 

3.6 MMPs in immunity and inflammation 

Until recently, MMPs have been described as drivers of pathology during inflammation by 

enhancing inflammation or by destroying tissue. It is now clear that MMPs play many other roles 
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during inflammatory responses, whether it is a host protective response to injury or infection, or 

mediation in resolution of inflammation.  

 

3.6.1 Leukocyte migration 

MMPs are traditionally thought to enable cell migration through the proteolysis of the 

ECM. Although this may be true, since inhibition of collagenases prevents various cell types 

from migrating through 3-D matrices[106, 107], MMP activity on cytokines and chemokines has 

been shown to be increasingly important for controlling leukocyte migration and activity. 

Cytokines are capable of inducing MMP expression in many different cell types, but some are 

also targets of MMP proteolysis. For example, multiple MMPs can release soluble TNF from the 

cell membrane, a process that is required for uncontrolled inflammation during endotoxin shock 

and models of arthritis[72, 108]. Transforming growth factor β (TGFβ) is an anti-inflammatory 

cytokine that is sequestered as a latent complex that can be released by MMP2, -3, -9, and -14 

and is a potential mechanism for the regulation of anti-inflammatory processes[109].  

Chemokine proteolysis by MMPs can directly regulate cell migration through modulation 

of the chemokine gradient. For example, SDF-1 can be deactivated through proteolysis by 

numerous MMPs[89]. Proteolysis of the N-terminus of all four monocyte chemoattractant 

proteins (MCP) by MMPs creates antagonists for their respective receptors[94, 96]. Interestingly, 

different MMPs can convert chemokine activity in opposite directions; whereas MCP-3 (CCL7) 

activity is enhanced by MMP9 proteolysis[110], MMP13 proteolysis at another location turns it 

into an antagonist[96]. It is unknown if MMP9 and MMP13 both regulate MCP3 in vivo, but this 

raises an interesting possibility for a method of chemokine regulation. Additionally, 

proteoglycans normally tether chemokines to the ECM or cell surfaces through their 
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glycosaminoglycan (GAG) chains[111, 112]. MMPs can process proteoglycans to release 

chemokines,[113, 114], resulting in the diffusion of the gradient to reach distal locations while 

simultaneously removing the chemotactic signal locally[115, 116]. This can result in chemokine 

release into the airway or the gut lumen to direct leukocyte egress into these areas[117, 118].  

MMPs also affect cell fate once they have arrived at the site of inflammation. MMP 

expression is normally associated with M1 polarization of macrophages, typically described as 

an inflammatory response associated with increased bacterial killing. MMP28 does the opposite, 

skewing macrophages towards M2 polarization, which is associated with resolution of 

inflammation and fibrosis[119]. Neutrophils of MMP8 KO mice, unlike their WT counterparts, 

fail to undergo apoptosis after migrating to the site of inflammation. Overabundance of highly 

active neutrophils results in injury to host, demonstrated by increased tumorigenesis in a 

chemical skin injury model, as well as aggravated airway inflammation and arthritis[120-122].  

 

3.6.2 Microbicidal effects 

In addition to activating macrophages, MMPs have been implicated in bacterial killing 

through more direct mechanisms. For example, murine MMP7 is indispensable for the 

proteolytic activation of Paneth cell antimicrobial α-defensins, called cryptidins. As a result, 

MMP7 KO mice have an impaired ability bacterial growth in their gut and are hypersusceptible 

to orally administered Salmonella typhimurium[123]. Unlike the other MMPs, whose bactericidal 

effects are mediated by a substrate, MMP12 exhibits intrinsic bactericidal activity. MMP12 KO 

mice are hypersusceptible to Staphylococcus aureus infection, which could not be attributed to 

macrophage migration. Instead, MMP12 was responsible for direct bacterial killing in 

macrophages through a 20aa peptide that protrudes from the HPX domain. This peptide sequence 
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is unique to MMP12 and conserved in all orthologs. Accordingly, recombinant protein from both 

mice and humans are capable of killing multiple species of gram-negative and gram-positive 

bacteria[124].  

 

3.6.3 MMPs as coordinators of inflammation 

A recent study implicates MMP12 in a broader immune regulatory role as a transcription factor. 

The catalytic domain of MMP12 can directly bind DNA to inhibit transcription, ultimately 

leading to increased IFNα secretion from leukocytes to confer host resistance to viral infection. 

The transcriptional effects of MMP12 extend beyond the cells that express it; nearby cells take 

up MMP12 in trans where it traffics to the nucleus. Remarkably, the authors also found that the 

same genes regulated by MMP12 were also cleaved by MMP12. In other words, MMP12 can 

limit a gene’s activity at the transcriptional and post-translational levels[125]. Direct 

transcriptional regulation may be a widespread feature of MMPs, since similar observations have 

been published for MMP14 and MMP3[126, 127]. Together, these studies point to a greater role 

for MMPs as a general coordinator of the immune response to invading pathogens.  

 

3.7 MMPs in tuberculosis 

The ECM degrading ability of MMPs was of particular interest in early tuberculosis 

research, as cavity formation in the TB infected lungs is known to correlate with higher bacterial 

burdens and increased rates of transmission[10]. By 1978, Dannenberg and colleagues had 

identified increased collagenolytic activity in rabbit dermal lesions caused by BCG 

inoculation[128]. Studies on human TB patients have identified numerous induced MMPs: 

MMP1, -2, -3, -7, -8, -9, -10, -12, -13, and -14[129-132]. 
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Not only are MMPs highly expressed in the sputum of TB patients, but those with 

cavitation had higher concentrations of MMP1 and MMP2 than those without cavitation[129, 

133]. Concentrations of these MMPs (but none others) also correlate positively with worse chest 

radiographic scores, and specifically, MMP1 concentrations correlate with increased bacterial 

numbers in sputum[129]. Furthermore, TB patients co-infected with HIV have lower MMP1, -2, 

-8, and -9 concentrations relative to TB only controls, correlating to the fact that these patients do 

not develop lung pathologies despite carrying higher bacterial burdens[129].   

Genetic studies corroborate the important role of MMPs on tuberculosis disease severity. 

In the MMP1 promoter, an additional G is inserted at -1607bp (2G allele) resulting in the 

creation of an additional Ets transcription factor-binding site adjacent to an AP-1 site. Because 

Ets transcription factors can coordinate and enhance AP-1 activity, this SNP results in increased 

MMP1 expression. As a result, the 2G allele potentiates MMP1 secretion in response to 

inflammatory signaling. Central and South Americans who are homozygous for the 2G allele in 

addition to being homozygous for a high-expressing MCP-1 allele were at higher risk for 

developing TB (OR=3.59-3.9)[134]. This combination of SNPs also increased risk for worse 

clinical symptoms of TB that was more difficult to treat (as measured by time to sputum 

conversion)[135]. Accordingly, patients with the high MCP-1/MMP1 genotype had increased 

serum levels of MCP-1 and plasma levels of MMP1[135]. Another group also found that higher 

MMP1 expression amongst Taiwanese patients correlated with endobronchial tuberculosis and 

enhanced fibrosis in patients. Curiously, this study found that the 1G, not the 2G, allele had 

higher MMP1 expression in this population, raising the possibility that other regulatory 

mechanisms unrelated to the G insertion could be at play[136, 137]. 
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3.8 More studies are necessary to understand MMP roles in TB 

While there is clearly a link between MMP expression and TB outcome, these correlative 

studies do not conclusively show a cause. While it is possible that MMP expression results in 

increased pathology, it is also possible that the opposite is true. A third factor such as bacterial 

burden may also drive both pathology and MMP expression. To address this, experiments must 

be done examining the effect of MMP inhibition on TB pathology and outcomes. Furthermore, 

studies in cell culture models show that cells  infected with mycobacteria quickly upregulate 

MMP expression, but none of these studies address the role of MMPs in early infection. While 

such studies are difficult to do in a mouse model, the optical transparency of the zebrafish will 

allow me to visually follow the course of infection to determine if modifying MMPs has any 

effect on immunity to TB. 
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Chapter 4:  

Materials and Methods  

 

Bacterial strains 

Mycobacterium marinum wild-type strain M (ATCC #BAA-535), ΔRD1 [11], or Δerp 

were transformed with plasmids expressing tdTomato or Wasabi under a constitutive Mm 

promoter (msp12) developed as previously described [138]. Bacteria were grown on 

Middlebrook 7H10 agar (Difco) supplemented with 0.5% bovine serum albumin, 0.005% oleic 

acid, 0.2% glucose, 0.2% glycerol, and 0.085% sodium chloride (OADS) or in Middlebrook 7H9 

media (Difco) supplemented with OADS and 0.05% Tween 80. Media was supplemented with 

50µg of Hygromycin when appropriate. Mm used in larval experiments were grown in 

Middlebrook 7H9 OADS until mid-log growth phase at 30ºC, then passed through a 5µm filter 

(Pall) to obtain single cell suspensions, which were then aliquotted and frozen for multiple uses. 

Aliquots are quantified by serial dilution and plating on 7H10 agar.  

Δesat6 Mm mutants were acquired from F. Chu and S. Phillips.  

 

Zebrafish infection and husbandry 

All zebrafish experiments conducted conform to the Public Health Service Policy on Humane 

Care and Use of Laboratory Animals using protocols approved by the Institutional Animal Care 

and Use Committee of the University of Washington. WT zebrafish are of the *AB line 

originally purchased with ZIRC (Eugene, OR) and maintained at the UW as described [139]. 

Larval zebrafish were maintained at 29ºC and infected via caudal vein 36-48hpf with Mm or 

Mock (7H9 OADS) using 0.5% phenol red as a visual marker of injection [12]. Innocula of 
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injection was determined by plating the same volume on 7H10 OADS agar and enumerating 

colonies 7 days later. Bacterial burdens of larvae infected with fluorescent Mm were measured as 

fluorescent pixel counts (FPC), which enumerates pixels brighter than a background threshold 

determined by uninfected larvae. FPC was determined using a custom made image analysis 

macro designed for ImageJ (NIH) [140, 141].  

 

Cell Culture and Infection 

HEK293a cells (Life Technologies) were obtained from members of the John Scott lab 

and maintained in High-glucose DMEM with L-glutamine, 10%FBS, and Pen/Strep (Life 

Technologies). Normal human bronchial epithelial cells (Lonza, #CC-2540) were passaged 

according to manufacturer’s instructions and maintained in BEGM media supplemented with the 

bullet kit (Lonza) at 37ºC with 5% CO2. 5x105 NHBE cells were infected at an MOI of 20 of 

either M or Δesat6 Mm strains for 6 hours at 33ºC prior to harvesting for RNA.  

 

Morpholino and RNA injections 

Morpholinos were obtained from Gene-tools (Eugene, OR). We utilized three mmp13a 

specific MOs as listed in Table 4-1. ATG1 and ATG2 were used in combination at 0.015mM and 

0.06mM, respectively. The splice blocker e4i4 was used at 0.35mM alone or 0.25mM in 

combination with ATG2 (0.06mM). Efficacy of the MMP13a e4i4 MO was determined by RT-

PCR using primers spanning the MO target site (F: 5’-

GCTGACCTACAGGATTGAGAACTAC-3’; R: 5’-GTGTTTGGGCCATAAAGTGACTGGA-

3’).  
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pu.1 MO used to ablate macrophage populations were designed against the translation 

start site and the exon 4-intron 4 boundary, and used at final concentrations of 0.375 mM and 

0.025 mM, respectively [46].  

mmp13b MO was designed to target the exon 3-intron 3 boundary and used at 0.75mM. 

Efficacy of the MO inhibition was assessed via RT-PCR (F:5’-

GTTTTATGGCATGCCGGCTGGTCT-3’, R:F’- GTCGTCCTCGGAGAGAGGGAAACC-3') 

Zebrafish lta4h mRNA was transcribed using mMessage Machine T7 transcription kit 

(Life Technologies) and poly-adenylated using the Poly(A)tailing kit (Life Technologies). 200ng 

of mRNA was injected in to embryos to create the LTA4H high phenotype [53].  

Prior to use, MO or mRNA were diluted into embryo injection buffer (0.5x tango buffer, 

0.5% phenol red solution) and ~5nl of this final solution was injected into the yolk of embryos at 

the 1-4 cell stage.  

 

Quantitative RT-PCR 

Total RNA from either larvae or cell cultures were obtained by extraction with TRIzol 

Reagent (Life Technologies, 15596) and treated with TURBO DNA-free kit (Life Technologies), 

then used as template for generating cDNA using reverse transcription with PrimeScript Reagent 

kit (TaKaRa; using oligo dT18 primers). All RT-qPCR was conducted on an ABI Prism 7300 

Real Time PCR system (Applied Biosystems/Life Technologies) in technical triplicates with 

20µL reaction volumes. SYBR green assays were conducted with Fast SYBR Green Master Mix 

(Life technologies, 4385612) using 250nM of gene specific primers or β-actin primers, which 

was used as house keeping gene primers (Table 4-2). TaqMan qRT-PCR assays for zebrafish 

larvae were conducted in TaqMan® Universal Master Mix II with UNG (Life Technologies) 
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with custom-made primers and FAMDHQ-probe sets ordered from Life Technologies. Primers 

were used at a final concentration of 100nM and probes at 250nM (Table 4-3). qRT-PCR for 

human samples was conducted using TaqMan primer/probe sets that were ordered as 

predesigned assays, with final primer concentration at 900nM and probes at 250nM (Table 4-4). 

CT values for target genes were normalized to β-actin CT prior to comparison against different 

conditions (ΔΔCT analysis).  

 

Recombinant TNF injection 

His6 tagged recombinant zebrafish soluble TNF (rsTNF) was produced via affinity 

purification on a TALON column and frozen in 10% glycerol (50 mM Tris-HCl, 150 mM NaCl, 

pH 7.8) as described in[142]. 0.5ng of rsTNF or vehicle (with 0.25% phenol red) was 

microinjected into the caudal vein of infected larvae 16hpi. [53] 

Whole-mount fluorescent in situ hybridization 

mRNA was detected in whole infected larvae as described in Clay and Ramakrishnan 

(2004). Probes: Fluorescein tagged anti-sense RNA probes were transcribed from zebrafish 

cDNA cloned into a pCRII-TOPO vector using T7 polymerase (Roche) and Fluorescein labeling 

NTP kit (Roche). As a negative control, the vector was transcribed for a sense probe from the 

SP6 promoter. Probe quality was confirmed by denaturing RNA gel. 

Samples: Larvae were mock or WT infected at 36hpf, then fixed at 4dpi in 4% PFA in PBS 

overnight at 4ºC. Fixed larvae were dehydrated in MeOH at -20ºC for at least one night prior to 

starting the staining protocol. Larvae were progressively rehydrated into PBS-Tween (PBST, 

0.01% Tween-20), then permeabilized in 40µg/mL for 30min at 37ºC, then refixed in 4%PFA-

PBST. Samples were then incubated in pre-hybridization buffer (50µg/mL Heparin, 500µg/mL 
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tRNA, 50% Formamide, 5x SSC, 0.1% Tween-20, Citric acid to pH6.0) for 6h at 65ºC then 

hybridized with antisense or sense probe over two nights at 65ºC. Unbound probe was washed 

out in stringent SSC washes at 65ºC-70ºC prior to blocking for antibody staining using 1x Roche 

Western blocking reagent. Primary Sheep anti-FLU antibodies (Roche), then secondary HRP-

anti-Sheep antibodies were used to detect probes. TSA staining was performed overnight with 

AlexaFluor488 substrate (Life Technologies).  

 

Microscopy 

Microscopy was performed on a Nikon E600 equipped with DIC optics, a Nikon D-FL-E 

fluorescence unit with 100W Mercury lamp and MFC-1000 z-step controller (Applied Scientific 

Instrumentation) or, for whole animal images, a motorized Nikon inverted Ti-E microscope. 

Objectives used included 2x Apo Objective 0.1 NA, 10x Plan Fluor 0.3 NA, 40x Plan Fluor 0.75 

NA and 60x Oil Plan Apo, 1.4 NA. Widefield fluorescence were captured on a CoolSnap HQ or 

CoolSnap CF CCD camera (Photometrics) using Meta- Morph 7.1 (Molecular Devices) and 

Elements AR software [53]. 

 

Expression constructs and recombinant protein production 

MMP13a: I cloned MMP13a into a mammalian expression vector to ensure proper 

zymogen folding and disulfide bond formation (See Results Fig 5-12). Full-length zebrafish 

cDNA (accession BC159192; OpenBiosystems/GE Healthcare, clone 8154682) was PCR 

amplified using Pfu Ultra polymerase. In order to facilitate purification and detection, a 

StrepTagII sequence was inserted between a human signal peptide (for secretion) and the pro-

domain of MMP13a (indicated with underline), using primers F:5’-
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GATCGGTACCATGAAGACCTGCTTCAGGCTGTGTGTTTT 

CGTTACTCTGCTGTTTTCAGGCCACAGCAACCCGgattacaaggatgacgacgataagtctgttgctggtC

CGCTTGCTGGAGGAGAC-3’ and R:5’-ATGTCAGCGGCCCGCTTATTTGCACGGCA 

GGAAA-3’. The PCR product was inserted into a pCEP4 vector (Life Technologies) through the 

KpnI and NotI sites. The pCEP4 vector carries a CMV promoter in addition to a Hyg selection 

cassette, allowing successfully transfected mammalian cells to be selected and maintained as a 

cell line. To collect recombinant proteins, transfected cells were grown in DMEM supplemented 

with 1x Lactalbumin enzymatic hydrolysate and Hyg. Conditioned media from transfected cells 

were collected, concentrated using centrifugal concentrators 10 fold (10kMWCO, Pall) prior to 

adding to Strep-Tactin sepharose beads (IBA, Germany). Bound protein was washed with 5 x5 

bed volumes of buffer (100mM Tris-HCl, pH8.0, 150mM NaCl) then eluted with 2.5mM 

Desthiobiotin in wash buffer. Pooled fractions were desalted on a PD-10 column (GE 

Healthcare) into 100mM Tris-HCl, pH8.0, 150mM NaCl, then frozen at -80ºC.  

 

MBP-TNF: The transmembrane domain of zebrafish TNF was predicted as amino acids 

35-57 using TMHMM Transmembrane prediction tool (CBS, Denmark; 

http://www.cbs.dtu.dk/services/TMHMM-2.0/). The extracellular portion of TNF (AA58-234) 

was PCR amplified with PfuUltra (primers: F-

5’aaccaaggatccCATAAGACCCAGGGCAATCAAC-3’; R-5’ 

agtcagaattcCAAACCAAACACCCCAAAGAAG-3’) using zfproTNF-V5/His6 [143] as a 

template. The PCR product was then ligated into the bacterial expression vector pMALc5x 

(NEB), using BamHI and EcoRI in order to create an expression construct for an MBP-TNF 

fusion protein. BL21DE3 E. coli cells transformed with this construct was grown to OD=0.6 
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(37ºC, 220rpm) prior to adding IPTG to 0.1mM to induce protein production. Cells were 

collected 3 hours after induction, pelleted, and frozen at -20ºC.  Cells were lysed in BUFFER, 

and debris cleared using centrifugation. Cleared lysates were applied on an AKTA platform 

outfitted with MBPTrapHP column (GE Healthcare), which contains Dextrin Sepharose beads. 

The column was washed with 12 column volumes of column buffer (20mM Tris-HCl pH7.4, 

200mM NaCl), then eluted in 50mL elution buffer (10mM Maltose, 20mM Tris-HCl pH7.4, 

200mM NaCl). Fractions were pooled applied on a Superdex 16/600 S200 gel filtration column 

with buffer (100mM Tris-HCl, pH8.0, 150mM NaCl). Peak fractions were pooled and frozen in -

80ºC.  

Identity of protein fractions and final purified product was confirmed using Mini-

PROTEAN TGX Stain-free gels or Western blotting. 

 

Western blots 

Samples were boiled in loading buffer (0.05% Bromophenol blue, 10% Glycerol, 2% 

SDS, 1% β-mercaptoethanol) for 10 min prior to loading on TGX 4-15% precast gels (BioRad). 

Gels were transferred on to nitrocellulose blotting paper (Pall) at 100v for 60 min. Blots were 

incubated in 5% milk in TBS +0.1% Tween-20 for 1h, prior to o/n incubation (4ºC) with 1/200 

dilution of rabbit-anti-zebrafish MMP13a antibody (Anaspec), 1/200 dilution of rabbit-anti-

zebrafish TNF antibody (Anaspec), or 1/2000 rabbit-anti-β actin antibody (Sigma). Primary 

antibodies were diluted in 1% FBS, 0.1% NaN3, TBST. Blots were washed 3x5m in TBST on a 

shaker, incubated in 1/5000 goat-anti-rabbit HRP antibody (Southern Biotech), and visualized 

with ECL solution.  

 



  37 

 

rMMP13a activation 

300µg/mL rMMP13a was incubated with 1mM APMA in 100mM Tris-HCl, pH8.0, 

150mM NaCl for 2h at 37ºC. 

 

Collagenase assay 

Collagenase activity of whole larvae or purified proteins was determined using EnzCheck 

Gelatinase/Collagenase assay kit, using DQ Collagen I as the substrate (LifeTechnologies). 

Collagen I is known to be the preferred substrate of MMP13. 

 

ProTNF cleavage assay 

 Activated rMMP13a was mixed with MBP-TNF at a 1:5 molar ratio in 100mM Tris-HCl, 

pH8.0, 150mM NaCl at 37ºC for up to 2h. Collected samples were immediately mixed with 

loading buffer on ice to inhibit the reaction prior to running it on a gel for Western blotting.  

 

Phylogenetic analysis 

Primary amino acid sequences were downloaded from the ensemble web server 

(www.ensembl.org) and aligned into the PHYLIP format using ClustalOmega 

(http://www.ebi.ac.uk/Tools/msa/clustalo/). Sequences were then analyzed using PROML, 

PROTPARS, PROTDIST, and KITSCH from the PHYLIP package using default settings 
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Statistical Analysis 

 Statistical analysis was performed with Prism (Graphpad Software) and is detailed in 

figure legends. 
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Table 4- 1. Sequences of MO used for experiments. 

 
Gene Target Name Sequence (5’-3’) 
mmp13a Translation start ATG1 CAGGTCTTCATGTTTGCTTTCCTTC 
mmp13a Translation start ATG2 GCTTTCCTTCTCCTTCAAGAAACTG 
mmp13a Exon 4- intron 4 e4i4 GACTTTTCCTCTGTGCTTACATTGA-3’ 
pu.1 Translation start ATG CCTCCATTCTGTACGGATGCAGCAT 
pu.1 Exon 4- intron 4 e4i4 GGTCTTTCTCCTTACCATGCTCTCC 
mmp13b Exon 3-intron 3 e3i3 AATGACACAAACGGTGGTACCTTTT 
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Table 4- 2. Zebrafish RT-qPCR primers used in SYBR assays. 

Gene Other names  F (5'-3')  R (5'-3') 
MMP2 Gelatinase A ACCTCTCAGGGTCGAGATGATGGG AAGGGGCTCCATCTGCATTTCCAC 
MMP9 Gelatinase B GTGAGGGCCGCAATGATGGAAAAC GCATGTCCAAACTCATGAGCAGCC 
MMP11a Stromelysin-3 GTGCCAGACTATCCCGAACAGAGA GAAAATCCGCCTCACTTTATCCTCA 
MMP11b Stromelysin-3 AACAGTAAAGGCGGCAGAGAGACG CTCGCCTCGGATCATGGATACAGC 
MMP13a Collagenase-3 AACAGCTTCTTCTGGCGCAGTT TCTTCACATTTTTCCGCAGACG 
MMP13b Collagenase-3 GTCTTCAGCGACCGGGAAAGT CGGCTCTGTCCACAACCTTCTT 
MMP14a MT1 MMP GCCATTTTCTACACACCCACTGGC ATCTGGTACTCCTTGCCATACACCG 
MMP14b MT1 MMP TGGATGCAGCTCTTCTCTACACGC TGGATCCACTGAGTGCGTGTCTTC 
MMP15 MT2-MMP CAATTAGTGTGTGGGGCACTTCTG GCTCGCTTGTCATTCTGTGATTGT 
MMP16a MT3-MMP CACCGAGGACAAAAACGAGGTCA TGTAGATGAGCACCAGCAGACACA 
MMP16b MT3-MMP TGGGAAGACGTGGCCAAAACCTAC CGAATGCTCCCTGTGGAGAGTCTG 
MMP17a MT4-MMP CCTTCAATAACAGCAGAGCAGATGG GAGCAGCGAGGGGTCTTCATTA 
MMP17b MT4-MMP CGCCATAGACATCACAGACTCACA TAGGAACAACCCTGACTGACACCA 
MMP19  CGATACCCCAAACCACTGAAAAGA GTCCCACTGCCAATAGCCTGA 
MMP20a  TGCGTCATTTCTACCACCTGAAAA TTGCTCTGATCTTGTCCTTCATGC 
MMP20b  CCAAAGCCAGTCCTCTCACATTCT ATTGTAGCCAGCCGTCCATACTTC 
MMP23bb  GGAAATCACCAACACCAGCAAAAG TCACCGTTCAGTCCATCAAAACAC 
MMP24 MT5-MMP ATCAGACCTGCGATCGGAGAAAGC GTGATCTGGAACTCCACACCGAGG 
MMP25a MT6-MMP TGTGTTCTTCTCTGCGGTTCATTC GAGTTTGCCTGTTTCCTTGAGTCC 
MMP25b MT6-MMP CAGGAGAGGTAAAAACAAGGTGATGA GGAGAGTAGTGGAAACGCAGAGGT 
MMP28 Epilysin CACAGCTGTCTGTCACCATTGAAGC CACTGCTCCTCTTGGGGAATCCAG 
MMP30  CGAGATGACCGACTTGGGGTTCAG CAAGTCACGCTTGCATGGTTCTGG 
ADAM17a   CACAAAAGTTGCCCCTGGAGAG GGCAGAGTCCTCCTAATCCTGGT 
ADAM17b   CGGCTGCTTGTGTATCGTTCAG AGTTGAGGGTGGTGCTCTCCTC 
TNF  AGGCAATTTCACTTCCAAGG CAAGCCACCTGAAGAAAAGG 
β-actin  ACCTGACAGACTACCTGATG TGAAGGTGGTCTCATGGATAC 
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Table 4- 3. Zebrafish RT-qPCR primers and probes used for Taqman assays. 

Gene  F (5'-3')  R (5'-3') Probe (5’-3’) 
b-actin CTGAATCCCAAAGCCAACAGAGA GCCTGGATGGCCACATACAT CATGATCTGTGTCATCTTC 
mmp9 CATCACTGAAATCCAGAAGGAGCTT GTTCACCATTGCCTGAGATCTTC AAGGACGGGCGCTACT 
mmp13 CTGGAATGACCGGGAAGGT TGGAGCCAAACTCAAGCATCTTT CCAGTACAGAGGTTTAAAC 
b-actin CTGAATCCCAAAGCCAACAGAGA GCCTGGATGGCCACATACAT CATGATCTGTGTCATCTTC 
 
 
Table 4- 4. Human RT-qPCR primer/probe sets ordered from LifeTechnologies. 

Gene Catalogue# 
b-actin ACTB endogenous control: 4352935 
MMP1 Hs00899658_m1  
MMP8 Hs01029057_m1  
MMP9 Hs00234579_m1 
MMP13 Hs00233992_m1  
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Chapter 5:  

Results. 

 

5.1. MMP13a and MMP9 are specifically induced during infection with Mm 

We previously conducted a microarray assessing gene expression during infection with 

virulent Mm, and found that mmp9 was upregulated, in addition to numerous immune response 

genes, such as tnf and complement pathway genes[1]. However, the zebrafish genome has been 

updated since the original microarray, and more MMPs have been identified[79].Therefore, we 

wanted to do a more detailed assessment of MMP transcription using the newly updated 

annotations. We infected zebrafish larvae with ~100 CFU WT Mm and collected RNA from 

whole larvae at 5dpi to conduct RT-qPCR to compare transcription between infected and mock 

infected larvae (n=3, biological replicates). mmp9 and tnf were both highly induced during 

infection  with 11.4 ± 2.9 fold (SEM; p=0.0112) and 18.9 ± 4.0 fold (SEM; p=0.0066) relative to 

mock injected larvae, respectively, in agreement with previously published data (Fig. 5-1a)[1]. 

Only one other MMP, mmp13a, was induced during infection, at 9.4±1.4 fold (SEM; p=0.00115) 

over baseline expression levels. We also assessed transcription levels for A-Disintegrin-and-

Metalloprotease (ADAM) genes, a closely related class of metalloproteases; however, none were 

induced over baseline at this time point (Fig. 5-1b). 

MMP13a belongs to a subset of MMPs known as the interstitial collagenases, known for 

their ability to cleave fibrillar collagens. Collagenases in humans are associated with 

inflammatory conditions such as arthritis and atherosclerosis[64, 113].  MMP9 expression in 

human TB is associated with severe disease, and studies from our lab and others revealed that it 
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recruits additional macrophages to expand granulomas[1, 2, 61]. Like MMP9, collagenase 

expression during human TB has been associated with worse outcomes and cavity formation in 

human TB patients[129, 131]. It is still unknown what roles collagenases may play in immunity 

and pathology to TB.  

There are three collagenase genes in humans: MMP1, MMP8, and MMP13. To better 

understand the relationship of the zebrafish collagenases to the mammalian ones, we conducted 

phylogenetic analyses with amino acid sequences of all zebrafish and human MMPs, as well as 

mouse, rat, and medaka collagenases (Fig. 5-2). Our analysis produced results similar to 

published findings[79]. There are two collagenases in the zebrafish genome, mmp13a and 

mmp13b, which share 50% and 52% identity to human MMP13 protein, respectively. Despite 

what the names suggest, mmp13a and mmp13b are distinct genes that are only 45% identical to 

each other. Whereas mmp13b clades closely with mammalian MMP13, mmp13a appears to be a 

teleost specific collagenase that diverged earlier. Unlike mmp13a, mmp13b was not induced in 

infection (Fig. 5-1a). Other studies in zebrafish larvae have shown mmp13a gene induction in 

response to infection with S. typhimurium and wounding[104, 144], and suggest a role for 

mmp13a in leukocyte migration towards tail wounds[104]. Aside from phylogenetic analyses, 

nothing is known about mmp13b. 

 

5.2. MMP13a is induced in an RD1-dependent manner 

We wondered if mmp13a shared other aspects of expression with mmp9. First, we 

assessed if its expression was dependent on the bacterial virulence factor ESX-1, which enhances 

the induction of mmp9. This is a type VII secretion system that is encoded by the RD1 locus, and 

mutants defective in secretion are highly attenuated, resulting from the inability of the bacterium 
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to form granulomas and thereby infect new macrophages[2, 11, 59]. We infected larvae with 

either ~150 CFU WT Mm or ~450 CFU ΔRD1 Mm. At 4dpi, larvae were assessed for bacterial 

burdens using FPC to ensure that both groups had roughly equal bacterial loads (Fig. 5-3a). 

These, along with mock-infected larvae were compared for mmp13a and mmp9 expression using 

RT-qPCR (n=6, biological replicates). Loss of ESX-1 impairs the induction of mmp13a (WT 

induces 2.0 fold over ΔRD1; p=0.0051) as with mmp9 (4.8 fold over ΔRD1, p=0.0012)( Fig. 5-

3b). 

 

5.3. MMP13a has a similar distribution to MMP9, expressed in neutrophils and induced in 

epithelial cells.  

To further characterize the nature of MMP13a expression in infected larvae, we 

conducted fluorescent in situ hybridization (FISH) on whole larvae to localize MMP13a 

induction. In uninfected and infected samples, single cells stained positively throughout the 

larvae (Fig. 5-4a,b). Using Differential Interference Contrast (DIC) microscopy, we identified 

these cells as neutrophils by the presence of granules within the cells[145]. In infected samples, 

there were additional clusters of cells that stained for mmp13a mRNA near granulomas (Fig. 5-

4c, d). These cells were not in the granuloma, but on the surface of the larvae. With DIC 

microscopy, we identified the cells as epidermal cells which also express mmp9[1].  

mmp9, in the context of ESX-1 competent infection, is induced regardless of macrophage 

presence. We next assessed if mmp13a expression was also independent of macrophage 

signaling. To do this, we used a morpholino targeting the pu.1 transcription factor, which is 

required for development of the myeloid lineage[45]. Thus, pu.1 morphants (MO) are highly 

susceptible to infection, as Mm grows unchecked in the absence of macrophages[46]. We 
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infected control and pu.1 MO with various doses of WT Mm, such that by 3dpi both groups had 

similar bacterial burdens (Fig. 5-5a). There was no significant difference in induction of mmp13a 

with or without macrophages, indicating that macrophage signaling was unnecessary for 

induction (Fig. 5-5b). Additionally, this indicates that macrophages are not the primary source of 

mmp13a during infection. Thus, both mmp13a and mmp9 are induced in zebrafish larvae through 

direct interaction of cells with Mm. 

 

5.4. Normal Human Bronchial Epithelial cells also induce MMP9 and collagenases in the 

presence of ESX-1 competent Mm. 

To corroborate our zebrafish findings that macrophage signaling is dispensable for 

epithelial induction of mmp9 and mmp13a, we turned to a cell culture model of infection. 

Normal Human Bronchial Epithelial (NHBE) cells, a primary cell line harvested from healthy 

human subjects, express MMP1 and MMP9 when exposed to conditioned media of Mtb infected 

but not uninfected macrophages[133, 146]. We asked if NHBE cells would express MMPs when 

in direct contact with Mm. To do this, NHBE cells were infected at an MOI of 20 with either WT 

or ΔesxA Mm, then harvested at 6hpi for RT-qPCR. MMP9, MMP1, and MMP13 were induced 

at both time points by WT, but not by ΔesxA Mm (Fig. 5-6).  MMP8, however, was undetectable 

in all conditions. This agrees with previous reports that MMP8 is primarily a neutrophil 

collagenase[69]. 

 

5.5. MMP13a morphants are hypersusceptible to infection.  

Given that collagenases are also highly upregulated in human TB, we wanted to know 

what role, if any, mmp13a played in innate immunity to mycobacterial infection. We utilized 
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MOs targeting either the translation start site (ATG1 and ATG2) or a splice acceptor site (e4i4) 

to transiently knockdown mmp13a expression in zebrafish larvae. Both MOs reduced 

collagenase activity in whole larvae (Fig. 5-7a,b), as determined by in a fluorimetric in vitro 

collagenase activity assay using fluorescein-conjugated collagen I. Morphants were then infected 

and assessed for bacterial burdens at 4dpi. ATG1/2 or e4i4 injected morphants had higher 

bacterial burdens relative to control morphants (2 fold, p=0.003; 1.8 fold, p=0.047)( Fig. 5-7c,d). 

These findings indicate that mmp13a is a host protective factor, unlike mmp9, which is a host 

susceptibility factor. In contrast, mmp13b morphants were not hypersusceptible consistent with 

their lack of induction in response to infection (Fig. 5-8a,b). 

 

5.6. MMP13a morphants are deficient in control of Mm growth within macrophages. 

We next detailed the infection phenotype to identify the specific step(s) during the immune 

response that was defective in MMP13a morphants. We investigated the ability of individual 

macrophages to control bacterial growth early in infection by assessing macrophage bacterial 

burden at 2dpi.  Although collagenases have not been directly linked to bacterial killing, other 

MMPs have been shown to do so, either through direct microbicidal activity through a non-

catalytic domain[124], indirectly through activation of antimicrobial peptides[123], or through 

macrophage activation by altering signaling pathways[147]. To test this, we utilized the Δerp 

mutant of Mm, which is specifically susceptible to intramacrophage killing, giving us additional 

sensitivity in detecting host defects in this step[138]. Morphants had higher bacterial burden per 

macrophage relative to controls (p=0.0013; Fig. 5-9), indicating that MMP13a was necessary for 

bacterial killing within individual macrophages.   
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 We were struck by the similarity of the MMP13a morpholino phenotype to that of 

deficiency of TNF signaling[53, 55, 56]. The loss of TNF or its receptor, TNFR1, results in the 

inability of macrophages to control bacterial growth, resulting in the necrosis of macrophages 

and ultimately, unchecked extracellular bacterial growth. Extracellular growth of Mm is visible 

as “cording”, or masses of bacterial growth that take on a serpentine structure. By contrast, 

growth in macrophages, even in a granuloma, is characterized as distinct packets of 

infection[56]. Indeed, we found that the granulomas of MMP13a MO were more likely to cord 

by 3dpi (p=0.0001)(Fig. 5-10). 

 

5.7. Treatment with recombinant sTNF rescues bacterial killing in MMP13a deficient 

macrophages. 

We hypothesized that MMP13a deficiency resulted in the reduction of TNF signaling.  

We first asked if this was the result of insufficient tnf transcription, as was the case in zebrafish 

mutants of LeukotrieneA-4-hydrolase (lta4h)[56]. However, mmp13a MO did not have a 

reduction in tnf induction relative to control morphants (Fig. 5-11).  

Another important aspect of TNF regulation occurs post-translationally. Initially TNF is 

synthesized as a 27kDa transmembrane protein that forms a trimer with two other TNF proteins 

(memTNF). This latent homotrimer is then enzymatically cleaved, releasing trimeric soluble 

TNF (sTNF) consisting of three 17kDa chains[108]. Although ADAM17 is thought to be the 

primary protease responsible for this processing in mammals, other metalloproteases including 

the collagenases have also been shown to have TNF processing capabilities in vitro[122, 148-

153]. We hypothesized that in the context of tuberculous infection, MMP13a was acting as an 
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ancillary TNF converting enzyme, boosting local sTNF concentrations to enhance microbicidal 

activity by macrophages. 

In zebrafish lacking sufficient TNF expression, the hypersusceptibility phenotype can be 

rescued by reintroducing TNF in larvae by injection with recombinant soluble zebrafish TNF 

(rsTNF). If mmp13a MO are deficient in TNF production, rsTNF treatment of infected 

morphants should rescue the hypersusceptibility phenotype. To test this, mmp13a MO were 

infected as in other experiments, and at 1dpi were injected with 0.5ng of rsTNF or vehicle. 

mmp13a MO treated with rsTNF had reduced intramacrophage bacterial growth, down to WT 

levels (Fig. 5-12). In addition to supporting our hypothesis that TNF levels are insufficient in 

mmp13a MO, these results suggest that TNF receptor signaling is intact in the morphants.  

 

5.8. TNF is an MMP13a substrate. 

Although human recombinant collagenases have TNF converting activity, it was 

important to show that this activity is retained in the zebrafish enzyme, as zMMP13a is only 48% 

identical to any of the human collagenases. To address this, we cloned full length zMMP13a into 

a mammalian expression construct with an N-terminal Strep-tag-II to facilitate purification and 

detection. The tag was placed before the pro-domain so that it would not interfere with protein 

function once MMP13a is activated (Fig. 5-13a). As a control, we also cloned a catalytic mutant 

by alanine substitution of a critical glutatate residue at position 224 (E224A) via site directed 

mutagenesis (Fig. 5-13b). Both WT and E224A MMP13a were expressed and purified from 

culture medium of HEK293A cells. We first tested their ability to activate and cleave collagen I, 

a classic substrate of human MMP13. As expected, WT zMMP13a was able to shed its pro-

domain, transforming it from a 55kDa protein to a 42kDa form, whereas the catalytic mutant 
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failed to do so (Fig. 5-14a). Activated rMMP13a was then mixed with a fluorescently-quenched 

collagen I substrate in an in vitro assay to determine enzymatic activity. WT activated MMP13a 

was able to cleave collagen I (Fig. 5-14b). As expected, the E224A showed no enzymatic 

activity, confirming that it was catalytically inhibited. 

We produced recombinant zebrafish TNF by replacing the predicted (N-terminal) 

intracellular and transmembrane domains with mannose-binding protein (MBP) to allow for 

maximum solubility and purification. Although the cleavage recognition sequence of mammalian 

TNF is not conserved in zTNF, we preserved the entirety of the extracellular domain including 

the region predicted to be homologous to the ‘juxtamembrane domain’ where the cleavage site 

resides (Fig. 5-13c). To test if TNF is a possible substrate of MMP13a, we combined MBP-TNF 

with activated WT zMMP13a at 37degC at a 5:1 molar ratio. In less than 5 minutes, MBP-TNF 

was cleaved into a number of smaller fragments that were identified as MBP (42kDa) or TNF 

(17kDa) via Western blotting (Fig. 5-15a,b).  This was abrogated by the addition of O-

phenanthroline, a metal chelating inhibitor of metalloproteases. In addition to the 17kDa-

fragment corresponding to sTNF, there were 3 smaller fragments which all bound to anti-zTNF 

antibody, possibly indicating further processing of TNF. This phenomenon has also been noted 

for the processing of human TNF by human MMP13[152]. The E224A mutant of zMMP13a 

failed to cleave any MBP-TNF, indicating that catalytic activity of MMP13a is required for 

cleavage of TNF (Fig. 5-15c,d). 
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5.9. MMP13a modulates sTNF bioavailability and is a target for treatment in high TNF 

conditions.  

If MMP13a is a TNF converting enzyme, and sTNF is required for enhanced 

microbicidal activity in macrophages, we reasoned that increasing unprocessed native TNF 

expression should not rescue mmp13a MO. We previously published that overexpression of 

LTA4H through the injection of mRNA increased the baseline transcription of TNF[53]. We co-

injected the lta4h mRNA with mmp13a MO and conducted the intramacrophage bacterial killing 

assay. While lta4h mRNA had the expected effect of reducing bacterial burden within 

macrophages in WT animals, it did not rescue the increased bacterial burdens of mmp13a MO 

(Fig. 5-16a).   

We also asked if this was the case for overall bacterial burdens after infection with WT 

Mm. Although increased TNF expression initially favors the host by enhancing bacterial killing, 

the same mechanism also leads to ROS-mediated necroptosis of the macrophage, leading to 

extracellular release of bacteria and uncontrolled infection[53, 54]. Thus, although 

intramacrophage bacterial numbers are reduced in the first couple days of infection, by 3dpi, 

both rsTNF treated larvae and lta4h mRNA injected larvae have higher overall bacterial burdens 

relative to controls[53]. We were able to also show that lta4h mRNA injected larvae are 

hypersusceptible to WT infection (Fig. 5-16b). Consistent with our earlier findings, larvae co-

injected with mmp13a MO and lta4h mRNA were as hypersusceptible as larvae injected with 

one or the other, confirming that increased TNF transcription does not rescue MMP13a 

deficiency. Since lta4h mRNA injected larvae are replete with memTNF, we concluded that 

sTNF produced by MMP13a sheddase activity is the form of TNF that is responsible for 

increased bactericidal activity.  
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We concluded from these experiments that MMP13a is a checkpoint for TNF activation 

during Mm infection and acts as a rheostat for modulating bio-active TNF levels. If no 

processing of memTNF occurs as in mmp13a MO, then no sTNF is available to enhance 

macrophage activation. Conversely, we predict that in the context of high-TNF conditions, such 

as those induced by lta4h overexpression, sufficient MMP13a exists in the larvae to convert most 

memTNF into sTNF, leading to hyper-inflammatory cell death.  

To test this prediction, we co-injected lta4h mRNA with doses of mmp13a MO ranging 

from none to the maximum, which is the dose required for hypersusceptibility. Again, lta4h 

mRNA alone and mmp13a MO alone both resulted in hypersusceptibility relative to WT 

controls. When the maximum dose of mmp13a MO was co-injected with lta4h mRNA, the larvae 

remained hypersusceptible. However, when we reduced the mmp13a MO concentration to 33% 

of the maximal dose, the larvae were no longer hypersusceptible, exhibiting similar bacterial 

burdens as WT controls (Fig. 5-17a). At this dose, the extracellular bacterial growth caused by 

lta4h overexpression is also reduced to WT levels (Fig. 5-17b). This indicates that tuning 

MMP13a levels can prevent macrophage necrosis, likely through controlling sTNF levels in 

infected larvae.  
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5.10. Figures and figure legends. 

 

Figure 5- 1. mmp9 and mmp13a are the only metalloproteases induced during infection. 

Relative induction of (A) MMP genes and (B) ADAM genes. Larvae infected with ~150cfu Mm 
were collected at 5dpi for RT-qPCR. Gene expression was normalized to β-actin expression, 
then compared to expression in mock controls (ΔΔCt method). tnf was used as a positive control 
for infection induced expression. Error bars indicate SEM. n=3 biological replicates. Results 
were log10 transformed prior to analysis with one-sample t-test against a hypothetical value of 
0.0. *p=0.011 **p=0.007 ***p=0.0015. 
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Figure 5- 2. Dendrogram comparing human MMPs to zebrafish MMPs.
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Figure. 5-2. Dendragram comparing human MMPs to zebrafish MMPs. Trees were 
calculated with Protein Most Likelihood (protml) algorithm of PHYLIP package of programs, 
displayed with Drawgram.  

dr= Zebrafish 
hs= Human 
mm= Mouse 
rn= Rat 
ot= medaka  
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Figure 5- 3. mmp13a and mmp9 expression are dependent on ESX-1 competence. 

Since ΔRD1 Mm are highly attenuated, infecting doses were adjusted to having matching end 
doses. (A) Representative bacterial loads after 4dpi, prior to collection of larvae for RT-qPCR. 
Larvae were infected with ~100 cfu WT or ~450 cfu ΔRD1 Mm, then imaged at 4dpi for FPC. 
Error bars indicate SEM. n.s. by Student’s T-test. (B) Induction of mmp13a and mmp9 by WT or 
RD1 bacteria, relative to mock. Error bars indicate SEM. n=7 biological replicates. p-values 
were generated by Student’s paired t-test.  
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Figure 5- 4. mmp13a is expressed by neutrophils and induced in epithelial cells near the 
granuloma. 

Images of 5dpf larvae, fixed and probed for mmp13a mRNA (green) with whole mount in situ 
hybridization. Red boxes indicate regions magnified in B and D. (A) Uninfected larvae (40x) 
express mmp13a in individual cells throughout the whole body, identified as (B) neutrophils with 
600x magnification. Identification was conducted with aid of DIC microscopy, where granules 
are visible within the cell. (C) 4dpi infected larvae have additional cell types that express 
mmp13a near the granuloma. (D) They are identified as epithelial cells at 200x magnification. 
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Figure 5- 5. mmp13a expression is independent of macrophage signaling. 

Mock and pu.1 morphants were infected to have similar end point bacterial loads prior to 
collection for RT-qPCR at 3dpi. (A) FPC graph, depicting a representative example endpoint of 
bacterial loads for collected samples. Mock morphants were infected with ~300cfu and pu.1 
morphants (No macrophages) were infected with ~100cfu, then imaged at 3dpi for FPC. Error 
bars indicate SEM. Student’s t-test indicate n.s. (B) Relative induction of mmp13a and mmp9 
during infection in larvae with or without macrophages. Error bars indicate SEM. Student’s t-
test, n.s. 
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Figure 5- 6. NHBE cells express MMP9, MMP1, and MMP13 when infected by ESX-1 
competent Mm.  

Relative induction of human MMPs by M strain (WT) or Δesat6 Mm, compared to mock 
infected controls. Despite higher MOI of Δesat6, MMPs are induced only when infected by ESX-
1 competent bacteria. Cts were normalized to β-actin. MMP8 was below the limit of detection. 
NHBE cells were infected with M strain at an MOI of 20, Δesat6 at an MOI of 42. Error bars 
indicate SEM. p-values were generated with one-sample T-tests, with against a hypothetical 
value of 1. (*p<0.05, ***p<0.0001). 
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Figure 5- 7. mmp13a morphants are hypersusceptible to Mm. 

(A)(B) Collagenase activity is reduced in larvae injected with (A) ATG1 + ATG2 MO and (B) 
e4i4 MO. Whole larval lysates were incubated with DQ Collagen I substrate for 4h at RT, then 
measured for fluorescence. Graphs are depicted as relative fluorescence units (RFU).  
(C)(D) FPC graphs (Log10) comparing mock morphants with (C) ATG1 + ATG2 or (D) e4i4 
morphants. Larvae were infected with 120-150 cfu of WT Mm. Error bars indicate SEM. p-
values generated by Student’s t-test.  
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Figure 5- 8. mmp13b morphants are not hypersusceptible to Mm infection. 

(A) Morpholino targeting exon3-intron3 junction results in insertion of 92bp intron. Series of 
MO dilutions were injected into eggs and collected at 4dpf for RT-qPCR. (B) FPC graphs 
(Log10) comparing mock or mmp13b morphants (used at 0.75mM). Error bars indicate SEM. 
N.S. by Student’s t-test.  
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Figure 5- 9. mmp13a morphants are deficient in control of Mm within macrophages. 

Mean (±SEM) number of bacteria growing per macrophage at 40-44hpi in mock or mmp13a 
MO. Larvae were infected with ~150 cfu Δerp Mm. p-values generated by Student’s t-test. 
 
 
 
 
 
 
 
 

 
 
Figure 5- 10. mmp13a morphants cord at higher frequencies during infection with WT 
Mm. 

Mock or mmp13a morphants were infected with 120-150 cfu of WT Mm, then assessed at 3dpi 
for cording. Number of fish analyzed shown above each bar. Representative of 4 independent 
experiments. Statistical analysis done with Fisher’s exact test.   
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Figure 5- 11. tnf gene induction is not impaired in mmp13a morphants. 

Mock or mmp13a morphants were either mock injected or infected with 200-250 cfu WT Mm 
and collected at 2dpi for RT-qPCR. Data was normalized to β-actin expression prior to 
comparison with uninfected controls (ΔΔCt method).  
 

 
 
 
 
 

 
Figure 5- 12. rsTNF treatment rescues bacterial killing in mmp13a deficient macrophages. 

Mean (±SEM) number of bacteria growing per macrophage at 40-44hpi. Morphants were 
infected with 150-200cfu Δerp Mm, and at 16hpi, injected with 0.5ng rsTNF or vehicle. Error 
bars indicate SEM. p-values generated by ANOVA, with Dunnett’s post-hoc test (*<0.05).  
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Figure 5- 13. Design of recombinant proteins used for in vitro assays. 

 (A) Recombinant StrepTagII-proMMP13a (WT). (B) Recombinant catalytically inhibited 
StrepTagII-proMMP13a. (E224A-rMMP13a). SP= signal peptide. STII= StrepTagII. Pro= pro-
domain, contains cysteine switch. Cat= Catalytic domain, contains zinc ion. HPX= Hemopexin 
domain.  
(C) Recombinant MBP-TNF was designed to exclude the intracellular and the transmembrane 
domains, but keeps the cleavage domain intact. sTNF is expected to be about 17kDa in size. 
IC=intracellular domain. TM=transmembrane. CL=cleavage domain intact.  
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Figure 5- 14. WT, but not E224A, rMMP13a is catalytically active. 

(A) Western blot of WT or E224A rMMP13a, probed with anti-zMMP13a antibody, after two 
hours of incubation with 1mM APMA at 37ºC. WT rMMP13a is able to autolyse the pro-
domain, resulting in a 42kDa product corresponding to active protease, and a 25kDa product that 
appears to be a degradation product. (B) Fluorimetric collagenase assay shows that WT 
MMP13a, but not E224A MMP13a, is enzymatically active and capable of lysing fluorescein 
conjugated Collagen I. Recombinant proteases were activated in APMA for two hours prior to 
the assay.  
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Figure 5- 15. MBP-TNF is a zMMP13a substrate. 

(A)(B) MBP-TNF and activated WT zMMP13a were incubated at a 5:1 molar ratio for 45 
minutes with or without 10µM O-phenanthroline. Western blot with (A) anti-TNF antibody with 
rsTNF as a control shows that sTNF is released from the fusion protein by MMP13a. (B) 
Western blot with anti-MBP antibody.  
(C)(D) Silver stain of MBP-TNF and activated WT or E224A zMMP13a incubated at 5:1 molar 
ratio at 37ºC. Samples were collected at indicated times.  
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Figure 5- 16. mmp13a morphants are not rescued by increasing tnf transcription. 

Eggs were injected with either mmp13a MO, lta4h mRNA, or a combination. (A) Average 
(±SEM) bacterial counts per macrophage at 44hpi. Larvae were infected with 120-150cfu Δerp 
Mm at 2dpi. p<0.0001; ANOVA with Dunnett’s post-hoc test. *p<0.05; **p<0.01; p<0.001.(B) 
Average FPC (±SEM)  at 3dpi. Larvae were infected with 150-200cfu WT Mm. p= 0.0088; 
ANOVA with Dunnett’s post-hoc test. *p<0.05. 
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Figure 5- 17. Hypersusceptibility of lta4h-high larvae is rescued by partial knockdown of 
mmp13a. 

Eggs were injected with mmp13a MO, lta4h mRNA, or lta4h mRNA and 100%, 66%, or 33% of 
mmp13a MO, then infected at 2dpi with 150-200cfu WT Mm. (A) FPC at 3dpi. p<0.0001; 
ANOVA with Bonferroni post-hoc test. ***p<0.0001. (B) Cording analysis at 3dpi. p< 0.0001; 
Fisher’s exact test. 
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Chapter 6: 

Discussion 

 

High MMP expression during TB in human patients has been linked to poor outcomes. Their role 

during infection has been difficult to infer, owing to a lack of appropriate animal models and a 

difficulty of studying in vivo dynamics of granulomas. However, through the use of the 

transparent zebrafish larvae, we have shown that mmp13a is upregulated in an ESX-1-dependent 

manner and that its activity is necessary for TNF mediated bacterial killing in macrophages very 

early in infection. This is the first time a collagenase has been implicated in a host protective role 

during TB infection, and may explain why they are expressed early during infection. Moreover, 

this presents a novel target for the treatment of TB in patients overexpressing TNF as a result of 

underlying genetic causes[53] 

 

6.1. Collagenases are induced during mycobacterial infection 

We investigated gene expression of a comprehensive list of zebrafish metalloproteases 

during mycobacterial infection, and found that mmp9 and mmp13a were the only MMPs 

upregulated. Both MMP9 and collagenases are represented in studies of gene induction and 

protein levels in TB infected lungs[131, 154]. In agreement with our data, mmp13a and mmp9 

were also induced in other gene expression studies conducted in Mm infected zebrafish[155, 

156]. In contrast to these studies, we did not see upregulation of mmp14a, which is also 

upregulated in human and Rhesus macaque granulomas[154, 155, 157]. Since the other studies 

were conducted in adult organisms, this difference likely stems from developmental changes in 

immune cell repertoires.  
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Although phylogenetic analyses have shown that there are no exact orthologs of mmp13a 

in mammalian lineages, at least two of the three mammalian collagenases are known to be 

upregulated in TB infected lungs. Recent studies have also detected MMP13 induction in Mtb 

infected mice and rabbits later during infection, though its role is unknown[158, 159]. MMP1, on 

the other hand, is well known to be upregulated during TB in humans, macaques, and rabbits, 

and correlates with cavity formation and worse outcomes[131, 157, 158]. Interestingly, other 

mammal-specific MMPs in this sub-clade have been shown to be induced during infection with 

Mtb, such as MMP3, -7, -10, and -12[130, 131, 158]. Response to inflammation or infection 

could be a general function for this group, and mmp13a may be a functional ortholog for these 

MMPs during mycobacterial infection.  

We have found that both mmp9 and mmp13a expression can be stimulated by cells 

through direct contact with bacteria, rather than through macrophage signaling. In accordance, 

infection of human lung epithelial cells with WT, but not ΔESAT6 Mm, induced MMP9 and two 

collagenases, MMP1 and MMP13. These findings agree with and extend previous work from our 

lab[1], suggesting that the signaling pathway induced in an ESX-1-dependent manner may not be 

mmp9 specific, but a more general inflammatory pathway. This pathway includes mmp13a, and 

possibly other genes that we have yet to investigate, such as potential substrates for mmp9. 

Interestingly, infection of zebrafish larvae with ΔRD1 Mm still resulted in statistically significant 

induction of both mmp9 and mmp13a, whereas infection of NHBE cells with ΔESAT-6 Mm did 

not induce any MMPs. We believe that epithelial cells are specifically expressing these MMPs in 

response to the ESX-1 secretion system and not to a general signal of infection. Indeed, Volkman 

et al. (2010) showed that mmp9 was induced in both neutrophils and macrophages upon infection 

with either WT or ΔRD1 Mm. This is likely to be true for mmp13a as well, but needs to be 
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confirmed using multiplexed in situ hybridization to against probes for neutrophils, 

macrophages, and epithelial cells.  

Our data that epithelial cells express MMPs during TB infection is supported by work 

from other labs. Histology of human TB patients shows expression of mmp1 and -9 in epithelial 

cells near the granuloma[133, 160], as well as in macrophages within the granuloma[146, 161]. 

MMP9 expression in both cell types has also been observed in mice granulomas[159]. The same 

studies showed that human lung epithelial cell cultures also secrete MMP1 and -9, but with a 

major difference: these studies were unable to induce MMP expression with direct infection with 

Mtb, but instead required conditioned medium from Mtb-infected macrophages[133, 160]. A key 

difference is that we have measured gene expression, which captures rapid responses to stimuli, 

whereas these studies measured secreted MMP activity in through gel zymography. MMP 

activity may be relatively stable as a result of post-translational control of MMP protein through 

endogenous inhibitors, degradation, or reuptake. Resolution of this discrepancy by repeating our 

gene expression experiment with Mtb would help to solidify the similarity in signaling 

mechanisms with Mm.  

It is still unclear exactly what signals, from the pathogen or the host, are responsible for 

the induction of the two MMPs. In addition to ESAT-6 and CFP-10, ESX-1 substrates include 

ESX-1 secretion associated proteins (esp proteins) and a number of PE/PPE proteins, so named 

for containing conserved N-terminal motifs Pro-Glu or Pro-Glu-Glu[162, 163]. The functions of 

individual substrates are not yet elucidated, since many substrates are codependent for 

secretion[59, 164]. As a result, it is unknown which of the substrates are responsible for the 

pathogenic roles of ESX-1. Recent studies have discovered and utilized point mutants of EspA 

and ESAT-6 that isolate pathogenic effects of single substrates from their role in the 
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functionality of the secretion machinery[165, 166]. The point mutations appear to disrupt the 

interaction of the substrate with host proteins without disrupting interactions with secretion 

system proteins, thus solving problems caused by codependence of ESX-1 substrate secretion. 

Use of these and similar mutants in other ESX-1 substrates would aid in better understanding of 

how the bacterium induces MMP expression.  

Notably, the ESX-1 secretion system has been implicated in the disruption of cell 

membranes leading to cytolysis[167-169]. This has been largely attributed to pore formation by 

ESAT-6, though the mechanisms remain unclear[170, 171]. It is possible that the cytolytic 

activity of ESX-1 is inducing wound-healing responses in nearby epidermal cells, even though 

there are no overt signs of wounding on the surface of the larvae. MMPs, including MMP9 and 

the collagenases, are known to be expressed in response to wounding. Under normal conditions, 

MMP activity aids in leukocyte migration towards the wound and eventual contraction of wound 

size through the migration of keratinocytes[68, 172-174]. A recent study using zebrafish points 

to a role for immune response gene 1-like (irg1l) upstream of epidermal mmp9 induction in 

wound healing and in Salmonella infection[105]. In this model, whereas Salmonella infection 

upregulates mmp9 via MyD88-dependent macrophage signals, wounding appears to directly 

stimulate irg1l through mitochondrially derived ROS, which then stimulates MMP9 

secretion[105]. The latter mechanism maybe at play during ESX-1 dependent induction of 

MMPs. Mycobacteria may be taking advantage of this response to recruit macrophages to the 

granuloma through mmp9, but an unintended consequence of this may be the upregulation of 

mmp13a. Further dissection of these pathways will elucidate if indeed wound-healing pathways 

are necessary for MMP induction.  
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6.2. MMP13a enhances microbicidal activity of macrophages 

Our study is the first to show that collagenase activity is host protective through increased 

bacterial killing. We have found that this occurs through the activity of MMP13a on latent TNF 

to increase the bioavailability of its soluble form, which can diffuse to infected macrophages to 

enhance microbicidal activity. Other studies have implicated MMPs in bacterial killing through 

intrinsic antimicrobial activity (MMP12)[124] or through activation of anti-microbial peptides 

(MMP7)[123]. Because of the known activity of MMPs on inflammatory cytokines such as IL-

1β and TNF, increased bactericidal activity through enhanced signaling to macrophages has been 

theorized, but not definitively proven[64]. At least one other study has implicated MMPs in 

enhanced macrophage activity and host resistance. MMP2/9 double KO mice are 

hypersusceptible to Streptococcus pneumoniae infection as a result of reduced phagocytosis and 

intracellular killing of bacteria by neutrophils. The mechanisms of reduced killing were not 

dissected thoroughly, but they determined that MMP9 KO macrophages were deficient in ROS 

production[147]. Induction of microbicidal activity in macrophages is an important, but poorly 

understood function of MMPs involved in immunity to infection. 

The finding that collagenase expression is host protective during mycobacterial infection 

is unexpected, since studies have linked MMP expression to worse outcomes in TB. Increased 

MMP9 secretion in human TB is liked to increased granuloma size[161, 175, 176] and animals 

deficient in MMP9 form fewer and smaller granulomas[1, 61]. Similarly, MMP1 expression is 

increased in TB infected humans, macaques, and rabbits[129, 131, 158, 177], and increased 

expression correlates to worse lung pathology[129, 135, 158]. Understanding the role of 

collagenases has been difficult since the mouse model does not express collagenases in the lung, 

and mice granulomas are not organized in the same way human granulomas are[8, 131]. One 



  73 

study has addressed this issue by using transgenic mice that express human MMP1 under the 

control of the scavenger receptor A (SrA) promoter/enhancer, which is turned on in activated 

macrophages[178, 179]. Infection with virulent, but not ΔRD1, Mtb in these mice result in cavity 

formation within 130dpi, supporting the view that MMP1 expression in TB drives pathology. 

Interestingly, this study found that expression of MMP1 did not have an effect of bacterial 

burdens around the same time point[133]. Our data neither support nor refute this claim. It is 

possible that collagenase expression early during mycobacterial infection is host protective, but 

unchecked, it causes pathology. Similar mechanisms have been attributed to the dichotomous 

role for TNF during human TB, where having both extremes of TNF levels result in reduced host 

survival[53]. Notably, MMP1 expression has been found in both epithelia and macrophages of 

Mtb infected lungs. The transgenic mouse model addresses only the role of MMP1 from 

macrophages. MMP1 from epithelia may have a different role, since the substrates localized near 

the alveolar epithelium is distinct from those near granulomas and macrophages. Finally, SrA-

driven MMP1 expression may not represent the course of natural infection, in which proteins 

necessary for localization or control of activity are not co-expressed. We argue that 

understanding collagenase activity during TB is better understood through models that express 

collagenases naturally, such as the zebrafish, rabbit, guinea pig, or macaque model. Of these 

models, only the zebrafish model allows for observation of intracellular events in early infection.  

 

6.3. MMP13a is a TNF sheddase 

The phenotype seen in mmp13a morphants was similar to that of TNF-deficient larvae, 

exhibiting increased bacterial load per macrophage, reduced cellularity of granulomas and 

extracellularization of mycobacteria, and ultimately increasing overall bacterial burden. Our 
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findings suggest that MMP13a is an important TNF sheddase, and deficiency of MMP13a results 

in reduced bioavailability of sTNF.  

Conversion of memTNF to sTNF has been shown to be critical for signaling during 

inflammatory conditions. For example, in diseases of hyper-inflammation where TNFα signaling 

is known to be detrimental, such as sepsis and arthritis, mutations in the cleavage domain that 

prevent proteolysis also result in reduced morbidity and mortality[180, 181]. sTNF and memTNF 

also appear to have different roles during TB. Whereas mice TNF KO mice succumb to infection 

early (between 40-60dpi) and WT mice survive for over 300 days, mice with only memTNF 

have an intermediate susceptibility phenotype, succumbing to infection around 100-200 

days[182-184]. Some studies observed reduced iNOS expression and activity, implying defects 

in macrophage activation and bacterial killing, consistent with our hypothesis that sTNF is the 

biologically important form of TNF during mycobacterial infection.  

Currently, ADAM17 is believed to be the primary TNF sheddase. In zebrafish, there are 

two genes analogous to human ADAM17, adam17a and adam17b (58% and 59% identical to 

human ADAM17, respectively). Both genes are expressed in the larval zebrafish, however neither 

is induced by infection (Fig. 5-1b). Although Adam17 KO mice die shortly after birth, 

conditional knockouts of Adam17 in macrophage and neutrophil populations have drastically 

reduced sTNF shedding during endotoxin shock and survive LPS challenge[185]. However, it is 

also clear that many other proteases can cleave TNF in vitro, such as protease-3 (PR3), 

ADAM10, ADAM19, MMPs -1, -2, -7, -8, -9 and -13[122, 148-153]. Recent studies have begun 

to show their importance in vivo. For example, in addition to showing that MMP13 could process 

TNF in vitro, Vandenbroucke et al. (2013) demonstrated that Mmp13 KO mice were also 

protected from endotoxin shock, similar to Adam17 conditional KO, and that this was the result 
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of reduced TNF release. Another group showed that MMP8 knockdown in mice was sufficient to 

significantly reduce sTNF shedding during neuroinflammation induced by LPS[186]. We believe 

that our work contributes to the list of biologically relevant TNF sheddases, and should be 

investigated further.  

A major caveat to these studies, including ours, is that they have yet to show that 

collagenases are directly cleaving TNF in vivo; after all, it is surprising that MMP8 or 13 do not 

seem to compensate for TNF cleavage in ADAM17 KO mice. A salient explanation is that 

ADAM17 is the only physiological TNF sheddase, but its activity is regulated by other MMPs. 

For example, MMP9 activates Neutrophil Elastase by degrading an endogenous reversible 

inhibitor[99]. Collagenases may regulate ADAM17 activity in a similar manner[187]. Another 

possibility is that ADAM17 and collagenases cooperate during TNF activation either in a 

proteolytic complex or a regulatory network, and that the catalytic activity of both proteases are 

required for efficient TNF shedding[72]. Even if MMPs do not have direct TNF cleavage activity 

in vivo, understanding the interaction between MMPs and ADAM17 would still be important 

since the regulation of ADAM17 activity is still not well understood[187]. We will address these 

questions in future experiments with our system first by testing the effect of ADAM17 

knockdown during infection. If MMP13a is the only relevant TNF sheddase, then ADAM17 

should not have the same phenotypes that we observed during infection in mmp13a MO. Second, 

we will confirm MMP13a sheddase activity in vivo by measuring protein expression of both 

soluble and membrane bound forms TNF in WT and MMP13a deficient larvae. We expect 

MMP13a deficient larvae to have reduced levels of sTNF relative to memTNF. Regardless of the 

outcome of these results, our data is indicative of an important role for MMP13a in mediating the 
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effects of TNF during infection, and should be further investigated in mammalian systems as a 

mediator of host protective immunity. 

Because ADAM17 was shown to have a role in many autoimmune/inflammatory 

conditions, it has been an attractive target for inhibition. A number of inhibitors had gone into 

clinical trials[188], however, ADAM17 inhibition exhibited toxic side effects that were 

attributed to its role as a sheddase for over 70 other proteins. Sheddase activity on some of these 

substrates are critical, as exhibited by the lack of viability of ADAM17 KO mice[72, 185, 188]. 

Thus, the discovery that other MMPs can affect TNF release is of primary interest in developing 

more inhibitors that may have fewer toxic side effects. Already, one group has shown that an 

MMP inhibitor targeting the MMP1,-8,-9, and -13 was as effective as an ADAM17 specific 

inhibitor in limiting TNF shedding in an infant rat model of pneumococcal meningitis[189].  

 

6.4. TNF shedding as a target for treatment of TB patients with excessive TNF  

 The dual-nature of inflammatory responses during TB is increasingly being recognized as 

an important aspect in improving its clinical treatment. On one hand, hyper-inflammatory states 

can cause damage to host tissues, as we have demonstrated with TNF, and others have 

demonstrated with IL-1β signaling and neutrophillic influx[54, 190, 191]. Conversely, complete 

loss of components of the inflammatory response results in an inability to control bacterial 

growth[31, 192, 193]. A similar dichotomous pattern has been noted for anti-inflammatory 

molecules such as IL-10 and Lipoxins[56, 194, 195]. Our lab has been exploring methods for 

managing infection in patients who have a genetic predisposition for either too little, or too much 

TNF[53, 195]. We have already published methods for controlling hyper-inflammatory 

conditions with anti-inflammatory drugs or by blocking downstream mediators of TNF-induced 
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cell death, such as ROS-scavengers and necroptosis inhibitors[54, 196]. Here, we have identified 

another point of control for high inflammation states. As a TNF-sheddase, MMP13a is a rheostat 

that controls TNF bioavailability and activity. Reducing, but not completely abolishing, 

MMP13a activity decreases bacterial burdens and necrosis in LTA4H-high larvae.  

While we have presented MMP13a inhibition as a potential mechanism for limiting TNF-

high pathology, our study should also be taken as a cautionary tale against non-specific 

inhibition of MMPs in TB. Like cytokines, MMP activity during TB is dichotomous and must be 

carefully regulated. Inhibitors targeting MMP9 or MMPs involved in cavitation will be helpful 

adjunct therapeutics to antibiotics by blocking host pathways that enhance granuloma growth and 

lung pathology[129, 132]. However, accidental inhibition of MMP13a early in infection, or in 

patients who do not produce sufficient levels of TNF, may result in exacerbated disease. 

Epidemiological studies have already shown that treatment of patients who are TNF-low with 

dexamethasone, an anti-inflammatory glucocorticoid, results in drastically reduced survival[53]. 

It is also important to remember that there are numerous mammalian MMPs that are known to be 

upregulated during Mtb infection whose functions are not yet elucidated. The failure to recognize 

the diverse roles of MMPs has already led to disastrous results for clinical trials of MMP-

inhibitors for the treatment of cancer in the 1990s. The main causes of the failure included the 

development of musculoskeletal symptoms and, in some cases, higher fatality rates among 

patients[197, 198]. Both of these are attributable to non-specific inhibition of MMPs and poor 

timing of treatment, highlighting the beneficial roles of metalloproteases[197]. Thus, MMP 

inhibition to treat TB should be designed with mind to the host’s genetics, the stage of infection, 

and the specificity of the inhibitor to a limited number of MMPs. Further experimentation is 
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necessary to ensure that if MMP inhibitors are utilized, that they are specific for preventing 

cavity and granuloma formation, and do not interfere with protective immune responses.  

 

6.5. Conclusion: 

 We have discovered that MMP13a is a host protective infection response gene whose 

expression is enhanced by the presence of a bacterial virulence factor. Our studies have given 

additional support for MMPs playing a beneficial role during bacterial infection by acting on 

macrophage activity, and the possibility that ADAM17 is not the only relevant TNF sheddase in 

vivo. Because controlling TNF sheddase activity is an important aspect of limiting 

hyperinflammatory conditions including but not limited to tuberculosis, we believe that further 

research should be done to determine the functional correlate of MMP13a in mammalian 

systems. Furthermore, MMP inhibition should be considered strongly as an adjunct therapy to 

prevent pathology during tuberculosis, however, researchers must be careful to target a specific 

gene at a specific stage of infection.  
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Notes: 

For NHBE gene expression, F. Chu did the infections and total RNA preparations, and  S. 

Phillips generated Δesat6 Mm mutants. All experiments involving lta4h mRNA injection into 

eggs or sTNF injection into larvae were conducted in partnership with or by F.J. Roca.  
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